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Ego sum, ego existo; certum est. Quandiu autem? Nempe quandiu cogito; nam forte 
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for it might perhaps happen, if I totally ceased thinking,  
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 This dissertation describes various investigations into the reactivity and electronic 

structure of platinum and palladium complexes supported by m-terphenyl isocyanides. 

Use of these encumbering ligands facilitated the formation of two-coordinate 

Pt(CNArDipp2)2, which serves an isolable mimic of the unstable carbonyl Pt(CO)2. 

Importantly, Pt(CNArDipp2)2, along with its palladium congener Pd(CNArDipp2)2, represent 
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the only monomeric and zero-valent binary isocyanide complexes of these metals. These 

complexes can act as the Lewis basic component of Metal-only Lewis Pairs (MOLPs), 

binding thallium(I) and silver(I) via retrodative σ-bonds. Reactivity studies of 

Pt(CNArDipp2)2 culminated in the discovery of a very rare singly-buttressed metal-borane 

adduct Pt(κ2-N,B-Cy2BIM)(CNArDipp2), which is synthesized via hydroboration of a 

coordinated isocyanide ligand to form an ambiphilic (boryl)iminomethane (BIM) ligand. 

This complex exhibits rich reactivity with small molecules via metal/borane cooperation. 

It is shown to effect various E-H and E-X bond activations, as well as oxidative insertions 

of organoazides, organocarbonyls and organonitriles, most of which represent 

unprecedented reactivity modes for metal-borane adducts. Unligated Cy2BIM can also be 

synthesized upon hydroboration of CNArDipp2 with dicyclohexylborane. It is shown to be 

monomeric in solution, allowing it to act as a highly competent Frustrated Lewis pair 

despite bearing a Lewis acid of only moderate acidity.  

 Two vignettes of ligand-based redox-noninnocence can be found in Chapters 5 

and 6. The trinuclear dianion K2[Pt3(µ-CO)3(CNArDipp2)3] and radical anion 

K(THF)4[Pt3(µ-CO)3(CNArDipp2)3] were synthesized, notable as the all-carbonyl variants 

[Pt3(CO)6]2–/1– are unstable and have never been crystallographically characterized. Most 

importantly, it is shown that the highest occupied molecular orbital in these complexes is 

primarily CO/CNR π*, producing the first example of an ensemble of CO and isocyanide 

ligands exhibiting redox-noninnocence. Finally, solution dynamics of the palladium bis-

nitroxide diradicals trans-Pd(κ1-N-ArNO)2(CNArDipp2)2 were examined to gain insights 

into their stability and mode of decomposition. Judicious electronic modulation of the 

redox-active nitrosoarene ligands revealed that installation of para-formyl or para-cyano 
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substituents greatly increased the kinetic stability of the corresponding diradicals, 

signaling a potentially general strategy for the stabilization of inherently short-lived 

classical nitroxide spin adducts. 
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Chapter 1 
 
Synthesis of a Mononuclear Binary Isocyanide Complex of 
Platinum(0)  
 

1.1. Group 10 metal carbonyls 

 The study of carbonyl complexes of the Group 10 metals (Ni, Pd, Pt) can claim a 

rich historical legacy, given that both the first metal carbonyl complex (cis-PtCl2(CO)2, 

discovered by Schützenberger in 1868)1 and the first binary carbonyl complex (Ni(CO)4, 

synthesized by Mond in 1890)2 are members of this family. Through the 20th and into the 

21st century, the study of transition metal carbonyl complexes has retained its place as a 

central pursuit of organometallic chemistry.3-8 As one of only two metal carbonyl 

complexes which can be prepared directly from the bulk metal and carbon monoxide (the 

other being Fe(CO)5),9,10 and despite its acute toxicity, the electronic structure and 

reaction chemistry of Ni(CO)4 have been vigorously explored. Reduction results in CO 

evolution en route to formation of polynuclear nickelate clusters such as [Ni6(CO)12]2– 

and [Ni5(CO)12]2–.11-13 Ligand substitution chemistry with neutral, two-electron donor 

ligands yields complexes of the type Ni(CO)3L. Importantly, kinetic and computational 

investigations reveal that substitution reactions proceed by a dissociative mechanism,14-17 

implicating the intermediacy of tri-coordinate Ni(CO)3. While the unsaturated and highly 

reactive nature of Ni(CO)3 obviates its isolation in the condensed phase, it can be 

accessed in cryogenic matrices by either photolysis of Ni(CO)4
18 or carbonylation of 

atomic Ni.19 Evaluation by IR spectroscopy indicates that Ni(CO)3 adopts a trigonal 

planar D3h coordination geometry, a finding that is corroborated by both Molecular
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Orbital theory predictions20 and Density Functional Theory calculations.21 The mono- 

and di-carbonyls NiCO and Ni(CO)2 can also be observed in gas matrices when dilute 

CO conditions are employed. Notably, despite previous investigations suggesting that 

two-coordinate Ni(CO)2 is linear,19 more recent work has conclusively demonstrated that 

it adopts a bent C2v-symmetric structure.21-23 

 In somewhat startling contrast to the case of Ni, the neutral tetracarbonyls of the 

heavier members of Group 10 (Pd, Pt) are not isolable, an oddity which can largely be 

traced to the attenuated σ-donor and π-acid capabilities of CO toward Pd and Pt 

compared to Ni.24 Indeed, the only binary mononuclear carbonyl complexes of these 

metals that have been isolated in the condensed phase are square planar [Pt(CO)4]2+ and 

[Pd(CO)4]2+, which have been generated in superacidic media.25 Although the ability of 

platinum to form anionic binary carbonyl clusters is well-known,8,26-29 not a single stable 

binary carbonyl cluster of palladium has been found.30 Due to the lack of isolable 

mononuclear complexes of oxidation state zero, experimental investigations of M(CO)n 

(M = Pd, Pt; n = 1-4) have been confined to low temperature matrices, where they can be 

generated by carbonylation of metal atoms produced by either metal vapor or laser 

ablation methods.31 As is the case for Ni, both IR spectroscopic and computational work 

indicate that the tetra- and tri-carbonyls of Pd and Pt adopt Td and D3h symmetry, 

respectively.21,24,32 While matrix IR work supports a linear geometry for Pd(CO)2 and 

Pt(CO)2, this assignment is predicated on the inability to observe the symmetric carbonyl 

stretch, an endeavor which is complicated by band overlap in the region in which it 

would resonate.21,24,33 Further, relativistic DFT calculations favor a bent C2v-symmetric 

structure for both dicarbonyls.21 The structural ambiguity surrounding Pd(CO)2 and 
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Pt(CO)2, coupled with the inherent inability to explore their reactivity profies, rendered 

the targeting of isolable condensed phase analogues a heuristic and worthwhile pursuit. 

 

1.2. Group 10 metal isocyanides 

 As isolobal surrogates to CO, isocyanides (C≡N-R) are likewise ubiquitous 

ligands in organometallic chemistry. Although they are recognized to generally bear 

higher σ-donor/π-acid ratios compared to the carbonyl ligand,34-36 the presence of 

orthogonal and degenerate π*-orbitals in both ligands renders isocyanides superior CO 

mimics to other strongly π-acidic ligands such as phosphites,37 cyclic alkyl amino 

carbenes (CAACs)38 and PF3.39,40 Importantly, isocyanides present the opportunity to 

modulate both the ligand electronic and steric profile through a judicious choice of the N-

bound organic substitutent. Nevertheless, prior to our group’s work, binary isocyanide 

complexes of low-valent metals invariably achieved coordinative saturation or 

aggregated to form cluster compounds. In the case of Ni, all previously known 

mononuclear complexes of this class were of the formulation Ni(CNR)4.41,42 While 

complexes formulated as Ni(CNR)2 and Pd(CNR)2 had been reported,43,44 later studies 

showed that these complexes were in fact multinuclear.45-49 The literature was similarly 

devoid of authenticated mononuclear binary isocyanide complexes of platinum(0).41 

Historically, platinum isocyanide chemistry had been dominated by complexes of the 

type triangulo-Pt3(µ-CNR)3(CNR)3,50,51 with even higher nuclearity species occasionally 

seen.52 It is indeed notable that, despite the larger steric profile of isocyanides compared 

to CO, no isocyano analogues to any of the unstable mononuclear Group 10 carbonyls 

had been found. This discrepancy signaled that significantly more imposing steric 
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profiles than those found in commonplace isocyanide ligands would be needed to 

kinetically stabilize unsaturated metal centers. 

 In order to address this void, our group has introduced a series of very 

encumbering isocyanides supported by an m-terphenyl unit.36,53-55 The m-terphenyl group 

has seen extensive usage in coordination chemistry as both a σ-aryl ligand56,57 and as an 

imposing ancillary group for amido,58,59 imido58,60 and carboxylate61,62 functionalities. 

Although isolated reports of m-terphenyl isocyanides predate our work,63,64 their 

structural chemistry and ability to foster coordinative unsaturation had not been explored. 

In our hands, these ligands have proven reliable workhorses for the synthesis of 

unsaturated complexes of mid- and late- transition metals.53,65-71 In the case of Ni, the 

tris-isocyanide Ni(CNArMes2)3 (ArMes2 = 2,6-(2,4,6-Me3C6H2)2C6H3) was synthesized by 

exploiting a novel Tl(I)-mediated coordination site protection strategy.65 Use of the even 

larger m-terphenyl isocyanide CNArDipp2 (ArDipp2 = 2,6-(2,6-iPrC6H3)2C6H3) allowed for 

the protecting group-free synthesis of Ni(CNArDipp2)3.70 Both of these tris-isocyano 

species adopt rigorous D3h symmetry and can be regarded as isostructural and isolobal to 

Ni(CO)3. For Pd, access to the bis-isocyanide Pd(CNArDipp2)2 yielded the first authentic 

example of a mononuclear isocyanide complex of Pd(0).66 In the solid state, 

Pd(CNArDipp2)2 deviates from a linear coordination geometry (C-Pd-C = 169.8(2)˚), while 

in solution the symmetric FTIR ν(C≡N) stretch is readily observed, potentially providing 

support for the bent geometry of Pd(CO)2 predicted by DFT.21 An intriguing counterpoint 

to two-coordinate Pd(0) complexes supported by encumbering and primarily σ-donating 

phosphines and N-heterocyclic carbenes (NHCs), Pd(CNArDipp2)2 has been found to have 
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a rich reactivity profile.66,72,73 These exciting discoveries inspired the pursuit of an 

unsaturated binary isocyanide complex of Pt(0). 

  

1.3. Synthesis and electronic structure of a two-coordinate Pt(0) isocyanide 

 Our targeted synthetic route to a two- or three-coordinate isocyanide complex of 

Pt(0) involved isocyanide metalation to a divalent precursor followed by two-electron 

reduction, as this method had successfully yielded the palladium congener 

Pd(CNArDipp2)2 in high yield.66 Accordingly, addition of two equivalents of CNArDipp2 to 

the common Pt(II) starting material PtCl2(η4-1,5-COD) (1,5-COD = 1,5-cyclooctadiene) 

in THF readily displaces the diolefin and yields PtCl2(CNArDipp2)2 (1) as a mixture of cis- 

and trans- isomers (Scheme 1.1). After removal of the THF solvent under reduced 

pressure, successive cycles of washing the residue in n-pentane and drying in vacuo were 

performed to facilitate complete removal of liberated 1,5-COD. Separation of the cis- and 

trans-isomers could be accomplished via extraction with acetonitrile, a solvent in which 

the cis-isomer is selectively soluble. Structural characterization of cis-PtCl2(CNArDipp2)2 

(cis-1) and trans-PtCl2(CNArDipp2)2 (trans-1) via X-ray diffraction (Figures 1.1-2) reveals 

square planar coordination geometries as is typical for complexes of Pt(II). FTIR 

spectroscopic analysis shows that cis-PtCl2(CNArDipp2)2 (cis-1) gives rise to two ν(C≡N) 

bands (2203 cm–1, weak; 2172 cm–1, strong), while only a single ν(C≡N) band (2192 cm–

1, very strong) is seen for trans-PtCl2(CNArDipp2)2 (trans-1), as expected from basic 

symmetry considerations. The bands appear at higher energies compared to the ν(C≡N) 

stretch in unligated CNArDipp2
 (2118 cm–1),54 consistent with the isocyanide ligands 

acting primarily as σ-donors toward the Pt(II) center. 
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Scheme 1.1. Synthesis of cis/trans-PtCl2(CNArDipp2)2 (cis/trans-1) and reduction of the isomeric 
mixture to Pt(CNArDipp2)2 (2). 

 

Figure 1.1. Molecular structure of cis-PtCl2(CNArDipp2)2 • 2 CH2Cl2 (cis-1 • 2 CH2Cl2). Co-
crystallized molecules of dichloromethane have been omitted for clarity. Selected bond distances 
(Å): Pt-C1 = 1.923(4); Pt-Cl1 = 2.306(1). 
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Figure 1.2. Molecular structure of trans-PtCl2(CNArDipp2)2 • C6H5F • 2 MeCN (trans-1 • C6H5F • 
2 MeCN). Co-crystallized molecules of fluorobenzene and acetonitrile have been omitted for 
clarity. Selected bond distances (Å): Pt-C1 = 1.961(4); Pt-C2 = 1.955(4); Pt-Cl1 = 2.299(1); Pt-
Cl2 = 2.291(1). 
 
 

 The observation of a trans isomer of 1 was surprising. Despite the fact that 

addition of CNArDipp2 to PdCl2(1,5-COD) produced exclusively trans-

PdCl2(CNArDipp2)2,66 all previously characterized complexes of the formulation 

PtCl2(CNR)2 have displayed exclusively a cis geometry.74 This signaled a 

thermodynamic preference for cis coordination geometries in PtCl2(CNR)2 complexes 

which might be partially overcome by kinetic effects induced by the sterically-imposing 

m-terphenyl isocyanides. Accordingly, Density Functional Theory calculations at the 

BP86 level for PtCl2(CNPh)2, which should present a nearly identical electronic profile as 

PtCl2(CNArDipp2)2,36 show that the cis isomer lies 4.5 kcal/mol lower in energy than the 

corresponding trans isomer. Further, the amount of trans-1 that is experimentally 

obtained is highly dependent on the concentration of CNArDipp2 present in the reaction 

mixture. If the synthesis of 1 is performed by adding 2.0 equivalents of the isocyanide 
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ligand to PtCl2(1,5-COD) in a single portion, the cis-1/trans-1 ratio is approximately 2:1 

according to 1H NMR. However, employing a slow addition of isocyanide to the reaction 

mixture over 2 hours has yielded cis-1/trans-1 ratios as high as 6:1. Extended stirring of 

reaction mixtures at room temperature does not alter the observed cis/trans ratio. Further, 

it should be noted that addition of exogenous CNArDipp2 to isolated mixtures of cis-

1/trans-1 does not result in enrichment of either isomer or in consumption of the 

unligated isocyanide. These observations indicate that trans-1 is a kinetic product that is 

rendered isolable due to the steric pressures of the isocyanide ligands, which can be 

mitigated by orienting the ligands about Pt in a mutually trans disposition. Further, under 

the reaction conditions employed, cis/trans isomerization likely is not operative at all, 

and certainly does not occur through isocyanide association to transiently form a tris-

isocyanide complex. 

 Reduction of either cis-1 or trans-1 with Mg metal proceeds to an identical 

product 2 (Scheme 1.1). The FTIR spectrum of 2 displays two ν(C≡N) bands (2065 cm–1, 

strong; 2019 cm–1, weak) which are shifted to lower energy compared to those in 1, 

suggestive of reduction to the Pt(0) oxidation state. Structure determination on brilliant 

yellow single crystals grown from THF reveal 2 to be the two-coordinate binary 

isocyanide complex Pt(CNArDipp2)2 (Figure 1.3). Consistent with the observation of two 

IR ν(C≡N) bands, the solid-state structure of 2 diverges from a rigorously linear 

coordination geometry (C1-Pt-C2 = 170.5˚). Similar deviations have been observed in the 

solid-state structure of other two-coordinate Pt(0) complexes, as well as in the nearly 

isostructural palladium complex Pd(CNArDipp2)2 which also exhibits two ν(C≡N) bands of 

similar energies and intensities.66 Due to the convergent reduction chemistry of cis-1 and 
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trans-1, a typical preparative procedure of 2 utilized crude, unseparated isomeric 

mixtures of 1. Although the reduction of 1 to 2 with Mg metal initially proceeds 

smoothly, 2 can react further with Mg to yield dark brown/black solutions containing 

intractable mixtures. In order to mitigate unwanted over-reduction, the reaction mixtures 

were typically decanted from the residual Mg turnings when the reaction had reached 

approximately 95–98% completion according to 1H NMR and IR. At this point, reaction 

mixtures were devoid of trans-1, with any remaining starting material being in the form 

of cis-1. Fortunately, 2 can be isolated in pure form after work-up via crystallization from 

THF layered with n-pentane at –35 ˚C, conditions under which cis-1 does not precipitate 

from solution if it is present in only small amounts. This purification procedure allows for 

2 to be isolated as an analytically pure bright yellow solid in overall yields consistently 

approaching 70%. 

 

Figure 1.3. Molecular structure of Pt(CNArDipp2)2 • THF (2 • THF). Co-crystallized molecule of 
THF has been omitted for clarity. Selected bond distances (Å) and angles (˚): Pt-C1 = 1.904(3); 
Pt-C2 = 1.909(3); C1-N1 = 1.164(4); C2-N2 = 1.161(4); C1-Pt-C2 = 170.5(1). 
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 Although the solid-state structure of Pt(CNArDipp2)2 (2) is reminiscent of that seen 

for the Pd congener Pd(CNArDipp2)2, moving down the periodic table to the heaviest 

member of Group 10 has noticeable ramifications for the kinetic lability of the metal-

ligand bonds in 2. For Pd(CNArDipp2)2, our group has shown that addition of 

stoichiometric CNArDipp2 in C6D6 or toluene-d8 results in isocyanide exchange which 

remains rapid on the NMR timescale at temperatures as low as –80 ˚C.66 Contrastingly, 

performing the analogous experiment with 2 and CNArDipp2 at 20 ˚C produces sharp 1H 

NMR spectra displaying the peaks for both species in a 1:1 ratio at the expected chemical 

shift values (Figure 1.4). Further, 2-D 1H NMR EXSY experiments (20 ˚C) using these 

mixtures do not reveal chemical exchange between ligated and unligated CNArDipp2, even 

when mixing times as long as 1 ms are employed. The apparently static nature of the 

metal-ligand bonds in 2 is consistent with the typical kinetic interness displayed by 

complexes of third-row metals when compared to their lighter counterparts.  
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Figure 1.4. 1H NMR spectrum (300.0 MHz, CcD6, 20 ˚C) of a 1:1 mixture of Pt(CNArDipp2)2 (2) 
and CNArDipp2. The septet at 2.61 ppm corresponds to 2, while the septet at 2.70 ppm is 
attributable to CNArDipp2. Note that the doublet centered at 1.10 ppm consists of overlapping 
doublets from these two compounds. 
 

 Density Functional Theory calculations were carried out on Pt(CNArDipp2)2 (2) at 

the BP86 level of theory. The geometry-optimized structure of 2 agrees well with that 

seen in the solid state, with the exception of the C-Pt-C angle, which widens to near 

linearity (178.1˚, see Table 1.1). This suggests that the difference in energies with respect 

to C-Pt-C may be very small in the range of 170-180˚, with the larger degree of bending 

observed in the solid state due in part to crystallographic packing forces. While these 

values are substantially larger than those calculated by Andrews for Pt(CO)2 (157.1˚, 

B3LYP level of theory), it should be kept in mind that the steric encumbrance of the m-

terphenyl isocyanides may enforce a larger C-Pt-C angle than the thermodynamically-
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predicted value for a complex of formulation Pt(CNR)2. Further, the stronger π-acid 

character of CO relative to isocyanides may bias Pt(CO)2 to adopt a more acute C-Pt-C 

angle so that backdonation from an otherwise orthogonal 5d orbital might be possible. 

The calculated 5d manifold of 2 is intuitive and contains of two nearly degenerate dπ 

orbitals, which are stabilized due to backbonding interactions (Figure 1.5). This set lies 

roughly 1 eV below a non-bonding s/dz2 hybrid and the doubly-degenerate non-bonding 

dxy/dx2-y2 set. This electronic landscape mirrors that calculated for Pd(CNArDipp2)2.66 

 

 

Figure 1.5. Calculated 5d orbital manifold of Pt(CNArDipp2)2 (2). BP86/def2-TZVP/ZORA. 
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1.4. Concluding remarks and outlook 

 Reduction of PtCl2(CNArDipp2)2 (1) provides access to Pt(CNArDipp2)2 (2), which 

is the first monomeric binary isocyanide complex of Pt(0) and the first two-coordinate Pt 

complex supported by a π-acidic ligand set. This complex represents the starting point for 

much of the work described in the remainder of this dissertation. Although the 

delineation of a broad reactivity profile for 2 is not emphasized here, intriguing synthetic 

transformations of 2 were uncovered that provided complexes which are the focus of 

Chapters 2 and 5. Further, the ability of 2 (as well as other zero-valent Group 10 m-

terphenyl isocyanide complexes) to act as the Lewis basic component of Metal-only 

Lewis Pairs is the subject of Chapter 4.  

 

1.5. Synthetic Procedures and Characterization Data 

General considerations. All manipulations were carried out under an atmosphere 

of purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise 

stated, reagent-grade starting materials were purchased from commercial sources and 

either used as received or purified by standard procedures.75 Solvents were dried and 

deoxygenated according to standard procedures.76 Benzene-d6 (Cambridge Isotope 

Laboratories) was distilled from NaK alloy and stored over 4 Å molecular sieves under 

N2 for at least 24 h prior to use. Celite 405 (Fisher Scientific) was dried under vacuum 

(24 h) at a temperature above 250 ˚C and stored in the glovebox prior to use. The m-

terphenyl isocyanide CNArDipp2 was prepared as previously reported.54 

Solution 1H and 13C{1H} NMR spectra were recorded on a Bruker Avance 300, a 

Varian Mercury 400, a Jeol ECA 500, or a Varian X-SENS 500 spectrometer. 1H and 
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13C{1H} chemical shifts are reported in ppm relative to SiMe4 (1H and 13C δ = 0.0 ppm) 

with reference to residual solvent resonances of 7.16 ppm (1H) and 128.06 ppm (13C) for 

C6D6. FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR spectrometer. 

Samples were prepared as C6D6 solutions injected into a ThermoFisher solution cell 

equipped with KBr windows. For solution FTIR spectra, solvent peaks were digitally 

subtracted from all spectra by comparison with an authentic spectrum obtained 

immediately prior to that of the sample. The following abbreviations were used for the 

intensities and characteristics of important IR absorption bands: vs = very strong, s = 

strong, m = medium, w = weak, vw = very weak; b = broad, vb = very broad, sh = 

shoulder. Combustion analyses were performed by Robertson Microlit Laboratories of 

Madison, NJ (USA).  

Synthesis of PtCl2(CNArDipp2)2 (1, mixture of cis- and trans- isomers). To a 

THF solution of PtCl2(1,5-COD) (COD = cyclooctadiene; 0.890 g, 2.37 mmol, 150 mL) 

was added a THF solution of CNArDipp2 (2.06 g, 4.86 mmol, 2.05 equiv, 25 mL). The 

pale yellow solution was stirred for 36 h, whereupon all volatiles were removed under 

reduced pressure. 1H NMR analysis of the resulting crude solid indicated a mixture of 

cis-PtCl2(CNArDipp2)2 and trans-PtCl2(CNArDipp2)2 in an approximately 3:1 ratio. The 

resulting solid was subjected to three cycles of slurrying in n-pentane (25 mL), stirring 

for 5 min, and drying in vacuo to facilitate the removal of liberated 1,5-COD. The solid 

was then extracted with acetonitrile (100 mL), filtered through Celite, and the filtrate was 

then dried in vacuo to afford exclusively cis-PtCl2(CNArDipp2)2 as a colorless solid. This 

solid is free of trans-PtCl2(CNArDipp2)2 as assayed by 1H NMR spectroscopy.  The pale 

yellow solid remaining on the Celite filter pad was dissolved in THF (20 mL) and then 
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dried in vacuo.  Dissolution of this solid in 8 mL THF, followed by storage at –40 ˚C for 

3 d yielded pale yellow crystals of trans-PtCl2(CNArDipp2), which were collected and 

dried in vacuo. 

cis-PtCl2(CNArDipp2)2 (cis-1): Yield: 1.96 g, 1.76 mmol, 74%. Crystals of cis-1 • 

2 CH2Cl2 suitable for X-ray diffraction were grown via layering a CH2Cl2 solution with 

n-hexane and storing at –40 ˚C. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.31 (t, 4H, J = 

8 Hz, p-Dipp), 7.19 (d, 8H, J = 8 Hz, m-Dipp), 6.96 (d, 4H, J = 8 Hz, m-Ar), 6.89 (t, 2H, 

J = 8 Hz, p-Ar), 2.60 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.20 (d, 24H, J = 7 Hz, 

CH(CH3)2), 1.05 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 

20 ˚C): δ = 146.5, 139.6, 133.6, 130.8, 130.1, 129.4, 128.3, 127.2 (C≡N), 123.8, 31.3, 

25.1, 24.2 ppm. FTIR (C6D6, KBr windows, 20 ˚C): ν(C≡N) = 2203 (w) and 2172 (s) cm-

1, also 2964, 2928, 2906, 2868, 1594, 1578, 1463, 1411, 1385, 1364, 1056, 794, 759 cm-1. 

Anal. Calcd for C62H74N2Cl2Pt: C, 66.89; H, 6.70; N, 2.52.  Found: C, 66.57; H, 6.62; N, 

2.47. 

trans-PtCl2(CNArDipp2)2 (trans-1): Yield: 0.25 g, 0.22 mmol, 9%. Crystals of 

trans-1 • C6H5F • 2 MeCN suitable for X-ray diffraction were grown from an 

acetonitrile/fluorobenzene solution stored at –40 ˚C.  1H NMR (499.8 MHz, C6D6, 20 ˚C): 

δ = 7.33 (t, 4H, J = 8 Hz, p-Dipp), 7.18 (d, 8H, J = 8 Hz, m-Dipp), 6.89 (d, 4H, J = 8 Hz, 

m-Ar), 6.84 (t, 2H, J = 8 Hz, p-Ar), 2.52 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.34 (d, 24H, 

J = 7 Hz, CH(CH3)2), 1.03 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7 

MHz, C6D6, 20 ˚C): δ = 146.3, 140.6, 133.1, 132.6 (C≡N), 130.0, 129.9, 129.8, 126.2, 

123.7, 31.5, 24.8, 24.1 ppm. FTIR (C6D6, KBr windows, 20 ˚C): ν(C≡N) = 2192 cm-1, 
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also 2962, 2929, 2906, 2865, 1615, 1598, 1577, 1455, 1414, 1386, 1360, 1054, 795, 756 

cm-1. Anal. Calc’d for C62H74N2Cl2Pt: C, 66.89; H, 6.70; N, 2.52.  Found: C, 66.62; H, 

6.62; N, 2.47. 

Synthesis of Pt(CNArDipp2)2 (2): To 40 mL of a 4:1 Et2O/THF solution 

containing PtCl2(CNArDipp2)2 (3.30 g, 2.97 mmol, 3:1 mixture of cis- and trans-isomers) 

was added freshly activated Mg0 turnings (0.36 g, 14.8 mmol, 5.0 equiv). The mixture 

was stirred for 7 h, during which time it became dark brown in color. The solution was 

decanted off from the residual Mg0 turnings and all volatiles were then removed under 

reduced pressure. The resulting brown solid was subjected to three cycles of slurrying in 

n-pentane (25 mL), stirring for 5 min, and drying in vacuo so as to remove remaining 

THF. The residue was then extracted with Et2O (200 mL), filtered through Celite, and 

dried in vacuo. The resulting solid was dissolved in 15 mL THF, layered with 5 mL n-

pentane, and stored at –35 ˚C for 3 days to afford Pt(CNArDipp2)2 as bright yellow 

crystals, which were collected, washed with 2 x 10 mL n-pentane, and dried in vacuo. 

Concentration of the mother liquor to 3 mL and storage at –40 ˚C for 4 weeks afforded a 

second crop of crystals, which were also collected and dried. Yield: 2.12 g, 2.03 mmol, 

68%. 1H NMR (399.9 MHz, C6D6, 20 ˚C): δ = 7.30 (t, 4H, J = 8 Hz, p-Dipp), 7.17 (d, 

8H, J = 8 Hz, m-Dipp), 6.95-6.88 (m, 6H, p-Ar and m-Ar), 2.61 (septet, 8H, J = 7 Hz, 

CH(CH3)2), 1.22 (d, 24H, J = 7 Hz, CH(CH3)2), 1.09 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 

13C{1H} NMR (100.6 MHz, C6D6, 20 ˚C): δ = 169.2 (C≡N), 146.5, 139.4, 134.7, 129.7, 

129.5, 127.7, 123.4, 122.9, 31.4, 24.6, 24.3 ppm. FTIR (C6D6, KBr Windows, 20 ˚C): 

ν(C≡N) = 2065 (s), 2019 (w) cm-1, also 2963, 2926, 2869, 1580, 1463, 1384, 1364, 1262, 
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1029, 796, 753 cm-1. Anal. Calc’d for C62H74N2Pt: C, 71.44; H, 7.16; N, 2.69.  Found: C, 

71.19; H, 7.25; N, 2.66. 

 

1.6. Details of DFT computational studies 

 Density Functional Theory (DFT) calculations were carried out on Pt(CNArDipp2)2 

(2, full molecule), as well as for the model complexes cis- and trans-PtCl2(CNPh)2. 

Calculations were carried out using the ORCA program package.77 Geometry 

optimizations and single-point calculations were performed using the BP86 pure density 

functional.78-80 The all-electron Ahlrichs triple-zeta basis sets def2-TZVP (standard)81 and 

def2-TZVP/J (auxiliary)82 were used in all calculations. The resolution of identity (RI) 

approximation was employed.83 Relativistic effects were included by use of the zeroth-

order regular approximation (ZORA).84-86 Crystallographic atomic coordinates were used 

as input for geometry optimizations where appropriate. Viewing of optimized structures 

and rendering of molecular orbitals was performed using the program Chemcraft.87  

 

Input file for geometry optimization of cis-PtCl2(CNPh)2 

%pal nprocs 8 end 
 
! RKS Opt BP86 ZORA def2-TZVP def2-TZVP/J KeepDens NormalPrint TightSCF 
Grid4 PrintMOs 
%output 
Print[ P_Basis ] 2 
Print[ P_MOs ] 1 
end 
 
* xyz 0 1 
Pt       9.68670322       7.03785899       5.12956294 
Cl      11.21439845       5.37269928       5.67728883 
N       7.35829829       8.80592157       4.17685266 
C       8.30604453       8.22913689       4.57149942 
C       6.15398419       9.31287056       3.71569826 
C       5.87756751       9.28291506       2.32394374 
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C       4.64179572       9.78904579       1.90007107 
H       4.42072503       9.78488628       0.83239088 
C       3.70888803      10.29042681       2.80615992 
H       2.75174311      10.67316969       2.44905142 
C       4.00427146      10.30899131       4.16772585 
H       3.28269510      10.70780041       4.88174379 
C       5.22936248       9.83516210       4.65510773 
H      16.12347212      10.65453089       5.36413007 
C      14.16955653       9.79869296       5.59336818 
H      16.65955478      10.60834314       7.79565627 
Cl       8.14426770       5.38318993       4.59011522 
C      15.39996726      10.26036820       6.07877167 
N      12.03284632       8.78759693       6.07249072 
C      11.07932644       8.21858948       5.68049755 
C      13.24231890       9.28225681       6.53347737 
C      13.52137926       9.24600609       7.92438178 
C      14.76280012       9.73979035       8.34647884 
H      14.98616133       9.73067812       9.41365448 
C      15.69816214      10.23532462       7.43968228 
H       6.58508221       8.88755688       1.61014065 
H       5.45179634       9.87103819       5.71134448 
H      13.94504908       9.83924481       4.53773948 
H      12.81183279       8.85521237       8.63868150 
* 

 
Optimized Cartesian coordinates of cis-PtCl2(CNPh)2 
 
Pt  9.68935283616328      6.53088043845772      5.11381090330804 
Cl  11.19205636755053      4.89268290402246      5.79518465742284 
N   7.57634156605265      8.53423911586454      4.14399768042824 
C   8.40206773600928      7.78712351213474      4.52544984814095 
C   6.49100540882672      9.22211679194961      3.64159511601851 
C   5.39432106989619      8.49778607637473      3.14472536575854 
C   4.29969243577607      9.19446411060037      2.63767882324486 
H   3.44561246642620      8.63765565975055      2.25067917388967 
C   4.29260508294721     10.59299218659771      2.62346655129924 
H   3.43133785066414     11.12982261058422      2.22454750033332 
C   5.38955728164356     11.30318640150152      3.12044242818480 
H   5.38639603206557     12.39365293425559      3.11024688930836 
C   6.49456421412071     10.62543324563258      3.63215983777285 
H   14.02627500727085     12.35406164647432      7.13558926129313 
C   12.91185025833447     10.58941358421922      6.61530082648601 
H   15.97131163783061     11.08399316454198      8.03425919411088 
Cl  8.16761575550034      4.91754717753650      4.41433622250386 
C   14.01800088647924     11.26359587969664      7.12934472733614 
N   11.82188399689112      8.50215775493709      6.10610557345006 
C   10.98949369520363      7.76740420815020      5.71565220938215 
C   12.90862549665464      9.18605609578667      6.61061600578546 
C   13.99957558115270      8.45805749554067      7.11460493468492 
C   15.09548084664366      9.15126755457626      7.62382001427808 
H   15.94540249280286      8.59176793201337      8.01606686679663 
C   15.10934492977403     10.54970497176241      7.63348340991778 
H   5.42047969409082      7.40850614217320      3.16495015160475 
H   7.35757400796152     11.16381995211168      4.02306273808928 
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H   12.05339949008319     11.13102815090367      6.21893945917784 
H   13.96882631518412      7.36888681184988      7.09759067999275 
 

 

Figure 1.6. Optimized molecular structure of cis-PtCl2(CNPh)2. 

Input file for geometry optimization of trans-PtCl2(CNPh)2 

 
%pal nprocs 8 end 
 
! RKS Opt BP86 ZORA def2-TZVP def2-TZVP/J KeepDens NormalPrint TightSCF 
Grid4 PrintMOs 
%output 
Print[ P_Basis ] 2 
Print[ P_MOs ] 1 
end 
 
* xyz 0 1 
Pt      11.32281700      14.46745200       4.53145500 
Cl       9.68464600      15.34345500       5.88527000 
Cl      12.94713500      13.60089600       3.16841300 
N      13.36333400      14.41255900       6.86987900 
N       9.39989400      14.37094200       2.10213800 
C      12.59527400      14.44779300       6.02417100 
C      10.08329900      14.43400600       3.01891900 
C      14.26838400      14.42124000       7.94281700 
C      15.05491500      13.28940600       8.17004700 
C      15.89224000      13.32336400       9.28057200 
H      16.44019500      12.57195700       9.47534100 
C      15.94149400      14.43528200      10.10406900 
H      16.50022400      14.42813300      10.87289400 
C      15.18728600      15.55128600       9.81704100 
H      15.25962900      16.31494800      10.37572000 
C      14.32379500      15.58396700       8.73043500 
C       8.58411800      14.23766400       0.97042800 
H       7.64520600      15.84260600      -1.67774700 
C       7.02952600      13.96089800      -1.25745600 
H       6.62009900      12.12259400      -0.48692300 
H       6.50158100      13.85877000      -2.03994900 
C       8.50715800      15.31383800       0.07688200 
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C       7.71601000      15.13817800      -1.04389400 
C       7.88993900      13.04098000       0.80470400 
C       7.10956500      12.92302200      -0.33486600 
H      15.01743147      12.42910748       7.51821770 
H      13.73153902      16.46010246       8.51130146 
H       9.03581047      16.24046396       0.24508099 
H       7.95388210      12.24073538       1.52714419 
* 

 
Optimized Cartesian coordinates of trans-PtCl2(CNPh)2 
 
Pt  11.43251860147065     14.30228238087372      4.45628359764354 
Cl  11.00159795549551     16.58741616307003      4.71613230552415 
Cl  11.86406003471405     12.01716023084211      4.19706298104741 
N   13.36804012454039     14.39465824239031      6.88154690121386 
N   9.49626018895238     14.21007388539459      2.03168367073866 
C   12.63757134384072     14.35936784820208      5.96444149803671 
C   10.22741211525600     14.24518930739262      2.94826857062484 
C   14.22844565004023     14.43667475740244      7.95813583090031 
C   14.88130077066498     13.26247366602389      8.36557380809741 
C   15.74872757507134     13.31627690443900      9.45452237168170 
H   16.26001907869899     12.40892770538253      9.77753835344527 
C   15.96361981509522     14.52208816955706     10.12936260498721 
H   16.64410183489121     14.55548877192926     10.98086892337219 
C   15.30742268327869     15.68512829400720      9.71416499612632 
H   15.47422144346540     16.62615617849830     10.23926195356031 
C   14.43601424452998     15.65320778835355      8.62754018373701 
C   8.63880118457879     14.16940876770839      0.95269302698274 
H   6.61255718073132     16.20022207300414     -0.86931894085590 
C   6.90980545195552     14.08749683425622     -1.22362050969308 
H   7.39957975280595     11.98372162349775     -1.33567944427736 
H   6.23216810162565     14.05553327880603     -2.07757467415851 
C   7.98694442966425     15.34417816082929      0.54537995613730 
C   7.12278647990554     15.29228886846875     -0.54630450843569 
C   8.43303244112034     12.95395047650329      0.28090337543444 
C   7.56475853803933     12.92380244046233     -0.80828603005321 
H   14.69960210827214     12.33356780187460      7.82579969565578 
H   13.91456581563980     16.54753837542878      8.28790271793603 
H   8.16705956854474     16.27230118063985      1.08697704210801 
H   8.95343154711082     12.05906510476195      0.62084408248253 

 
 

 

Figure 1.7. Optimized molecular structure of trans-PtCl2(CNPh)2. 
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Input file for geometry optimization of Pt(CNArDipp2)2 

%pal nprocs 8 end 
 
! RKS Opt BP86 ZORA def2-TZVP def2-TZVP/J KeepDens NormalPrint TightSCF 
Grid4 PrintMOs 
%output 
Print[ P_Basis ] 2 
Print[ P_MOs ] 1 
end 
 
* xyz 0 1 
H      13.81536400      11.47177800       7.16521900 
H      14.18566600       9.98159600       6.84524800 
H      13.48662200      10.86454500       5.75734600 
H      16.74048900      11.31422600       2.61523000 
H      16.34014200       9.49745100       1.22442300 
H      14.19437400       8.70968900       0.91511700 
H      15.72831800      15.87175500       6.03465500 
H      15.89850800      13.77598100       6.98603500 
H      15.74234800      10.69386400       5.25605800 
H      15.08769200      16.10480100       3.83112000 
H      17.36919100      11.55383700       6.73859100 
H      16.64612900      10.28357100       7.30600600 
H      16.25401700      11.70810700       7.82862600 
H      14.41893100      13.44938800       1.54226100 
H      15.66344300      15.98991900       1.57212500 
H      15.35196800      15.16441100       0.27517500 
H      16.42690200      14.64908300       1.29268300 
H      12.48218800      14.52599600       2.30592500 
H      12.91073900      15.14307600       0.93218200 
H      13.21367300      15.91114300       2.26326200 
H       9.71686700       7.42793500       3.13998300 
H       8.34861800       8.40771400       1.57639100 
H       9.13207500      10.10960700       0.23677900 
H      12.37061600      11.61784200       0.43302800 
H      10.89167800      10.51990000      -1.70011300 
H      12.19666900      10.29013600      -1.46333400 
H       9.70251300      12.29072200      -0.20904800 
H      10.92718600      13.26393600      -0.31143900 
H      10.42402900      12.78143200       1.09216800 
H      13.05636200       8.41263700       3.90578000 
H      11.29958700       8.71953600       5.43950800 
H      12.21209500       7.50835300       5.84053900 
H      10.81972900       7.25233000       5.16433300 
H      11.86310800       5.94595900       3.23384100 
H      13.19674200       6.07397000       4.04870100 
H      13.14350800       6.54006200       2.55336900 
H       2.70318000      13.32958300       1.83876700 
H       1.51818200      13.82357500       3.77352600 
H       2.53045900      13.63976400       5.84053900 
H       6.84970000      15.10697000       8.37257700 
H       6.73249100      13.29840100       9.79324800 
H       5.67231500      11.36510200       9.15117300 
H       3.67430000      10.95645100       6.24796900 
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H       5.76836700      10.32460000       5.42457700 
H       4.95474800       9.04941100       5.83840600 
H       6.09218000       9.59263900       6.77272100 
H       4.41475900       9.59592100       8.60935500 
H       3.24068200       9.18727000       7.65370800 
H       3.13540800      10.49528200       8.51123100 
H       5.55287400      15.20215800       5.04487700 
H       4.12325200      16.39528800       6.44848400 
H       5.11644900      17.38983700       5.75308000 
H       5.34676900      16.96641500       7.24627900 
H       7.68339000      16.30010000       6.52101100 
H       7.39231700      16.55776400       5.00434800 
H       7.87493200      15.14471700       5.48003800 
H       5.88350400      10.07514300      -0.46929100 
H       7.14355900      11.68184800      -1.54866000 
H       7.31550800      13.80224000      -0.68900400 
H       5.74775400      14.98552300       2.29952600 
H       5.88756200      15.92919600      -0.35623400 
H       5.56456600      16.83676300       0.88098700 
H       4.55815000      15.71748500       0.44796000 
H       8.07186000      14.73114200       2.24833000 
H       7.69821700      16.23773600       2.02648400 
H       8.12298900      15.34658100       0.80846000 
H       3.95528900      10.57569900       2.49150800 
H       5.81280300       8.65224800       1.54439400 
H       4.89668000       8.46843700       2.80508000 
H       6.05472300       9.52699200       2.82427800 
H       2.75467800      10.20807700       0.53115200 
H       2.91076800       8.84918900       1.29694900 
H       3.81369600       9.15444600       0.05332900 
C      11.35052300      12.07523700       3.79037800 
C       7.58554400      12.54969900       4.11354800 
C      13.52686900      11.15339100       2.91557700 
C      15.04034200      12.86086500       3.99217300 
C      15.87089000      11.01061000       2.48788200 
C      15.63056900       9.91348700       1.65595700 
C      14.33875200       9.44165100       1.47165400 
C      13.25536900      10.04346800       2.10349000 
C      15.16945200      15.25369000       4.19759400 
C      14.91137000      14.13835100       3.40555900 
C      14.80733500      11.65214300       3.12846400 
C      15.54632300      15.11648900       5.52462100 
C      15.65397300      13.85787500       6.09225000 
C      15.39451500      12.70429700       5.33711800 
C      15.48401200      11.31701600       5.96788700 
C      14.11610100      10.86618700       6.48154800 
C      16.53459400      11.20590900       7.06090900 
C      14.50732400      14.33250200       1.95715600 
C      15.58784700      15.10532900       1.20415800 
C      13.15050600      15.04460500       1.85519200 
C      11.85010400       9.56605200       1.93155900 
C      11.36850200       8.53917200       2.77308300 
C      10.04710500       8.11624200       2.60733800 
C       9.22615500       8.70214000       1.66918300 
C       9.69715700       9.72376800       0.86584200 
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C      11.00705700      10.18395200       0.98615100 
C      11.49269500      11.33145800       0.10260400 
C      11.66181600      10.86946900      -1.34814500 
C      10.54866600      12.52737900       0.17534400 
C      12.23931000       7.87942100       3.82386800 
C      11.58246400       7.83658700       5.19313100 
C      12.64802300       6.48098000       3.37313500 
C       5.06751900      12.87563500       4.00369200 
C       4.47481700      12.92946500       2.73276600 
C       3.12802500      13.28313800       2.66578600 
C       2.41137300      13.56870100       3.82941400 
C       3.02539300      13.47318500       5.07111500 
C       4.36397700      13.13264200       5.17969200 
C       5.07295000      13.14002800       6.50095900 
C       5.78042500      14.30279700       6.86530000 
C       6.39310100      14.34054300       8.10742700 
C       6.32937700      13.25080700       8.95577700 
C       5.68064500      12.09542300       8.57629200 
C       5.03576400      12.01172300       7.34696300 
C       4.37784000      10.72225600       6.88705800 
C       5.39191500       9.84045500       6.16349600 
C       3.73171500       9.92579600       8.02103500 
C       5.90039300      15.48821400       5.91647900 
C       5.04033300      16.67100500       6.38491600 
C       7.34539200      15.91278400       5.71169700 
C       5.26593300      12.57169000       1.51495600 
C       5.20467900      11.26056000       1.02881400 
C       5.92136100      10.93987500      -0.12756200 
C       6.68797100      11.90176500      -0.76793100 
C       6.77933400      13.17531300      -0.26003000 
C       6.07604500      13.54178600       0.89250600 
C       6.19522900      14.95959300       1.42835100 
C       5.48542600      15.95217200       0.51579300 
C       7.65941900      15.35642800       1.64827800 
C       4.42163000      10.17115100       1.73147000 
C       5.38664900       9.10439100       2.27776800 
C       3.37923100       9.53683900       0.81869900 
N      12.44387000      11.79869900       3.51520200 
N       6.42604600      12.62174600       4.07621800 
Pt       9.49485100      12.40529200       4.07651700 
H      11.98911043      11.24735168      -2.14418710 
* 

 
Optimized Cartesian coordinates of Pt(CNArDipp2)2 
 
  H   13.24479869153030     12.00972736459368      8.03436023110470 
  H   13.40418422854720     10.27686234343460      7.69008749022059 
  H   12.33200535861797     11.29071252570423      6.69100811860016 
  H   16.74675240715133     11.93647876193738      3.39874363203736 
  H   17.25625505157000      9.88214452997704      2.08630383299142 
  H   15.39880431242045      8.45166196075980      1.24704695239172 
  H   13.78752570759672     16.17681086708412      6.16902175630002 
  H   14.06805849549647     14.00637804708309      7.32838465588733 
  H   14.49192571824694     10.73235739973335      5.53140785009596 
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  H   13.83459788159628     16.27691215638864      3.69488662486479 
  H   16.66196169964302     11.64842667648615      6.34910619290338 
  H   15.93861386508570     10.54505404362534      7.54555223446115 
  H   15.85643793997195     12.30507296778690      7.78939089389224 
  H   14.27097453556948     13.25313529720145      1.50284479209818 
  H   15.41209061660860     16.08888702034143      1.80347788298805 
  H   15.45919149518666     15.09326656847259      0.33117063901203 
  H   16.36139732142742     14.58795160320928      1.78144038844849 
  H   12.01095836162529     14.33544899266617      1.68662730075612 
  H   12.91639950975527     14.88842181479532      0.25462896284387 
  H   12.78039406575057     15.93625537818569      1.67971094414630 
  H   10.94470818026947      6.02316057169974      2.41259989080201 
  H   9.99984645293709      6.41497097344573      0.15757463523180 
  H   10.78244356238759      8.33303363558771     -1.19996672983371 
  H   13.36911484587743     10.79375090338736     -0.01878994748916 
  H   12.70700079043762      9.11114313107264     -2.50142324426195 
  H   14.24297086270297      9.07870747753467     -1.60991965117349 
  H   10.73681631272720     10.61267947647085     -1.59711415075822 
  H   11.84193268649018     11.99975701579931     -1.53311009097561 
  H   10.95576590686867     11.49343085513901     -0.07160691360884 
  H   13.53027946221797      8.24740880728559      3.99565659354849 
  H   11.15340577558795      8.32544392170728      4.80299180838565 
  H   12.17778026096089      7.26601886615997      5.80523075347012 
  H   11.04201641581081      6.56053454245186      4.63903866031829 
  H   13.03753540681077      5.25568662870562      3.50668279711110 
  H   14.09786230665793      5.95243982144123      4.75253251596990 
  H   14.49028832559907      6.15818574258073      3.02736530947099 
  H   2.27080468029909     13.88117175075633      2.32940665905142 
  H   1.38018709263580     14.29201417426342      4.61829240686024 
  H   2.86581741055644     14.01553296705160      6.59719950296109 
  H   7.55487878852417     15.07170138174415      8.68205371009895 
  H   7.57928507750832     12.91848064511450      9.90478973986675 
  H   6.27531728225859     10.99281126425804      9.05273276922778 
  H   4.24895381391463     11.09529415862609      5.88829746832534 
  H   6.42381216659654      9.84253966284162      5.94770087248547 
  H   5.01953863206932      8.77843210378145      6.21594059494488 
  H   6.04350725194292      9.26124689890095      7.58194899655789 
  H   3.91632165573047     10.22945822227588      8.81684350720947 
  H   2.95441078117703      9.64693619635295      7.43891632147347 
  H   2.85547151177364     11.35296588490238      7.94127687416813 
  H   5.65621832111329     15.61960938016375      5.48328317221821 
  H   4.47765439125021     16.53026423442011      7.48441535449579 
  H   5.49096652347898     17.77254728753458      6.70860901633279 
  H   6.03440649647700     16.98601530112319      8.20785538695121 
  H   8.26151027445783     16.37139707677388      6.93183250526662 
  H   7.61426539776109     17.10907144419818      5.45370140964236 
  H   8.16125907943970     15.41319970122574      5.43990336281153 
  H   5.00644391599872     10.68327661116437     -0.75525427246041 
  H   5.90388803872743     12.57785955130494     -2.07399411075765 
  H   6.09764245001438     14.82281744328954     -1.04676974312848 
  H   5.15052259097805     15.56155036094143      2.51606311498411 
  H   4.65644033544996     16.71221654966855     -0.28870994653145 
  H   4.52638180824267     17.60458105630929      1.24387982927688 
  H   3.40109692297813     16.27073609219411      0.88795885417250 
  H   7.56976661997495     15.44881387336309      1.85436890350248 
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  H   6.94749550094111     17.11878088906024      1.87621981368768 
  H   7.19107171608350     16.28101194999376      0.33165038090714 
  H   3.91124628706970     10.98285537495808      2.82878596719621 
  H   5.33722067583874      9.08342968024677      0.87650095942802 
  H   4.73666029026376      8.68460237770816      2.49780148970865 
  H   6.08272360840656      9.83586680357140      2.30157870380027 
  H   2.02278327574814     10.97393297449022      1.19775165923650 
  H   2.36876340119108      9.33369096383334      1.80003329618485 
  H   2.89845311705254      9.81699702645309      0.17343876410944 
  C   11.14324554561398     11.49854125214744      3.28060520857694 
  C   7.51414928456505     12.51687461032477      3.82300348580911 
  C   13.57658922081831     10.85317348583596      2.81941265526200 
  C   14.33867257168471     12.92456498245248      4.10161292590052 
  C   15.93642239976696     11.30641969814129      3.02931002375707 
  C   16.22043000267397     10.15500831566410      2.29360999831372 
  C   15.18057239660671      9.35229767943124      1.82271271946775 
  C   13.84173012162599      9.67753004697503      2.07196071855658 
  C   13.96933731254093     15.31751472150404      4.19811339620593 
  C   14.16392780915995     14.16013163113957      3.43233582113037 
  C   14.61716358975697     11.68254278167699      3.30941054436535 
  C   13.94135164963559     15.26492465305343      5.58918808026910 
  C   14.10111040347991     14.04325355566593      6.23788573130806 
  C   14.29745327792545     12.85854602137738      5.51554548531896 
  C   14.47018447886882     11.54574404742753      6.27278477451584 
  C   13.29237474887052     11.26727039280073      7.22400520637164 
  C   15.81046499963001     11.50921850403003      7.03072418228754 
  C   14.19270303358997     14.27196251360561      1.91164254312118 
  C   15.42942291297435     15.05374317299514      1.43048250779244 
  C   12.89842130078479     14.89178535512629      1.35474623503078 
  C   12.74202934274918      8.79743919991662      1.55743983730052 
  C   12.28847031366394      7.71055870515288      2.34411500612356 
  C   11.30240733497392      6.86551817377613      1.81740960035800 
  C   10.76802924365764      7.08347414438121      0.55011036033902 
  C   11.21133254948911      8.16196385653036     -0.21078783969321 
  C   12.19553775070189      9.03457491798228      0.27257204089398 
  C   12.64785262057735     10.20019645957965     -0.60065933232120 
  C   13.37745928997767      9.70732924529747     -1.86416477461827 
  C   11.47677278232961     11.12929496079171     -0.96769788622038 
  C   12.84525306507180      7.42625555417380      3.73533017477569 
  C   11.73869963911376      7.39575599239837      4.80469655347622 
  C   13.66668397454707      6.12375400837704      3.75471629611401 
  C   5.07341494358653     13.22009203138904      4.13679967339597 
  C   4.24726066701803     13.37277159256765      2.99451718828675 
  C   2.91750394514449     13.76019897138634      3.19959064547677 
  C   2.41979242974862     13.99017156135827      4.48280670918896 
  C   3.25126611892803     13.83539347816795      5.59269022217190 
  C   4.58941053634672     13.44893490533051      5.45000954868387 
  C   5.45987738863235     13.28767912536081      6.66022019405911 
  C   6.21549939140426     14.38781329975940      7.13396838291022 
  C   6.96860096969254     14.23136567156869      8.30525365881276 
  C   6.98571771492572     13.02185339995654      8.99469425089862 
  C   6.25053061045622     11.94165788696864      8.51357578394711 
  C   5.48265108366476     12.04900626076601      7.34623997269848 
  C   4.69477297141784     10.83644419404491      6.86070454376607 
  C   5.60071786078859      9.61206314292951      6.63788455825942 
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  C   3.53754624821113     10.49929353811988      7.81938717837456 
  C   6.22415419857362     15.73477348141487      6.41893426620741 
  C   5.51367147890169     16.81657913745188      7.25326430711080 
  C   7.64818823991518     16.17792827476983      6.03901567891921 
  C   4.75655482220578     13.13819376977834      1.60364864271843 
  C   4.65916181180349     11.84856948658158      1.02717770647428 
  C   5.07689295416322     11.67240280423520     -0.29885704512534 
  C   5.58373267847556     12.73488106485506     -1.04237146469856 
  C   5.68940999301481     13.99616288286719     -0.46211151563967 
  C   5.28605843452246     14.22150296251362      0.86080930955066 
  C   5.42084688870439     15.62136115762317      1.45086653392942 
  C   4.44271327015197     16.60751898615328      0.78573375375203 
  C   6.86684617692085     16.14320667714445      1.37399533557984 
  C   4.10975371618818     10.65291981252049      1.79774700052242 
  C   5.12838129723305      9.50097952812404      1.87277757597329 
  C   2.77194030897433     10.16925909951627      1.20825774749334 
  N   12.27190169805026     11.20022957121081      3.07505220572845 
  N   6.38259005163358     12.83935895969062      3.96639592987583 
  Pt  9.32941866593366     11.99545346501149      3.58006561735411 
  H   13.73683189557678     10.55973985433664     -2.46029438306267 
 

 

Figure 1.8. Optimized molecular structure of Pt(CNArDipp2)2. 
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Table 1.1. Comparison of selected metrical parameters between crystallographically 
characterized Pt(CNArDipp2)2 (2, “Crystal”) and DFT optimized coordinates  (“DFT”). 
 

Parameter Mean d(Pt-CCNR) (Å) C1-Pt-C2 (˚) 
Crystal 1.906(2) 170.5(1) 

DFT 1.904 178.1 
% Difference 0.1% 4.4% 

 

 
 
1.7. Details of crystallographic structure determinations 
 
 General considerations. Single crystal X-ray structure determinations were 

carried out at low temperature on Bruker Kappa Diffractometers equipped with a Mo 

radiation source and a Bruker APEX or APEX-II detector. All structures were solved via 

direct methods with SIR 200488 or SHELXS89 and refined by full-matrix least-squares 

procedures utilizing SHELXL89 within the OLEX2 small molecule structure solution and 

refinement software.90 Crystallographic data collection and refinement information are 

listed in Table 1.2. 
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Table 1.2. Crystallographic data collection and refinement information. 
 

Name cis-1 • 2 CH2Cl2 trans-1 • (C6H5F, 2 
C2H3N) 

 

2 • C4H8O 

Formula PtC64H78N2Cl6 PtC72H85N4Cl2F PtC66H82N2OPt 

Crystal System Monoclinic Orthorhombic Monoclinic 

Space Group C2/c Pna21 P21/n 

a, Å 23.427(3) 15.392(3) 16.2253(8) 

b, Å 12.408(2) 25.532(5) 16.4117(8) 

c, Å 22.030(3) 17.085(3) 21.4546(9) 

α, deg 90 90 90 

β, deg 111.479(5) 90 96.143(2) 

γ, deg 90 90 90 

V, Å3 5959(1) 6714(2) 5680.2(5) 

Z 4 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.430  1.278 1.303 

µ, mm-1 2.664 2.214 2.513 

Temp, K 100 100 100 

θ max, deg 26.413 26.791 26.000 

data/parameters 6349 / 339 14148 / 739 11157 / 647 

R1 0.0397 0.0248 0.0283 

wR2 0.0791 0.0446 0.0612 

GOF 1.120 1.002 1.047 
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Chapter 2 

Cooperative Transition Metal/Lewis Acid Activation of Small 
Molecules by a Bidentane (boryl)iminomethane Complex: A 
Significant Metal-Borane Interaction Fostered by a Small Bite 
Angle LZ Chelate 
 

2.1. Introduction 

Transition metal-borane complexes (LnM→BR3) featuring so-called reverse-

dative σ-interactions have received increasing attention in coordination and small-

molecule activation chemistry.1-7 It is now established that coordination of a Lewis acidic 

borane center (Z-type ligands) can significantly modulate the electronic and geometric 

structure properties of a transition metal center in a manner distinct from traditional 

Lewis basic, two-electron donor ligands (L-type ligands).4,8,9 Increasingly, reactivity 

profiles of metal-borane complexes with small molecule substrates have been uncovered 

that significantly diverge from those of either free boranes (BR3) or transition metal 

fragments featuring only σ-donating, L-type ligands.5,7 These studies have led to new 

catalytic processes that exploit the ‘reverse polarity’ of the metal-ligand interaction of the 

metal-borane unit,10,11 and also the ability of coordinated boranes to function in a hemi-

labile fashion to modulate the electronic structure of a metal center during multi-electron 

transformations of small molecules.12-14  

Ligand design strategies that enable a significant primary interaction between a 

transition metal and a borane have relied on the presence of two or more L-type ligands 

to buttress the metal-to-borane σ-interaction (i.e. L2Z or L3Z).1,4,5,7,15 The presence of 
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multiple two-electron donor groups within a borane ligand framework is typically 

necessary to overcome the inherently low coordinative ability of free borane molecules 

(BR3). Indeed, transition-metal borane complexes that lack additional donor groups and 

are also devoid of any secondary coordinative interactions have yet to be fully 

authenticated.16 In addition, ligand frameworks possessing only a single L-type buttress 

have thus far shown limited ability to foster a significant metal-to-borane interaction.17,18 

However, such bidentate LZ chelates are of interest for the development of isolable 

metal-borane complexes that offer increased coordinative unsaturation and flexibility 

toward incoming ligands and substrates. Accordingly, herein we report platinum 

complexes featuring a (boryl)iminomethane ((R2B)(H)C=NR) ligand, which is accessed 

by the 1,1-hydroboration of a coordinated isocyanide ligand, that enables the formation of 

significant metal-borane interactions within a bidentate LZ chelate. We also demonstrate 

rich and cooperative reaction chemistry of the Pt-to-borane linkage with a host of small-

molecule substrates. The ability of the (boryl)iminomethane ligand to provide a 

significant metal-borane interaction within a bidentate framework arises from a small bite 

angle between the Z-type borane and L-type imino nitrogen coordinating groups. 

 

2.2. Synthesis and electronic structure of a singly-buttressed platinum-borane 

adduct accessed by hydroboration of a coordinated isocyanide. 

 Treatment of Pt(CNArDipp2)2 (ArDipp2 = 2,6-(2,6-iPr2C6H3)2C6H3) with 

dicyclohexylborane (HBCy2) results in the clean formation of three-coordinate Pt(κ2-N,B-

Cy2BIM)(CNArDipp2) (1), which features a chelating ambiphilic (boryl)iminomethane 

(BIM) moiety (Figure 2.1).  Evidence for a Pt-B retrodative σ-interaction is provided by 



 36 

 

the 11B NMR spectrum of 1, which displays a broad singlet at +18 ppm. For comparison, 

the free (boryl)iminomethane Cy2BIM (vida infra)  displays a downfield-shifted 11B 

resonance at +74 ppm, indicating an increase in the coordination number at boron upon 

ligation to Pt(0).19 Further indication of a Pt-B interaction is found in the crystal structure 

of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1), which reveals a Pt-B distance of 2.314(6) A. This 

compares well to the Pt-BR3 distances found in the four-coordinate Pt(0) 

metallaboratrane Pt[κ4-TPB] (2.224(2) Å, TPB = (o-iPr2PC6H4)3B),20 and is significantly 

shortened relative to the M-BR3 distance in the only other structurally characterized 

borane-containing LZ chelates AuCl(o-iPr2PC6H4BR2) (2.90 Å, R = cyclohexyl; 2.66 Å, 

R2 = fluorene).17 The N1-Pt-B angle in 1 is of particular note, as this small bite angle 

enforces a short Pt-B interatomic separation upon coordination of the imine donor arm. 

For comparison, Pt[κ4-TPB] features an average P-Pt-B bite angle of 85.7˚ and 

accordingly requires a three-donor buttress to stabilize a short Pt-B interaction.20 Near-

90˚ bite angles are also present in AuCl(o-iPr2PC6H4BR2), which possesses only a weak 

Au-B interaction according to 11B NMR spectroscopy.17 The presence of a significant 

reverse-dative σ-interaction in 1 is also indicated by NBO calculations on the model 

complex Pt(κ2-N,B-Me2BIM)(CNMe), which reveal a fully occupied bonding orbital that 

is 81% Pt and 19% B in parentage (Figure 2.2). Importantly, the boron contribution in 

this localized orbital is an admixture of both 2s and 2pz orbital character, thereby 

indicating a rehybridization of the boron center from sp2 to sp3 upon interaction with the 

platinum center. This hybridization change also rationalizes the observed 

pyramidalization of the organic substituents around boron in the solid-state structure of 1 

(Σ(C–B–C) = 348.4˚). 
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Figure 2.1. Synthesis (top) and molecular structure (bottom) of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) • 
0.5 C5H12 (1 • 0.5 C5H12). Co-crystallized n-pentane has been omitted for clarity. Selected bond 
distances (Å) and angles (˚):  Pt-B1 = 2.314(6).  Pt-N1 = 2.077(2).  Pt-C2 = 1.848(3).  B1-C1 = 
1.582(7).  C1-N1 = 1.289(3).  C2-N2 = 1.173(3).  B1-Pt-N1 = 66.0(2).  N1-C1-B1 = 113.1(3).   
 

 

Figure 2.2. Localized molecular orbital from NBO calculations showing the dative bonding 
interaction between the platinum center and borane unit in the model complex Pt(κ2-N,B-
Me2BIM)(CNMe). 
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It is important to note that the reaction between Pt(CNArDipp2)2 and HBCy2 is 

complete within 20 min at room temperature, with no observable intermediates seen 

when the reaction is followed by 1H NMR. Furthermore, the unligated 

(boryl)iminomethane Cy2BIM (2) can be independently synthesized upon addition of 

dicyclohexylborane to the m-terphenyl isocyanide21 CNArDipp2 via a geminal 

hydroboration of the isocyano functionality (Scheme 2.1). Although isocyanide 1,1-

hydroboration is to our knowledge unprecedented, the insertion of isocyanides into the 

boron-element bonds of a variety of boranes has been studied, and is typically thought to 

proceed via the formation of an isocyanide-borane Lewis pair.22-26 Importantly, previous 

examples of isocyanide insertion into triorganoboranes typically have produced dimeric 

products.22,25 In the case of Cy2BIM (2), the 11B NMR resonance at +74 ppm 

unequivocally indicates the presence of a tricoordinate boron atom; presumably, the 

combined steric bulk of the m-terphenyl and cyclohexyl substituents work in tandem to 

preclude the formation of inter- or intra-molecular N-B interactions. Although attempts to 

grow crystals of Cy2BIM suitable for X-ray diffraction were unsuccessful, the 

corresponding BCl3 adduct 3 was synthesized and structurally characterized, confirming 

the formation of an imine functionality, as well as E-stereochemistry about the C-N imine 

bond (Scheme 2.1 and Figure 2.3).   
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Scheme 2.1. Synthesis of Cy2BIM (2) and its adduct with BCl3 (3). 

 

Figure 2.3. Molecular structure of Cy2BIM→BCl3 • 2 C5H12 (3 • 2 C5H12). Co-crystallized 
molecules of n-pentane have been omitted for clarity. Selected bond distances (Å) and angles (˚):  
N1-B1 = 1.586(4).  B1-Cl1 = 1.906(3).  B1-Cl2 = 1.825(3).  B1-Cl3 = 1.806(4).  Cl1-B2 = 
2.115(4).  B2-C1 = 1.601(4).  C1-N1 = 1.292(4).  B1-Cl1-B2 = 92.9(2).  N1-C1-B2 = 124.8(3). 
 



 40 

 

 

Given the ability of CNArDipp2 to readily undergo 1,1-hydroboration, it was 

initially postulated that the formation of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) might proceed 

via isocyanide dissociation from Pt(CNArDipp2)2, hydroboration of CNArDipp2 and ligation 

of incipient Cy2BIM to the Pt(CNArDipp2) fragment (Path A, Scheme 2.2). However, 2D 

EXSY 1H NMR studies on C6D6 solutions (20 ˚C) containing equimolar 

Pt(CNArDipp2)2/CNArDipp2 failed to demonstrate the occurrence of isocyanide exchange, 

even when mixing times as long as 1 ms were employed. Given that the reaction between 

Pt(CNArDipp2)2 and HBCy2 is complete within 20 minutes at 20 ˚C, this observation 

seems to be inconsistent with the formation of 1 proceeding by the dissociative 

mechanism outlined above. Alternatively, two associative mechanisms have been 

considered, in which the reaction proceeds either via an oxidative addition-migratory 

insertion-reductive elimination pathway (Scheme 2.2 Path B) or via formation of a 

transient unsupported Pt-borane adduct which undergoes hydride insertion into a 

coordinated isocyanide (Scheme 2.2 Path C). Attempts to differentiate between Paths B 

and C have primarily focused on the independent synthesis of a complex of the 

formulation cis-PtH(BR2)(CNArDipp2)2 (i.e. the putative product of oxidative addition in 

Path B), all of which have thus far been unsuccessful. Further studies are currently 

underway to ascertain the mechanism by which 1 is formed. 
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Scheme 2.2. Potential mechanisms for the formation of 1. 

 

2.3.  Oxidative addition reactivity of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) 

The absence of multiple donor buttresses surrounding the platinum-boron unit, as 

well as the small bite angle and constrained metallocycle effected by Cy2BIM ligation, 

encourage a variety of substrates to add across this bond under ambient conditions 

(Scheme 2.3). Accordingly, addition of equimolar I2 to a diethyl ether solution of Pt(κ2-

N,B-Cy2BIM)(CNArDipp2) (1) results in the precipitation of trans-PtI2(κ1-N-

Cy2BIM)(CNArDipp2) (4). Examination of the crystal structure of 4 (Figure 2.4) reveals the 

eradication of the Pt-B bond, whereby the fourth coordination site at boron has been 

replaced by a weak interaction with an iodide ligand (d(B-I) = 2.555(6) Å).  The 11B 

NMR spectrum of 4 shows a singlet at +25 ppm that is still shifted significantly upfield 

from the peak seen for free Cy2BIM (+74 ppm), intimating donation into the empty p 

orbital of the borane unit.  Further, the 1H and 13C{1H} NMR spectra are consistent with 
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a Cs-symmetric structure in solution, suggesting that this interaction is static and that the 

borane functionality does not “jump” between the two iodide units.  The ability of this 

borane unit to function as a pendant Lewis acid toward bases in the secondary 

coordination sphere likely accounts for a portion of the thermodynamic driving force 

allowing Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) to undergo oxidative addition despite the 

withdrawal of electron density from the platinum center effected by metal-to-ligand σ-

donation.  

 

Scheme 2.3. Oxidative addition reaction pinwheel for Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1). 
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Figure 2.4. Molecular structure of trans-PtI2(κ1-N-Cy2BIM)(CNArDipp2) • 1.5 C6H6 (4 • 1.5 C6H6). 
Co-crystallized molecules of benzene have been omitted for clarity. Selected bond distances (Å) 
and angles (˚):  Pt-I1 = 2.5836(5).  Pt-I2 = 2.5977(5).  Pt-N1 = 2.082(4).  Pt-C2 = 1.900(5).  B1-I1 
= 2.556(5).  C1-N1 = 1.294(6).  Pt-I1-B1 = 83.5(1).  C1-N1-Pt = 119.0(3).  N1-Pt-I2 = 95.3(1).  
I2-Pt-C2 = 86.2(1).  C2-Pt-I1 = 92.0(1). 
 

Exposure of a solution of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) to 1 atm of H2 gas 

provides access to the hydride-borohydride PtH(µ2-H)(κ1-N-Cy2BIM)(CNArDipp2) (5, 

Scheme 2.3).  The addition of H2 addition across a metal-borane bond, currently limited 

to several examples,10,11,27-29 has garnered interest as a potential technique for hydrogen 

atom storage.7 In 5, The borohydride H-atom appears as a broad doublet of doublets in 

the 1H NMR spectrum, being coupled to the terminal hydride and aldimine protons, and 

also displays satellites due to coupling with 195Pt (I = ½, abundance = 33.8 %), while the 

11B NMR resonance appears as a broad singlet at –7 ppm, indicative of a quaternized 

boron center.19 Hydride-borohydride 5 is isolable in the solid state, and structural 
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characterization confirms the presence of a borohydride B-H σ-complex (Figure 2.5). 

The activation of dihydrogen by Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) is irreversible, as 

solutions of PtH(µ2-H)(κ1-N-Cy2BIM)(CNArDipp2) (5) stored under N2 do not display any 

regeneration of starting material or decomposition. Further, preliminary screenings 

indicate a limited capacity for PtH(µ2-H)(κ1-N-Cy2BIM)(CNArDipp2) (5)  to effect transfer 

hydrogenation, as heating benzene solutions of 5 and equimolar styrene to 65 oC for 6 

days results in production of only trace ethylbenzene according to 1H NMR and GC-MS 

(5 decomposes at higher temperatures).  We attribute these observations to the general 

kinetic inertness of the Pt(II) oxidation state, as opposed to related hydride-borohydride 

complexes of first-row transition metals that readily hydrogenate olefins under catalytic 

conditions.10,11 

 

Figure 2.5. Molecular structure of PtH(µ2-H)(κ1-N-Cy2BIM)(CNArDipp2) • Et2O (5 • Et2O). The 
terminal hydride ligand was not located in the electron difference map. Co-crystallized diethyl 
ether has been omitted for clarity. Selected bond distances (Å) and angles (˚):  Pt-N1 = 2.055(2), 
Pt-C2 = 1.884(3), Pt-H1a = 1.77(3), B1-H1a = 1.38(3), C1-N1 = 1.290(4), Pt-H1a-B1 = 123(2), 
N1-Pt-H1a = 84.8(10), N1-C1-B1 = 118.4(3), C1-B1-H1a = 105(1). 
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The ambiphilicity of the free (boryl)iminomethane Cy2BIM (2), coupled with the 

indication from 11B NMR that it contains a tricoordinate boron center, suggested that it 

might function as a Frustrated Lewis Pair.30,31 Indeed, Cy2BIM is capable of dihydrogen 

activation at ambient temperatures. However, instead of the expected iminium 

borohydride zwitterion, what is instead observed is the product of internal imine 

hydrogenation, (Cy)2BCH2NHArDipp2 (6), which was isolated and characterized by 

multinuclear NMR and high-resolution mass spectrometry (Scheme 2.4). The ability of 

intramolecular Frustrated Lewis Pairs to hydrogenate imines has been demonstrated by 

Stephan.32,33 In the case of Cy2BIM, the putative iminium borohydride formed upon H2 

activation quickly rearranges to hydrogenated product upon formal hydride migration 

from boron to carbon. 

 

Scheme 2.4. Frustrated Lewis Pair reactivity of Cy2BIM toward H2, H2O and CO2. 
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Interestingly, Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) also exhibits clean reactivity 

with water. Treatment of 1 with 1.0 equivalents of H2O at 20 ˚C effects instantaneous 

conversion to the hydride-hydroxide PtH(µ-OH)(κ1-N-Cy2BIM)(CNArDipp2) (7, Scheme 

2.3), which is subsequently isolated by crystallization from diethyl ether.  Structural 

characterization of PtH(µ-OH)(κ1-N-Cy2BIM)(CNArDipp2) (7) reveals a trans-orientation 

of the hydride and hydroxide moieties, with the later engaged in a three-centered 

interaction involving the Pt, O, and B atoms (Figure 2.6). In this way, the activation of 

water by Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) parallels the heterolytic cleavage of H2 by 

transition metal borane complexes, whereby a proton is delivered to the Lewis basic 

metal center while the borane assists in the ligation of the resultant conjugate base.  In the 

case of 7, the O-B bond length of 1.550(3) Å is quite long for a borate species bearing 

oxygen donors (see Figure 2.22), leading us to favor a transition metal hydroxide as 

opposed to a hydroxyborate description for 7. The 11B NMR resonance of 7 appears at +5 

ppm, indicative of a quaternized boron center and legitimizing the presence of a 

hydroxide-borane interaction. While oxidative addition of water is a seemingly 

elementary process, examples of hydride hydroxide metal complexes derived from this 

transformation are rare,34-37 as these metal-bound functional groups are often unstable 

toward further reactivity. The presence of Lewis acids in the secondary coordination 

sphere is one plausible strategy to hinder this unwanted reactivity, as their interaction 

with “hard” ligands such as hydroxide can protect against reactivity with exogenous 

electrophiles. In the case of 7, prolonged heating results in only the production of 

Pt(CNArDipp2)2 and the boronic acid (HO)(Cy)BCH(Cy)NHArDipp2 (8), the latter of which 

can be independently synthesized upon exposure of the (boryl)iminomethane Cy2BIM to 
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water (Scheme 2.4 and Figure 2.7). This transformation is accompanied by a 1,2-

cyclohexyl shift from boron to the imine carbon atom, as well as proton transfer from 

oxygen to nitrogen. Along with the inertness displayed by Pt(CNArDipp2)2 toward water 

under ambient conditions, the formation of 7 accentuates the ability of the platinum-

borane interaction to modulate the reactivity of the resulting complex, enabling otherwise 

unattainable reactivity. 

 

Figure 2.6. Molecular structure of PtH(µ-OH)(κ1-N-Cy2BIM)(CNArDipp2) • 0.5 Et2O (7 • 0.5 
Et2O). Selected bond distances (Å) and angles (˚):  Pt-N1 = 2.051(2).  Pt-C2 = 1.872(3).  Pt-O1 = 
2.124(2).  Pt-H = 1.47(3).  B1-O1 = 1.552(3).  C1-N1 = 1.289(3).  Pt-O1-B1 = 115.3(2).  O1-B1-
C1 = 102.2(2).  B1-N1-C1 = 123.3(2). 
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Figure 2.7. Molecular structure of borinic acid 8. Selected bond distances (Å) and angles (˚):  
N1-C1 = 1.482(2).  C1-B1 = 1.606(2).  B1-O1 = 1.352(2).  N1-C1-B1 = 107.4(1). 
 

 

 The activation of H-X bonds by the platinum-borane unit in 1 can also be realized 

for other protic substrates (Scheme 2.3). Treatment with methanol or para-nitroaniline 

results in formation of the corresponding platinum hydride-alkoxide PtH(µ-OMe)(κ1-N-

Cy2BIM)(CNArDipp2) (9, Figure 2.8) or hydride-anilide PtH(µ-NH(p-NO2C6H4))(κ1-N-

Cy2BIM)(CNArDipp2) (10, Figure 2.9), respectively. Structural characterization of 9 and 10 

reaveals that the methoxide and p-nitroanilide ligands bridge the Pt and B centers in a 

manner analogous to the hydroxide ligand in 7. In contrast, the addition of 

phenylacetylene (HCCPh) to 1 provides the hydride complex PtH(η2-C,C-κ1-N-PhCC-

Cy2BIM)(CNArDipp2) (11, Figure 2.10). Interestingly, the acetylide unit in 11 is σ-bound to 

the boron center, resulting in a four-coordinate borate center (11B NMR δ = –10.6 ppm). 
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The acetylide is also bound in a η2-fashion to the platinum center trans to the hydride 

ligand. Notably, this η2-C,C-coordination mode is in direct contrast to the large number 

of σ-bound Pt(II) acetylides reported in the literature38,39 and demonstrates how borane 

ligation to a transition metal not only facilitates substrate activation but also can 

significantly influence the structural and electronic properties of the resultant products. 

 

Figure 2.8. Molecular structure of PtH(µ-OMe)(κ1-N-Cy2BIM)(CNArDipp2) (9). Selected bond 
distances (Å) and angles (˚):  Pt-N1 = 2.053(4).  Pt-C2 = 1.886(5).  Pt-O1 = 2.121(3).  Pt-H = 
1.42(5).  B1-O1 = 1.562(6).  C1-N1 = 1.292(6).  Pt-O1-B1 = 115.5(2).  O1-B1-C1 = 101.3(4).  
B1-C1-N1 = 123.7(4).  C1-N1-Pt = 116.0(3). 
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Figure 2.9. Molecular structure of PtH(µ-NH(p-NO2C6H4))(κ1-N-Cy2BIM)(CNArDipp2) (10). The 
terminal hydride ligand was not located in the electron difference map. Selected bond distances 
(Å) and angles (˚):  Pt-N1 = 2.059(2).  Pt-C2 = 1.896(2).  Pt-N3 = 2.192(3).  N3-B1 = 1.669(4).  
C1-N1 = 1.298(4).  Pt-N3-B1 = 109.5(2).  N1-Pt-N3 = 81.64(9).  Pt-N1-C1 = 117.2(2).  N1-C1-
B1 = 123.6(2). 

 

Figure 2.10. Molecular structure of PtH(η2-C,C-κ1-N-PhCC-Cy2BIM)(CNArDipp2) • 1.5 Et2O (11 • 
1.5 Et2O). The terminal hydride ligand was not located in the electron difference map. Selected 
bond distances (Å) and angles (˚):  Pt-N1 = 2.090(3).  Pt-C2 = 1.901(5).  Pt-C3 = 2.315(4).  Pt-C4 
= 2.348(5).  B1-C3 = 1.605(7).  C3-C4 = 1.241(6).  N1-Pt-C2 = 174.2(2).  N1-C1-B1 = 125.6(4).  
C1-B1-C3 = 100.5(4).  B1-C3-C4 = 157.4(5). 
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 Finally, Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) is also competent for the oxidative 

addition of pnictogen halide bonds (Scheme 2.3). Treatment of 1 with PBr3 yields the 

Pt(II) complex PtBr(µ-PBr2)(Cy2BIM)(CNArDipp2) (12). Structure determination on 

crystals grown from n-pentane reveals that the dibromophosphido ligand bridges the Pt 

and B centers (Figure 2.11). Examples of heavier dihalophosphido (i.e. not 

difluorophosphido) analogues typically bridge multiple transition metal centers, although 

a few mononuclear complexes bearing dichlorophosphido ligands have been structurally 

authenticated.40,41 The presence of two reactive P-Br bonds in 12 renders it a potential 

synthon in the pursuit of borane-stabilized platinum phosphinidines or phosphides. 

Accordingly, attempts to access such species by either halide abstraction or reduction are 

currently underway. 

In addition, 1 can activate the antimony-fluoride bond in SbF3, providing access 

to Pt(SbF2)(µ-F)(Cy2BIM)(CNArDipp2) (13, Figure 2.12). In contrast to 12, the 

dihalopnictinide ligand in 13 exists as a terminal entity, while the fluoride ligand bridges 

the Pt and B centers. The 19F NMR spectrum of 13 shows two peaks integrating in a 2:1 

ratio. The resonance assigned to the difluorostibyl ligand appears as a singlet at –133.8 

ppm with satellites due to coupling with 195Pt (J = 85 Hz). Interestingly, the Cambridge 

Structural Database42 is devoid of other complexes bearing difluorostibyl ligands, 

although several other examples have been synthesized very recently by our group.43 The 

bridging fluoride ligand gives rise to a 19F NMR resonance at δ = –221.1 ppm. Although 

this chemical shift is comparable that that seen in other systems for a fluoride moiety 

bridging two Lewis acids,44,45 further evaluation of the spectrum reveals a surprisingly 
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large coupling to the 195Pt nucleus of 1.56 kHz. This value is substantially larger than has 

been observed in the limited number of known Pt(II) fluorides.46-49 Examination of the 

solid state structure of 13 does not illuminate a reason for this large coupling constant, as 

the platinum-fluoride bond distance of 2.211(2) Å is somewhat elongated compared those 

seen in other platinum fluorides (Figure 2.23). Although the precise reason for this large 

coupling constant is not currently understood, we suspect that it may be connected to the 

very weak σ-donor properties of the difluorostibyl ligand as observed previously in our 

laboratory.43 This supposition is corroborated by the relative JPt,F values seen for cis-

PtF2(PR3)2 (R = Ph) and trans-PtF2(PR3)2 (R = iPr).46 For the former complex, a rather 

small JPt,F value of 108 Hz is observed, presumably due to the trans disposition that each 

fluoride bears with respect to a strongly-donating triphenylphosphine ligand. 

Contrastingly, the JPt,F value observed for trans-PtF2(P(iPr)3)2 is nearly an order of 

magnitude larger (974 Hz), presumably due to the fact that the two fluorides are trans to 

each other and therefore donate into the same Pt-based orbitals. Similarly, the –SbF2 

moiety should accordingly exert a very weak trans influence on the fluoride ligand, 

allowing for a strong interaction between the Pt and F centers with an attendant increase 

in JPt,F. Undoubtedly, this is also facilitated by the bridging nature of the fluoride ligand, 

which serves to attenuate its “hardness” and thereby promotes bonding with the soft 

Pt(II) center.  
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Figure 2.11. Molecular structure of PtBr(µ-PBr2)(Cy2BIM)(CNArDipp2) • 1.5 C5H12 (12 • 1.5 
C5H12). Co-crystallized molecules of n-pentane were accounted for using SQUEEZE. The 
asymmetric unit contains two molecules of 12. Not pictured is the second crystallographically 
independent molecule which contains disorder in the B-bound cyclohexyl groups. Selected bond 
distances (Å, reported as the mean values of the two independent molecules): Pt-Br1 = 2.4722(6); 
Pt-P = 2.214(1); P-B = 2.020(7) 

 

Figure 2.12. Molecular structure of Pt(SbF2)(µ-F)(Cy2BIM)(CNArDipp2) • MeCN (13 • MeCN). 
Co-crystallized acetonitrile has been omitted for clarity. Selected bond distances (Å): Pt-Sb = 
2.5220(3); Pt-F1 = 2.211(2); F1-B = 1.530(5). 
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2.4. Oxidative insertion reactivity of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) 

 An unequivocal demonstration of metal-ligand cooperative substrate activation is 

found in the formation of bright red Pt(µ-Me2CO)(Cy2BIM)(CNArDipp2) (14) or purple 

Pt(µ-Ph(H)CO)(Cy2BIM)(CNArDipp2) (15) upon addition of acetone or benzaldehyde to 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1, Scheme 2.5). Structural characterization of 14 (Figure 

2.13) and 15 (Figure 2.14) revealed an insertion of the carbonyl unit into the Pt-borane 

bond, the former of which is now best described as a single bond (d(C-O) ~ 1.40 Å). The 

reduction of the carbonyl functional group is concomitant with a 1,2-cyclohexyl shift and 

eradication of imine C-N π-bond, as well as formation of a π-type η1-arene interaction 

between platinum and the ipso carbon of a flanking Dipp ring at the coordination site 

trans to the newly formed Pt-C σ-bond. The insertion of unsaturated substrates into 

metal-boryl bonds is well-known and is of great interest in metal-catalyzed hydroboration 

and diboration of unsaturated organics,50-53 and the related insertion of an aldehyde into a 

copper-boryl bond has been illustrated by Sadighi.53 Interestingly, the presence of a 

boron-bound α,β-unsaturated group in Cy2BIM allows for analogous insertion chemistry 

to be accessed in the metal-borane complex Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1) via alkyl 

migration from boron to carbon and the transformation of the imino nitrogen to an 

anionic amido donor, obviating the buildup of electron density at boron. These 

metallaboration reactions highlight the remarkable capacity of the Pt(CNArDipp2) and 

Cy2BIM fragments to work in concert toward the activation of unsaturated organic 

substrates. 



 55 

 

 

Scheme 2.5. Metallaboration of acetone and benzaldehyde effected by 1. 

 

Figure 2.13. Molecular Structure of Pt(µ-Me2CO)(Cy2BIM)(CNArDipp2) (14). Selected bond 
distances (Å) and angles (˚):  Pt-N1 = 2.033(2) = Pt-C2:  1.907(3).  Pt-C3 = 2.083(3).  Pt-C4 = 
2.430(3).  C1-N1 = 1.487(3).  C3-01 = 1.429(3).  O1-B1 = 1.353(4).  N1-Pt-C3 = 93.07(9).  N1-
Pt-C4 = 78.84(9).  C2-Pt-C3 = 86.5(1).  C2-Pt-C4:  103.5(1).  Pt-C3-O1 = 115.8(2).  C3-O1-B1 = 
132.6(2). 
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Figure 2.14.  Molecular Structure of Pt(µ-PhC(H)O)(Cy2BIM)(CNArDipp2) • 4.5 C6H12 (15 • 4.5 
C6H12). Co-crystallized molecules of cyclohexane have been omitted for clarity. Selected bond 
distances (Å) and angles (˚):  Pt-N1 = 2.022(2).  Pt-C2 = 1.910(2).  Pt-C3 = 2.063(2).  Pt-C4 = 
2.413(2).  C1-N1 = 1.488(2).  O1-C3 = 1.419(2).  B1-O1 = 1.356(3).   N1-Pt-C3 = 93.31(7).  N1-
Pt-C4 = 79.43(6).  C2-Pt-C3 = 83.54(8).  C2-Pt-C4 = 107.46(7).  Pt-C3-O1 = 118.6(1).  C3-O1-
B1 = 132.8(2). 
 
 
 Very recently, Bourissou and coworkers reported a singly-buttressed platinum 

alane adduct based off of the geminal phosphino alane ambiphile 

[Mes2PC(=CHPh)AltBu2] (“PAl", Mes = 2,4,6-Me3C6H2).54 Importantly, as noted for 1, 

the presence of a rigid ligand topology that enforces a small bite angle between the ligand 

donor and acceptor sites effectively engenders a significant reverse-dative σ-interaction 

between the platinum center and the pendant Lewis acid. The authors demonstrate the 

ability of Pt(PAl)(PPh3) to activate CO2 via a 1,2-insertion reaction, and were able to 

structurally characterize the resulting adduct containing new Pt-C and Al-O bonds. This 

reaction was performed under 1 bar CO2 at room temperature, and was reported to go to 

completion within 17 h. Prior to this work being published, we had investigated the 
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reactivity of 1 with CO2. Placing a C6D6 solution of 1 in a J-Young NMR tube under 1 

bar CO2 results in slow depletion of 1 over the course of approximately 20 h at 20 ˚C as 

monitored by 1H NMR spectroscopy. While this reaction almost certainly proceeds via 

the 1,2-insertion of CO2 into the Pt-B linkage, the resulting adduct is unstable toward 

cyclization and dissociation from the platinum center. This yields the boralactone 16 

(Scheme 2.6), which is also produced from the activation of CO2 by free Cy2BIM.55 The 

incipient Pt(CNArDipp2) fragment disproportionates to yield Pt(CNArDipp2)2 and metallic 

platinum. We believe that the inability to observe the product of CO2 insertion into 1 can 

be attributed to the proclivity of the Cy2BIM ligand to undergo boron to carbon alkyl 

group migration. Insertion of CO2 ostensibly yields intermediate A, which is structurally 

reminiscent of the products of ketone/aldehyde metallaboration 14 and 15. However, this 

species is unstable toward C-N reductive elimination, liberating 16 and leaving behind 

the monoligated Pt(CNArDipp2) fragment. Contrastingly, the PAl ligand utilizes a 

saturated triorganophosphine as its donor buttress that is unable to undergo reduction 

without the cleavage of a P-C bond.54 This structural feature likely obviates analogous 

alkyl migration processes and contributes to the stability of the resultant CO2 insertion 

product. 

 

Scheme 2.6. Reaction of 1 with CO2 to yield 16, which ostensibly proceeds via unobserved 
intermediate A. 
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 Insertion chemistry of substrates containing C-N multiple bonds can also be 

realized with 1. Addition of excess acetonitrile to a benzene solution of 1 results in 

formation of the imine isocyanide Pt(0) complex 17 as ascertained by X-ray 

crystallography. The solid-state structure (Figure 2.15) reveals a Pt center that is 

rigorously two-coordinate and displays a linear geometry (C3-Pt-N1 = 176.1(2)˚) with no 

close contacts to either the flanking Dipp or cyclohexyl rings (shortest d(Pt-H) = 2.75 Å). 

Interestingly, of the small contingent of two-coordinate Pt(0) complexes in the 

Cambridge Structural Database,42 17 is the first to include a N-donor ligand. As seen for 

the ketone/aldehyde insertion products 14 and 15, cyclohexyl group migration from 

boron to carbon is apparent, an event which is reflected by the downfield shifted 11B 

NMR resonance (δ = +63.6 ppm) indicative of a three-coordinate boron center.19 The 

formation of 17 is envisioned to proceed by 1,2-insertion of the nitrile functional group 

into the Pt-B linkage accompanied by cyclohexyl migration to carbon, furnishing an 

iminoacyl intermediate which can undergo C-N reductive elimination and coordination of 

the imine N center to platinum (Scheme 2.7). It should also be noted that unligated 

Cy2BIM readily activates acetonitrile to yield an exocyclic eneamine that is a tautomer of 

the Pt-bound imine fragment in 17.55 This tautomeric divergence provides circumstantial 

evidence that the formation of 17, as well as the formation of 16 from 1 and CO2, 

proceeds via 1,2-insertion into the Pt-B linkage followed by C-N reductive elimination 

rather than by dissociation of Cy2BIM and substrate activation via metal-free organic 

Frustrated Lewis Pair chemistry. 



 59 

 

 

Figure 2.15. Molecular Structure of 17 • 1.5 C5H12. Co-crystallized molecules of n-pentane have 
been omitted for clarity. Selected bond distances (Å) and angles (˚):  Pt1-N1:  2.070(5).  Pt1-C3:  
1.812(6).  N1-C1:  1.325(8).  C1-C2:  1.503(9).  C3-N3:  1.183(7).  C3-Pt-N1:  176.1(2).  C1-N1-
B1:  108.6(5).  N1-C1-C2:  120.7(5). 
 
 

 
 
Scheme 2.7. Proposed mechanistic pathway leading to the formation of 17. 

 
   

 Organoazides represent a canonical synthon for the formation of metal imido 

(M=NR) complexes.56 Such a transformation typically proceeds via coordination of the 

azide group to the metal center followed by N2 extrusion, with the latter step proceeding 

via either a unimolecular or bimolecular mechanism. While the intermediate organoazide 

adducts are often not observed, several have been isolated and structurally 

characterized.57-66 Interestingly, we have found that reaction of 1-azidoadamantane (1.1 
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equiv) with Pt(κ2-N-B-Cy2BIM)(CNArDipp2) (1) in n-pentane results in the precipitation of 

brown 18 over the course of 6 h. Analysis of this solid by 1H NMR shows a highly 

magnetically desymmetrized environment and several upfield-shifted Caryl-H resonances, 

both suggestive of boron-to-carbon cyclohexyl group migration and an interaction 

between one of the flanking Dipp rings and the Pt center. Structure determination on 

yellow crystals grown from a diethl ether/benzene solution shows 18 to be the product of 

Nγ insertion into the Pt-B linkage accompanied by boron to carbon cyclohexyl group 

migration (Scheme 2.8 and Figure 2.16). The Pt-bound azide group is best described as 

an anionic (boryl)diazenylamido donor in analogy to the diazenylimido functionalities 

typically derived from κ1-Nγ azide coordination to a transition metal center.56 Consistent 

with this assignment are Pt-N2, N2-B, and N2-N3 distances consistent with single bonds 

(see Figure 2.16), as well as a short N3-N4 bond (1.247(3) Å) that compares well to the 

bona fide N=N double bond in trans-azobenzene (1.247(2) Å).67 The coordination sphere 

around Pt is complimented by an ipso η1-arene interaction with a flanking Dipp ring. 

While believed to be primarily π-type in nature, it should be noted that some degree of 

dearomatization is evident in the Pt-bound Dipp ring, with the Cipso-Cortho bond lengths 

being noticeably elongated (Figure 2.17) and the Cipso-Ar bond vector (where Ar is the 

central aryl ring of the terphenyl system) being bent out of the plane by 23.3˚, findings 

suggestive of partial aryl-to-Pt charge transfer.68 Similar structural distortions are 

apparent in the products of ketone and aldehyde metallaboration 14 and 15, although to a 

lesser degree. 
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Scheme 2.8. Synthesis of Pt(µ-N3Ad)(Cy2BIM)(CNArDipp2) (18) and its thermal decomposition to 
give the carbodiimide Dipp2ArN=C=NAd and free Cy2BIM with presumed loss of Pt metal. 
 

 

 

Figure 2.16. Molecular structure of Pt(µ-N3Ad)(Cy2BIM)(CNArDipp2) • C6H6 (18 • C6H6). Selected 
isopropyl groups, as well as the co-crystallized benzene molecule, have been omitted for clarity. 
Selected bond distances (Å) and angles (˚): Pt-N1 = 2.009(2); Pt-C2 = 1.920(3); Pt-C3 = 
2.290(3); Pt-N2 = 2.031; N2-B = 1.435(4); N2-N3 = 1.366(3); N3-N4 = 1.247(3); B-N2-N3 = 
112.6(2); N2-N3-N4 = 121.1(2). 
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Figure 2.17. Zoom-in of the Pt-bound Dipp ring in 18, showing the dearomatization as evidenced 
by the long Cipso-Cortho bond lengths. Selected atoms have been omitted for clarity. 
 
 

The activation of 1-azidoadamantane by 1 is reminiscent of reactivity seen by 

Bergman for the early/late heterobimetallic complex [Cp2Zr(µ-NtBu)IrCp*], which was 

shown to form the µ:κ1-κ1 adduct [Cp2Zr(µ-NtBu)(µ-N3Ph)IrCp*] upon insertion of the 

Nγ bond of phenylazide.61 As frequently seen with other isolable transition metal adducts 

of organoazides, thermolysis of [Cp2Zr(µ-NtBu)(µ-N3Ph)IrCp*] resulted in evolution of 

N2 and formation of a new imido ligand, yielding [Cp2Zr(µ-NtBu)(µ-NPh)IrCp*]. In the 

case of 18, simply stirring a C6D6 solution at room temperature is sufficient to effect the 

its complete exhaustion over ca. 36 h, producing the asymmetric carbodiimide 

AdN=C=NArDipp2 and free (boryl)iminomethane Cy2BIM (2) as the primary products as 

followed by 1H NMR, with the Pt center presumably lost as Pt metal (Scheme 2.8). 

Although not isolated in pure form from these reaction mixtures, the carbodiimide 

AdN=C=NArDipp2 was identified by electrospray ionization-mass spectrometry (ESI-MS) 



 63 

 

and by its diagnostic FTIR v(N=C=N) stretching modes (2147 and 2088 cm–1). The 

decomposition of 18 does not appear to be photochemically promoted, as irradiating 

C6D6 solutions of 18 (254 nm, Hg lamp) does not appreciably alter its rate of 

disappearance. The release of Cy2BIM is particularly surprising, as it demonstrates that 

reversible boron to carbon cyclohexyl migration can be achieved in this system. As 

described in a previous paper55 and in Chapter 3 of this dissertation, cyclohexyl group 

migration provides over 18 kcal/mol of thermodynamic driving force in the capture of 

CO2 by 2 to form the boralactone 16. This had contributed to our assumption that alkyl 

migrations in Cy2BIM would continue to prove irreversible and deactivating. Accordingly, 

the ejection of 2 in the decomposition of 18 provides hope that interconversion between 

Pt-bound (boryl)iminomethane and reduced sp3-C bridged boryl amido forms of this 

ligand might be realized. 

The production of carbodiimide AdN=C=NArDipp2 suggested the potential 

intermediacy of a borane-stabilized imido or (boryl)alkylamido ligand. The proposition 

of a Lewis-acid-protected imido ligand particularly piqued our interest due to the known 

difficulties and dearth of examples of late metal complexes containing metal-ligand 

multiple bonds. Although efforts to circumvent the ramifications of the “oxo wall69” have 

largely focused on utilizing late metal complexes with trigonal coordination 

environments66,70-74 or low coordination numbers,75,76 the use of a tethered Lewis acid 

which could render the multiply-bonded species isolable yet still allow for its transfer to 

exogenous substrates would represent a novel approach in this regard. Indeed, late metal 

oxo and imido ligands commonly bridge multiple transition metal centers; however, the 

formation of two metal-ligand σ-bonds often endows these species with a kinetic stability 
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sufficient to preclude their exploitation in group transfer reactivity. In order to probe for a 

transient nitrene species in the decomposition of the azide complex 18, trapping 

experiments were undertaken. Stirring 18 in C6D6 solutions containing 10 equivalents of 

cyclohexene (or, alternatively, in neat cyclohexene) does not provide any evidence of 

olefin aziridination. Alternatively, 18 in the presence of stoichiometric PMe3 does not 

yield the phosphimine Me3P=NAd, with the only species visible in the 31P{1H} NMR 

spectrum of these reaction mixtures containing one-bond coupling to 195Pt, suggesting 

complexation of the phosphine ligand to unidentified platinum species. While the search 

for a transient imido/nitrene has thus far proven inconclusive, it should be noted that N-N 

bond cleavage does not necessarily precede N-Cisocyanide bond formation in the production 

of carbodiimide. Indeed, examination of the solid-state structure of 18 reveals that the α-

N atom (N4) resides in close proximity (ca. 2.8 Å) to the isocyanide carbon (C2), 

allowing one to envision the cascade of carbodiimide formation and cyclohexyl reversion 

to boron beginning with C-N bond formation, thereby obviating the formation of 

complexed or free nitrene species.  

The reactivity of Pt(κ2-N-B-Cy2BIM)(CNArDipp2) (1) with other organoazides has 

also been examined (Scheme 2.9). Trimethylsilyl azide does not yield an observable 

azide adduct, instead producing the carbodiimide Me3SiN=C=NArDipp2 as the principal 

product as determined by 1H NMR and ESI-MS. Encumbered 2,6-diisopropylphenylazide 

(DippN3) does not react with 1 (1:1 mixture) at room temperature in benzene solution. 

However, heating a C6D6 solution of 1 with five equivalents of DippN3 to 40 ˚C results in 

surprising formation of the hydride-borohydride PtH(µ2-H)(κ1-N-Cy2BIM)(CNArDipp2) (5) 

as the primary –ArDipp2 containing species, presumably via dehydrogenation of DippN3. 
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Although the Fe-mediated intramolecular dehydrogenation of an isopropyl group in an 

imido ligand derived from DippN3 has recently been observed by Betley,77 this reactivity 

was predicated on the iminyl character of the Fe-bound N center. Such open-shell species 

are unlikely in our system given the strong preference of platinum for closed-shell 

electronic configurations. While the fate of the DippN3 fragment in this transformation is 

unknown, we discovered that the unencumbered aryl azide p-MeC6H4N3 (p-TolN3) 

undergoes smooth insertion reactivity with 1 to provide 19 (Scheme 2.9). Structural 

characterization of 19 by X-ray diffraction reveals a structure that is wholly analogous to 

that of 18, including boron to carbon cyclohexyl migration and formation of a 

(boryl)diazenylamido ligand (Figure 2.18). As noted for 18, dearomatization in the Pt-

bound Dipp ring is evident in 19 (Figure 2.19). The Pt-Cipso distance of 2.248(2) Å is 

contracted compared to that in 18 (2.290(3) Å), which also reflects an attendant increase 

in the degree to which the Cipso-Ar bond vector (where Ar is the central aryl ring of the 

terphenyl system) has moved out of the plane of the Dipp ring (28.9˚ in 19 vs. 23.3˚ in 

18). These observations suggest that there may be an even greater degree of arene-to-Pt 

charge transfer in 19 compared to 18. 
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Scheme 2.9. Reactivity of 1 with DippN3, TMSN3 and p-TolN3. 

 

Figure 2.18. Molecular structure of 19 • 2 C5H12. Co-crystallized molecules of n-pentane and 
selected isopropyl groups have been omitted for clarity. Selected bond distances (Å) and angles 
(˚): Pt-N1 = 2.004(2); Pt-C2 = 1.909(3); Pt-C3 = 2.248(2); Pt-N2 = 2.032(2); N2-B1 = 1.438(3); 
N2-N3 = 1.353(3); N3-N4 = 1.261(3); B1-N2-N3 = 113.9(2); N2-N3-N4 = 118.6(2). 
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Figure 2.19. Zoom-in of the Pt-bound Dipp ring in 19, showing the dearomatization as evidenced 
by the long Cipso-Cortho bond lengths. Selected atoms have been omitted for clarity. 
 

 

2.5. Concluding remarks 

 In conclusion, the 1,1-hydroboration of a coordinated isocyanide ligand in 

Pt(CNArDipp2)2 can be effected using HBCy2 to afford the singly-buttressed platinum-

borane complex Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1). Although nearly all transition metal-

borane adducts reported to date have utilized ligand scaffolds which employ multiple 

donor arms, the (boryl)iminomethane ligand in 1 is capable of fostering a significant 

reverse-dative platinum borane interaction as evidenced by 11B NMR, X-ray diffraction 

and Density Functional Theory computational studies. The rigid topology of the 

(boryl)iminomethane framework whereby the donor and acceptor atoms are linked by a 

single sp2-hybridized carbon atom engenders a small bite angle, which is likely 

responsible for the significant Pt-B interaction. Remarkably, the unligated 
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(boryl)iminomethane Cy2BIM (2) can be readily accessed via addition of HBCy2 to the m-

terphenylisocyanide CNArDipp2, and is shown by 11B NMR to possess a monomeric 

structure containing a tri-coordinated boron center. Importantly, while these examples of 

isocyanide 1,1-hydroboration are unprecedented in the literature, the resistance of Cy2BIM 

to undergo head-to-tail dimerization can be traced to the sterically imposing m-terphenyl 

and cyclohexyl substituents. The monomeric nature of 2 allows it to effect the heterolytic 

cleavge H2 and H2O under mild conditions in a Frustrated Lewis Pair-type manner. The 

absence of multiple donor buttresses in the platinum complex 1 allows it to undergo rich 

cooperative reactivity with a host of substrates. Oxidative addition of I2, SbF3, PBr3 and 

various E-H bonds (E = H, N, O) has been demonstrated. In each case, one of the 

incipient Pt-bound X-ligands is seen to bridge the Pt and B centers. The flexibility of the 

BIM framework, which allows the borane center to act either as a Z-type σ-acceptor or as 

a pendant Lewis acid, can be exploited to effect both bond activation and subsequent 

stabilization of hard, π-donor ligands at a soft Pt(II) center. Oxidative insertion reactivity 

of 1 with acetone, benzaldehyde, acetonitrile and two different organoazides has also 

been demonstrated, each of which represents an unprecedented reactivity mode for 

transition metal-borane complexes. Each of these reactions is accompanied by boron-to-

carbon cyclohexyl migration, thereby avoiding the buildup of formal negative charge at 

the boron center. Importantly, however, the release of free Cy2BIM in the thermal 

decomposition of 1-azidoadamantane adduct 18 shows that this process is not necessarily 

irreversible. Future work in this platinum (boryl)iminomethane system will focus on 

using the pendant borane as a protecting group for highly reactive ligands containing 

multiple bonds to Pt for applications in group transfer-type reactivity. Also envisioned is 
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the use of 1 as a catalyst for the hydrogenation, hydration or hydroamination of 

unsaturated organic species, which could exploit both the proclivity of 1 to heterolytically 

cleave E-H bonds and subsequently stabilize dihydride, hydride/hydroxide, or 

hydride/amide equivalents. Finally, the extension of (boryl)iminomethane chemistry to 

metals other than platinum represents a seminal goal. Although not described in this 

dissertation, extensive efforts to obtain BIM complexes of Ni, Pd and Au have been 

carried out, yet thus far proven fruitless. A principal hurdle in the pursuit of catalytic 

turnover using 1 has been the inertness of many of the resultant Pt(II) products. Indeed, 

kinetic stability of metal-ligand bonds is a hallmark of many Pt(II) species. We therefore 

believe it will be vital to delineate the exact mechanism whereby 1 is formed, as well as 

to understand why all efforts to ligate a pre-formed BIM to various transition metal 

fragments have so far been unsuccessful. In doing so, we hope that rational synthetic 

routes to (boryl)iminomethane complexes of many different transition metals might one 

day be realized. 

 

2.6. Synthetic procedures and characterization data 

General considerations. All manipulations were carried out under an atmosphere 

of purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise 

stated, reagent-grade starting materials were purchased from commercial sources and 

either used as received or purified by standard procedures.78 Solvents were dried and 

deoxygenated according to standard procedures.79 Benzene-d6 (Cambridge Isotope 

Laboratories) was distilled from NaK alloy and stored over 4 Å molecular sieves under 

N2 for at least 24 h prior to use. Chloroform-d (Cambridge Isotope Laboratories) was 
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distilled from P2O5 and stored over 4 Å molecular sieves under N2 for at least 24 h prior 

to use. Celite 405 (Fisher Scientific) was dried under vacuum (24 h) at a temperature 

above 250 ˚C and stored in the glovebox prior to use. KBr (FTIR grade from Aldrich) 

was stirred overnight in anhydrous THF, filtered and dried under vacuum at a 

temperature above 250 ˚C prior to use. The m-terphenyl isocyanide21 CNArDipp2 and the 

two-coordinate platinum complex80 Pt(CNArDipp2)2 were prepared as previously reported. 

Dicyclohexylborane (HBCy2) was prepared according to a literature procedure.81 

Solution 1H, 13C{1H}, 19F, 31P{1H} and 11B NMR spectra were recorded on a 

Bruker Avance 300, a Varian Mercury 400, a Jeol ECA 500, or a Varian X-SENS 500 

spectrometer. 1H and 13C{1H} chemical shifts are reported in ppm relative to SiMe4 (1H 

and 13C δ = 0.0 ppm) with reference to residual solvent resonances of 7.16 ppm (1H) and 

128.06 ppm (13C) for C6D6, 7.26 (1H) and 77.16 (13C) for CDCl3. 19F NMR chemical 

shifts were referenced externally to a solution of neat trifluoroacetic acid (δ = –78.5 ppm 

vs. CFCl3. 31P{1H} chemical shifts were referenced externally to 85% H3PO4 (δ = 0.0 

ppm). 11B NMR chemical shifts were referenced externally to a solution of phenylboronic 

acid in acetone-d6 (δ = 29.0 ppm vs. BF3·Et2O). FTIR spectra were recorded on a 

Thermo-Nicolet iS10 FTIR spectrometer. Samples were prepared either as KBr pellets or 

as C6D6 solutions injected into a ThermoFisher solution cell equipped with KBr 

windows. For solution FTIR spectra, solvent peaks were digitally subtracted from all 

spectra by comparison with an authentic spectrum obtained immediately prior to that of 

the sample. The following abbreviations were used for the intensities and characteristics 

of important IR absorption bands: vs = very strong, s = strong, m = medium, w = weak, 

vw = very weak; b = broad, vb = very broad, sh = shoulder. High-resolution mass 
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spectrometry (HRMS) was performed using an Agilent 6230 ESI-TOFMS instrument 

running in positive ion mode. Combustion analyses were performed by Robertson 

Microlit Laboratories of Madison, NJ (USA) or Midwest Microlabs of Indianapolis, IN 

(USA).  

Synthesis of Pt(κ2-N-B-Cy2BIM)(CNArDipp2) (1). Benzene (6 mL) was added to 

solid Pt(CNArDipp2)2 (0.210 g, 0.201 mmol) and HBCy2 (0.039 g, 0.219 mmol, 1.1 equiv). 

The solution was stirred over the course of 30 min and gradually changed in color from 

yellow to light orange. All volatile materials were then removed in vacuo. The resulting 

orange residue was slurried in 2 mL of a 1:1 n-pentane/hexamethyldisiloxane 

(O(SiMe3)2) mixture and stirred for 10 min to produce a  dark-colored mother liquor and 

a yellow solid. The mother liquor was decanted, and the resulting solid was then 

dissolved in n-pentane (15 mL), filtered through Celite, and dried under reduced pressure. 

Dissolution of the yellow residue in benzene (3 mL), followed by lyophilization provided 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) of sufficient purity by 1H and 11B NMR for further 

studies. Yield: 0.186 g, 0.152 mmol, 76%. Storage of an n-pentane solution of Pt(κ2-N,B-

Cy2BIM)(CNArDipp2) at –40 ˚C provided analytically pure yellow crystals of 1 • 0.5 C5H12 

suitable for X-ray diffraction. 1H NMR (500.2 MHz, C6D6, 20 ˚C): δ = 8.35 (s, 1H, JPt,H = 

120 Hz, Cimine-H), 7.39 (t, 2H, p-Dipp, J = 8 Hz), 7.32 (t, 2H, p-Dipp, J = 8 Hz), 7.24 (d, 

4H, m-Dipp, J = 8 Hz), 7.16 (d, 4H, J = 8 Hz, m-Dipp), 7.08 (d, 2H, J = 8 Hz, m-Ar), 

6.94 (t, 1H, J = 8 Hz, p-Ar), 6.90 (t, 1H, J = 8 Hz, p-Ar), 6.81 (d, 2H, J = 8 Hz, m-Ar), 

2.76 (septet, 4H, J = 7 Hz, CH(CH3)2), 2.72 (septet, 4H, J = 7 Hz, CH(CH3)2), 1.83-1.60 

(m, 8H, Cy), 1.51-1.39 (m, 4H, Cy), 1.36 (d, 12H, J = 7 Hz, CH(CH3)2), 1.34 (d, 12H, J = 

7 Hz, CH(CH3)2), 1.24 (m, 6H, Cy), 1.10 (d, 12H, J = 7 Hz, CH(CH3)2), 1.05 (d, 12H, J = 
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7 Hz, CH(CH3)2), 0.17 (m, 4H, Cy) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 

214.5 (Cimine), 148.4, 146.7, 146.5, 143.9 (C≡N), 138.7, 136.6, 135.6, 134.6, 131.6, 130.9, 

129.7, 129.6, 129.0, 126.6, 125.4, 123.6, 123.3, 32.4, 31.6, 31.4, 31.0, 29.2, 28.9, 27.7, 

26.0, 24.6, 24.5, 23.9 ppm. Note: The  isocyanide (C≡N) resonance for this compound 

could not be conclusively assigned. 11B NMR (160.5 MHz, C6D6, 20 ˚C): δ = 18.6 (bs) 

ppm. FTIR (C6D6, KBr Windows, 20 ˚C): ν(C≡N) = 2094 (s) cm-1, also 2963, 2926, 

2868, 2847, 1461, 1446, 1414, 1385, 1361, 1056, 791, 756 cm-1. Anal. Calc’d for 

C74H97N2BPt: C, 72.82; H, 8.01; N, 2.30. Found: C, 71.44; H, 7.68; N, 2.18. 

Synthesis of Cy2BIM (2). To a solid mixture of CNArDipp2 (0.182 g, 0.429 mmol) 

and HBCy2 (0.079 mg, 0.444 mmol, 1.03 equiv) was added 5 mL of Et2O. The resulting 

bright yellow solution was stirred for 10 min and then all volatile materials were removed 

under reduced pressure. The resulting yellow oil was dissolved in 3 mL n-pentane, 

filtered through Celite, and dried agian in vacuo. The oily residue produced was then 

subjected to four cycles of dissolution in n-pentane (3 mL) and drying in vacuo to afford 

Cy2BIM as a yellow solid. Yield: 0.235 g, 0.391 mmol, 90%. 1H NMR (500.2 MHz, C6D6, 

20 ˚C): δ = 8.35 (s, 1H, Cimine-H), 7.27 (t, 2H, J = 8 Hz, p-Dipp), 7.16 (d, 2H, J = 8 Hz, 

m-Ar), 7.15 (d, 4H, J = 8 Hz, m-Dipp), 7.05 (t, 1H, J = 8 Hz, p-Ar), 3.04 (septet, 4H, J = 

7 Hz, CH(CH3)2), 1.68-1.61 (m, 8H, Cy), 1.32-1.26 (m, 4H, Cy), 1.27 (d, 12H, J = 7 Hz, 

CH(CH3)2), 1.16 (d, 12H, J = 7 Hz, CH(CH3)2), 1.16-1.11 (m, 6H, Cy), 0.76-0.69 (m, 4H, 

Cy) ppm. 13C{1H} NMR (125.8 MHz, C6D6, 20 ˚C): δ = 181.0 (Cimine), 153.2, 147.0, 

137.5, 130.8, 130.2, 128.3, 123.6, 123.0, 36.1, 31.2, 22.8, 26.9, 26.1, 25.5, 23.3 ppm. 11B 

NMR (160.5 MHz, C6D6, 20 ˚C): δ = 74.3 (bs) ppm. FTIR (C6D6, KBr Windows, 25 ˚C):  
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2961, 2923, 2851, 1614, 1578, 1452, 1413, 1382, 1363, 1058, 761 cm-1. HRMS (ESI-

TOF): m/z calc’d for C43H63NOB [M+H+H2O]+: 619.5034  Found: 619.5035. 

Synthesis of Cy2BIM→BCl3 (3). An n-pentane solution of Cy2BIM (0.055 g, 0.092 

mmol, 3 mL) was frozen in a glovebox cold well. Upon removal from the cold well, 

0.100 mL of a hexane solution of BCl3 (1.0 M, 0.100 mmol, 1.09 equiv) was added as the 

reaction mixture thawed. The solution was allowed to warm to room temperature over the 

course of 30 min, during which time it changed in color from bright yellow to colorless. 

All volatiles were then removed under reduced pressure. Dissolution of the resulting solid 

in n-pentane (1 mL) and storage at –40 ˚C for 2 days afforded colorless crystals, which 

were collected and dried in vacuo. Yield: 0.038 g, 0.053 mmol, 57%. 1H NMR (499.8 

MHz, C6D6, 20 ˚C): δ = 9.00 (s, 1H, Cimine-H), 7.29 (t, 2H, J = 8 Hz, p-Ar), 7.21 (d, 2H, J 

= 8 Hz, m-Ar), 7.11 (d, 2H, J = 8 Hz, m-Ar), 7.04 (d, 2H, J = 8 Hz, m-Ar), 6.92 (t, 1H, J 

= 8 Hz, p-Ar), 3.44 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.42 (septet, 2H, J = 7 Hz, 

CH(CH3)2), 1.72-1.67 (m, 7H, Cy), 1.52-1.43 (m, 4H, Cy), 1.50 (d, 6H, J = 7 Hz, 

CH(CH3)2), 1.37-1.25 (m, 7H, Cy), 1.27 (d, 6H, J = 7 Hz, CH(CH3)2), 1.15 (d, 6H, J = 7 

Hz, CH(CH3)2), 0.80 (d, 6H, J = 7 Hz, CH(CH3)2), 0.80-0.73 (m, 4H, Cy) ppm. 13C{1H} 

NMR (125.7 MHz, C6D6, 20 ˚C): δ = 213.6 (Cimine), 152.6, 148.6, 146.6, 141.7, 136.8, 

136.7, 133.8, 130.4, 128.4, 127.5, 125.1, 122.7, 32.4, 31.4, 31.4, 31.3, 31.1, 28.6, 28.1, 

27.4, 26.6, 25.4, 24.0, 22.1 ppm. 11B NMR (160.5 MHz, C6D6, 20 ˚C):  δ = 9.4 (bs, 

Cy2(C)BCl), –4.1 (s, NBCl3) ppm. FTIR (C6D6, KBr Windows, 25 ˚C): 2964, 2927, 2868, 

2849, 1552, 1460, 1382, 1361, 1341, 1325, 1166, 1055, 852, 831, 775, 758, 739, 694 cm-

1. Anal. Calc’d for C43H60NB2Cl3: C, 71.84; H, 8.41; N, 1.95.  Found: C, 72.57; H, 8.50; 

N, 1.87. 
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Synthesis of trans-PtI2(κ1-N-Cy2BIM)(CNArDipp2) (4). To an Et2O solution of 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.100 g, 0.082 mmol, 3 mL) was added an Et2O solution 

of I2 (0.024 g, 0.095 mmol, 1.15 equiv, 2 mL). The reaction mixture was stirred for 2 h, 

during which time a light-colored precipitate was observed to form. The reaction mixture 

was then cooled to –40 ˚C to induce further precipitation. The supernatant was then 

decanted from a beige solid, which was washed with cold Et2O (–40 ˚C, 5 mL) and dried 

in vacuo to afford trans-PtI2(κ1-N-Cy2BIM)(CNArDipp2). Yield: 0.103 g, 0.070 mmol, 

85%.  Storage of a saturated C6H6 solution at of trans-PtI2(κ1-N-Cy2BIM)(CNArDipp2) at 

room temperature over 2 d provided analytically pure crystals of 4 • 1.5 C6H6 which were 

suitable for X-ray diffraction. 1H NMR (500.2 MHz, CDCl3, 20 ˚C): δ = 9.09 (s, 1H, JPt,H 

= 100 Hz, Cimine-H), 7.48 (t, 1H, J = 8 Hz, p-Ar), 7.35 (t, 2H, J = 8 Hz, p-Ar), 7.23-7.19 

(m, 4H), 7.18 (d, 4H, J = 8 Hz, m-Ar), 7.14 (m, 3H), 7.11 (d, 2H, J = 8 Hz, m-Ar), 7.02 

(d, 2H, J = 8 Hz, m-Ar), 3.89 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.45 (septet, 4H, J = 7 

Hz, CH(CH3)2), 2.05 (septet, 2H, J = 7 Hz, CH(CH3)2), 1.52-1.41 (m, 6H, Cy), 1.17 (d, 

12H, J = 7 Hz, CH(CH3)2), 1.16 (d, 6H, J = 7 Hz, CH(CH3)2), 1.10 (d, 6H, J = 7 Hz, 

CH(CH3)2), 1.08 (d, 6H, J = 7 Hz, CH(CH3)2), 1.06 (d, 12H, J = 7 Hz, CH(CH3)2), 1.02-

0.98 (m, 2H, Cy), 0.93-0.86 (m, 10H, Cy), 0.70 (d, 6H, J = 7 Hz, CH(CH3)2), 0.62 (m, 

2H, Cy), 0.48-0.42 (m, 2H, Cy) ppm. 13C{1H} NMR (125.7 MHz, CDCl3, 20 ˚C): δ = 

213.4 (Cimine), 151.8, 147.8, 147.4, 146.3, 140.0, 135.7, 134.3, 134.1, 131.8, 130.8, 129.6, 

129.0, 128.6, 128.5, 127.5, 124.8, 124.4, 123.6, 122.2, 110.4, 34.8, 32.5, 31.1, 30.8, 30.3, 

29.9, 28.8, 28.4, 27.1, 26.5, 25.7, 24.7, 24.5, 22.4 ppm. Note: The  isocyanide (C≡N) 

resonance for this compound could not be conclusively assigned. 11B NMR (160.5 MHz, 
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CDCl3, 20 ˚C):  δ = 25.3 (bs) ppm. FTIR (C6D6, 20 ˚C): ν(C≡N) = 2180 cm-1, also 2959, 

2926, 2867, 2845, 1560, 1277, 1241, 1188, 1044, 1033, 753 cm-1. Anal. Calc’d for 

C74H97N2BI2Pt: C, 60.29; H, 6.63; N, 1.90. Found: C, 60.03; H, 6.63; N, 1.84. 

Synthesis of PtH(µ-H)(Cy2BIM)(CNArDipp2) (5). An ampoule was charged with 

a benzene solution of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.100 g, 0.082 mmol, 5 mL). This 

solution was degassed and subsequently exposed to 1.0 atm of H2 gas. The ampoule was 

sealed and stirred vigorously for 10 h, whereupon all volatiles were removed under 

reduced pressure.  Dissolution of the resulting residue in 1 mL n-pentane and storage at –

40 ˚C for 1 week resulted in the formation of colorless crystals, which were collected and 

dried in vacuo. Yield: 0.033 g, 0.027 mmol, 33%. 1H NMR (300.0 MHz, C6D6, 20 ˚C): δ 

= 10.43 (d, 1H, JH,H = 10 Hz, JPt,H = 75 Hz, Cimine-H), 7.41 (t, 2H, J = 8 Hz, p-Ar), 7.31 (t, 

2H, J = 8 Hz, p-Ar), 7.25 (d, 2H, J = 8 Hz, m-Ar), 7.23 (d, 4H, J = 8 Hz, m-Ar), 7.11 (d, 

2H, J = 8 Hz, m-Ar), 7.05 (d, 2H, J = 8 Hz, m-Ar), 6.92 (t, 1H, J = 8 Hz, p-Ar), 6.88-6.81 

(m, 3H), 3.10 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.62 (septet, 4H, J = 7 Hz, CH(CH3)2), 

2.33 (septet, 2H, J = 7 Hz, CH(CH3)2), 1.90-1.72 (m, 10H, Cy), 1.51-1.30 (m, 4H, Cy), 

1.31 (d, 12H, J = 7 Hz, CH(CH3)2), 1.27 (d, 6H, J = 7 Hz, CH(CH3)2), 1.22 (d, 6H, J = 7 

Hz, CH(CH3)2), 1.09 (d, 12H, J = 7 Hz, CH(CH3)2), 1.06 (d, 6H, J = 7 Hz, CH(CH3)2), 

0.95 (d, 6H, J = 7 Hz, CH(CH3)2), 0.90 (m, 2H, Cy), 0.59 (m, 4H, Cy), 0.01 (m, 2H, Cy), 

–2.34 (dd, 1H, JH,H = 25, 10 Hz, JPt,H = 550 Hz, B-H-Pt), –15.00 (d, 1H, JH,H = 25 Hz, 

JPt,H = 1420 Hz, Pt-H) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 219.8 (Cimine), 

150.0, 147.3, 147.2, 146.3, 139.5, 136.2, 134.3, 133.7, 131.3, 130.2, 129.8, 129.3, 128.6, 

128.4, 125.0, 123.7, 123.6, 123.2, 122.9, 32.5, 31.8, 31.6, 31.4, 31.2, 29.8, 29.6, 28.9, 
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27.7, 26.9, 26.5, 26.3, 25.1, 24.7, 24.5, 22.2 ppm. Note: The  isocyanide (C≡N) resonance 

for this compound could not be conclusively assigned. 11B NMR (160.5 MHz, C6D6, 20 

oC): δ = –6.9 (bs) ppm. FTIR (C6D6, 20 ˚C): ν(C≡N) = 2154 cm-1, also 2962, 2920, 2868, 

2845, 1580, 1460, 1413, 1382, 1363, 1055, 791, 755 cm-1. Anal. Calc’d for PtC74H99N2B: 

C, 72.70; H, 8.16; N, 2.29. Found: C, 71.26, H, 8.11; N, 2.17. 

Synthesis of (Cy)2BCH2NHArDipp2 (6). A J-Young NMR tube was charged with 

a C6D6 solution containing Cy2BIM (0.050 g, 0.083 mmol, 0.8 mL). The solution was 

degassed and then exposed to H2 gas (1 atm). The NMR tube was sealed and shaken 

intermittently over the course of 3 days, during which time it slowly changed in color 

from bright yellow to colorless. All volatiles were removed under reduced pressure. The 

resulting residue was extracted with n-pentane (3 mL), filtered through Celite, and dried 

in vacuo.  This yielded a colorless residue that consists of pure (Cy)2BCH2NHArDipp2 as 

assayed by 1H and 11B NMR. Yield: 0.035 g, 0.058 mmol, 66%. 1H NMR (300.0 MHz, 

C6D6, 20 ˚C):  δ = 7.33 (t, 2H, J = 8 Hz, p-Ar), 7.22-7.16 (m, 4H), 6.87 (t, 1H, J = 8 Hz, 

p-Ar), 3.80 (t, 1H, J = 5 Hz, N-H), 3.12 (septet, 4H, J = 7 Hz, CH(CH3)2), 2.69 (d, 2H, J 

= 5 Hz, B-CH2-N), 1.70-1.62 (m, 8H, Cy), 1.27 (d, 12H, J = 7 Hz, CH(CH3)2), 1.15 (d, 

12H, J = 7 Hz, CH(CH3)2), 1.15-1.02 (m, 10H, Cy), 0.86-0.73 (m, 4H, Cy) ppm. 13C{1H} 

NMR (125.7 MHz, C6D6, 20 ˚C): δ = 147.9, 146.4, 138.2, 130.6, 128.6, 127.2, 123.3, 

117.7, 46.2, 33.6, 30.9, 27.7, 27.3, 26.8, 25.2, 23.5 ppm. 11B NMR (96.2 MHz, C6D6, 20 

˚C):  δ = 78.6 (bs) ppm. FTIR (C6D6, KBr Windows, 20 ˚C): ν(NH) = 3396 cm-1, also 

2962, 2920, 2865, 2847, 1496, 1460, 1432, 1400, 1382, 1361, 1140, 1057, 763 cm-1.  

HRMS (ESI-TOF): m/z calc’d for C43H63NB [M+H]+: 604.5055.  Found: 604.5058. 
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Synthesis of PtH(µ-OH)(Cy2BIM)(CNArDipp2)2 (7). A benzene solution of Pt(κ2-

N,B-Cy2BIM)(CNArDipp2) (0.060 g, 0.049 mmol, 1.5 mL) was loaded into a J-Young 

NMR tube and connected to a Schlenk line. To this was added 0.5 mL of a degassed, 0.17 

M THF solution of deionized water (0.085 mmol, 1.7 equiv) via vacuum transfer. The 

resulting solution was shaken intermittently for 45 min and then all volatiles were 

removed under reduced pressure. The resulting pale-yellow residue which was dissolved 

in 0.5 mL n-pentane, shaken for 1 min, and dried in vacuo. The resulting solid was then 

dissolved in 1 mL of a 3:1 Et2O/n-pentane mixture, filtered, and stored at –40 ˚C for 2 

weeks to afford colorless crystals, which were washed with cold n-pentane (3 x 1 mL, –

40 ˚C) and dried in vacuo. Yield: 0.015 g, 0.012 mmol, 25%. 1H NMR (499.8 MHz, 

C6D6, 20 ˚C): δ = 8.43 (s, 1H, JPt,H = 80 Hz, Cimine-H), 7.42 (t, 2H, J = 8 Hz, p-Ar), 7.29-

7.19 (m, 10H), 7.11 (d, 2H, J = 8 Hz, m-Ar), 7.04 (d, 1H, J = 8 Hz, m-Ar) 6.88 (m, 3H), 

3.29 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.60 (septet, 4H, J = 7 Hz, CH(CH3)2), 2.36 

(septet, 2H, J = 7 Hz, CH(CH3)2), 1.98-1.79 (m, 6H, Cy), 1.54 (m, 2H, Cy), 1.48-1.30 (m, 

10H, Cy), 1.32 (d, 6H, J = 7 Hz, CH(CH3)2), 1.30 (d, 12H, J = 7 Hz, CH(CH3)2), 1.14 (d, 

6H, J = 7 Hz, CH(CH3)2), 1.04 (d, 12H, J = 7 Hz, CH(CH3)2), 0.94 (d, 6H, J = 7 Hz, 

CH(CH3)2), 0.72 (m, 1H, Cy), 0.38 (m, 2H, Cy), 0.13 (m, 1H, Cy), –0.38 (s, 1H, OH), –

21.93 (s, 1H, JPt,H = 1410 Hz, Pt-H) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 

222.4 (Cimine), 152.1, 147.4, 147.1, 146.8, 139.3, 136.4, 136.4, 134.6, 133.5, 132.7 (C≡N), 

131.4, 130.1, 129.9, 129.2, 127.8, 127.7, 127.5, 124.6, 123.6, 123.3, 123.1, 31.9, 31.8, 

31.4, 31.2, 30.3, 29.8, 29.6, 29.1, 28.2, 26.5, 26.4, 25.5, 24.6, 24.3, 22.2 ppm. 11B NMR 

(160.5 MHz, C6D6, 20 oC): δ = 5.5 (bs) ppm. FTIR (C6D6, KBr Windows, 20 ˚C): 
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ν(C≡N) = 2151 cm-1, ν(OH) = 3600 cm-1, also 2962, 2919, 2866, 2842, 1551, 1458, 

1447, 1412, 1383, 1363, 1278, 1250, 1183, 1036, 791, 757 cm-1. Anal. Calc’d for 

C74H99N2OBPt: C, 71.76; H, 8.06; N, 2.26. Found: C, 71.76; H, 8.32; N, 2.13. 

Synthesis of (Cy)(OH)BCH(Cy)NHArDipp2 (8). To a benzene solution of Cy2BIM 

(0.110 g, 0.183 mmol, 3 mL) was added deionized water (0.005 mL, 0.278 mmol, 1.5 

equiv) via microsyringe. The solution rapidly changed in color from bright yellow to 

colorless.  After stirring for 15 minutes, all volatiles were removed in vacuo. Dissolution 

of the crude material in 1 mL n-pentane and storage at –40 ˚C for 1 week yielded 

(Cy)(OH)BCH(Cy)NHArDipp2 as colorless crystals. Yield: 0.028 g, 0.045 mmol, 25%. 1H 

NMR (300.0 MHz, C6D6, 20 ˚C): δ = 7.29 (t, 2H, J = 8 Hz, p-Ar), 7.29 (t, 1H, J = 8 Hz, 

p-Ar), 7.22 (d, 2H, J = 8 Hz, m-Ar), 7.17 (d, 2H, J = 8 Hz, m-Ar), 7.08 (d, 2H, J = 8 Hz, 

m-Ar), 6.81 (t, 1H, J = 8 Hz, p-Ar), 3.72 (d, 1H, J = 8 Hz, N-H), 3.14 (septet, 2H, J = 7 

Hz, CH(CH3)2), 3.04 (dd, 2H, J = 8, 3 Hz, B-CH-N), 2.94 (septet, 2H, J = 7 Hz, 

CH(CH3)2), 1.73-1.62 (m, 3H, Cy), 1.50-1.32 (m, 4H, Cy), 1.38 (d, 6H, J = 7 Hz, 

CH(CH3)2), 1.36 (d, 6H, J = 7 Hz, CH(CH3)2), 1.24-1.10 (m, 4H, Cy), 1.07 (d, 6H, J = 7 

Hz, CH(CH3)2), 1.05 (d, 6H, J = 7 Hz, CH(CH3)2), 1.00-0.77 (m, 7H, Cy), 0.66 (m, 2H, 

Cy), 0.50 (m, 2H, Cy) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 147.8, 147.6, 

145.7, 138.0, 132.4, 128.8, 127.6, 127.1, 123.7, 123.5, 117.4, 56.6, 41.6, 31.3, 31.1, 30.9, 

30.1, 29.6, 28.3, 28.1, 27.9, 27.9, 27.4, 27.0, 26.8, 26.5, 26.1, 25.9, 23.1, 22.7 ppm. 11B 

NMR (160.5 MHz, C6D6, 20 ˚C): δ = 51.6 (bs) ppm. FTIR (C6D6, KBr Windows, 20 ˚C): 

ν(OH) = 3361 cm-1, also 2962, 2923, 2861, 2853, 1582, 1460, 1446, 1408, 1380, 1355, 

1224, 1177, 1002, 788, 761 cm-1.  HRMS (ESI-TOF): m/z calc’d for C43H63NOB 

[M+H]+: 620.5005.  Found: 620.5004. 
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Synthesis of PtH(µ-OMe)(Cy2BIM)(CNArDipp2) (9). To a benzene solution of 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.070 g, 0.057 mmol, 2 mL) was added methanol via 

microsyringe (0.010 mL, 0.250 mmol, 4.4 equiv). The solution was stirred for 30 min, 

and then all volatiles were removed under reduced pressure. Analysis of the crude solid 

material by 1H NMR indicated a 4:1 mixture of PtH(µ-OMe)(Cy2BIM)(CNArDipp2) to 

PtH(µ-OH)(Cy2BIM)(CNArDipp2)2, presumably due to the presence of water within the 

methanol. Dissolution of the solid mixture in 1 mL Et2O and storage at –40 ˚C for 1 week 

afforded 0.011 g of colorless crystals, which 1H NMR indicates consist of a 85:15 

mixture of PtH(µ-OMe)(Cy2BIM)(CNArDipp2) to PtH(µ-OH)(Cy2BIM)(CNArDipp2)2. A 

single crystal of PtH(µ-OMe)(Cy2BIM)(CNArDipp2) was manually separated from the bulk 

quantity of crystallized material and was used to perform single-crystal X-ray diffraction 

analysis.  1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 8.44 (s, 1H, Cimine-H), 7.30-7.22 (m, 

6H), 7.11 (m, 2H), 7.08 (d, 4H, J = 8 Hz, m-Ar), 7.04 (d, 2H, J = 8 Hz, m-Ar), 6.87-6.80 

(m, 3H), 6.78 (t, 1H, J = 8 Hz, p-Ar), 3.41 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.76 (s, 3H, 

O-CH3), 2.57 (septet, 4H, J = 7 Hz, CH(CH3)2), 2.34 (septet, 2H, J = 7 Hz, CH(CH3)2), 

1.91-1.83 (m, 4H, Cy), 1.75-1.72 (m, 2H, Cy), 1.59 (m, 2H, Cy), 1.50-1.30 (m, 4H, Cy), 

1.25-1.19 (m 3H, Cy), 1.35 (d, 6H, J = 7 Hz, CH(CH3)2), 1.33 (d, 12H, J = 7 Hz, 

CH(CH3)2), 1.25 (d, 12H, J = 7 Hz, CH(CH3)2), 1.00 (d, 12H, J = 7 Hz, CH(CH3)2), 0.92 

(d, 6H, J = 7 Hz, CH(CH3)2), 0.81 (m, 2H, Cy), 0.70 (m, 1H, Cy), 0.49 (m, 2H, Cy), 0.25 

(m, 2H, Cy), –23.07 (s, 1H, JPt,H = 1380 Hz, Pt-H) ppm. 13C{1H} NMR (125.7 MHz, 

C6D6, 20 ˚C): δ = 221.0 (Cimine), 151.9, 147.5, 147.2, 146.6, 139.2, 136.2, 134.8, 133.2, 

131.3, 131.0, 129.7, 129.2, 128.3, 124.7, 123.6, 123.4, 123.0, 57.9, 32.1, 31.3, 31.1, 30.5, 
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30.2, 30.2, 30.1, 28.3, 26.4, 26.3, 25.8, 24.7, 24.3, 22.6 ppm. Note: The  isocyanide 

(C≡N) resonance for this compound could not be conclusively assigned. 11B NMR (160.5 

MHz, C6D6, 20 ˚C): δ = 5.7 (bs) ppm. FTIR (C6D6, KBr Windows, 20 ˚C): ν(C≡N) = 

2146 cm-1, also 2962, 2917, 2867, 2840, 1460, 1443, 1413, 1382, 1360, 1177, 1052, 791, 

758, 680 cm-1. Due to the presence of PtH(µ-OH)(Cy2BIM)(CNArDipp2)2 in these samples, 

combustion analysis was not obtained for PtH(µ-OMe)(Cy2BIM)(CNArDipp2).  

Synthesis of PtH(µ-NH(p-NO2C6H4)(Cy2BIM)(CNArDipp2) (10). Benzene (3 

mL) was added to a solid mixture of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.057 g, 0.047 

mmol) and para-nitroaniline (0.007 g, 0.051 mmol, 1.08 equiv). The reaction mixture 

was stirred for 5 h and then all volatile materials were removed under reduced pressure. 

The resulting solid was dissolved in Et2O (1.5 mL) and stored at –40 ˚C for 24 h to afford 

pale yellow crystals, which were collected and dried in vacuo. Yield:  0.031 g, 0.023 

mmol, 49%. 1H NMR (499.8 MHz, CDCl3, 20 ˚C): δ = 8.99 (s, 1H, Cimine-H), 7.70 (bs, 

1H), 7.58 (t, 1H, J = 8 Hz, p-Ar), 7.46 (t, 2H, J = 8 Hz, p-Ar), 7.40 (bs, 1H), 7.37-7.27 

(m, 6H), 7.17 (t, 2H, J = 8 Hz, p-Ar), 7.13-7.07 (m, 5H), 7.01-6.96 (m, 2H), 5.66 (bs, 

1H), 5.41 (bs, 1H), 3.29 (d, 1H, J = 2 Hz, N-H), 2.93 (septet, 1H, J = 7 Hz, CH(CH3)2), 

2.87 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.48 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.45 

(septet, 2H, J = 7 Hz, CH(CH3)2), 2.37 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.34 (septet, 

1H, J = 7 Hz, CH(CH3)2), 1.60-1.43 (m, 7H, Cy), 1.28 (d, 3H, J = 7 Hz, CH(CH3)2), 1.23 

(d, 3H, J = 7 Hz, CH(CH3)2), 1.15 (d, 6H, J = 7 Hz, CH(CH3)2), 1.09 (d, 3H, J = 7 Hz, 

CH(CH3)2), 1.08 (d, 6H, J = 7 Hz, CH(CH3)2), 1.06 (d, 6H, J = 7 Hz, CH(CH3)2), 1.06 (d, 

3H, J = 7 Hz, CH(CH3)2), 1.04 (d, 3H, J = 7 Hz, CH(CH3)2), 1.00 (d, 6H, J = 7 Hz, 
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CH(CH3)2), 0.97 (d, 3H, J = 7 Hz, CH(CH3)2), 0.94-0.82 (m, 5H, Cy), 0.80-0.68 (m, 4H, 

Cy), 0.80 (d, 3H, J = 7 Hz, CH(CH3)2), 0.64 (m, 1H, Cy), 0.55 (m, 1H, Cy), 0.50 (d, 3H, 

J = 7 Hz, CH(CH3)2), 0.44 (d, 1H, J = 13 Hz, Cy), 0.28 (m, 1H, Cy), 0.12 (m, 1H, Cy), 

0.04 (m, 1H, Cy), –18.92 (d, 1H, JH,H = 2 Hz, JPt,H = 1300 Hz, Pt-H) ppm. 13C{1H} NMR 

(125.7 MHz, CDCl3, 20 ˚C): δ = 224.4 (Cimine), 157.2, 151.3, 147.7, 147.6, 147.0, 146.9, 

146.7, 146.6, 140.6, 138.9, 137.1, 135.7, 134.7, 133.4, 132.1, 131.9, 131.8, 131.2, 129.5, 

129.3, 129.2, 128.5, 127.4, 124.8, 124.6, 124.2, 123.8, 123.4, 123.4, 122.6, 120.6, 35.9, 

32.9, 31.6, 31.4, 31.2, 31.2, 31.1, 31.1, 31.0, 30.8, 29.9, 29.8, 29.4, 29.0, 27.6, 27.4, 26.1, 

25.5, 25.3, 25.1, 25.0, 24.8, 24.6, 24.3, 24.2, 24.2, 22.6, 22.4 ppm. Note: The  isocyanide 

(C≡N) resonance for this compound could not be conclusively assigned. 11B NMR (160.5 

MHz, CDCl3, 20 ˚C): δ =  –0.8 (bs) ppm. FTIR (C6D6, KBr Windows, 20 ˚C): ν(C≡N) = 

2144 cm-1, ν(NH) 3398 cm-1, also 2962, 2923, 2864, 2845, 1591, 1513, 1462, 1444, 

1415, 1377, 1360, 1335, 1316, 1252, 1227, 1177, 1133, 1058, 758 cm-1. Anal. Calc’d for 

C80H103N4BO2Pt: C, 70.72; H, 7.64; N, 4.12.  Found: C, 70.08; H, 7.60; N, 4.05. 

Synthesis of PtH(η2-C,C-κ1-N-PhCC-Cy2BIM)(CNArDipp2) (11).  To a benzene 

solution of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.075 g, 0.061 mmol, 2 mL) was added 

phenylacetylene (0.027 mL, 0.246 mmol, 4.0 equiv).  The reaction mixture was stirred 

for 4 h, during which time it became dark red in color, and then all volatiles were 

removed in vacuo.  Dissolution of the resulting residue in 1 mL Et2O and storage at –40 

˚C for 1 week provided pink crystals, which were washed with three 1 mL portions of n-

pentane and dried in vacuo. Yield:  0.013 g, 0.010 mmol, 16%. 1H NMR (499.8 MHz, 

C6D6, 20 ˚C): δ = 9.66 (s, 1H, JPt,H = 100 Hz, Cimine-H), 7.29 (t, 2H, J = 8 Hz, p-Ar), 7.28 
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(t, 2H, J = 8 Hz, p-Ar), 7.20 (d, 2H, J = 8 Hz, m-Ar), 7.12 (d, 4H, J = 8 Hz, m-Ar), 7.02-

6.94 (m, 9H), 6.82 (t, 1H, J = 8 Hz, p-Ar), 6.78 (m, 3H), 2.95 (septet, 2H, J = 7 Hz, 

CH(CH3)2), 2.60 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.52 (septet, 4H, J = 7 Hz, 

CH(CH3)2), 1.96 (m, 7H, Cy), 1.87 (m, 2H, Cy), 1.67 (m, 2H, Cy), 1.56-1.45 (m, 7H, 

Cy), 1.20 (d, 6H, J = 7 Hz, CH(CH3)2), 1.17 (d, 12H, J = 7 Hz, CH(CH3)2), 1.17 (d, 6H, J 

= 7 Hz, CH(CH3)2), 1.17-1.14 (m, 4H, Cy), 1.11 (d, 6H, J = 7 Hz, CH(CH3)2), 0.97 (d, 

12H, J = 7 Hz, CH(CH3)2), 0.93 (d, 6H, J = 7 Hz, CH(CH3)2), –12.33 (s, 1H, JPt,H = 1355 

Hz, Pt-H) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 235.6 (Cimine), 152.6, 

147.2, 147.1, 146.0, 139.4, 137.9, 134.5, 133.7, 133.0, 132.8, 131.2, 130.0, 129.0, 128.6, 

128.2, 128.0, 127.5, 126.9, 125.1, 124.1, 123.9, 123.6, 123.3, 95.4, 32.8, 32.6, 31.5, 31.4, 

31.4, 30.2, 30.2, 28.3, 26.1, 26.0, 24.5, 24.2, 22.6 ppm. Note: The  isocyanide (C≡N) 

resonance for this compound could not be conclusively assigned. 11B NMR (160.5 MHz, 

C6D6, 20 ˚C):  δ = –10.6 (bs) ppm. FTIR (KBr pellet, 20 ˚C): ν(C≡N) = 2143 cm-1, 

ν(C≡C) = 2206 cm-1, also 2962, 2918, 2865, 2840, 2143, 1486, 1459, 1444, 1411, 1384, 

1362, 1259, 1178, 1054, 819, 804, 793, 752, 689 cm-1.  Anal. Calc’d for PtC82H103N2B:  

C, 74.46; H, 7.85; N, 2.12.  Found:  C, 74.21; H, 7.67, N, 1.91.  

Synthesis of PtBr(µ-PBr2)(Cy2BIM)(CNArDipp2) (12). To a n-pentane solution of 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.100 g, 0.082 mmol, 5 mL) was added PBr3 (0.010 mL, 

0.106 mmol, 1.3 equiv) via microsyringe. After stirring for 30 min, all volatiles were 

removed in vacuo. The resulting residue was extracted with 2 x 3 mL n-pentane to afford 

a pale yellow powder, which was collected and dried. Yield: 0.018 g, 0.012 mmol, 15%. 

Crystals of PtBr(µ-PBr2)(Cy2BIM)(CNArDipp2) • 1.5 C5H12 suitable for X-ray diffraction 

were grown from a n-pentane solution spiked with ca. 1 % benzene and stored at –35 ˚C. 
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1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 8.46 (d, 1H, JP,H = 70 Hz, Cimine-H), 7.40 (d, 2H, 

J = 7 Hz, m-Ar), 7.31–7.23 (m, 4H, m- and p-Ar), 7.19–7.13 (m, 4H, m-Ar), 7.09 (d, 2H, 

J = 8 Hz, m-Ar), 6.91 (d, 2H, J = 8 Hz, m-Ar), 6.84 (t, 2H, J = 8 Hz, p-Ar), 4.22 (septet, 

2H, J = 7 Hz, CH(CH3)2), 2.64 (septet, 4H, J = 7 Hz, CH(CH3)2), 2.43 (septet, 2H, J = 7 

Hz, CH(CH3)2), 2.01 (br d, 2H, J = 8 Hz, -Cy), 1.82–1.79 (m, 6H, -Cy), 1.72 (d, 2H, J = 

12 Hz, -Cy), 1.46 (d, 6H, J = 7 Hz, CH(CH3)2), 1.41 (d, 12H, J = 7 Hz, CH(CH3)2), 1.37 

(d, 6H, J = 7 Hz, CH(CH3)2), 1.36 (d, 6H, J = 7 Hz, CH(CH3)2), 1.35–1.30 (m, 6H, -Cy), 

1.09–1.05 (m, 6H, Cy), 1.01 (d, 12H, J = 7 Hz, CH(CH3)2), 0.78 (d, 6H, J = 7 Hz, 

CH(CH3)2) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 214.1 (Cimine), 149.5, 

148.7, 147.6, 146.6, 140.1, 136.6, 134.8, 134.3, 132.5, 131.8, 130.2, 129.2, 129.0, 127.5, 

126.6, 125.4, 125.3, 124.1, 122.7, 33.1, 32.9, 31.8, 31.5, 31.4, 31.2, 31.0, 31.0, 30.8, 30.2, 

29.3, 27.3, 26.8, 25.8, 25.8, 25.3, 24.3, 22.6 ppm. Note: The isocyanide C≡N resonance 

could not be conclusively identified.  11B NMR (160.5 MHz, C6D6, 20 ˚C): δ = 4.5 (br s) 

ppm. 31P{1H} NMR (202.5 MHz, C6D6, 20 ˚C): δ =  168.6 (s, JPt,P = 2956 Hz) ppm. FTIR 

(C6D6, KBr windows, 20 ˚C): ν(C≡N) = 2187 (s) cm–1; also 3062, 2962, 2925, 2867, 

2844, 1594, 1577, 1463, 1446, 1410, 1384, 1361, 1252, 1180, 1055, 971, 934, 793, 757 

cm–1. Suitable combustion analysis has not been obtained. 

Synthesis of Pt(SbF2)(µ-F)(Cy2BIM)(CNArDipp2) (13). To solid SbF3 (0.009 g, 

0.051 mmol, 1.00 equiv) was added a DME solution of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) 

(0.062 g, 0.051 mmol, 3 mL). The solution was stirred vigorously for 7 min, at which 

time all volatiles were removed in vacuo. The resulting residue was washed 3 x 3 mL 

acetonitrile to afford Pt(SbF2)(µ-F)(Cy2BIM)(CNArDipp2) as a pale pink solid which is 
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pure by 1H, 13C{1H}, 11B and 19F NMR. Yield: 0.039 g, 0.028 mmol, 55%. Crystals of 

Pt(SbF2)(µ-F)(Cy2BIM)(CNArDipp2) • MeCN suitable for X-ray diffraction were grown 

from a diethyl ether/acetonitrile solution stored at –35 ˚C. Analytically pure off-white 

crystals can be obtained via fractional crystallization from DME/acetonitrile. 1H NMR 

(499.8 MHz, C6D6, 20 ˚C): δ = 8.56 (d, 1H, J = 20 Hz, Cimine-H), 7.48 (t, 2H, J = 8 Hz, p-

Ar), 7.33–7.30 (m, 8H, m-Ar), 7.11–7.09 (m, 2H, p-Ar), 6.97 (d, 2H, J = 8 Hz, m-Ar), 

6.90 (m, 3H, m- and p-Ar), 6.48 (t, 1H, J = 8 Hz, p-Ar), 2.86 (septet, 2H, J = 7 Hz, 

CH(CH3)2), 2.66 (septet, 4H, J = 7 Hz, CH(CH3)2), 2.15 (septet, 2H, J = 7 Hz, 

CH(CH3)2), 1.90 (br d, 2H, J = 11 Hz, –Cy), 1.84 (br d, 2H, J = 10 Hz, –Cy), 1.69 (br d, 

2H, J = 11 Hz, –Cy), 1.59 (br d, 2H, J = 13 Hz, –Cy), 1.49 (d, 12H, J = 7 Hz, CH(CH3)2), 

1.41–1.38 (m, 8H, –Cy and CH(CH3)2), 1.30 (d, 6H, J = 7 Hz, CH(CH3)2), 1.25–1.22 (m, 

10H, –Cy and CH(CH3)2), 1.09 (d, 12H, J = 7 Hz, CH(CH3)2), 0.79 (m, 8H, –Cy and 

CH(CH3)2), 0.68–0.62 (m, 2H, –Cy),  0.56–0.48 (m, 2H, –Cy), 0.20–0.14 (m, 2H, –Cy) 

ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 222.4 (Cimine), 152.2 (Ciso), 148.2, 

146.5, 146.4, 140.4, 135.2, 134.0, 133.5, 133.1, 130.5, 129.8, 129.7, 129.1, 127.8, 127.6, 

125.2, 123.8, 123.7, 123.7, 36.7, 31.7, 31.2, 30.9, 30.5, 30.3, 30.1, 29.7, 29.6, 29.5, 29.2, 

28.1, 25.9, 25.8, 25.3, 24.8, 23.9, 23.2 ppm. 11B NMR (160.5 MHz, C6D6, 20 ˚C): δ = 

10.4 ppm. 19F NMR (470.6 MHz, C6D6, 20 ˚C): δ = –133.8 (s, 2F, JPt,F = 85 Hz, –SbF2), –

221.2 (s, 1F, JPt,F = 1565 Hz, Pt-F-B) ppm. Anal. calcd. for C74H97N2BF3PtSb: C, 63.52; 

H, 6.99; N, 2.00. Found: C, 63.35; H, 6.99; N, 2.23. 

Synthesis of Pt(µ-Me2CO)(Cy2BIM)(CNArDIpp2) (14). To a benzene solution of 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.050 g, 0.041 mmol, 2 mL) was added dry acetone 
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(0.015 mL, 0.204 mmol, 5.0 equiv). The reaction mixture was stirred for 12 h, during 

which time it became deep red in color. All volatiles were then removed under reduced 

pressure. The resulting red powder was dissolved in 1 mL of a 1:1 n-

pentane/hexamethyldisiloxane mixture and stored at –40 ˚C for 6 h. The solution was 

then allowed to warm to room temperature and stand. After 24 h, bright-red crystals were 

produced and were collected and dried in vacuo. Yield: 0.036 g, 0.028 mmol, 68%. 1H 

NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.35-7.28 (m, 5H), 7.20-7.16 (m, 6H), 6.98 (d, 2H, 

J = 8 Hz, p-Ar), 6.88-6.83 (m, 2H), 6.53 (t, 1H, J = 8 Hz, p-Ar), 6.40 (dd, 1H, J = 7, 2 

Hz, m-Ar), 3.70 (septet, 1H, J = 7 Hz, CH(CH3)2), 3.54 (d, 1H, J = 9 Hz, B-CH-Cy), 3.14 

(septet, 1H, J = 7 Hz, CH(CH3)2), 3.10 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.90 (septet, 

1H, J = 7 Hz, CH(CH3)2), 2.84 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.61 (septet, 2H, J = 7 

Hz, CH(CH3)2), 2.38 (m, 1H, Cy), 2.15 (m, 1H, Cy), 1.94 (m, 2H, Cy), 1.83-1.70 (m, 5H, 

Cy), 1.60 (d, 3H, J = 7 Hz, CH(CH3)2), 1.54 (d, 6H, J = 7 Hz, CH(CH3)2), 1.44 (s, 3H, 

C(O)-CH3), 1.38 (d, 3H, J = 7 Hz, CH(CH3)2), 1.37 (d, 6H, J = 7 Hz, CH(CH3)2), 1.34 (d, 

3H, J = 7 Hz, CH(CH3)2), 1.31-1.21 (m, 9H, Cy), 1.17 (d, 3H, J = 7 Hz, CH(CH3)2), 1.15 

(d, 3H, J = 7 Hz, CH(CH3)2), 1.14 (s, 3H, C(O)-CH3), 1.09-1.04 (m, 3H, Cy), 1.00 (d, 

6H, J = 7 Hz, CH(CH3)2), 0.95 (d, 3H, J = 7 Hz, CH(CH3)2), 0.93 (d, 6H, J = 7 Hz, 

CH(CH3)2), 0.91 (d, 3H, J = 7 Hz, CH(CH3)2), 0.00 (m, 1H, Cy) ppm. 13C{1H} NMR 

(125.7 MHz, C6D6, 20 ˚C): δ = 166.1, 157.1, 147.8, 147.7, 147.6, 147.0, 146.7, 146.5, 

146.3, 145.4, 144.5, 138.2, 136.2, 135.6, 133.5, 132.4, 130.1, 129.8, 129.3, 129.1, 126.5, 

126.3, 125.8, 124.8, 124.7, 124.0, 123.9, 123.8, 123.1, 112.4, 69.4, 55.6, 53.6, 39.7, 39.4, 

32.6, 32.6, 31.9, 31.7, 31.4, 31.3, 31.3, 31.2, 31.1, 31.1, 30.1, 29.7, 29.0, 28.5, 28.5, 28.2, 

28.0, 28.0, 27.7, 26.9, 26.4, 26.2, 25.9, 25.7, 25.5, 25.4, 25.3, 25.3, 24.2, 23.1, 22.7 ppm.  
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Note: The  isocyanide (C≡N) resonance for this compound could not be conclusively 

assigned. 11B NMR (160.5 MHz, C6D6, 20 ˚C): δ = 49.4 (bs) ppm. FTIR (C6D6, KBr 

Windows, 20 ˚C): ν(C≡N) = 2096 cm-1, also 2962, 2952, 2866, 2848, 1462, 1488, 1405, 

1384, 1359, 1251, 1109, 761, 678 cm-1. Anal. Calc’d for C77H103N2BOPt: C, 72.33; H, 

8.12; N, 2.19.  Found: C, 71.87; H, 7.99; N, 2.12. 

Synthesis of Pt(µ-PhCHO)(Cy2BIM)(CNArDipp2) (15).  To a benzene solution of 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.085 g, 0.070 mmol, 2 mL) was added benzaldehyde 

(0.008 mL, 0.078 mmol, 1.1 equiv).  The solution was stirred for 1 h, and then all 

volatiles were removed in vacuo.  The resulting purple solid was twice slurried in 3 mL 

n-pentane and stirred for 5 min, whereupon the solution was decanted off from the 

remaining solid. Evaporation of all volatiles under reduced pressure yielded Pt(µ-

PhCHO)(Cy2BIM)(CNArDipp2) as a purple powder.  Yield:  0.060 g, 0.045 mmol, 65%.  

Allowing a saturated cyclohexane solution to stand at room temperature for several hours 

provided crystals of 15 • 4.5 cyclo-C6H12 that were suitable for X-ray diffraction.  1H 

NMR (499.8 MHz, C6D6, 20 ˚C):  δ = 7.39-7.35 (m, 4H), 7.33 (d, 2H, J = 7 Hz, m-Ar), 

7.31-7.28 (m, 1H), 7.22 (d, 2H, J = 8 Hz, m-Ar), 7.16 (d, 1H, J = 7 Hz, m-Ar), 7.12 (t, 

2H, J = 8 Hz, p-Ar), 7.04 (d, 2H, J = 8 Hz, m-Ar), 7.00 (d, 2H, J = 8 Hz, m-Ar), 6.93-

6.85 (m, 4H), 6.50 (t, 1H, J = 7 Hz, p-Ar), 6.34 (dd, 1H, J = 7, 2 Hz, m-Ar), 5.47 (t, 1H, J 

= 8 Hz, p-PhC(H)-Pt), 5.29 (s, 1H, Pt-C(H)), 3.70 (septet, 1H, J = 7 Hz, CH(CH3)2), 3.66 

(d, 1H, J = 8 Hz, BCH(Cy)), 3.20 (septet, 1H, J = 7 Hz, CH(CH3)2), 3.06 (septet, 1H, J = 

7 Hz, CH(CH3)2), 2.83 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.63 (septet, 1H, J = 7 Hz, 

CH(CH3)2), 2.60 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.09 (m, 1H, Cy), 1.97-1.82 (m, 7H, 
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Cy), 1.72-1.58 (m, 2H, Cy), 1.69 (d, 3H, J = 7 Hz, CH(CH3)2), 1.58 (d, 3H, J = 7 Hz, 

CH(CH3)2), 1.52 (d, 3H, J = 7 Hz, CH(CH3)2), 1.52-1.48 (m, 3H, Cy), 1.48 (d, 6H, J = 7 

Hz, CH(CH3)2), 1.37-1.22 (m, 8H, Cy), 1.35 (d, 3H, J = 7 Hz, CH(CH3)2), 1.13 (d, 6H, J 

= 7 Hz, CH(CH3)2), 1.04 (d, 3H, J = 7 Hz, CH(CH3)2), 1.03 (d, 6H, J = 7 Hz, CH(CH3)2), 

0.98 (d, 6H, J = 7 Hz, CH(CH3)2), 0.92 (d, 3H, J = 7 Hz, CH(CH3)2), 0.80 (d, 3H, J = 7 

Hz, CH(CH3)2), 0.64 (d, 3H, J = 7 Hz, CH(CH3)2), 0.57 (m, 1H, Cy) ppm.  13C{1H} 

NMR (125.7 MHz, C6D6, 20 ˚C):  δ = 166.2, 158.4, 153.8, 150.3, 148.7, 148.4, 147.4, 

147.0, 146.4, 146.3, 144.5, 138.2, 136.4, 135.7, 132.5, 130.9, 130.2, 129.1, 128.9, 128.8, 

128.5, 128.4, 127.9, 127.7, 127.5, 126.7, 126.7, 126.1, 125.6, 125.4, 125.3, 125.0, 124.5, 

124.4, 124.1, 123.4, 122.8, 112.9, 61.5, 55.1, 51.4, 34.4, 32.2, 31.8, 31.6, 31.5, 31.3, 31.2, 

31.0, 30.1, 29.0, 28.9, 28.4, 28.0, 28.0, 27.9, 27.8, 27.3, 27.0, 26.6, 26.2, 25.9, 25.8, 25.4, 

25.0, 24.6, 24.1, 24.0, 23.8 ppm. Note: The  isocyanide (C≡N) resonance for this 

compound could not be conclusively assigned. 11B NMR (160.5 MHz, C6D6, 20 ˚C):  δ = 

51.7 ppm.  FTIR (C6D6, KBr Windows, 25 ˚C): ν(C≡N) = 2091 cm–1, also 2962, 2926, 

2866, 2850, 1461, 1450, 1399, 1385, 1361, 1332, 1327, 1297, 1290, 1262, 1161, 1058, 

870, 794, 758 cm–1. Anal. Calc’d for PtC81H103N2BO: C, 73.33; H, 7.82; N, 2.11.  Found:  

C, 72.33; H, 7.83; N, 2.01. 

Synthesis of boralactone 16 from Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1). To a J-

Young NMR tube was added a C6D6 solution of of Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.030 

g, 0.025 mmol, 0.8 mL). After connecting the tube to a Schlenk line, the headspace was 

evacuated and subsequently backfilled with ca. 1 atm dry CO2. The solution was warmed 

to room temperature, and shaken intermittently over the course of 24 h. At this time, 1H 
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NMR analysis indicates an approximately 2:1 mixture of 16/Pt(CNArDipp2), the latter 

being formed due to ligand redistribution. Boralactone 16 was not isolated in bulk from 

these mixtures; however, drying the above mixture in vacuo and dissolving the resulting 

residue at –35 ˚C provides single crystals of 16 suitable for X-ray diffraction. For 

independent synthesis, characterization data, and discussion of boralactone 16 and the 

FLP behavior of free Cy2BIM in general, see ref. 55 and Chapter 3 of this dissertation. 

Synthesis of imine isocyanide complex 17. To a benzene solution of Pt(κ2-N,B-

Cy2BIM)(CNArDipp2) (0.120 g, 0.098 mmol, 3 mL) was added dry acetonitrile (0.030 mL, 

1.03 mmol, 10.5 equiv). After 2 h, all volatiles were removed from the reddish orange 

solution in vacuo. Dissolution of the resulting residue in 1 mL n-pentane and storage at –

40 ˚C for 24 h provided yellow crystals which were washed with 2 mL n-pentane and 

dried in vacuo. Yield: 0.075 g, 0.059 mmol, 61%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ 

= 7.36 (t, 2H, J = 8 Hz, p-Ar), 7.30 (m, 4H), 7.21-7.16 (m, 3H), 7.09 (t, 1H, J = 8 Hz, p-

Ar), 7.06 (d, 1H, J = 7 Hz, m-Ar), 7.03-7.00 (m, 3H), 6.99-6.96 (m, 2H), 6.93 (m, 1H), 

6.84 (t, 1H, J = 8 Hz, p-Ar), 2.98 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.97 (septet, 4H, J = 

7 Hz, CH(CH3)2), 2.80 (qd, 1H, J = 12, 3 Hz, Cy), 2.56 (septet, 1H, J = 7 Hz, CH(CH3)2), 

2.45 (s, 3H, Cimine-CH3), 2.43 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.06 (septet, 1H, J = 7 

Hz, CH(CH3)2), 1.96 (m, 1H, Cy), 1.85-1.78 (m, 4H, Cy), 1.61 (d, 3H, J = 7 Hz, 

CH(CH3)2), 1.55 (m, 2H, Cy), 1.52 (dd, 12H, J = 7, 2 Hz, CH(CH3)2), 1.44-1.30 (m, 5H, 

Cy), 1.26-1.20 (m, 2H, Cy), 1.25 (d, 3H, J = 7 Hz, CH(CH3)2), 1.23 (d, 3H, J = 7 Hz, 

CH(CH3)2), 1.21 (d, 12H, J = 7 Hz, CH(CH3)2), 1.17 (d, 3H, J = 7 Hz, CH(CH3)2), 1.09 

(3, 6H, J = 7 Hz, CH(CH3)2), 1.01-0.95 (m, 3H, Cy), 0.89 (d, 3H, J = 7 Hz, CH(CH3)2), 

0.82 (m, 1H, Cy), 0.73 (d, 3H, J = 7 Hz, CH(CH3)2), 0.68 (m, 1H, Cy), 0.20 (m, 1H, Cy), 
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0.06 (m, 1H, Cy) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 189.5 (Cimine), 

162.3 (C≡N), 149.0, 147.6, 147.0, 146.9, 146.6, 146.3, 141.6, 140.8, 138.8, 137.3, 137.2, 

137.0, 134.4, 132.7, 132.4, 129.8 129.7, 129.5, 126.9, 124.4, 124.1, 123.4, 123.3, 123.0, 

122.4, 69.7, 38.3, 31.5, 31.5, 31.3, 31.2, 31.1, 30.2, 29.6, 28.7, 28.4, 28.3, 27.7, 27.0, 

26.5, 26.3, 26.0, 25.7, 24.8, 24.8, 24.5, 23.3, 23.1, 22.3, 22.2 ppm. 11B NMR (160.5 

MHz, C6D6, 20 ˚C):  δ = 63.6 (bs) ppm.  FTIR (C6D6, KBr Windows, 20 ˚C): ν(C≡N) = 

2029 cm-1, also 2961, 2924, 2863, 2140, 2074, 1987, 1578, 1479, 1460, 1409, 1401, 

1385, 1362, 1242, 1188, 1054, 1045, 1028, 791, 785 cm-1. HRMS (ESI-TOF): m/z calc’d 

for C76H101N3BPt [M+H]+: 1261.7748.  Found: 1261.7737.  Complex 17 decomposes at 

room temperature in the solid state, thereby precluding a satisfactory combustion 

analysis. 

Synthesis of Pt(µ-N3Ad)(Cy2BIM)(CNArDipp2) (18). To solid Pt(κ2-N,B-

Cy2BIM)(CNArDipp2) (0.104 g, 0.085 mmol) was added an n-pentane solution of 1-

azidoadamantane (0.017 g, 0.096 mmol, 1.13 equiv, 5 mL). The solution was stirred 

vigorously for 6 h, during which time the desired product precipitated from solution as a 

dark brown solid. This powder was isolated on a medium porosity fritted funnel topped 

with Celite and washed with an additional 5 mL n-pentane. The product was then carried 

through the fritted funnel using 10 mL benzene, which was subsequently lyophilized to 

afford an analytically pure mocha brown powder. The combined n-pentane filtrates above 

were stored at –35 ˚C for ca. 1 week to yield a crop of crystals, which were collected and 

dried. Yield: 0.098 g, 0.070 mmol, 82%. Crystals of Pt(µ-N3Ad)(Cy2BIM)(CNArDipp2) • 1 

C6H6 suitable for X-ray diffraction were grown from a diethyl ether/benzene solution 

stored at –35 ˚C. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.36–7.30 (m, 4H, m- and p-
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Ar), 7.27–7.22 (m, 5H, m- and p-Ar), 6.99 (br d, 1H, J = 6 Hz, m-Ar), 6.96 (dd, 1H, J = 

8, 2 Hz, m-Ar), 6.92 (br d, 1H, J = 8 Hz, m-Ar), 6.86 (t, 1H, J = 8 Hz, p-Ar), 6.76 (t, 1H, 

J = 8 Hz, p-Ar), 6.47 (t, 1H, J = 8 Hz, p-Ar), 6.34 (d, 1H, J = 8 Hz, m-Ar), 6.31 (d, 1H, J 

= 8 Hz, m-Ar), 6.04 (dd, 1H, J = 8 Hz, m-Ar), 3.56 (d, 1H, J = 4 Hz, B-CH(Cy)-N), 3.50 

(septet, 1H, J = 7 Hz, CH(CH3)2), 3.30 (septet, 1H, J = 7 Hz, CH(CH3)2), 3.29 (septet, 

1H, J = 7 Hz, CH(CH3)2), 3.18 (br septet, 2H, J = 7 Hz, CH(CH3)2), 2.71 (septet, 1H, J = 

7 Hz, CH(CH3)2), 2.66 (br d, 1H, -J = 13 Hz, -Cy), 2.25 (br septet, 1H, J = 7 Hz, 

CH(CH3)2), 2.19 (br septet, 1H, J = 7 Hz, CH(CH3)2), 2.10 (br d, 1H, J = 10 Hz, -Cy), 

2.00–1.62 (m, 18H, –Cy), 1.50 (d, 6H, J = 7 Hz, CH(CH3)2), 1.45 (d, 6H, J = 7 Hz, 

CH(CH3)2), 1.42–1.34 (m, 21H, CH(CH3)2 and –Ad), 1.27–1.24 (m, 9H, CH(CH3)2), 1.20 

(br d, 3H, J = 5 Hz, CH(CH3)2), 1.07 (d, 3H, J = 7 Hz, CH(CH3)2), 1.05 (d, 3H, J = 7 Hz, 

CH(CH3)2), 0.96 (d, 6H, J = 7 Hz, CH(CH3)2), 0.94 (d, 6H, J = 7 Hz, CH(CH3)2), 0.93–

0.90 (m, 2H, –Cy) ppm. Note: Peak assignments are tentative. 13C{1H} NMR (125.7 

MHz, C6D6, 20 ˚C): δ = 162.5, 157.8, 149.4, 148.2, 147.8, 147.7, 146.4, 142.4, 137.7, 

136.6, 135.7, 134.9, 133.0, 132.0, 131.6, 131.5, 129.7, 129.7, 129.5, 128.5, 127.7, 127.5, 

127.5, 125.6, 125.0, 124.8, 124.5, 124.4, 124.1, 124.0, 123.4, 123.1, 122.9, 122.6, 111.9, 

110.6, 66.5, 61.8, 45.6, 41.6, 37.1, 33.1, 33.0, 32.4, 32.1, 31.7, 31.3, 31.2, 30.9, 30.8, 

30.6, 30.5, 30.4, 29.6, 29.3, 29.0, 28.8, 28.1, 28.0, 27.9, 27.7, 27.7, 27.0, 26.9, 26.7, 26.2, 

25.7, 25.6, 24.1, 23.8, 23.8, 23.7, 23.6, 22.4 ppm. Note: The isocyanide C≡N resonance 

could not be conclusively identified. 11B NMR (160.5 MHz, C6D6, 20 ˚C): δ = 63.2 ppm. 

FTIR (C6D6, KBr windows, 20 ˚C): ν(C≡N)/ν(Ν3) = 2109 (s), 2126 (m sh) cm–1; also 

3057, 2961, 2923, 2865, 2850, 1579, 1478, 1463, 1447, 1409, 1383, 1361, 1295, 1275, 
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1250, 1239, 1179, 1065, 1056, 1037, 995, 932, 901, 881, 787, 761, 749 cm–1. Anal. calcd. 

for C84H112N5BPt: C, 72.18; H, 8.08; N, 5.01. Found: C, 71.98; H, 8.09; N, 4.95. 

Synthesis of Pt(µ-N3Tol)(Cy2BIM)(CNArDipp2) (19). To a n-pentane solution of 

Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (0.095 g, 0.078 mmol, 5 mL) was added a 0.5 M solution 

of para-azidotoluene in tert-butyl methyl ether (0.175 mL, 0.088 mmol, 1.1 equiv). The 

solution was allowed to stir for 6 h, during which time it became dark brown in color. All 

volatiles were then removed in vacuo. The resulting dark greasy residue was subjected to 

two cycles of stirring in n-pentane (5 mL) for 5 min and drying in vacuo, affording a 

reddish brown powder. This powder was then dissolved in a minimal amount of n-

pentane (ca. 3 mL), filtered through Celite, and slowly concentrated at room temperature 

over the course of 12 h. This provided large dark red crystals, which were collected and 

dried. Yield: 0.060 g, 0.044 mmol, 57%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.37–

7.30 (m, 4H, m- and p-Ar), 7.25 (d, 2H, J = 8 Hz, m-Ar), 7.23–7.03 (m, XH, m- and p-

Ar), 6.98 (d, 1H, J = 8 Hz, m-Ar), 6.94 (t, 1H, J = 8 Hz, p-Ar), 6.87 (d, 2H, J = 8 Hz, m-

Ar), 6.59 (d, 1H, J = 8 Hz, m-Ar), 6.50 (t, 1H, J = 7 Hz, p-Ar), 6.40 (d, 2H, J = 8 Hz, m-

Ar), 6.04 (d, 2H, J = 8 Hz, m-Ar), 3.68 (d, 1H, J = 2 Hz, B-CH(Cy)-N), 3.53 (septet, 1H, 

J = 7 Hz, CH(CH3)2), 3.31–3.15 (m, 3H, CH(CH3)2), 2.98 (br s, 1H, CH(CH3)2), 2.80–

2.72 (m, 2H, CH(CH3)2 and –Cy), 2.49 (br s, 1H, CH(CH3)2), 2.41 (br s, 1H, CH(CH3)2), 

2.12 (br d, 1H, J = 10 Hz, –Cy), 2.06 (s, 3H, p-CH3), 1.98–1.93 (m, 3H, –Cy), 1.89–1.75 

(m, 8H, –Cy), 1.57–1.30 (m, 10H, –Cy and CH(CH3)2), 1.48 (d, 3H, J = 7 Hz, 

CH(CH3)2), 1.43 (d, 3H, J = 7 Hz, CH(CH3)2), 1.24 (d, 3H, J = 7 Hz, CH(CH3)2), 1.16 (d, 

3H, J = 7 Hz, CH(CH3)2), 1.05 (d, 3H, J = 7 Hz, CH(CH3)2), 1.05–0.88 (m, 17H, –Cy and 

CH(CH3)2), 1.01 (d, 3H, J = 7 Hz, CH(CH3)2), 0.96 (d, 3H, J = 7 Hz, CH(CH3)2), 0.94 (d, 
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3H, J = 7 Hz, CH(CH3)2), 0.84 (br s, 3H, CH(CH3)2), 0.60 (br s, 3H, CH(CH3)2) ppm. 

Note: Peak assignments are tentative. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 

162.4, 159.1, 149.0, 148.3, 148.0, 147.2, 147.0, 146.4, 142.2, 138.5, 137.3, 136.0, 135.7, 

135.5, 134.9, 133.1, 132.4, 132.0, 131.4, 130.0, 129.7, 129.6, 129.2, 128.6, 127.6, 126.0, 

124.8, 124.6, 124.1, 124.0, 123.7, 123.6, 123.4, 122.6, 122.5, 112.3, 109.2, 66.8, 45.4, 

33.7, 33.1, 32.4, 32.0, 31.0, 30.9, 30.8, 29.5, 29.5, 28.9, 28.7, 28.1, 27.9, 27.8, 27.8, 27.8, 

27.3, 26.2, 26.1, 25.8, 25.6, 25.4, 24.0, 24.0, 23.6, 23.1, 23.0, 22.7, 22.4, 22.0, 20.9 ppm. 

Note: The isocyanide C≡N resonance could not be conclusively identified. 11B NMR 

(160.5 MHz, C6D6, 20 ˚C): δ = 61.8 (br s) ppm. FTIR (C6D6, KBr windows, 20 ˚C): 

ν(C≡N)/ν(Ν3) = 2112 (vs) cm–1; also 3058, 3022, 2963, 2925, 2866, 2848, 1579, 1503, 

1462, 1448, 1411, 1383, 1362, 1327, 1292, 1269, 1252, 1201, 1181, 1138, 1114, 1107, 

1097, 1083, 1057, 1034, 996, 936, 888, 882, 787, 761, 754, 742 cm–1. Anal. calcd. for 

C81H104N5BPt: C, 71.87; H, 7.74; N, 5.17. Found: C, 71.91; H, 7.90; N, 5.15. 

 

2.7. Details of DFT computational studies 

 General considerations. Density Functional Theory calculations on the model 

compounds Pt(κ2-N,B-Me2BIM)(CNMe) and Me2BIM were performed with the 

Amsterdam Density Functional (ADF) program suite,82,83 version 2013.99.84 The model 

complex Pt(κ2-N,B-Me2BIM)(CNMe) is a truncated version of the structurally 

characterized complex Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (1), while Me2BIM is a truncated 

version of the (boryl)iminomethane Cy2BIM (2). For all atoms, the triple-ξ Slater-type 

orbital TZ2P ADF basis set was utilized without frozen cores. Relativistic effects were 
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included by use of the zeroth-order regular approximation (ZORA).85,86 The local density 

approximation (LDA) of Vosko, Wilk and Nusair (VWN)87 was coupled with the 

generalized gradient approximation (GCA) corrections described by Becke88 and 

Perdew89,90 for electron exchange and correlation, respectively. Crystallographic atomic 

coordinates of complex 1 were used as the basis for generating the input file for Pt(κ2-

N,B-Me2BIM)(CNMe). Optimized geometries and molecular orbitals were visualized with 

the ADFView graphical routine of the ADF-GUI.91 Natural Bond Orbital (NBO) analyses 

were performed using the program NBO 6.092 via the standalone executable GenNBO.93 

Natural Localized Molecular Orbitals (NLMOs) were visualized using ChemCraft.94 

 Hardware Specifics. DFT calculations were performed on a home-built 72-CPU 

(1 x 8 master, 8 x 8 slave) Rocks 4.3 Linux cluster featuring Intel Xeon E5335 Quad-

Core 2.00 GHz processors. Job control was implemented with the Sun Grid Engine v. 

5.3. 

Input for Geometry Optimization of Pt(κ2-N-B-Me2BIM)(CNMe)  
 
$ADFBIN/adf -n8 \ 
 <<< " 
TITLE PtBorane_CNMe 
 
MAXMEMORYUSAGE 23000 
 
RELATIVISTIC ZORA 
 
UNRESTRICTED 
 
CHARGE 0 0 
 
SCF                                                                                                 
DIIS 
END 
 
XC 
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 LDA VWN 
 GGA Becke Perdew 
END 
 
SYMMETRY NOSYM 
ATOMS 
Pt       0.23126400       4.79642900       4.11596100 
N       2.41867800       5.15665700       2.06197400 
C      -1.16155900       6.08426500       5.90692800 
B       0.04354800       6.83689300       5.17940800 
C       1.33091600       7.04560400       6.15388400 
C       3.41166100       5.07865400       1.08126800 
N      -1.27396200       4.85581700       5.54583800 
C      -2.28691100       4.00347200       6.11606200 
C      -0.35028900       7.98797000       4.16043500 
C       1.58665200       5.01330000       2.87670700 
H      -1.72913400       6.38784600       6.54100500 
H       2.25516218       6.58014511       5.84482571 
H       1.17557858       6.87221276       7.20849567 
H       1.61558681       8.08740894       6.15611945 
H       4.34847904       5.53879892       1.35882630 
H       3.10720702       5.43946362       0.10991626 
H       3.66739880       4.04353654       0.90942498 
H      -1.97857063       2.98229561       6.28495545 
H      -3.23330101       4.01240478       5.59580614 
H      -2.53989747       4.35678118       7.10478363 
H       0.38486034       8.76381389       4.00544562 
H      -1.32359823       8.43608903       4.29555895 
H      -0.43963135       7.57417323       3.16686056 
END 
 
GEOMETRY 
 GO 
END 
 
BASIS 
 type TZ2P 
 core none 
END 
 
END INPUT 
 

 
 
 



 95 

 

Optimized Cartesian coordinates for Pt(κ2-N-B-Me2BIM)(CNMe)  
 
    Pt        0.211714    4.799357    4.111946 
    N         2.458789    5.039186    2.076886 
    C        -1.120526    6.099588    5.995677 
    B         0.052468    6.880599    5.236154 
    C         1.405094    7.111445    6.061564 
    C         3.500544    5.104594    1.127359 
    N        -1.250590    4.889575    5.554427 
    C        -2.239487    3.945972    6.056489 
    C        -0.403138    7.989500    4.173895 
    C         1.584942    4.947758    2.868885 
    H        -1.794698    6.448116    6.804631 
    H         2.238874    7.397126    5.401914 
    H         1.724564    6.244246    6.657033 
    H         1.260836    7.952547    6.767818 
    H         4.361295    5.648292    1.541592 
    H         3.160851    5.621491    0.218539 
    H         3.827946    4.091606    0.852178 
    H        -1.733761    3.051466    6.442542 
    H        -2.898078    3.632006    5.236117 
    H        -2.842136    4.402342    6.857256 
    H         0.424809    8.279207    3.508825 
    H        -0.708518    8.906980    4.714291 
    H        -1.254499    7.690399    3.545488 
 

 
Figure 2.20. Optimized molecular structure of Pt(κ2-N-B-Me2BIM)(CNMe). 
 



 96 

 

Table 2.1. Comparative metrical parameters between Pt(κ2-N-B-Cy2BIM)(CNArDipp2) (Exp. X-ray) 
and Pt(κ2-N-B-Me2BIM)(CNMe) (calc’d). 
 

Parameter Exp. (X-ray) Calculated % Difference 
Pt-B1 2.314(6) Å 2.371 Å 2.5 
Pt-N1 2.077(2) Å 2.056 Å 1.0 
Pt-C2 1.848(3) Å 1.858 Å 0.5 
N1-C1 1.289(3) Å 1.295 Å 0.5 
C1-B1 1.582(7) Å 1.601 Å 1.2 

B1-Pt-N1 66.0(2)˚ 65.2˚ 1.2 
C1-B1-C3 114.9(3)˚ 116.4˚ 1.3 
C3-B1-C4 118.2(4)˚ 118.8˚ 0.5 
C4-B1-C1 115.6(4)˚ 116.4˚ 0.7 

 
 

Input for Geometry Optimization of Me2BIM  
 
$ADFBIN/adf -n8 \ 
 <<< " 
TITLE Me2BIM 
 
MAXMEMORYUSAGE 23000 
 
RELATIVISTIC ZORA 
 
CHARGE 0 0 
SCF                                                                      
                            
DIIS 
END 
 
XC 
 LDA VWN 
 GGA Becke Perdew 
END 
 
SYMMETRY NOSYM 
ATOMS 
H       0.57354806      -1.83507116       0.15772368 
N       1.45154522       0.03984868       0.03746785 
C       0.41896093      -0.73795292       0.07314483 
B      -1.05088005      -0.15942747       0.00415899 
C      -2.25012357      -1.17529618       0.06883841 
H      -2.00690862      -2.20214064      -0.24031737 
H      -2.25750913       1.73264617       0.21424849 
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H      -3.15334959      -0.83766738      -0.45990200 
H      -0.47462728       1.98087047       0.34928037 
H      -2.54315111      -1.24091287       1.13627480 
H      -1.21094068       1.62910899      -1.20223496 
C      -1.26940824       1.38737862      -0.12249117 
C       2.75226091      -0.48907491       0.02005729 
H       3.08571782      -0.65817098       1.03327642 
H       3.49810318       0.17345015      -0.39368157 
H       2.83345616      -1.45926413      -0.44742555 
END 
 
GEOMETRY 
 Iterations 300 
 GO 
END 
 
BASIS 
 type TZ2P 
 core none 
END 
 
END INPUT 
 

Optimized Cartesian coordinates for Me2BIM 
 
   H         0.595115   -1.813523   -0.157192 
   N         1.444780    0.056724    0.082089 
   C         0.425037   -0.715537   -0.047227 
   B        -1.054770   -0.149130   -0.023889 
   C        -2.234237   -1.182982    0.097857 
   H        -2.016452   -2.172748   -0.330756 
   H        -2.223334    1.735920    0.364794 
   H        -3.198999   -0.821024   -0.285214 
   H        -0.438926    1.990059    0.235654 
   H        -2.387621   -1.357212    1.182098 
   H        -1.407360    1.636188   -1.191459 
   C        -1.293614    1.396558   -0.115227 
   C         2.767648   -0.536037    0.083063 
   H         3.266686   -0.287754    1.031850 
   H         3.367818   -0.065239   -0.709752 
   H         2.767395   -1.634291   -0.055339 
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Figure 2.21. Optimized molecular structure of Me2BIM. Selected bond distances (Å) and angles 
(˚):  N1-C1 = 1.289.  C1-B1 = 1.590.  N1-C1-B1 = 121.6. 
 

 Natural Bond Orbital (NBO) Analysis. NBO calculations were performed on the 

Pt-borane model complex Pt(κ2-N-B-Me2BIM)(CNMe) and the (boryl)iminomethane 

model compound Me2BIM.  A Natural Localized Molecular Orbital describing the Pt-B 

dative interaction was found for Pt(κ2-N-B-Me2BIM)(CNMe) and is plotted in Figure 2.2.  

The atomic and fragment charges derived from the Natural Population Analysis (NPA) 

are shown in Table 2.2. 

Table 2.2. Atomic and fragment charges (q) derived from the Natural Population Analysis 
calculations for Pt(κ2-N-B-Me2BIM)(CNMe) and Me2BIM.  
 

Atom/Fragment Pt(κ2-N-B-Me2BIM)(CNMe) Me2BIM 
Pt 0.109 n/a 
B 0.516 0.740 

-BMe2 0.002 0.237 
 

 
 2.8. CSD search results 
 
 The Cambridge Structural Database42 was searched for structures containing a B-

O single bond, with boron additionally coordinated to a total of four atoms. Structures 
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containing more than one boron atom were excluded, so as to eliminate data points 

stemming from polyboranes, borane clusters and carboranes, which typically involve 

non-classical/electron deficient bonding schemes. In addition, transition metal-containing 

structures were excluded. A total of 2879 data points were obtained and plotted in the 

histogram shown in Figure 2.22. The data set resulted in a mean B-O bond distance of 

1.481 Å, with a standard deviation of 0.041 Å. In addition, the CSD was searched for 

structures containing a Pt-F bond, where the fluoride ligand is terminally bound. A total 

of 57 hits were obtained, indicating a mean Pt-F distance of 2.003 Å with a standard 

deviation of 0.009 Å. The resulting histogram is shown in Figure 2.23. 

 

 

Figure 2.22. Histogram showing CSD search results for B-O bond distances in four-coordinate 
borates. 
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Figure 2.23. Histogram showing CSD search results for Pt-F bond distances in platinum 
fluorides. 
 

 

2.9. Details of crystallographic structure determinations 

General considerations. Single crystal X-ray structure determinations were 

carried out at low temperature on Bruker Kappa Diffractometers equipped with a Mo 

radiation source and a Bruker APEX, APEX-II or Photon 100 area detector. All 

structures were solved via direct methods with SIR 200495 or SHELXS96 and refined by 

full-matrix least-squares procedures utilizing SHELXL96 within the OLEX2 small 

molecule structure solution and refinement software package.97 Crystallographic data 

collection and refinement information are listed in Tables 2.3-8. The platinum-borane 
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compound Pt(κ2-N,B-Cy2BIM)(CNArDipp2) • 0.5 C5H12 (1 • 0.5 C5H12) contains two-site 

positional disorder of the boron atom and bound cyclohexyl groups, as well as positional 

disorder of a co-crystallized molecule of n-pentane. These disordered groups were 

modeled and refined anisotropically. The (boryl)iminomethane adduct of BCl3 3 • 2 

C5H12 contains two-site positional disorder of one boron-bound cyclohexyl group, as well 

as positional disorder of one molecule of co-crystallized n-pentane. These disordered 

groups were modeled and refined anisotropically. The diiodide PtI2(κ1-N-

Cy2BIM)(CNArDipp2) • 1.5 C6H6 (4 • 1.5 C6H6)  contains positional disorder of one of the 

co-crystallized molecules of benzene, which was modeled and refined anisotropically. 

The water oxidative addition product PtH(µ-OH)(Cy2BIM)(CNArDipp2) • 0.5 Et2O (5 • 0.5 

Et2O) contains positional disorder of a co-crystallized molecule of diethyl ether, which 

was modeled and refined anisotropically. The borinic acid (Cy)(OH)BCH(Cy)NHArDipp2 

(6) contains two-site positional disorder of both boron-bound cyclohexyl groups, which 

was modeled and refined anisotropically. The phenylacetylene activation product PtH(η2-

C,C-κ1-N-PhCC-Cy2BIM)(CNArDipp2) • 1.5 Et2O (11 • 1.5 Et2O) contains two-site 

positional disorder of one Et2O molecule of co-crystallization, which was modeled and 

refined anisotropically. One of the two crystallographically independent molecules of 

PtBr(µ-PBr2)(Cy2BIM)(CNArDipp2) • 1.5 C5H12 (12 • 1.5 C5H12) contains disorder in both 

cyclohexyl rings, which was modeled and refined anisotropically. The benzaldehyde 

insertion product 15 • 4.5 cyclo-C6H12 contains two-site positional disorder of one iPr 

group and positional disorder of two cyclohexane molecules of co-crystallization. These 

disordered components were modeled and refined anisotropically. The two-coordinate 

imine isocyanide complex 17 • 1.5 C5H12 contains positional disorder of one co-
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crystallized molecule of n-pentane, which was modeled and refined anisotropically. In 

addition, the following structures contained co-crystallized solvent molecules that were 

severely disordered and could not be properly modeled: 12 • 1.5 C5H12; 18 • C6H6; 19 • 2 

C5H12. For these structures, the Platon routine SQUEEZE98 was employed to account for 

the disordered components as a diffuse contribution to the overall scattering pattern 

without specific atom positions. 

Table 2.3. Crystallographic data collection and refinement information. 

Name 1 • 0.5 C5H12  3 • 2 C5H12 4 • 1.5 C6H6 

Formula PtC76.5H103N2B C53H84NB2Cl3 PtC83H106N2BI2 

Crystal System Monoclinic Monoclinic Triclinic 

Space Group P21/n P21/c P-1 

a, Å 14.221(2) 15.165(1) 12.721(2) 

b, Å 21.092(3) 18.087(1) 12.798(2) 

c, Å 22.585(3) 18.846(1) 24.396(4) 

α, deg 90 90 75.829(5) 

β, deg 99.809(5) 99.980(3) 78.633(5) 

γ, deg 90 90 70.111(5) 

V, Å3 6675(2) 5091.2(6) 3593.0(9) 

Z 4 4 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.250 1.126 1.471 

µ, mm-1 2.145 0.214 2.857 

Temp, K 100 100 100 

θ max, deg 26.470 25.434 25.614 

data/parameters 13649 / 870 9393/560 13326 / 861 

R1 0.0254 0.0584 0.0296 

wR2 0.0501 0.1470 0.0670 

GOF 1.010 1.063 1.004 
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Table 2.4. Crystallographic data collection and refinement information. 

Name 5 • C4H10O 7 • 0.5 (C4H10O) 8 

Formula PtC78H108N2BO PtC76H104N2BO1.5 C43H62NBO 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P21/n P21/c P21/n 

a, Å 15.454(3) 11.742(2) 13.7552(3) 

b, Å 18.996(4) 41.076(7) 12.2451(3) 

c, Å 24.561(5) 15.151(2) 22.2006(5) 

α, deg 90 90 90 

β, deg 105.179(4) 110.606(3) 91.249(1) 

γ, deg 90 90 90 

V, Å3 6959(2) 6840(2) 3738.4(2) 

Z 4 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.237 1.239 1.101 

µ, mm-1 2.060 2.096 0.063 

Temp, K 100 100 100 

θ max, deg 26.431 26.428 26.403 

data/parameters 14247 / 769 13625 / 787 7651 / 468 

R1 0.0323 0.0280 0.0457 

wR2 0.0608 0.0589 0.1058 

GOF 1.020 1.042 1.107 
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Table 2.5. Crystallographic data collection and refinement information. 

 9  10  11 • 1.5(C4H10O) 

Formula PtC75H101N2BO PtC80H102N4BO2 C88H117N2BO1.5Pt 

Crystal System Monoclinic Monoclinic Triclinic 

Space Group P21/n P21/n P-1 

a, Å 16.5210(6) 17.3778(6) 12.1668(6) 

b, Å 20.7264(6) 21.3169(7) 14.9438(8) 

c, Å 20.3651(8) 19.5427(7) 22.741(1) 

α, deg 90 90 100.915(2) 

β, deg 104.659(1) 104.843(2) 100.665(2) 

γ, deg 90 90 102.973(2) 

V, Å3 6776.2(4) 6997.8(4) 3842.7(3) 

Z 4 4 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.228 1.289 1.238 

µ, mm-1 2.114 2.054 1.873 

Temp, K 100 100 100 

θ max, deg 25.372 26.408 26.428 

data/parameters 12394 / 742 14332 / 813 14482 / 899 

R1 0.0346 0.0305 0.0476 

wR2 0.0682 0.0664 0.0867 

GOF 1.066 1.043 1.060 
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Table 2.6. Crystallographic data collection and refinement information. 

Name 12 • 1.5 C5H12 13 • MeCN 14 

Formula C81.5H115N2BBr3PPt C76H100N3BF3PtSb PtC77H103N2BO 

Crystal System Triclinic Monoclinic Monoclinic 

Space Group P-1 P21/c P21/c 

a, Å 17.5743(16) 13.7463(6) 10.8582(6) 

b, Å 20.599(2) 24.2768(11) 41.318(2) 

c, Å 23.069(2) 21.6263(10) 15.8758(9) 

α, deg 71.382(3) 90 90 

β, deg 82.024(3) 104.379(2) 107.117(2) 

γ, deg 72.954(3) 90 90 

V, Å3 7557.4(13) 6991.0(5) 6807.0(7) 

Z 4 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.406 1.355 1.248 

µ, mm-1 3.507 2.435 2.105 

Temp, K 100 100 100 

θ max, deg 24.878 26.410 26.410 

data/parameters 25956 / 1459 14281 / 777 13945 / 757 

R1 0.0597 0.352 0.0313 

wR2 0.1240 0.737 0.0582 

GOF 1.005 1.019 1.221 
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Table 2.7. Crystallographic data collection and refinement information. 

Name 15 • 4.5 cyclo-C6H12 17 18 • C6H6 

Formula C108H157N2BOPt C76H100N3BPt C90H118N5BPt 

Crystal System Monoclinic Triclinic Triclinic 

Space Group P21/n P-1 P-1 

a, Å 15.773(1) 13.2573(8) 12.0006(7) 

b, Å 25.858(2) 16.0292(9) 16.3235(10) 

c, Å 24.212(2) 20.6749(13) 19.9669(11) 

α, deg 90 73.037(3) 94.562(3) 

β, deg 107.415(1) 81.441(3) 99.409(3) 

γ, deg 90 66.363(2) 92.168(3) 

V, Å3 9422(1) 3847.2(4) 3841.4(4) 

Z 4 2 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.202 1.089 1.276 

µ, mm-1 1.538 1.861 1.875 

Temp, K 100 100 100 

θ max, deg 26.403 23.31 26.421 

data/parameters 19231 / 1104 10673 / 747 15364 / 836 

R1 0.0253 0.0519 0.0296 

wR2 0.0582 0.1261 0.0679 

GOF 1.221 0.979 1.037 
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Table 2.8. Crystallographic data collection and refinement information. 

Name 19 • 2 C5H12   

Formula C91H128N5BPt   

Crystal System Triclinic   

Space Group P-1   

a, Å 12.1176(5)   

b, Å 16.1485(6)   

c, Å 23.0370(8)   

α, deg 96.3950(10)   

β, deg 98.6510(10)   

γ, deg 111.1050(10)   

V, Å3 4090.2(3)   

Z 2   

Radiation (λ, Å) Mo-Kα, 0.71073   

ρ (calcd.), g/cm3 1.216   

µ, mm-1 1.762   

Temp, K 100   

θ max, deg 26.061   

data/parameters 16119 / 857   

R1 0.0275   

wR2 0.0574   

GOF 1.019   
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Chapter 3 
 
Frustrated Lewis Pair Behavior of Monomeric 
(boryl)iminomethanes Accessed from Isocyanide 1,1-
hydroboration 
 
 
3.1. Introduction 
 

With the advent of phosphine/borane Frustrated Lewis Pairs (FLPs) by Stephan,1 

there has been significant interest in the development of transition-metal-free small-

molecule activation processes.2-4 While a number of intra- and inter-molecular FLP 

platforms have been uncovered,5,6 common traits among most of them include the usage 

of strongly Lewis basic and acidic groups to enhance activity. Computational 

investigations7,8 have highlighted the potent activity that might be displayed by 

intramolecular FLP platforms that contain frontier orbitals mutually oriented in the 

direction of an incoming substrate.9-15 Such “preorganized” FLPs show aptitude in 

decreasing reliance on strongly Lewis acidic groups (e.g. perfluorinated arylboranes and 

alanes), which can inhibit the imperative substrate release step in catalytic applications.9 

As such, new preorganized FLPs that can be readily synthesized promise to be of interest 

to a broad cross-section of the chemical community. 

 Recently, we reported the synthesis of the platinum-(boryl)iminomethane 

complex, Pt(κ2-N,B-Cy2BIM)(CNArDipp2) (Cy2BIM = Cy2BC(H)=NArDipp2; ArDipp2 = 2,6-

(2,6-(i-Pr)2C6H3)2C6H3) and demonstrated that the rigid, bidentate Cy2BIM ligand 

promoted a  significant reverse-dative σ-interaction between the Pt and boron centers.16 

We also showed that the free (boryl)iminomethane Cy2BIM could be easily prepared by



 115 

 

 1,1-hydroboration of the m-terphenyl isocyanide17 CNArDipp2 and that it readily activated 

both H2 and H2O in a manner consistent with FLP behavior. To our knowledge, this 

constituted the first report of (boryl)iminomethane formation by 1,1-hydroboration of an 

isocyanide. While both the ease of synthesis and reactivity profile of Cy2BIM suggest that 

the (boryl)iminomethane (BIM) framework may be generally competent for small-

molecule activation processes, it is critical to note that kinetically persistent 

(boryl)iminoalkane monomers are rare.18-22 Indeed, when unencumbering substituents are 

present, (boryl)iminoalkanes rapidly dimerize to heterocyclic 1,3-diaza-2,4-diboretidines 

(Scheme 3.1).23-36 Furthermore, of the few structurally-characterized (boryl)iminoalkane 

monomers that have been reported,19 all possess an anti relationship between the borane 

center and the imino nitrogen lone pair, thus precluding exploitation of their ambiphilic 

properties toward exogenous substrates.  In an effort to further detail the reaction profile 

available to monomeric (boryl)iminomethanes, we report here the reactivity of Cy2BIM 

toward unsaturated organic substrates and provide evidence for its “preorganized” 

intramolecular FLP-type behavior. Despite the presence of a dicyclohexylboryl group of 

mere moderate Lewis acidity, Cy2BIM readily activates carbon dioxide, organonitriles, 

and terminal acetylenes. In addition, we demonstrate that the formation of syn-N,B 

monomeric (boryl)iminomethanes is a general stereochemical outcome in the 1,1-

hydroboration of m-terphenyl isocyanides. 
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Scheme 3.1. Regioisomers of monomeric (boryl)iminomethanes and head-to-tail dimerization of 
sterically unencumbered syn-N,B (boryl)iminomethanes to 1,3-diaza-2,4-diboretidines. 
 
 
3.2.  Frustrated Lewis Pair reactivity of Cy2BIM 

The ability of Cy2BIM (1a) to act as a competent Frustrated Lewis Pair allows it to 

effect the facile C=O bond reduction of carbon dioxide. Placing a frozen benzene solution 

of Cy2BIM (1a) under 1 atm of CO2 causes an immediate color change from bright yellow 

to colorless upon thawing.  Analysis of the solution by 1H and 11B NMR spectroscopy 

indicates complete conversion to a single new product.  The absence of any 1H NMR 

signals diagnostic for an aldimine functionality hints at reduction of the C=N double 

bond of Cy2BIM (1a), while the appearance of a strong infrared absorbance at 1772 cm–1 

suggests the presence of an ester group.  The solid-state structure as determined by X-ray 

diffraction reveals this product to be the boralactone (2a, racemic mixture, Figure 3.1) 

derived from nucleophilic attack of the imime nitrogen at the CO2 carbon atom and 

coordination of one oxygen atom to boron.  As opposed to the vast majority of FLP-

activated CO2 adducts which are zwitterionic,4,27 the endocyclic C2-O1 distance in 2a 

(1.391(9) Å) is consistent with that of a carbon-oxygen single bond, suggesting a larger 

degree of activation than is typically seen in such species.  Formation of the five-
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membered ring is accompanied by a 1,2-cyclohexyl shift, as observed previously for 

Cy2BIM (1a) in the heterolytic H-O bond cleavage of water.16 This boron-to-carbon 

cyclohexyl migration,28 reminiscent of a Wagner-Meerwein rearrangement,29 has been 

observed with other (boryl)iminomethanes following their head-to-tail dimerization.24,26 

Relevantly, this 1,2-cyclohexyl shift may be at least partially responsible for the 

irreversibility of CO2 reduction by Cy2BIM (1a), as heating solutions of 2a to 80 ˚C under 

an N2 atmosphere (or, alternatively, heating solid samples to 150 ˚C under vacuum) 

produces no evidence of reversion to Cy2BIM (1a) and free CO2. This supposition is 

supported by Density Functional Theory calculations, which indicate that 2a is stabilized 

by 18.2 kcal/mol with respect to its zwitterionic constitutional isomer 2a* (Scheme 3.2).  

In the absence of cyclohexyl migration, the formation of 2a* from Cy2BIM (1a) and CO2 

is computed to be enthalpically favored by 12.7 kcal/mol, indicating that the cyclohexyl 

migration event provides significant stabilization to the resulting adduct, and as such 

represents a substantial portion of the driving force toward irreversible CO2 capture.   
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Figure 3.1. Synthesis (top) and molecular structure (bottom) of 2a. 
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Scheme 3.2. Calculated enthalpies of reaction in the formation of 2a* and 2a from Cy2BIM (1a) 
and CO2. 
 
 

Despite the widespread progress that has been made in recent years toward the 

FLP-mediated activation of unsaturated organic molecules,5,6 examples of nitrile C≡N 

bond reduction remain extremely limited.30 As most FLP systems utilize strongly Lewis 

acidic fluorinated aryl-borane or alane moieties, there is likely a thermodynamic 

preference toward formation of a Lewis adduct with the nitrile in lieu of addition to its 

triple bond.  It is therefore remarkable that treatment of Cy2BIM (1a) with acetonitrile 

results in formation of the eneamine 3 (racemic mixture, Scheme 3.3 and Figure 3.2), 

which undoubtedly is derived from 1,2-addition to the nitrile functionality accompanied 

by tautomerization of the resultant imine.  Pursuant to this is the observation that 

benzonitrile, which lacks hydrogen atoms at the carbon alpha to the nitrile group, is 

similarly activated by Cy2BIM (1a) to give the 1,2-addition product imine (4, racemic 

mixture, Scheme 3.3 and Figure 3.3).  Both transformations are essentially complete upon 
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mixing as evidenced by an immediate decoloration of the reaction solutions upon nitrile 

addition. We suggest that the observed activity of Cy2BIM (1a) toward nitriles is largely 

due the presence of a relatively weakly Lewis acidic –BCy2 fragment that decreases the 

stabilization associated with formation of a nitrile-borane adduct. As is the case with CO2 

activation, the cyclohexyl migration event in the formation of 3 and 4 likely provides 

further driving force toward 1,2-addition to the nitrile.   

 

Scheme 3.3. Activation of MeCN, PhCN and t-BuCCH by Cy2BIM (1a). 
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Figure 3.2.  Molecular structure of 3 • 1.5 C6H6. Co-crystallized benzene molecules have been 
omitted for clarity. Selected bond distances (Å) and angles (º):  C2-C3 = 1.332(3); C2-N2 = 
1.399(3); N2-B1 = 1.396(3); B1-C1 = 1.592(3); C1-N1 = 1.487(3); N1-C2 = 1.402(3).  N1-C2-C3 
= 128.1(2); N1-C2-N2 = 107.7(2); C3-C2-N2 = 124.3(2). 
 

 
Figure 3.3.  Molecular structure of 4.  Selected bond distances (Å) and angles (º):  C2-N2 = 
1.315(3); C2-N1 = 1.315(3); N2-B1 = 1.434(3); B1-C1 = 1.596(3); C1-N1 = 1.493(3).  B1-N2-C2 
= 107.6(2); N2-C2-N1 = 116.5(2). 
 
 



 122 

 

 Cy2BIM (1a) is also reactive toward t-butylacetylene, effecting deprotonation of 

the acetylenic proton to give an alkynylborane as a racemic mixture (5, Scheme 3.3 and 

Figure 3.4).  No evidence of products derived from 1,2-addition to the alkyne triple bond 

is seen.  Both 1,2-addition and deprotonation reactions of terminal alkynes effected by 

FLPs have been reported,31-36 although t-butylacetylene appears to typically undergo 

preferential deprotonation, likely due to the steric encumbrance that the t-butyl group 

imposes at the internal sp carbon atom. 

 

Figure 3.4.  Molecular structure of (Cy)((CH3)3CC≡C)BCH(Cy)NHArDipp2 (5).  Selected bond 
distances (Å) and angles (º):  N1-C1 = 1.485(4); C1-B1 = 1.579(5); B1-C14 = 1.522(5); C14-C15 
= 1.211(4).  B1-C1-N1 = 111.1(2).  
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3.3. Synthesis of a (boryl)iminomethane bearing a tethered organic backbone and 

examination of its FLP reactivity  

 In an effort to explore the generality of (boryl)iminomethane formation via 

isocyanide hydroboration, we targeted the synthesis of a BIM derived from 9-

borabicyclo[3.3.1]nonane (9-BBN), due to both its commercial availability and the 

presence of a tethered carbon backbone. The latter trait was particularly attractive, as we 

envisioned that it might discourage 1,2-alkyl migration in the corresponding BIM.37 

Carrying out the reaction of CNArDipp2 with 0.5 equivalents of 9-BBN dimer in the 

presence of THF allows for the hydroboration reaction to proceed smoothly to the THF-

complexed (boryl)iminomethane 9-BBNBIM·THF (1b·THF, Scheme 3.4), which has been 

structurally characterized (Figure 3.5).  The boron atom is oriented syn to the nitrogen 

lone pair across the imine double bond, as is seen with Cy2BIM (1a).  The 11B NMR 

spectrum of 1b·THF features a singlet at 7.5 ppm, suggesting that the dative THF-borane 

interaction remains intact in solution.  Indeed, successive n-pentane washes and exposure 

to high vacuum fail to liberate THF from 1b·THF. Attempts to synthesize 1b in the 

absence of THF resulted in the formation of several products. Although complete 

separation of these mixtures has proven unsuccessful, one of these species (6) was 

identified as the product of formal 1,1 and 1,2-double hydroboration of CNArDipp2 by an 

independent synthesis (Scheme 3.4 and Figure 3.6).  Presumably, this reaction proceeds 

via initial hydroboration of CNArDipp2 to give the (boryl)iminomethane 9-BBNBIM (1b) 

which, in the presence of additional 9-BBN, undergoes hydroboration of its imine 

functionality to furnish 6.  Indeed, addition of 9-BBN dimer to 1b·THF in benzene 
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solution results in conversion to 6 with release of THF (Scheme 3.4), lending credence to 

this proposed mechanistic pathway. 

 

Scheme 3.4.  Single- and double-hydroboration of CNArDipp2 with 9-borabicyclo[3.3.1]nonane (9-
BBN). 
 

 
Figure 3.5.  Molecular structure of 9-BBNBIM•THF • 1.5 (C6H6) (1b•THF • 1.5 (C6H6)). Co-
crystallized benzene molecules have been omitted for clarity. Selected bond distances (Å) and 
angles (º):  B1-O1 = 1.631(2); B1-C1 = 1.613(2); C1-N1 = 1.280(2); B1-C1-N1 = 125.8(1); C1-
B1-O1 = 106.7(1). 
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Figure 3.6.  Molecular structure of (9-BBN)CH2N(9-BBN)ArDipp2 • C5H12 (6 • C5H12). Co-
crystallized molecules of n-pentane have been omitted for clarity. Selected bond distances (Å) 
and angles (º):  B1-C1 = 1.600(3); C1-N1 = 1.490(2); N1-B2 = 1.406(3); B1-C1-N1 = 119.2(2); 
B2-N1-C1 = 120.1(2). 
 
 
  Despite the THF-complexed nature of the borane unit in 9-BBNBIM·THF 

(1b·THF), Frustrated Lewis pair reactivity is still accessible.  Addition of CO2 to a 

benzene solution of 1b·THF results in immediate and irreversible conversion to a new 

product (2b, racemic mixture, Scheme 3.5) with liberation of one equivalent of THF as 

assayed by 1H NMR. This product displays a 11B NMR resonance at 55.7 ppm indicating 

the presence of a three-coordinate boron center.38 Crystallographic characterization of 2b 

(Figure 3.7) revealed the formation of a boralactone where the bicycloalkyl has 

undergone a ring expansion to produce a substituted 9-borabicyclo[3.3.2]decane 

structure. Concomitant with this process is the eradication of the imine C=N double bond. 

The ring expansion process of the bicycloalkyl group, which has been observed in other 

systems containing the 9-BBN framework,39-43 amounts to a 1,2-alkyl shift that is 
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analogous to the cyclohexyl migration seen in reactions of Cy2BIM (1a). DFT calculations 

indicate that this ring expansion process is favored by 9.64 kcal/mol (Scheme 3.6). 

Importantly, this value is approximately half of that seen for Cy2BIM in the formation of 

2a, suggesting that the ring strain engendered by the formation of 2b does indeed 

decrease the driving force associated with alkyl group migration. However, migration 

does appear to be general to the 9-BBNBIM framework, as ring expansion also occurs upon 

the heterolytic H-O bond cleavage of water by 9-BBNBIM·THF (1b·THF) to give the 

borinic acid 7 (racemic mixture, Scheme 3.5 and Figure 3.8).  These results indicate that 

a more judicious choice of borane substituents will be required if alkyl migration is to be 

circumvented in the reaction chemistry of (boryl)iminomethanes.  

 

Scheme 3.5.  CO2 activation and heterolytic H-O cleavage of water by 1b·THF. 
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Scheme 3.6. Enthalpies of reaction in the formation of 2b* and 2b from 9-BBNBIM•THF 
(1b•THF) and CO2. 
 
 

 
Figure 3.7.  Molecular structure of 2b.  Selected bond distances (Å) and angles (º):  C2-O1 = 
1.389(2); C2-O2 = 1.202(2); C2-N1 = 1.365(2); O1-B1 = 1.381(2); N1-C1 = 1.480(2); C1-B1 = 
1.576(2); N1-C2-O2 = 128.5(1); N1-C1-O1 = 110.1(1); O1-C2-O2 = 121.4(1). 
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Figure 3.8. Molecular structure of 7.  Selected bond distances (Å) and angles (º):  O1-B1 = 
1.358(6); B1-C1 = 1.598(6); C1-N1 = 1.477(5).  B1-C1-N1 = 109.1(3). 
 
 
 

3.4. Synthesis of a (boryl)iminomethane bearing a borane unit of weak Lewis 

acidity 

The dialkylboryl substituents in the (boryl)iminomethanes 1a and 1b are among 

the most weakly Lewis acidic components of a Frustrated Lewis Pair reported to date.44,45 

The competency of 1a and 1b to effect FLP-type reactivity is undoubtedly tied to the 

geminal relationship of the acidic and basic sites, as well as the rigid geometry enforced 

by the imine double bond, the same structural traits that allow (boryl)iminomethanes to 

foster reverse-dative σ-interactions between a Lewis-basic metal center and the borane 

unit.16 In order to test the limits of this approach, we synthesized the pinacolboryl-

substituted PinBIM (1c; Figure 3.9), which contains a boron center of even further 

attenuated Lewis acidity. Unlike the syntheses of 1a and 1b, the use of excess borane and 

prolonged heating are required to drive the formation of 1c to completion.  Fractional 
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crystallization from n-pentane/hexamethyldisiloxane mixtures allows for isolation of 

analytically pure samples of PinBIM (1c) in modest yields. Examination of the crystal 

structure of 1c reveals a syn orientation of the imine lone pair and boron atom, as well as 

a nearly planar orientation of the C(H)N-BO2 units (dihedral angle = 5.8(2)˚). 

Interestingly, the presence of the more weakly Lewis acidic pinacolboryl group inhibits 

the reactivity of the (boryl)iminomethane framework with CO2, as PinBIM (1c) and CO2 

fail to react under the conditions utilized in the syntheses of 2a and 2b. Furthermore, in 

the presence of CO2 (1 atm), a broadening of signals suggestive of reversible formation 

of a CO2 adduct is not observed by 1H NMR spectroscopy. These observations seemingly 

suggest that more strongly Lewis acidic groups are necessary for stoichiometric FLP-type 

reactivity to occur between (boryl)iminomethanes and CO2.46 
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Figure 3.9.  Synthesis (top) and molecular structure (bottom) of PinBIM (1c). Selected bond 
distances (Å) and angles (º):  N1-C1 = 1.275(2); C1-B1 = 1.570(2); B1-O1 = 1.356(2); 1.353(2); 
N1-C1-B1 = 119.2(1). 
 
 
3.5. Concluding remarks 
 
  In conclusion, we have synthesized a series of ambiphilic and monomeric 

(boryl)iminomethanes (BIMs) via the 1,1-hydroboration of an m-terphenyl isocyanide.  

The same structural and electronic properties that allow (boryl)iminomethanes to behave 

as LZ-type chelating ligands toward electron-rich transition metal centers also promote 

the activation of unsaturated and protic substrates in an FLP manner.  While this 

reactivity is accessible when a BIM bears a moderately Lewis acidic dialkylboryl group, 
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switching to the more weakly Lewis acidic pinacolboryl substituent inhibits reactivity 

with carbon dioxide.  Further explorations of such weakly Lewis acidic 

(boryl)iminomethanes are currently being pursued, with an eye toward tailoring them to 

effect catalytic transformations of small molecules. 

 
3.6. Synthetic procedures and characterization data 

General considerations. All manipulations were carried out under an atmosphere 

of purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise 

stated, reagent-grade starting materials were purchased from commercial sources and 

either used as received or purified by standard procedures.47 Solvents were dried and 

deoxygenated according to standard procedures.48 Benzene-d6 (Cambridge Isotope 

Laboratories) was distilled from NaK alloy and stored over 4 Å molecular sieves under 

N2 for at least 24 h prior to use. Celite 405 (Fisher Scientific) was dried under vacuum 

(24 h) at a temperature above 250 ˚C and stored in the glovebox prior to use. The 

(boryl)iminomethane16 Cy2BIM and m-terphenyl isocyanide17 CNArDipp2 were prepared as 

previously reported. 

Solution 1H, 13C{1H} and 11B NMR spectra were recorded on a Bruker Avance 

300, a Varian Mercury 400, a Jeol ECA 500, or a Varian X-SENS 500 spectrometer. 1H 

and 13C{1H} chemical shifts are reported in ppm relative to SiMe4 (1H and 13C δ = 0.0 

ppm) with reference to residual solvent resonances of 7.16 ppm (1H) and 128.06 ppm 

(13C) for C6D6. 11B NMR chemical shifts were referenced externally to a solution of 

phenylboronic acid in acetone-d6 (δ = 29 ppm vs. BF3·Et2O (δ = 0.0 ppm)).  FTIR spectra 

were recorded on a Thermo-Nicolet iS10 FTIR spectrometer. Samples were prepared as 
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C6D6 solutions injected into a ThermoFisher solution cell equipped with KBr windows. 

For solution FTIR spectra, solvent peaks were digitally subtracted from all spectra by 

comparison with an authentic spectrum obtained immediately prior to that of the sample. 

The following abbreviations were used for the intensities and characteristics of important 

IR absorption bands: vs = very strong, s = strong, m = medium, w = weak, vw = very 

weak; b = broad, vb = very broad, sh = shoulder. High-resolution mass spectrometry 

(HRMS) was performed using an Agilent 6230 ESI-TOFMS instrument running in 

positive ion mode. Combustion analyses were performed by Robertson Microlit 

Laboratories of Madison, NJ (USA).  

Synthesis of Boralactone 2a.  A benzene solution of Cy2BIM (0.102 g, 0.170 

mmol, 3 mL) was placed in an ampoule, degassed, and exposed to CO2 gas (1 atm).  

Upon thawing the solution instantly changed in color from yellow to colorless. The 

ampoule was intermittently shaken over the course of 10 min, whereupon all volatiles 

were removed in vacuo. Dissolution of the resulting residue in 1 mL n-pentane and 

storage at –40 ˚C overnight provided colorless crystals, which were collected and dried in 

vacuo.  Yield:  0.070 g, 0.108 mmol, 64%.  1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.27 

(t, 1H, J = 8 Hz, p-Ar), 7.25-7.18 (m, 5H), 7.11 (t, 1H, J = 8 Hz, p-Ar), 7.08 (dd, 1H, J = 

8, 1 Hz, m-Ar), 7.02 (dd, 1H, J = 7, 3 Hz, m-Ar), 4.01 (septet, 1H, J = 7 Hz, CH(CH3)2), 

3.32 (septet, 1H, J = 7 Hz, CH(CH3)2), 3.04 (d, 1H, J = 3 Hz, B-CH(Cy)-N), 2.59 (septet, 

1H, J = 7 Hz, CH(CH3)2), 2.41 (septet, 1H, J = 7 Hz, CH(CH3)2), 1.69 (bd, 2H, J = 14 

Hz, Cy), 1.58-1.49 (m, 6H, Cy), 1.55 (d, 3H, J = 7 Hz, CH(CH3)2), 1.48 (d, 3H, J = 7 Hz, 

CH(CH3)2), 1.39-1.32 (m, 2H, Cy), 1.30 (d, 3H, J = 7 Hz, CH(CH3)2), 1.28 (d, 3H, J = 7 

Hz, CH(CH3)2), 1.18-1.13 (m, 8H, Cy), 1.08 (d, 3H, J = 7 Hz, CH(CH3)2), 1.07 (d, 3H, J 
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= 7 Hz, CH(CH3)2), 1.00 (d, 3H, J = 7 Hz, CH(CH3)2), 0.93 (d, 3H, J = 7 Hz, CH(CH3)2), 

0.83-0.77 (m, 2H, Cy), 0.50 (qt, 1H, J = 13, 2 Hz, Cy), 0.23 (qd, 1H, J = 12, 4 Hz, Cy) 

ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 158.3 (C(=O)OR), 149.2, 149.1, 

147.8, 146.7, 142.6, 141.7, 138.0, 137.7, 136.1, 132.1, 131.8, 129.2, 129.1, 126.7, 124.1, 

123.4, 122.9, 122.2, 61.4, 38.0, 31.4, 31.2, 31.0, 30.8, 30.5, 30.4, 29.0, 27.9, 27.8, 27.0, 

26.9, 26.9, 26.8, 26.8, 26.7, 26.6, 26.2, 26.2, 26.1 ppm. 11B NMR (125.7 MHz, C6D6, 20 

˚C): δ = 54.8 (bs) ppm. FTIR (C6D6, KBr windows, 25 ˚C):  2962 (s), 2923 (vs), 2864 

(m), 2853 (m), 1772 (vs), 1575 (w), 1460 (m), 1447 (m), 1420 (m), 1383 (w), 1360 (m), 

1319 (w), 1304 (m), 1263 (w), 1245 (m), 1172 (m), 1166 (m), 1103 (m), 1070 (m), 1054 

(w), 951 (m), 793 (w), 782 (w), 760 (m) cm-1. Anal. Calc’d. for C44H60NBO2:  C, 81.84; 

H, 9.36; N, 2.17. Found:  C, 81.81; H, 9.19; N, 2.18. 

 Synthesis of Exocyclic Enamine 3. To a benzene solution of Cy2BIM (0.100 g, 

0.166 mmol, 3 mL) was added 0.10 mL of a 3.1 M acetonitrile solution in C6H6 (0.31 

mmol, 1.9 equiv). The solution immediately changed in color from bright yellow to 

colorless. After stirring for 20 min, all volatiles were removed under reduced pressure. 

The resulting colorless solid was dissolved in 1 mL n-pentane and stored at –40 ˚C for 24 

h, affording colorless crystals, which were collected and dried in vacuo. Yield: 0.083 g, 

0.129 mmol, 78%. 1H NMR (500.2 MHz, C6D6, 20 ˚C): δ = 7.32 (t, 1H, J = 8 Hz, p-Ar), 

7.26-7.22 (m, 3H), 7.20-7.14 (m, 3H), 7.07 (dd, 1H, J = 8, 2 Hz, m-Ar), 7.02 (t, 1H, J = 8 

Hz, p-Ar), 5.32 (s, 1H, N-H), 3.77 (septet, 1H, J = 7 Hz, CH(CH3)2), 3.40 (septet, 1H, J = 

7 Hz, CH(CH3)2), 3.21 (d, 1H, J = 2 Hz, Calkene-H), 3.19 (d, 1H, J = 2 Hz, Calkene-H), 2.87 

(d, 1H, J = 2 Hz, B-CH(Cy)-N), 2.78 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.41 (septet, 1H, 

J = 7 Hz, CH(CH3)2), 1.63-1.56 (m, 7H, Cy), 1.48 (d, 3H, J = 7 Hz, CH(CH3)2), 1.45-
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1.39 (m, 4H, Cy), 1.37 (d, 3H, J = 7 Hz, CH(CH3)2), 1.33 (d, 3H, J = 7 Hz, CH(CH3)2), 

1.30 (d, 3H, J = 7 Hz, CH(CH3)2), 1.23 (d, 3H, J = 7 Hz, CH(CH3)2), 1.18 (d, 3H, J = 7 

Hz, CH(CH3)2), 1.15-1.10 (m, 4H, Cy), 1.09 (d, 3H, J = 7 Hz, CH(CH3)2), 1.00-0.90 (m, 

3H, Cy), 0.89 (d, 3H, J = 7 Hz, CH(CH3)2), 0.75 (m, 1H, Cy), 0.63-0.49 (m, 2H, Cy), 

0.42 (m, 1H, Cy) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 158.1, 149.0, 

148.6, 147.6, 146.9, 144.2, 143.4, 142.8, 139.5, 137.6, 133.0, 131.8, 128.7, 128.6, 125.0, 

123.4, 123.1, 122.9, 122.2, 64.7, 64.5, 40.9, 31.9, 31.4, 31.2, 31.0, 30.7, 29.9, 29.6, 28.7, 

28.3, 27.6, 27.5, 27.3, 27.2, 26.8, 26.6, 26.2, 26.2, 26.0, 24.6, 23.5, 22.7, 22.0 ppm. 11B 

NMR (125.7 MHz, C6D6, 20 ˚C): δ = 48.0 (bs) ppm.  FTIR (C6D6, KBr windows, 20 ˚C): 

ν(N-H) = 3440 cm–1, also 2965 (s), 2924 (s), 2856 (m), 2852 (m), 1650 (s), 1602 (w), 

1594 (w), 1574 (w), 1468 (m), 1448 (m), 1413 (m), 1382, 1363 (m), 1322 (m), 1302 (m), 

1257 (m), 1213 (w), 1189 (w), 1178 (w), 1160 (w), 1128 (w), 1091 (w), 1072 (w), 1056 

(w), 1036 (w), 1027 (w), 986 (w), 848 (w), 793 (w), 774 (w), 760 (m), 720 (w), 700 (w), 

677 (w), 656 (w) cm-1. HRMS (ESI-TOF): m/z calc’d for C43H64N2B [M+H]+: 642.5193 

Found: 642.5193.  Anal. Calc’d for C45H63N2B: C, 84.08; H, 9.88; N, 4.36. Found:  C, 

83.51; H, 9.92; N, 4.19. 

 Synthesis of imine 4. To an n-pentane solution of Cy2BIM (0.100 g, 0.166 mmol, 

2 mL) was added benzonitrile via microsyringe (0.019 mL, 0.184 mmol, 1.1 equiv). The 

solution was stirred for 30 min, during which time a colorless solid precipitated out of the 

solution. This solid was isolated via decantation of the solvent and washed with a single 

portion of n-pentane (2 mL) and dried in vacuo to afford 4 as an analytically pure 

colorless solid. Yield:  0.091 g, 0.129 mmol, 78%. Crystals suitable for X-ray diffraction 

were grown from a 2:1 Et2O/C6H6 solution stored at –40 ˚C. 1H NMR (499.8 MHz, C6D6, 
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20 ˚C): δ = 9.31 (bs, 1H, PhC(NAr)=N), 7.26-7.21 (m, 2H), 7.15-6.99 (m, 8H), 6.82 (bs, 

1H, PhC(NAr)=N), 6.18 (bs, 1H, PhC(NAr)=N), 3.37 (d, 1H, J = 4 Hz, B-CH(Cy)-N), 

3.02 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.90 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.76 

(septet, 1H, J = 7 Hz, CH(CH3)2), 2.30 (septet, 1H, J = 7 Hz, CH(CH3)2), 2.23 (bd, 1H, J 

= 15 Hz, Cy), 2.06-1.90 (m, 2H,  Cy), 1.76-1.62 (m, 4H, Cy), 1.53-1.38 (m, 7H, Cy), 1.43 

(d, 3H, J = 7 Hz, CH(CH3)2), 1.31 (d, 3H, J = 7 Hz, CH(CH3)2), 1.22 (d, 2H, J = 14 Hz, 

Cy), 1.13-1.10 (m, 2H, Cy), 1.05 (d, 3H, J = 7 Hz, CH(CH3)2), 0.96 (d, 3H, J = 7 Hz, 

CH(CH3)2), 0.88 (d, 3H, J = 7 Hz, CH(CH3)2), 0.87 (d, 3H, J = 7 Hz, CH(CH3)2), 0.73 (d, 

3H, J = 7 Hz, CH(CH3)2), 0.63 (d, 3H, J = 7 Hz, CH(CH3)2), 0.63-0.52 (m, 2H, Cy), 

0.25-0.13 (m, 2H, Cy).  Note: Two phenyl resonances cannot be conclusively assigned. 

We believe these resonances are coincident with multiplets between 7.26-7.21 ppm and 

7.15-6.99 ppm, which arise from terphenyl unit aryl resonances. 13C{1H} NMR (125.8 

MHz, C6D6, 20 ˚C): δ = 182.1 (C=N), 149.6, 148.4, 147.3, 147.1, 143.0, 142.0, 141.1, 

138.4, 136.0, 134.8, 133.2, 133.1, 130.9, 129.3, 129.2, 126.4, 124.0, 123.3, 123.2, 122.6, 

70.6, 38.7, 31.9, 31.5, 31.3, 31.0, 30.6, 29.9, 29.2, 28.6, 27.8, 27.6, 26.8, 26.6, 26.4, 26.1, 

25.8, 25.5, 23.1, 22.7, 22.4, 21.7 ppm. 11B NMR (125.7 MHz, C6D6, 20 ˚C): δ = 64.4 (bs) 

ppm.  FTIR (C6D6, KBr windows, 25 ˚C):  2963 (s), 2924 (vs), 2864 (m), 2850 (m), 1578 

(w), 1469 (s), 1445 (m), 1427 (m), 1407 (m), 1383 (w), 1361 (m), 1302 (m), 1251 (m), 

1242 (m), 1184 (w), 1077 (w), 1057 (w), 1031 (w), 999 (w), 794 (w), 760 (m), 720 (m), 

704 (m) cm–1. HRMS (ESI-TOF, NCMe): m/z calc’d for C50H65N2B: 704.5241. Found: 

705.5321 [M+H]+.  Anal Calc’d for C50H65N2B: C, 85.20; H, 9.29; N, 3.97. Found: C, 

85.43; H, 9.11; N, 3.95. 
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 Synthesis of (Cy)((CH3)3CC≡C)BCH(Cy)NHArDipp2 (5). To an n-pentane 

solution of Cy2BIM (0.075 g, 0.125 mmol, 2 mL) was added t-BuCCH (0.017 mL, 0.139 

mmol, 1.1 equiv) via microsyringe. The solution was stirred for 15 min, whereupon all 

volatiles were removed in vacuo. The resulting residue was dissolved in 0.5 mL of 3:1 

hexamethyldisiloxane/n-pentane and stored at –40 ˚C overnight, resulting in the 

formation of colorless crystals, which were collected and dried in vacuo. Yield:  0.063 g, 

0.092 mmol, 74%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.32 (t, 2H, J = 8 Hz, p-Ar), 

7.23 (d, 2H, J = 8 Hz, m-Ar), 7.22 (d, 2H, J = 8 Hz, m-Ar), 7.03 (d, 2H, J = 8 Hz, m-Ar), 

6.78 (t, 1H, J = 8 Hz, p-Ar), 3.88 (d, 1H, J = 10 Hz, N-H), 3.18 (dd, 1H, J = 10, 8 Hz, B-

CH(Cy)-N), 3.10 (septet, 4H, J = 7 Hz, CH(CH3)2), 1.84-1.81 (m, 2H, Cy), 1.76-1.42 (m, 

8H, Cy), 1.43 (d, 6H, J = 7 Hz, CH(CH3)2), 1.39 (d, 6H, J = 7 Hz, CH(CH3)2), 1.38-1.05 

(m, 8H, Cy), 1.12 (d, 6H, J = 7 Hz, CH(CH3)2), 1.10 (d, 6H, J = 7 Hz, CH(CH3)2), 1.04 

(s, 9H, t-Bu), 1.00-0.82 (m, 4H, Cy) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 

148.0, 147.9, 146.4, 138.8, 134.3, 132.4, 128.6, 126.8, 123.6, 123.5, 116.8, 87.8, 56.4, 

44.6, 37.2, 31.8, 31.1, 30.9, 30.6, 30.5, 28.9, 28.6, 28.5, 27.9, 27.8, 27.4, 27.3, 27.1, 26.1, 

26.0, 23.9, 23.6 ppm. 11B NMR (125.7 MHz, C6D6, 20 ˚C): δ = 68.1 (bs) ppm. FTIR 

(C6D6, KBr windows, 25 ˚C): ν(N-H) = 3352 (w), also 2961 (s), 2926 (s), 2866 (m), 2849 

(m), 2174 (w, sh), 2155 (w), 1669 (w), 1578 (w), 1491 (w), 1461 (m), 1444 (m), 1412 

(m), 1379 (w), 1360 (m), 1258 (m), 1055 (w), 761 (m) cm-1. Anal. Calc’d for C49H70NB: 

C, 86.05; H, 10.31; N, 2.05. Found: C, 85.68; H, 10.74; N, 2.07. 

 Synthesis of 9-BBNBIM·THF (1b·THF). CNArDipp2 (0.250 g, 0.590 mmol) was 

slurried in 5 mL Et2O.  To this slurry was added a solution of 9-BBN dimer in 4:1 

Et2O/THF (0.072 g, 0.295 mmol, 0.5 equiv, 5 mL) dropwise over the course of 5 min. 
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The solution was stirred for 2 h, whereupon the solvent was removed in vacuo. 

Dissolution of the resulting residue in 7 mL 2:1 Et2O/C6H6 and storage at –40 ˚C for 4 

days resulted in the production of colorless crystals, which were collected and dried in 

vacuo. Yield:  0.272 g, 0.441 mmol, 75%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 8.52 

(s, 1H, Cimine-H), 7.23 (t, 2H, J = 8 Hz, p-Dipp), 7.18 (d, 2H, J = 8 Hz, m-Ar), 7.12 (d, 

4H, J = 8 Hz, m-Dipp), 7.04 (t, 1H, J = 8 Hz, p-Ar), 3.51 (m, 4H, THF), 3.03 (septet, 4H, 

J = 7 Hz, CH(CH3)2), 2.12 (m, 2H, 9-BBN), 1.80 (m, 4H, 9-BBN), 1.67 (m, 2H, 9-BBN), 

1.48 (m, 4H, 9-BBN), 1.25 (d, 12H, J = 8 Hz, CH(CH3)2), 1.13 (d, 12H, J = 8 Hz, 

CH(CH3)2), 0.80 (bs, 2H, 9-BBN) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 

193.5 (Cimine), 153.5, 146.8, 139.0, 131.7, 130.9, 127.9, 122.8, 122.5, 70.2, 31.8, 30.9, 

25.5, 25.0, 24.5, 23.6, 22.8 ppm. 11B NMR (125.7 MHz, C6D6, 20 ˚C): δ = 7.5 (s) ppm.  

FTIR (C6D6, KBr windows, 25 ˚C):  2961 (s), 2921 (m), 2867 (m), 2852 (m, sh), 2838 

(m, sh), 1601 (m), 1577 (m), 1462 (m), 1450 (m, sh), 1415 (m), 1382 (w), 1361 (m), 

1353 (w, sh), 1252 (w), 1205 (w), 1188 (w), 1178 (w), 1120 (w), 1071 (w), 1056 (w), 

1043 (w), 1017 (w), 914 (w), 868 (m), 846 (w), 759 (m), 679 (w) cm–1. Anal. Calc’d for 

C43H60NBO: C, 83.60; H, 9.79; N, 2.27. Found: C, 82.98; H, 9.70; N, 2.48. 

 Synthesis of (9-BBN)CH2N(9-BBN)ArDipp2 (6). Benzene (5 mL) was added to 

solid CNArDipp2 (0.068 g, 0.160 mmol) and 9-BBN dimer (0.040 g, 0.164 mmol, 1.0 

equiv). The solution was stirred over the course of 3 h and gradually changed in color 

from colorless to light yellow. All volatile materials were then removed in vacuo. The 

resulting solid was then extracted three times with n-pentane (2 mL), leaving behind 6 as 

an off-white solid, which was dried in vacuo. Yield: 0.066 g, 0.099 mmol, 62%.  Crystals 

of 6 • C5H12 suitable for X-ray diffraction were grown by storing an n-pentane solution at 
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–40 ºC overnight. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.28 (t, 2H, J = 8 Hz, p-Ar), 

7.23-7.21 (m, 4H), 7.17 (d, 2H, J = 8 Hz, m-Ar), 7.07 (t, 1H, J = 8 Hz, p-Ar), 3.45 (s, 2H, 

B-CH2-N), 3.10 (septet, 2H, J = 7 Hz, CH(CH3)2), 3.07 (septet, 2H, J = 7 Hz, CH(CH3)2), 

1.90-1.87 (m, 6H, BBN), 1.85-1.67 (m, 10H, BBN), 1.50-1.45 (m, 4H, BBN), 1.35-1.29 

(m, 3H, BBN), 1.34 (d, 6H, J = 7 Hz, CH(CH3)2), 1.26 (d, 6H, J = 7 Hz, CH(CH3)2), 1.10 

(d, 6H, J = 7 Hz, CH(CH3)2), 1.06 (d, 6H, J = 7 Hz, CH(CH3)2), 0.98-0.91 (m, 4H, Cy), –

1.30 (s, 1H, BBN) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 147.1, 146.9, 

146.8, 140.8, 137.8, 134.9, 128.4, 127.8, 127.7, 124.2, 123.6, 123.2, 49.0, 38.2, 34.1, 

33.6, 33.1, 31.3, 31.0, 30.5, 30.2, 26.9, 26.1, 23.8, 23.5, 22.9, 22.7 ppm. 11B NMR (125.7 

MHz, C6D6, 20 ˚C): δ = 63.6 (bs), 46.8 (bs) ppm.  FTIR (C6D6, KBr windows, 20 ˚C): 

2961 (s), 2925 (s), 2899 (m, sh), 2886 (m, sh), 2870 (m, sh), 2844 (m), 2739 (b, m), 1616 

(m), 1572 (w), 1551 (w), 1486 (w, sh), 1467 (m), 1450 (s), 1413 (m), 1398 (w, sh), 1383 

(m), 1361 (w), 1275 (m), 1249 (m), 1184 (w), 1067 (w), 1053 (w), 1037 (w), 971 (w), 

859 (w), 794 (w), 763 (m), 729 (w), 687 (w), 663 (w), 642 (w) cm–1. Anal. Calc’d for 

C47H67NB2: C, 84.55; H, 10.11; N, 2.10. Found: C, 85.02; H, 10.56; N, 2.00. 

 Synthesis of Boralactone 2b.  A benzene solution of 9-BBNBIM·THF (0.114 g, 

0.185 mmol, 5 mL) was placed in an ampoule, degassed, and exposed to 1 atm CO2 gas. 

The ampoule was intermittently shaken over the course of 15 min, whereupon all 

volatiles were removed in vacuo.  The resulting residue was washed with 3 mL n-pentane 

and dried in vacuo, affording 2b as a colorless solid. Yield: 0.102 g, 0.173 mmol, 93%. 

Crystals suitable for X-ray diffraction were grown by storing an n-pentane solution at –40 

˚C overnight. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.27-7.18 (m, 6H), 7.14-7.11 (m, 

2H), 7.04 (dd, 1H, J = 7, 1 Hz), 3.83 (septet, 1H, J = 7 Hz, CH(CH3)2), 3.53 (septet, 1H, J 
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= 7 Hz, CH(CH3)2), 3.38 (d, 1H, J = 3 Hz, B-CH-N), 2.65 (septet, 1H, J = 7 Hz, 

CH(CH3)2), 2.43 (septet, 1H, J = 7 Hz, CH(CH3)2), 1.94 (m, 1H, bicycloalkyl), 1.67 (m, 

2H, bicycloalkyl), 1.57 (d, 3H, J = 7 Hz, CH(CH3)2), 1.47 (d, 3H, J = 7 Hz, CH(CH3)2), 

1.36-1.15 (m, 7H, bicycloalkyl), 1.33 (d, 3H, J = 7 Hz, CH(CH3)2), 1.19 (d, 3H, J = 7 Hz, 

CH(CH3)2), 1.08 (d, 3H, J = 7 Hz, CH(CH3)2), 1.05 (d, 3H, J = 7 Hz, CH(CH3)2), 1.04 (d, 

3H, J = 7 Hz, CH(CH3)2), 0.96 (d, 3H, J = 7 Hz, CH(CH3)2), 0.92 (m, 2H, bicycloalkyl), 

0.45 (m, 1H, bicycloalkyl), 0.11 (t, 1H, J = 14 Hz, bicycloalkyl) ppm.  Note: Peak 

assignments of bicycloalkyl backbone protons are tentative. 13C{1H} NMR (125.7 MHz, 

C6D6, 20 ˚C): δ = 158.2 (B-C(O)-OR), 149.4, 149.3, 147.5, 147.0, 142.7, 141.7, 137.6, 

136.9, 136.3, 132.3, 132.1, 129.4, 128.9, 126.6, 124.5, 123.7, 122.7, 121.8, 59.7, 31.8, 

31.4, 31.4, 30.8, 28.4, 27.4, 27.2, 26.9, 26.4, 26.2, 25.3, 24.0, 23.7, 23.6, 23.3, 22.3, 22.1, 

19.9 ppm. 11B NMR (125.7 MHz, C6D6, 20 ˚C):  δ = 55.7 (s) ppm.  FTIR (C6D6, KBr 

windows, 20 ˚C): ν(C=O) = 1772 (vs) cm–1, also 2960 (s), 2925 (s), 2865 (m), 1575 (w), 

1466 (m), 1421 (m), 1384 (m), 1360 (m), 1326 (w), 1302 (m), 1293 (w, sh), 1263 (m), 

1248 (w), 1239 (w), 1215 (w), 1171 (w), 1148 (w), 1112 (m), 1081 (w), 1067 (w), 1055 

(w), 957 (w), 950 (w), 940 (w), 907 (w), 848 (w), 794 (w), 781 (w), 768 (w), 760 (m) cm–

1. Anal. Calc’d for C40H52NBO2: C, 81.48; H, 8.89; N, 2.38. Found: C, 81.62; H, 9.40; N, 

2.49. 

 Synthesis of borninic acid 7.  To a benzene solution of 9-BBNBIM·THF (0.082 g, 

0.133 mmol, 3 mL) was added deionized H2O via microsyringe (0.010 mL, 0.556 mmol, 

4.2 equiv). The solution was shaken intermittently over the course of 1 h, whereupon all 

volatiles were removed in vacuo.  Dissolution of the resulting residue in 2 mL Et2O and 

storage at –40 ˚C for 1 week produced colorless crystals, which were collected and dried 
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in vacuo. Yield: 0.012 g, 0.021 mmol, 16%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 

7.29 (t, 2H, J = 8 Hz, m-Ar), 7.23 (dd, 2H, J = 8, 2 Hz, m-Ar), 7.19-7.17 (m, 4H), 6.95 (t, 

1H, J = 8 Hz, p-Ar), 6.11 (bs, 1H, O-H), 3.38 (d, 1H, J = 11 Hz, N-H), 3.01 (septet, 2H, J 

= 7 Hz, CH(CH3)2), 2.99 (septet, 2H, J = 7 Hz, CH(CH3)2), 2.60 (dd, 1H, J = 11, 3 Hz, 

R2B-CHR-NHAr), 2.07 (m, 1H, bicycloalkyl), 1.52-1.42 (m, 4H, bicycloalkyl), 1.39-1.30 

(m, 6H, bicycloalkyl), 1.34 (d, 6H, J = 7 Hz, CH(CH3)2), 1.31 (d, 6H, J = 7 Hz, 

CH(CH3)2), 1.26-1.18 (m, 4H, bicycloalkyl), 1.07 (d, 6H, J = 7 Hz, CH(CH3)2), 1.06 (d, 

6H, J = 7 Hz, CH(CH3)2) ppm. Note: Peak assignments of bicycloalkyl backbone protons 

are tentative. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 147.6, 147.4, 146.0, 137.6, 

131.8, 129.1, 128.4, 127.6, 124.0, 123.6, 120.0, 38.6, 36.4, 34.0, 31.7, 31.2, 31.1, 30.3, 

28.6, 27.0, 26.7, 26.4, 26.2, 25.0, 24.2, 23.4, 22.8, 21.4 ppm. 11B NMR (125.7 MHz, 

C6D6, 20 ˚C): δ = 53.4 (s) ppm.  FTIR (C6D6, KBr windows, 20 ˚C): ν(O-H) = 3485 (b, 

w) cm–1, ν(N-H) = 3345 (w), also 2962 (s), 2925 (s), 2866 (m), 1578 (w), 1466 (m), 1417 

(m), 1383 (m), 1361 (m), 1250 (w), 1229 (m), 1179 (w), 1117 (m), 1081 (w), 1055 (w), 

1043 (w), 989 (w), 944 (w), 934 (w), 867 (w), 795 (w), 778 (w), 759 (m), 698 (w) cm-1. 

Anal. Calc'd for C39H54NBO:  C, 83.10; H, 9.66; N, 2.48.  Found: C: 81.91; H, 9.99; N, 

2.38. 

 Synthesis of PinBIM (1c). A toluene (5 mL) solution of CNArDipp2 (0.102 g, 0.240 

mmol) and pinacolborane (0.34 mL, 2.33 mmol, 10.0 equiv) was placed in a sealed 

ampoule and heated to 100 ºC for 60 h. After cooling to room temperature, all volatiles 

were removed in vacuo.  Fractional crystallization from 2:1 hexamethyldisiloxane/n-

pentane solution provided light yellow crystals of PinBIM, which were collected and dried 

in vacuo. Yield:  0.037 g, 0.067 mmol, 28%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 
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7.85 (s, 1H, Cimine-H), 7.24 (t, 2H, J = 8 Hz, p-Ar), 7.16 (d, 2H, J = 8 Hz, m-Ar), 7.15 (d, 

4H, J = 8 Hz, m-Ar), 7.03 (t, 1H, J = 8 Hz, p-Ar), 3.05 (septet, 4H, J = 7 Hz, CH(CH3)2), 

1.36 (d, 12H, J = 7 Hz, CH(CH3)2), 1.15 (d, 12H, J = 7 Hz, CH(CH3)2), 0.72 (s, 12H, Pin 

–CH3) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 168.2 (Cimine), 153.4, 147.1, 

136.8, 130.4, 130.0, 128.4, 124.0, 122.9, 83.8, 31.3, 25.3, 24.4, 23.5 ppm. 11B NMR 

(125.7 MHz, C6D6, 20 ˚C): δ = 26.0 (bs) ppm. FTIR (C6D6, KBr windows, 20 ˚C): 2961 

(s), 2926 (m), 2905 (m, sh), 2867 (m), 1577 (w), 1463 (m), 1420 (m), 1382 (s), 1372 (s), 

1362 (s), 1278 (w, sh), 1262 (m), 1143 (m), 1055 (w), 968 (m), 896 (w), 850 (m), 835 

(w), 791 (w), 769 (m), 758 (m), 733 (w) cm-1. Anal. Calc’d for C37H50NBO2: C, 80.56; H, 

9.14; N, 2.54. Found: C, 80.21; H, 9.02; N, 2.55. 

 

3.7. Details of DFT computational studies 

 General considerations. Density Functional Theory calculations on the 

(boryl)iminomethanes Cy2BIM (1a) and 9-BBNBIM•thf (1b·thf), their adducts with carbon 

dioxide 2a and 2b, and the putative zwitterionic intermediates in CO2 capture 2a* and 

2b* were performed with the Amsterdam Density Functional (ADF) program suite,49,50 

version 2013.99.51 For all atoms, the triple-ζ Slater-type orbital TZ2P ADF basis set was 

utilized without frozen cores. The local density approximation (LDA) of Vosko, Wilk, 

and Nusair (VWN)52 was coupled with the generalized gradient approximation (GCA) 

corrections described by Becke53 and Perdew54,55 for electron exchange and correlation, 

respectively. Crystallographic atomic coordinates were used as input where appropriate. 

Optimized geometries and molecular orbitals were visualized with the ADFView 

graphical routine of the ADF-GUI.56 
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 Hardware Specifics. DFT calculations were performed on a home-built 72-CPU 

(1 x 8 master, 8 x 8 slave) Rocks 4.3 Linux cluster featuring Intel Xeon E5335 Quad-

Core 2.00 GHz processors. Job control was implemented with the Sun Grid Engine v. 

5.3. 

Representative input file for geometry optimization 

$ADFBIN/adf -n8 \ 
 <<< " 
TITLE Cy2BIM 
 
MAXMEMORYUSAGE 23000 
 
RELATIVISTIC ZORA 
 
CHARGE 0 0 
SCF                                                                      
                            
DIIS 
END 
 
XC 
 LDA VWN 
 GGA Becke Perdew 
END 
 
SYMMETRY NOSYM 
ATOMS 
H      -1.15892094      -3.25104810      -4.63730701 
C      -0.52407905      -1.69060415      -3.26787853 
H      -0.41847060      -0.97243931      -4.10645783 
N       0.88155178       0.00000000       0.88528208 
C       0.00000000       0.00000000       0.00000000 
H      -1.04854095       0.05622577       0.25650887 
C       0.56444189       0.09400638       2.27792745 
C       0.75511378      -1.02409897       3.10637211 
C       0.52710315      -0.92040129       4.48490082 
H       0.66963154      -1.77992666       5.12825826 
C       0.10991052       0.29216261       5.03760380 
H      -0.06259636       0.36871791       6.10316179 
C      -0.10225978       1.40178466       4.21653546 
H      -0.44118122       2.33150176       4.65622269 
C       0.10874295       1.30914923       2.83248243 
C       1.15506355      -2.32249853       2.52153558 
C       2.53327358      -2.64565412       2.38166279 
C       2.88610549      -3.89970013       1.84915900 
H       3.92433520      -4.18481876       1.74627704 
C       1.90872067      -4.80626085       1.45222364 
H       2.19975227      -5.76730381       1.04873064 
C       0.56078321      -4.48561035       1.57150012 
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H      -0.17145814      -5.21843429       1.25861398 
C       0.15556621      -3.24310328       2.09347522 
C       3.63809415      -1.67773440       2.80144882 
H       3.21598878      -0.71192675       3.14940191 
C       4.43459535      -2.24464902       3.97808068 
H       3.75159600      -2.45770270       4.82585171 
H       5.18684686      -1.50301045       4.32000989 
H       4.96086390      -3.18085826       3.69532637 
C       4.55590320      -1.32945322       1.62270874 
H       5.13422528      -2.21638902       1.28455385 
H       5.27444966      -0.53712551       1.92247621 
H       3.95464725      -0.94430127       0.77238697 
C      -1.33806829      -2.93155576       2.19940506 
H      -1.50466883      -1.88627345       2.52774582 
C      -2.00015597      -3.82535028       3.24971614 
H      -3.06579137      -3.53974089       3.37319939 
H      -1.49054594      -3.70094261       4.23090646 
H      -1.95182871      -4.89389100       2.95279702 
C      -2.04883486      -3.05818847       0.84212219 
H      -2.08334846      -4.11321059       0.49840286 
H      -1.52746924      -2.45198675       0.07368892 
H      -3.09167930      -2.68245095       0.92338730 
C      -0.19581332       2.47399767       1.96541389 
C      -1.55150211       2.78726054       1.64767806 
C      -1.81806609       3.90673722       0.83955178 
H      -2.83482606       4.19100931       0.60445495 
C      -0.78480050       4.67576627       0.32069477 
H      -1.01167088       5.52632482      -0.30849467 
C       0.53756298       4.36102904       0.60714427 
H       1.31421770       4.98495909       0.18634634 
C       0.85993497       3.27321101       1.43844868 
C      -2.72862195       1.96677026       2.18211990 
H      -2.37298558       1.03542257       2.66800320 
C      -3.49498208       2.75885405       3.24724917 
H      -2.80770598       3.06496654       4.06407832 
H      -4.29706138       2.12829223       3.68737414 
H      -3.95835984       3.66900600       2.80993689 
C      -3.67947191       1.51097894       1.06358450 
H      -4.24475762       2.36500441       0.63455269 
H      -4.41357632       0.78118156       1.46840950 
H      -3.11788379       1.01265515       0.24831831 
C       2.32927041       3.01090216       1.76977849 
H       2.43610017       2.14541076       2.45318476 
C       2.95083373       4.20542112       2.50488065 
H       3.00394619       5.09950393       1.85009987 
H       3.98050322       3.95369621       2.83718455 
H       2.34852528       4.45397115       3.40389539 
C       3.13300506       2.66769444       0.50847661 
H       2.69623625       1.78202616       0.00519797 
H       4.18186908       2.42242876       0.78078141 
H       3.14476063       3.51429742      -0.20920803 
C       0.28809629       1.41671350      -2.24714587 
H       0.59888948       2.17758096      -1.49613351 
C      -1.17008165       1.72852310      -2.63642910 
H      -1.81930137       1.68694754      -1.73517463 
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H      -1.54898308       0.98362524      -3.36757766 
C      -1.28311752       3.13054472      -3.24854469 
H      -2.33055865       3.30474180      -3.57711391 
H      -1.03549208       3.89491420      -2.48008456 
C      -0.34073736       3.28767909      -4.44865400 
H      -0.40402043       4.32962705      -4.82928999 
H      -0.66005000       2.60357138      -5.26616591 
C       1.11051263       2.98021018      -4.05446682 
H       1.75742797       3.05069193      -4.95592722 
H       1.46710177       3.73367214      -3.31689293 
C       1.22983814       1.57342238      -3.45489980 
H       2.28274940       1.41194452      -3.13464149 
H       0.98075955       0.83593081      -4.24569259 
C       1.96492937      -1.70479532      -2.75039677 
H       2.71492629      -1.58721402      -1.93803572 
H       2.21731071      -0.98903351      -3.55683849 
H      -1.53497027      -1.56043958      -2.82211754 
B       0.41541297      -0.00000000      -1.49098107 
C       0.55218677      -1.44267889      -2.19587006 
H       0.38717551      -2.19247924      -1.39020926 
C       2.06822679      -3.12851950      -3.31574882 
H       3.07303430      -3.27327175      -3.76715152 
H       1.95442817      -3.86734244      -2.49264840 
C       0.99448142      -3.37746348      -4.38351246 
H       1.06008651      -4.43098295      -4.73121379 
H       1.17767652      -2.71617254      -5.25843852 
C      -0.41092799      -3.11479983      -3.82677392 
H      -0.63854277      -3.85084186      -3.02461192 
END 
 
GEOMETRY 
 Iterations 300 
 GO 
END 
 
BASIS 
 type TZ2P 
 core none 
END 
 
END INPUT 
 

Optimized Cartesian coordinates of Cy2BIM (1a) 

H       1.19986532      -3.88509636      -3.81435461 
C       0.75129802      -1.96951364      -2.88968103 
H       0.33970483      -1.55800104      -3.82836396 
N       0.73124256      -0.17222877       0.80637146 
C      -0.06232169       0.23260109      -0.12457379 
H      -1.04635895       0.65489301       0.16055704 
C       0.44233879      -0.00006303       2.16929775 
C       0.52895396      -1.14858342       2.99674912 
C       0.35862640      -1.01034366       4.37600140 
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H       0.41143779      -1.90134113       5.00107921 
C       0.14866294       0.24245709       4.95232287 
H       0.04562059       0.34110731       6.03163617 
C       0.07568296       1.36782385       4.13570192 
H      -0.08261665       2.35077537       4.57772726 
C       0.19418814       1.27766254       2.74059870 
C       0.78095663      -2.50982833       2.41498987 
C       2.10450906      -3.00046050       2.33081219 
C       2.31583720      -4.29577145       1.83928764 
H       3.33322561      -4.68328449       1.76934004 
C       1.25054912      -5.09759434       1.44067734 
H       1.43260117      -6.10417031       1.06496355 
C      -0.04981452      -4.60726631       1.52593782 
H      -0.88132645      -5.24132796       1.21639318 
C      -0.30787785      -3.31642369       2.00607910 
C       3.30680953      -2.16195101       2.75199353 
H       2.92725565      -1.20249196       3.12762082 
C       4.09502764      -2.82437129       3.89692422 
H       3.45446719      -3.01147300       4.76966481 
H       4.92619108      -2.17765098       4.21476452 
H       4.52274578      -3.78789948       3.58305445 
C       4.22756092      -1.85320888       1.55711200 
H       4.66133760      -2.77453261       1.14096968 
H       5.05843377      -1.20425281       1.87113234 
H       3.67201586      -1.34457961       0.75882347 
C      -1.75199068      -2.83431814       2.11124036 
H      -1.72636261      -1.74976941       2.28593151 
C      -2.46687808      -3.47451724       3.31778516 
H      -3.49593039      -3.09483492       3.40385796 
H      -1.94245201      -3.25470477       4.25736960 
H      -2.51577106      -4.56814037       3.20714857 
C      -2.55711088      -3.07271767       0.82180075 
H      -2.70074658      -4.14466199       0.62439962 
H      -2.05566901      -2.63353613      -0.05100782 
H      -3.55526222      -2.61974194       0.90941666 
C       0.08121303       2.54530398       1.93827990 
C      -1.19090021       3.13837452       1.74586295 
C      -1.27498419       4.35800879       1.05855728 
H      -2.25019536       4.82182533       0.90663530 
C      -0.13698151       4.98649402       0.56530094 
H      -0.22039370       5.93366483       0.03271202 
C       1.11136014       4.39998093       0.75942892 
H       1.99969322       4.90102040       0.37590139 
C       1.24672519       3.18613554       1.44540900 
C      -2.47710162       2.50543658       2.27453820 
H      -2.22498440       1.50640712       2.65421210 
C      -3.05646066       3.31420436       3.45190271 
H      -2.33349626       3.40461456       4.27337517 
H      -3.96161544       2.82866175       3.84542553 
H      -3.32911583       4.33111036       3.13299072 
C      -3.54433611       2.32551982       1.17992026 
H      -3.89354406       3.29307170       0.79211386 
H      -4.41897655       1.79696623       1.58570525 
H      -3.15941178       1.74449378       0.33100047 
C       2.63881112       2.61543441       1.70006203 
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H       2.53183860       1.53257907       1.84780401 
C       3.24036559       3.20301993       2.99362150 
H       3.36781865       4.29218681       2.90101069 
H       4.22653262       2.75894661       3.19500408 
H       2.59639316       3.00854947       3.86155565 
C       3.60991222       2.81527625       0.52565483 
H       3.18531547       2.44562907      -0.41724437 
H       4.54331899       2.26783715       0.71640148 
H       3.87719849       3.87297352       0.38809039 
C      -0.38109073       1.31507595      -2.51674074 
H      -0.48898978       2.21670251      -1.87669251 
C      -1.84097291       0.79054313      -2.72114310 
H      -2.28818773       0.49062397      -1.76146057 
H      -1.81517376      -0.11549137      -3.35117518 
C      -2.73323167       1.84626804      -3.39618560 
H      -3.74197190       1.43364152      -3.55673442 
H      -2.84536699       2.70502836      -2.71287025 
C      -2.13675305       2.32981691      -4.72588408 
H      -2.76965576       3.11817503      -5.16207328 
H      -2.13670536       1.49345954      -5.44676427 
C      -0.69870226       2.83590829      -4.54227010 
H      -0.27236019       3.13210555      -5.51327630 
H      -0.71172273       3.74375997      -3.91462596 
C       0.19360766       1.77948451      -3.87007592 
H       1.20638625       2.18495153      -3.73342666 
H       0.29297208       0.91245998      -4.54497183 
C       2.68957285      -0.33066645      -2.89740455 
H       3.21725289       0.45654502      -2.33622755 
H       2.35819645       0.12664953      -3.84269292 
H      -0.10072010      -2.36753798      -2.31609935 
B       0.39448800       0.24061630      -1.64423369 
C       1.46453376      -0.83213434      -2.09241115 
H       1.85086371      -1.30011063      -1.16873224 
C       3.66161411      -1.47885784      -3.21457563 
H       4.51748501      -1.10045359      -3.79567884 
H       4.07140818      -1.87535003      -2.27018166 
C       2.96121533      -2.61356413      -3.97765813 
H       3.66079847      -3.44504621      -4.15577206 
H       2.65486764      -2.24322659      -4.97209060 
C       1.72126142      -3.11560984      -3.22283707 
H       2.03543190      -3.59740152      -2.28209692 
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Figure 3.10.  Optimized molecular structure of Cy2BIM (1a). 

Optimized Cartesian coordinates of boralactone 2a 

O       2.17797669       7.92519584       7.75093539 
O       0.17421755       7.50062554       6.74431373 
N       0.27864406       7.39559922       9.00940963 
C       1.18605839       4.62214987       9.55793258 
C       1.55410150       5.81429621      10.40584909 
C       1.35309757       8.15967506      11.12393465 
C       0.06617366       3.82866817       9.92726094 
C       2.01215972       4.22594291       8.47671643 
C       1.03406182       7.12107759      10.21261991 
C       2.45526943       5.59420035      11.45588996 
H       2.86286790       4.59337464      11.58967995 
C       2.28833621       7.88913714      12.13527215 
H       2.57151059       8.69985233      12.80415981 
C       0.72157268       9.52954155      11.14897274 
C       1.25734868      10.60191663      10.39561048 
C       2.85056810       6.62893259      12.29640789 
H       3.58181203       6.45002913      13.08334057 
C      -0.34595668       9.76412421      12.05933564 
C      -1.11645476       6.97426129       8.70784743 
H      -1.25394278       5.93807021       9.05720446 
C      -0.75937442       4.12539467      11.18000670 
H      -0.69643488       5.20602480      11.37414331 
C      -2.21798016       7.85776345       9.35291441 
H      -1.95631150       7.98604839      10.41645268 
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C       1.00626160       7.64411065       7.86550988 
C       3.31699780       4.94266738       8.13766620 
H       3.28795153       5.93724898       8.59932192 
C      -0.91317852      11.04426780      12.11894418 
H      -1.73842510      11.23294860      12.80490751 
C      -0.24521889       2.69901372       9.15905344 
H      -1.10866508       2.08997141       9.42352235 
C       0.65289721      11.86418065      10.49154744 
H       1.05435890      12.69087409       9.90608544 
C      -0.43384483      12.08542345      11.32962980 
H      -0.89246671      13.07251667      11.38635841 
C      -0.83518923       8.70079979      13.04626835 
H      -0.55045219       7.71570141      12.65032904 
C       2.53068395      10.45651654       9.57059087 
H       2.69766160       9.38957791       9.38626444 
C       1.65610206       3.08566123       7.73967976 
H       2.27845110       2.78023134       6.89911417 
C       0.53304270       2.33400108       8.06418020 
H       0.27065521       1.45540243       7.47490284 
C      -0.14494815       8.86881084      14.41766742 
H       0.94696194       8.80700346      14.34067602 
H      -0.48153770       8.08632863      15.11410953 
H      -0.39789299       9.84632625      14.85476722 
C      -2.35818488       8.69440089      13.25945536 
H      -2.69789409       9.59512602      13.78997501 
H      -2.64466891       7.83060644      13.87582299 
H      -2.90731266       8.63493152      12.31225338 
C      -2.30708688       9.25959065       8.71685918 
H      -1.35216397       9.78926709       8.85101134 
H      -2.46483140       9.15120849       7.62665165 
C      -0.17415610       3.40315199      12.41219968 
H      -0.19699386       2.31339379      12.26280898 
H      -0.76519848       3.63796081      13.31006615 
H       0.86445604       3.69928462      12.60318522 
C       2.45138065      11.13999754       8.19570000 
H       1.57534358      10.80306918       7.62748296 
H       3.34434656      10.89123516       7.60656169 
H       2.40642713      12.23580078       8.28280982 
C       4.51859885       4.17795859       8.73205206 
H       4.43707344       4.07119198       9.82209010 
H       5.45470747       4.71213987       8.51275535 
H       4.59336275       3.16861846       8.29960694 
C      -3.58046801       7.13760872       9.29063551 
H      -3.51780939       6.17963481       9.82833268 
H      -3.81561538       6.89178137       8.24176229 
C       3.52420069       5.15440289       6.62819546 
H       3.67188883       4.20262916       6.09677174 
H       4.42217700       5.76525150       6.46200194 
H       2.67629018       5.68161504       6.17488650 
C      -2.24668983       3.76001169      11.04232836 
H      -2.68877801       4.16366494      10.12235487 
H      -2.81141369       4.15672916      11.89725620 
H      -2.39589667       2.67107344      11.03515177 
C       3.74262165      10.99279514      10.36162893 
H       3.63181628      12.06742762      10.57266517 
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H       4.66653746      10.85297529       9.78130294 
H       3.86375053      10.47176030      11.32128139 
C      -3.45958473      10.09773243       9.29186884 
H      -3.24630307      10.32623813      10.34916992 
H      -3.50916206      11.06551258       8.77021614 
C      -4.72747809       7.98496429       9.86236405 
H      -5.67999887       7.44512119       9.74694231 
H      -4.57749705       8.12064808      10.94649395 
C      -4.80370592       9.36318797       9.19029213 
H      -5.60641817       9.96432503       9.64470781 
H      -5.07151117       9.23356954       8.12691810 
B      -1.07087935       7.02866005       7.10978177 
C      -2.11276702       6.63721040       5.99598320 
C      -3.57124807       4.75918670       5.04332220 
C      -2.54670813       5.14914829       6.11975342 
C      -1.61544342       6.93936953       4.56397129 
C      -2.64292696       6.54001855       3.49537606 
C      -3.05511220       5.06668608       3.62964658 
H      -3.02592785       7.24234239       6.16851610 
H      -4.50702564       5.31910997       5.21685915 
H      -3.82187097       3.69080102       5.13500310 
H      -1.65669320       4.50358142       6.02128499 
H      -2.95983610       4.95437375       7.12054486 
H      -0.67570361       6.39067378       4.38936990 
H      -1.36316959       8.00537433       4.47081165 
H      -2.23646953       6.73216146       2.49048549 
H      -3.53927499       7.17671287       3.59758658 
H      -2.18090150       4.42636095       3.41837487 
H      -3.81992022       4.81145821       2.88010900 

 

 

Figure 3.11.  Optimized molecular structure of 2a. 
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Table 3.1.  Comparative metrical parameters between experimental (X-ray crystal structure) and 
calculated versions of 2a.   
 

Parameter Exp. (X-ray) Calculated % Difference 
C2-O1 1.391(3) Å 1.404 Å 0.9 % 
C2-O2 1.198(3) Å 1.210 Å 1.0 % 
C2-N1 1.367(3) Å 1.378 Å 0.8 % 
O1-B1 1.378(4) Å 1.381 Å 0.2 % 

 

Optimized Cartesian coordinates of putative zwitterionic boralactone 2a* 

O       2.40394074       7.47023544       7.50703968 
O       0.31976209       7.41350035       6.57665543 
N       0.45665370       7.07765607       8.81779151 
C       1.63115784       4.47790951       9.52572299 
C       1.78205793       5.70953548      10.37412290 
C       1.22420861       8.04689425      10.94323377 
C       0.47315647       3.67430782       9.68735377 
C       2.66475345       4.08159323       8.64237566 
C       1.16229425       6.94030733      10.07156349 
C       2.50933045       5.62481297      11.56879964 
H       2.98393644       4.67791210      11.82000767 
C       1.97262345       7.90661176      12.12059673 
H       2.03525612       8.75642823      12.79841736 
C       0.50121663       9.34314197      10.70438741 
C       1.13269091      10.39064715       9.99099181 
C       2.61908390       6.71369179      12.42872836 
H       3.19542390       6.62712745      13.34850654 
C      -0.78023330       9.53296339      11.28054710 
C      -0.83193536       7.04422065       8.59963171 
H      -4.28341599      11.71287188       5.71172818 
C      -0.59275652       3.99178851      10.73488751 
H      -0.52503239       5.06370915      10.97015404 
C      -1.72299979       5.81041887       6.43426268 
C      -1.84152835       4.23997885       4.43110725 
C       1.20163214       7.34440774       7.52316122 
C       3.97558204       4.85363165       8.51936922 
H       3.80740378       5.86239688       8.91683547 
C      -1.41667484      10.76995165      11.11129284 
H      -2.40283182      10.93081836      11.54629146 
C       0.34899950       2.51080965       8.91772496 
H      -0.53852769       1.88826024       9.02403928 
C       0.45312699      11.60846021       9.84948683 
H       0.92595713      12.42182319       9.29972728 
C      -0.80992344      11.80032614      10.39991805 
H      -1.32126462      12.75471684      10.27793358 
C      -1.46146665       8.45963146      12.12924925 
H      -0.95730428       7.50296014      11.93039419 
C       2.54590918      10.25330064       9.43289961 
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H       2.78047228       9.18329063       9.36151763 
C       2.49245791       2.90559041       7.89819955 
H       3.27549472       2.59282827       7.20800203 
C       1.34476280       2.13072380       8.02288688 
H       1.22854495       1.22463027       7.42870180 
C      -1.29157023       8.75615581      13.63348957 
H      -0.23272135       8.81941882      13.91598902 
H      -1.75981758       7.96566714      14.23830756 
H      -1.76768872       9.71275668      13.89437360 
C      -2.95292167       8.27476222      11.79886482 
H      -3.54317675       9.15798529      12.07986835 
H      -3.36047960       7.42061099      12.35762877 
H      -3.11999012       8.09660167      10.72824352 
C      -1.45013632       5.64611078       4.92006821 
C      -3.20605430       5.50268989       6.72998507 
C      -3.60845122       4.09710420       6.24858053 
C      -0.31191177       3.22700617      12.04563157 
H      -0.35328726       2.14139517      11.87290273 
H      -1.06216459       3.48090969      12.80930908 
H       0.68039398       3.46726936      12.44942221 
C       2.69810971      10.83829433       8.01871285 
H       1.95723499      10.41988576       7.32607209 
H       3.69522171      10.59978690       7.62477475 
H       2.59515933      11.93320477       8.01506399 
C       5.08242212       4.18269952       9.35953147 
H       4.80657937       4.10727331      10.41989857 
H       6.01521284       4.76149191       9.29215768 
H       5.28715660       3.16524838       8.99387774 
C      -3.30747283       3.91071528       4.75353645 
H      -1.13202957       5.00699696       6.92091056 
H      -1.18744827       3.49677918       4.91915026 
C       4.44819129       5.01909815       7.06505123 
H       4.73328223       4.05685037       6.61547562 
H       5.33482849       5.66782412       7.03685763 
H       3.67311246       5.48427250       6.44543332 
C      -2.02803065       3.71179134      10.26140296 
H      -2.24143455       4.18849780       9.29581641 
H      -2.74915429       4.08810903      11.00071349 
H      -2.21511406       2.63468284      10.15066898 
C       3.57193155      10.89482747      10.38991342 
H       3.38381217      11.97368932      10.49778459 
H       4.59143427      10.76388867       9.99894608 
H       3.53205498      10.44439565      11.39106477 
H      -1.66234646       4.15298692       3.34743582 
H      -2.02682261       6.39491809       4.35309351 
H      -0.38986340       5.83727413       4.70453784 
H      -3.84266148       6.24292333       6.21690481 
H      -3.42880153       5.60452300       7.80539194 
H      -4.67700824       3.91640397       6.44867239 
H      -3.04652153       3.34340534       6.82733747 
H      -3.96438862       4.57964601       4.16990976 
H      -3.54984848       2.88303757       4.43933684 
B      -1.15490858       7.24205683       7.06299538 
C      -1.92134701       8.68483527       6.79400853 
C      -3.83657634      10.29771206       7.30744302 
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C      -3.28255894       8.87457909       7.49989697 
C      -2.05449627       9.04783075       5.29814663 
C      -2.59141834      10.47677460       5.10394936 
C      -3.93595723      10.67321562       5.82110510 
H      -1.24289002       9.44522594       7.23256101 
H      -3.16669249      11.01118762       7.81748380 
H      -4.82308543      10.39027066       7.79041343 
H      -4.01640852       8.15306531       7.10514541 
H      -3.19351319       8.66621154       8.57847144 
H      -2.74860797       8.34291904       4.80961123 
H      -1.08423941       8.93636593       4.79229153 
H      -2.69541128      10.70165949       4.03034634 
H      -1.85657732      11.19547107       5.50675017 
H      -4.69773107      10.03603540       5.33766236 
H      -1.47745821       6.86663952       9.46230859 

 

Figure 3.12. Optimized molecular structure of 2a*. 

Table 3.2. Listing of total bonding energies for reactants and products (including putative 
intermediate 2a*) in the formation of 2a (BP86/TZ2P). 
 

Compound Total Bonding Energy (kcal/mol) 
Cy2BIM (1a) –14183.97 

CO2 –529.21 
2a* –14725.85 
2a –14744.04 
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Optimized Cartesian coordinates of 9-BBNBIM•thf (1b•thf) 
 
N      -0.02480405       0.04823565       0.05774898 
O      -1.46703620       2.54444891      -0.33462914 
C       0.69844131       1.11860097       0.05429563 
H       1.79915208       0.98580128       0.11187323 
C      -2.67419614      -2.70824351      -0.99940831 
H      -2.00545103      -2.71430779      -0.12854459 
C      -1.92326285      -2.03902268      -2.14713635 
C      -0.53510422      -1.77463506      -2.07429016 
C       0.23540507      -2.17515528      -0.84876901 
B       0.17025899       2.62181049      -0.07817449 
C       0.81323274       3.44805007      -1.33601825 
H       0.68962971       2.90695233      -2.29234614 
C       0.11913813       4.82359935      -1.50564755 
H       0.61161523       5.39476143      -2.31342368 
H      -0.91423037       4.65323087      -1.85304919 
C       0.06605699       5.70157788      -0.23548093 
H      -0.66484456       6.51224642      -0.39049575 
H       1.03329612       6.20443407      -0.09986201 
C       2.76712246       4.16547816       0.25478768 
H       2.71805225       5.26136113       0.18949668 
H       3.83002017       3.93406282       0.43495093 
C       1.93889884       3.68234336       1.46836811 
H       2.13353225       4.35767833       2.32058786 
H       2.30675797       2.69329410       1.78429688 
C       0.40746517       3.56663190       1.23305711 
H      -0.00036608       3.10457213       2.15068086 
C      -2.00926413       1.98447757      -1.58518080 
H      -1.70997346       0.92947622      -1.63721475 
H      -1.55864197       2.55136603      -2.40428192 
C      -3.51921072       2.17230847      -1.43302415 
H      -3.84370555       3.11519148      -1.88987811 
H      -4.05777416       1.35390213      -1.92588932 
C      -3.76398416       2.20148935       0.10438597 
H      -4.40826588       1.37807131       0.43696868 
H      -4.24346944       3.14231168       0.40103817 
C      -2.36939891       2.07669808       0.72618186 
H      -2.19590550       2.72141231       1.59245582 
H      -2.09242617       1.03967189       0.95544646 
C      -2.61780409      -1.70720786      -3.31967654 
H      -3.68654566      -1.91359922      -3.38811397 
C      -1.96458360      -1.12441864      -4.40178714 
H      -2.51803090      -0.87448464      -5.30677720 
C      -0.59682452      -0.87164062      -4.32609413 
H      -0.08981757      -0.42266434      -5.17991839 
C       0.13804081      -1.19107200      -3.17619474 
C       1.64723989      -0.96431510      -3.15747093 
H       1.95626537      -0.90888175      -2.10430583 
C       2.08332007       0.34407390      -3.83577746 
H       3.15806332       0.50844511      -3.67529984 
H       1.54433768       1.21049396      -3.43103973 
H       1.92021246       0.31585153      -4.92276990 
C       2.38920190      -2.15924504      -3.79091587 
H       2.11041557      -2.26965055      -4.84974114 
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H       2.15219016      -3.09960732      -3.27659333 
H       3.47757618      -2.00697785      -3.73857173 
C       0.67906838      -3.49463148      -0.72934782 
H       0.45678475      -4.19614769      -1.53289837 
C       1.38268420      -3.91891748       0.39742718 
H       1.70546263      -4.95468400       0.48974632 
C       1.66729552      -3.00058992       1.40292620 
H       2.21547953      -3.31862268       2.28941523 
C       1.27458695      -1.65530360       1.31286442 
C       1.67045100      -0.74645211       2.44449612 
C       3.02123177      -0.33718421       2.56828423 
C       4.08840828      -0.70901510       1.53986587 
H       3.57942156      -1.17671714       0.68690722 
C       5.08142313      -1.74179748       2.10885085 
H       5.82221053      -2.02509567       1.34657772 
H       4.56962634      -2.65442500       2.44170315 
H       5.62527483      -1.32932670       2.97168845 
C       4.84958896       0.51775163       1.00571085 
H       5.43578989       1.00703778       1.79671079 
H       4.16589065       1.26683692       0.58487002 
H       5.55131615       0.21368862       0.21555330 
C       3.40156436       0.42522157       3.68254294 
H       4.43908752       0.74490943       3.78405297 
C       2.47928981       0.78407094       4.65850640 
H       2.79136405       1.37752120       5.51735298 
C       1.15204494       0.38034337       4.53178070 
H       0.43583611       0.66350881       5.30226053 
C       0.72667346      -0.38726090       3.44049471 
C      -0.71924622      -0.87145413       3.37297516 
H      -0.97442002      -0.98720815       2.31010958 
C      -0.87449643      -2.25258969       4.04269952 
H      -0.21935190      -3.00135041       3.57929846 
H      -1.91236168      -2.60828664       3.95566334 
H      -0.62271044      -2.19196622       5.11236192 
C      -1.72656055       0.11729678       3.98160342 
H      -1.64069925       0.16575504       5.07660767 
H      -2.75260628      -0.20530139       3.75478673 
H      -1.58765159       1.13257071       3.58782511 
C       2.34548566       3.55521739      -1.10227229 
H       2.77601404       2.54443750      -1.18852846 
H       2.80655310       4.14356278      -1.91584618 
C      -0.29519122       4.93654587       1.05676787 
H      -1.38741445       4.77827718       1.07351928 
H      -0.07653120       5.58323694       1.92572648 
C       0.53071893      -1.23758757       0.17652046 
C      -3.01157798      -4.17406087      -1.33631689 
H      -3.67601725      -4.23190771      -2.21149651 
H      -3.52122453      -4.65800213      -0.49003942 
H      -2.10621661      -4.75183601      -1.56444324 
C      -3.94799269      -1.94756809      -0.59483253 
H      -3.72200600      -0.90279951      -0.34330456 
H      -4.40914522      -2.41887136       0.28503208 
H      -4.69753439      -1.95026913      -1.39941818 
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Figure 3.13. Optimized molecular structure of 1b•thf. 
 
Table 3.3. Comparative metrical parameters between the experimental (X-ray crystal structure) 
and calculated versions of 1b•thf. 
 

Parameter Exp. (X-ray) Calculated % Difference 
N1-C1 1.280(2) Å 1.292 Å 0.9 % 
C1-B1 1.613(2) Å 1.599 Å 0.9 % 
B1-O1 1.631(2) Å 1.659 Å 1.7% 

N1-C1-B1 125.8(1)º 127.0º 1.0 % 
C1-B1-O1 106.7(1)º 107.2º 0.9 % 

 
 
Optimized Cartesian coordinates of boralactone 2b 
 
O      -1.23567943      -0.18567339       0.11118469 
O      -3.15177472       1.06115730       0.14671161 
N      -1.05454009       2.07590881      -0.06300347 
C       2.64372414       4.25539553       2.31226354 
H       3.11964307       4.33762859       3.29966013 
H       3.14661241       4.97633934       1.65263076 
H       2.83834909       3.24586659       1.92938439 
C       1.13987450       4.56925739       2.38036446 
H       0.76698043       4.64079192       1.34821824 
C       0.31758653       3.49787730       3.09845973 
C      -1.01000093       3.17652184       2.70573768 
C      -1.61088124       3.89025694       1.52098976 
C      -1.54392988       3.41377951       0.18530920 
C      -2.02961486       4.21044227      -0.88207480 
C      -1.89213528       3.87697301      -2.34637844 
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C      -0.80258100       4.42205312      -3.07817832 
C       0.21303179       5.37889966      -2.44945643 
H       0.23663631       5.18130183      -1.36777193 
C       1.64533379       5.21766512      -2.98940716 
H       1.98653348       4.17518388      -2.96492895 
H       2.34063894       5.82028956      -2.38824252 
H       1.72671847       5.57331308      -4.02622471 
C       1.49470966      -0.21718003      -2.68929512 
H       1.26695931      -0.49876701      -3.73000141 
H       2.59546519      -0.19593486      -2.63135033 
C       0.96301684      -1.33395844      -1.77473125 
H       1.48530017      -2.27141539      -2.02946546 
H      -0.10486192      -1.50734607      -1.98139703 
C       1.15423392      -1.08249857      -0.23631966 
H       0.82739624      -2.01000509       0.26019200 
C       2.64503230      -0.81410456       0.11775054 
H       2.89897514      -1.38100098       1.02652346 
H       3.28113798      -1.23728472      -0.67814770 
C       3.06173368       0.64943072       0.38241964 
H       4.14721606       0.65956708       0.57410218 
H       2.60233921       0.96663845       1.33207574 
C       2.77839334       1.72767769      -0.69143288 
H       3.39208790       1.52975479      -1.58429797 
H       3.15293882       2.67908459      -0.28373021 
C       1.30146966       1.94364303      -1.14107597 
H       1.18399948       3.01497718      -1.35499903 
C       0.35181268       1.61681201       0.03985656 
H       0.78064344       2.01748449       0.97117847 
C      -1.94453972       1.02947007       0.07153014 
C       0.94316233       5.95128671       3.03917758 
H      -0.10932336       6.25916647       3.03733719 
H       1.52251952       6.71728459       2.50238153 
H       1.28995763       5.92967359       4.08312035 
C       0.86411630       2.85974832       4.21965306 
H       1.88450964       3.08944533       4.52401309 
C       0.12382800       1.94126468       4.95863832 
H       0.56800847       1.45021019       5.82430157 
C      -1.19081171       1.66978215       4.59789353 
H      -1.77570620       0.97193345       5.19608502 
C      -1.78550284       2.28251703       3.48401287 
C      -3.26507761       2.03102444       3.20651041 
H      -3.47283262       2.33136121       2.17214383 
C      -4.13945759       2.89928159       4.13595942 
H      -3.96671805       2.63936690       5.19144218 
H      -5.20473996       2.73697031       3.91554300 
H      -3.92747234       3.97009366       4.01387044 
C      -3.66855310       0.55247135       3.33549734 
H      -3.04620075      -0.09289044       2.70393304 
H      -4.71110853       0.42534238       3.01350741 
H      -3.59958780       0.19796167       4.37450188 
C      -2.24124625       5.11668366       1.76921328 
H      -2.31189617       5.46466853       2.79856721 
C      -2.78559107       5.87273181       0.73690938 
H      -3.29395653       6.81163526       0.95149656 
C      -2.66023917       5.42601366      -0.57286472 



 157 

 

H      -3.06428289       6.01959797      -1.39107418 
C      -0.69981422       4.13873263      -4.44691496 
H       0.13878692       4.53900954      -5.01565244 
C      -1.65388265       3.36334435      -5.09828481 
H      -1.55298092       3.14861105      -6.16197973 
C      -2.75117091       2.88853231      -4.38883400 
H      -3.51659834       2.31389459      -4.90950303 
C      -2.90209517       3.14513598      -3.01826065 
C      -4.19159053       2.71747121      -2.32460325 
H      -4.00753246       2.70464262      -1.24435177 
C      -5.31383225       3.73963153      -2.60482908 
H      -5.03901428       4.74921574      -2.27058642 
H      -6.23385106       3.44736816      -2.07718939 
H      -5.53946307       3.79005924      -3.68100649 
C      -4.65904879       1.30543214      -2.71268675 
H      -4.98869957       1.25489190      -3.76096931 
H      -5.51227212       1.01364827      -2.08535960 
H      -3.86619701       0.56325750      -2.55976604 
C      -0.22370258       6.84783093      -2.64120320 
H      -0.27668338       7.09284368      -3.71245699 
H       0.50207136       7.52804065      -2.17079329 
H      -1.20777110       7.04491023      -2.19989609 
C       0.94551662       1.20834490      -2.46556770 
H      -0.15131728       1.21213534      -2.58779764 
H       1.32517808       1.82966190      -3.29264252 
B       0.12557505       0.05579541       0.08310027 

 

 
Figure 3.14. Optimized molecular structure of 2b. 
 
 



 158 

 

Table 3.4. Comparative metrical parameters between the experimental (X-ray crystal structure) 
and calculated versions of 2b. 
 

Parameter Exp. (X-ray) Calculated % Difference 
C2-O1 1.389(2) 1.407 Å 1.3 % 
C2-O2 1.202(2) 1.210 Å 0.7 % 
C2-N1 1.365(2) 1.380 Å 1.1 % 
O1-B1 1.381(2) 1.383 Å 0.1 % 

 
 
Optimized Cartesian coordinates of putative zwitterionic boralactone 2b* 
 
O       0.01645051      -2.19967965       0.07697900 
O       2.04029197      -1.15744083      -0.10195510 
N      -0.00048037       0.04865527      -0.14810857 
C      -3.45451591       1.95915196      -2.48092250 
H      -3.96167314       1.88594515      -3.45306129 
H      -4.02115050       2.67985970      -1.87470582 
H      -3.52129428       0.97485510      -1.99894389 
C      -1.99731139       2.42817827      -2.63513518 
H      -1.59744914       2.60656838      -1.62645802 
C      -1.09813097       1.39955957      -3.31917263 
C       0.21615164       1.12346033      -2.86512051 
C       0.73861576       1.84295691      -1.65193786 
C       0.59711689       1.34892592      -0.33869975 
C       1.02387075       2.07733419       0.79044621 
C       0.80289865       1.61567023       2.20401440 
C      -0.43594919       1.89441283       2.83537020 
C      -1.54671934       2.67759749       2.13770674 
H      -1.35828765       2.63705476       1.05536238 
C      -2.95076322       2.10073497       2.38561406 
H      -3.00064476       1.02944906       2.15000582 
H      -3.69048556       2.62636985       1.76537055 
H      -3.26161914       2.22515422       3.43224559 
C      -2.51163269      -4.62804248       0.31807826 
H      -2.22278556      -5.68793008       0.39160121 
H      -3.61419089      -4.61721193       0.34474035 
C      -2.03067817      -4.05142455      -1.02378570 
H      -2.53825490      -4.58016666      -1.85050219 
H      -0.95371212      -4.24587201      -1.14150850 
C      -2.28444347      -2.53208550      -1.16695698 
H      -1.85991749      -2.21341740      -2.13122349 
C      -3.80332411      -2.18129257      -1.13679442 
H      -4.06226141      -1.58098704      -2.02350485 
H      -4.38940263      -3.11195076      -1.22773365 
C      -4.27581076      -1.41855495       0.11834840 
H      -5.37704420      -1.39291699       0.14220112 
H      -3.96583002      -0.36427758       0.03482380 
C      -3.74145299      -1.99049924       1.44755189 
H      -4.31639083      -2.89784901       1.70023919 
H      -3.96507017      -1.26809398       2.24881626 
C      -2.22018262      -2.33230562       1.45463625 
H      -1.74974763      -1.87284807       2.33753313 
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C      -1.27856967      -0.25041153      -0.07691084 
B      -1.47708183      -1.79400975       0.07914495 
C       0.83131921      -1.19426796      -0.05071631 
C      -1.95688193       3.77822564      -3.38138830 
H      -0.93589265       4.17704481      -3.44131507 
H      -2.58427712       4.52212925      -2.86837046 
H      -2.33452256       3.66259229      -4.40806138 
C      -1.56337685       0.74993795      -4.47032692 
H      -2.57336959       0.94881666      -4.82844554 
C      -0.75630051      -0.14288149      -5.16835618 
H      -1.13703753      -0.64266216      -6.05882928 
C       0.54027550      -0.38883548      -4.72908528 
H       1.17091400      -1.07987596      -5.28716517 
C       1.05327130       0.23477540      -3.58274450 
C       2.50511552      -0.01227372      -3.18340005 
H       2.61851723       0.27405403      -2.12982655 
C       3.45417641       0.87109758      -4.01983198 
H       3.37660089       0.62347817      -5.08929353 
H       4.49681386       0.71149773      -3.70830022 
H       3.22566884       1.93937382      -3.90482200 
C       2.92213436      -1.48850375      -3.29039271 
H       2.24799134      -2.13947448      -2.72091586 
H       3.93340467      -1.61696006      -2.88102710 
H       2.94372353      -1.83380220      -4.33424094 
C       1.35947746       3.08895808      -1.81405622 
H       1.47840283       3.48301744      -2.82199448 
C       1.81147327       3.81863713      -0.71797804 
H       2.29174942       4.78450293      -0.86723087 
C       1.63292960       3.32026604       0.56951953 
H       1.96026242       3.89840036       1.43203804 
C      -0.61668041       1.50022767       4.16744128 
H      -1.56446223       1.70556676       4.66451781 
C       0.39727856       0.85786389       4.87169659 
H       0.23771764       0.55681542       5.90684813 
C       1.61700183       0.60985774       4.25157575 
H       2.41039260       0.11645697       4.81184082 
C       1.84811191       0.98206142       2.91934278 
C       3.22598633       0.74176036       2.30900748 
H       3.12737210       0.81738026       1.21866009 
C       4.22403460       1.82130594       2.77724056 
H       3.88722342       2.83333796       2.51458975 
H       5.20754785       1.65909140       2.31241265 
H       4.35453233       1.78421199       3.86927404 
C       3.78332039      -0.65992682       2.60944638 
H       4.00094520      -0.79341157       3.67905823 
H       4.72491907      -0.80786241       2.06255609 
H       3.08542746      -1.44244612       2.28994128 
C      -1.50607751       4.16569673       2.54277905 
H      -1.67855328       4.27612066       3.62354526 
H      -2.28607703       4.73203456       2.01239605 
H      -0.53473570       4.62082494       2.30804466 
C      -1.96627160      -3.85684004       1.53177476 
H      -0.88389785      -4.03397425       1.62231909 
H      -2.42883475      -4.25390508       2.45298851 
H      -1.98307385       0.57978779      -0.14586616 
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Figure 3.15. Optimized molecular structure of 2b*. 
 
Table 3.5. Listing of total bonding energies for reactants and products (including putative 
intermediate 2b*) in the formation of 2b (BP86/TZ2P). 
 

Compound Total Bonding Energy (kcal/mol) 
9-BBNBIM•thf (1b) –14323.85 

CO2 –529.21 
2b* –13223.83 
2b –13233.47 

THF –1637.88 
 

 
3.8. Details of crystallographic structure determinations 
 

General.  Single crystal X-ray structure determinations were carried out at low 

temperature on Bruker Kappa Diffractometers equipped with a Mo or Cu radiation source 

and a Bruker APEX or APEX-II area detector.  All structures were solved via direct 

methods with SIR 200457 and refined by full-matrix least-squares procedures using 

SHELXL-201358 within the Olex2 small-molecule solution, refinement and analysis 

software.59 Crystallographic data collection and refinement information are listed in 
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Tables 3.6-8. The boralactone 2a contains rotational disorder of the boron-bound 

cyclohexyl group, which was modeled and refined anisotropically.  The exocyclic 

eneamine 3•1.5(C5H12) contains positional disorder of one co-crystallized molecule of n-

pentane, which was modeled and refined anisotropically.  The (boryl)iminomethane  

9-BBNBIM•thf (1b•thf•1.5 (C6H6)) contains positional disoder of the boron-bound THF, as 

well as positional disorder of one i-Pr group.  These disordered groups were modeled and 

refined anisotropically.  This structure also contains co-crystallized molecules of benzene 

(two per unit cell) that were highly disordered and could not be properly modeled.  The 

Platon routine SQUEEZE60 was utilized to account for these electrons as a diffuse 

contribution to the overall scattering without specific atom positions.  The double-

hydroboration product 6 contains positional disorder of a co-crystallized molecule of n-

pentane, which was modeled and refined anisotropically. 
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Table 3.6. Crystallographic data collection and refinement information. 

Name Boralactone 2a Enamine 3•1.5(C6H6) Heterocycle 4 

Formula C44H60NBO2 C52.5H81N2B C50H65N2B 

Crystal System Monoclinic Triclinic Monoclinic 

Space Group P21/c P-1 P21/c 

a, Å 18.442(2) 10.3180(8) 12.3306(9) 

b, Å 11.960(1) 12.816(1) 13.054(1) 

c, Å 19.592(2) 17.806(1) 25.512(2) 

α, deg 90 83.969(4) 90 

β, deg 116.965(3) 86.164(4) 90.626(4) 

γ, deg 90 85.117(4) 90 

V, Å3 3851.7(7) 2329.1(3) 4106.4(6) 

Z 4 2 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Cu-Kα, 1.54178 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.114 1.071 1.140 

µ, mm-1 0.066 0.443 0.064 

Temp, K 100 100 100 

θ max, deg 26.410 44.878 25.371 

data/parameters 7152/492 3308/539 7524/486 

R1 0.0626 0.0329 0.0574 

wR2 0.1157 0.0866 0.1163 

GOF 1.007 1.046 1.025 
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Table 3.7. Crystallographic data collection and refinement information. 

Name (Cy)(t-BuC≡C) 
BCH(Cy)NHArDipp2 (5) 

 

9-BBNBIM•thf 
(1b•thf•1.5 (C6H6)) 

(9-BBN)CH2N(9-BBN) 
ArDipp2 (6•C5H12) 

Formula C49H70NB C52H69NBO C52H79NB2 

Crystal System Triclinic Monoclinic Monoclinic 

Space Group P-1 P21/n P21/c 

a, Å 10.9523(6) 10.6296(3) 20.9432(9) 

b, Å 12.2836(6) 23.2451(8) 12.5599(6) 

c, Å 18.200(1) 18.4090(6) 17.1099(8) 

α, deg 77.103(2) 90 90 

β, deg 81.075(3) 104.193(1) 91.099(2) 

γ, deg 65.736(2) 90 90 

V, Å3 2170.4(2) 4409.8(2) 4499.8(4) 

Z 2 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.046 1.107 1.092 

µ, mm-1 0.058 0.063 0.060 

Temp, K 100 100 100 

θ max, deg 25.371 26.398 25.448 

data/parameters 7662/475 9019/496 8280/516 

R1 0.0698 0.0532 0.0557 

wR2 0.1396 0.1316 0.1364 

GOF 1.010 1.045 1.033 
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Table 3.8. Crystallographic data collection and refinement information. 

Name Boralactone 2b Borinic acid 7 PinBIM (1c) 

Formula C40H52NBO2 C39H54NBO C37H50NBO2 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P21/n P21/c P21/n 

a, Å 10.1073(3) 17.347(2) 13.437(1) 

b, Å 16.6024(4) 10.634(1) 14.329(1) 

c, Å 20.2451(5) 19.7137(2) 18.587(1) 

α, deg 90 90 90 

β, deg 94.273(1) 112.174(4) 105.742(3) 

γ, deg 90 90 90 

V, Å3 3387.8(2) 3367.6(6) 3444.6(5) 

Z 4 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.156 1.112 1.064 

µ, mm-1 0.069 0.064 0.064 

Temp, K 100 100 100 

θ max, deg 26.399 25.388 25.465 

data/parameters 6949/405 6129/395 6102/382 

R1 0.0433 0.0872 0.0382 

wR2 0.0909 0.1893 0.0944 

GOF 1.020 1.082 1.019 
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Chapter 4 
 
Metal-only Lewis Pairs Between Group 10 Metals and Tl(I) or 
Ag(I): Insights into the Electronic Consequences of Z-type 
Ligand Binding 
 
 
4.1. Introduction 
 

On account of their relatively electropositive nature and ability to act as formal 

acceptors toward Lewis bases, the transition metals in coordination complexes are 

traditionally viewed as Lewis acids. Classical “Werner-type” complexes utilize their 

empty nd, as well as (n+1)s and (n+1)p, orbitals to form dative bonds with electron-donor 

ligands. In the case of highly reduced and electron-rich complexes, the transition metal 

center may also be capable of exhibiting Lewis basic behavior.1 Although this 

phenomenon was initially invoked for the case of carbonyl metalates acting as Brønstead 

bases,2-4 it is now recognized as a central tenet of transition-metal bonding to π-acidic 

ligands5-7 as well as an essential component of many oxidative addition mechanisms.8-12 

More recently, the extension of this concept to the binding of various main-group 

acceptor fragments (Z-type ligands)13 in a σ-fashion by electron-rich transition metals has 

been realized, and the study of such complexes continues to be of intense interest.14-27 

In addition to these examples, a related topic concerning transition metal Lewis 

basicity is the ability to form dative interactions to another metal center. Judicious ligand 

design strategies that constrain an electron-rich metal center in close proximity to a 

coordinatively unsaturated metal fragment has proven to be a reliable approach for 

engendering metal-metal dative bonding.28-34 Furthermore, in certain instances, 
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unsupported Metal-only Lewis Pairs (MOLPs), which do not rely on a ligand buttress, 

can be generated.2,35-39 The formation of such unsupported metal-metal interactions, 

while sometimes labile in solution, offers an interesting approach toward tuning the 

reactivity profiles of low-valent complexes, as the addition of metallic Lewis acids has 

been shown to enhance the rates of certain catalytic processes.40-43  

While synthetic methods leading to MOLPs and their structural chemistry have 

advanced, a detailed understanding of how the presence of a metal-metal dative bond 

affects the electronic properties of the constituent fragments remains of significant 

interest. It is generally accepted that protonation of a transition metal complex is best 

viewed as involving a two-electron oxidation of the metal center to give a hydride 

ligand.44 As the electrons involved in the M-H bond have necessarily come from the 

metal, an increase of its valence by two units is required.45 In the case of other main 

group Lewis acids (e.g. boranes), the degree of charge transfer is often not as clear. As 

such, the adoption and assignment of formalisms to adequately describe the electronic 

structure of such adducts has been a point of debate in the community.46,47 Similar 

ambiguities in the electronic structures of MOLPs exist, although considerably less effort 

has been put toward uncovering satisfactory electronic descriptors for such compounds.39 

Despite the fact that X-ray Absorption Near-Edge Spectroscopy (XANES) holds promise 

in this regard,30,34 its thus-far limited use in this capacity has not yet led to the 

development of general principles for properly describing the electronic structures of 

complexes containing metal-metal dative interactions. 

 Work from our research group has demonstrated the utility of encumbering m-

terphenyl isocyanides in stabilizing low-valent and coordinatively unsaturated complexes 
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of late transition metals.27,48-55 Such electron-rich metal centers are prime candidates for 

acting as Lewis bases toward appropriate Lewis acidic substrates, a concept that has been 

demonstrated by the heterobimetallics [TlNi(η4-COD)(CNArMes2)2]X (X = OTf, BArF
4),49 

[TlNi(CNArMes2)3]OTf,49  and [TlPd(CNArDipp2)2]OTf (2),50 as well as by the platinum 

(boryl)iminomethane complex Pt(κ2-N,B-Cy2BIM)(CNArDipp2).27 In addition, the response 

of the isocyanide υ(C≡N) IR bands to the electron density on the Lewis-basic metal 

center renders them a convenient spectroscopic reporter on the degree of formal charge 

transfer upon binding a σ-acceptor fragment.25 In this work, we demonstrate the ability of 

the two-coordinate complexes M(CNArDipp2)2 (M = Pt, Pd)27,50 to form unsupported 

metal-metal linkages with Tl(I). Two Tl-containing MOLPs have also been examined by 

X-ray Absorption Near-Edge Spectroscopy (XANES), illustrating that the spectroscopic 

oxidation state of the group 10 metal is not affected by its interaction with Tl(I). We also 

show that the zero-valent platforms M(CNArDipp2)2 (M = Pt, Pd) can form Metal-only 

Lewis Pairs with Ag(I), yielding the heterobimetallic salts [AgM(CNArDipp2)2(solv)]OTf 

(5, M = Pt; 6, M = Pd; solv = solvent). Spectroscopic and structural investigations 

provide insight into the nature of the M-Ag interactions in these compounds, and give 

strong evidence that formation of the M→Ag linkage results in only a marginal degree of 

metal-to-metal charge transfer. In the case of the Pt variant 5, further aggregation with 

additional AgOTf leads to dimeric {[Ag2Pt(CNArDipp2)2(η1-C6H6)]2(µ-OTf)2}(OTf)2 (7) 

containing triangulo-PtAg2 cores. It is shown that binding of one (Compounds 5-6) and 

two (Compound 7) equivalents of Ag(I) results in a sequential increase in the Lewis 
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acidity of the group 10 metal center, thus illustrating how σ-acceptor fragments can be 

used to rationally tune the properties of electron-rich transition metal complexes. 

 

4.2. Synthesis and spectroscopic features of Metal-only Lewis Pairs containing a  

Tl(I) Lewis acidic center 

 Similar to the zero-valent Pd congener, Pd(CNArDipp2)2,50 the addition of TlOTf to 

a solution of Pt(CNArDipp2)2 in Et2O yields the unsupported heterobimetallic compound 

[TlPt(CNArDipp2)2]OTf (1) as a yellow microcrystalline solid. Structural characterization 

of 1 (Scheme 4.1 and Figure 4.1) reveals a T-shaped coordination geometry about Pt, 

while the Tl center makes long but non-negligible contacts with the [OTf]– anion (d(Tl-

O3) = 2.799(5) Å) and the Caryl atoms of the Dipp rings (shortest d(Tl-Caryl) = 3.355 Å). 

The presence of a Pt-Tl bonding interaction is apparent given their interatomic separation 

of 2.8617(3) Å. Importantly, this value is comparable to the most reasonable range for the 

sum of the covalent radii between Pt and Tl (2.67–2.84 Å),56  thereby suggesting that the 

solid-state structure of 1 does not simply arise from the co-crystallization of 

Pt(CNArDipp2)2 with TlOTf. While the role of closed-shell metallophilic interactions57 

cannot be completely discounted, spectroscopic evidence indicates that this interaction is 

formed by a reverse-dative σ-bond, whereby Pt donates two electrons to an empty 6p 

orbital on Tl. Analysis of these solutions by FTIR spectroscopy shows a strong υ(C≡N) 

band at 2112 cm–1, which is shifted to higher energy relative to those of Pt(CNArDipp2)2 

(2065, 2020 cm–1),27 consistent with a decrease in π-backbonding interactions to the 

isocyanides as a result of the formation of a Pt→Tl retrodative σ-bonding interaction. A 

similar blue-shift of this band for the palladium analogue [TlPd(CNArDipp2)2]OTf (2) with 
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respect to Pd(CNArDipp2)2 was observed previously.50 Surprisingly, bonds between 

electron-rich, late transition metals (especially third-row metals) and Tl(I) have often 

been rationalized largely based on metallophilic interactions.58-61 However, the FTIR 

spectra of 1 and 2 compared with those of M(CNArDipp2)2 (M = Pt, Pd) provide strong 

experimental evidence that late-metal-Tl(I) bonds likely contain a substantial dative-

bonding component in a manner analogous to that seen for complexes bearing main-

group Z-type ligands.23-25 

 

 

Scheme 4.1. Synthesis of Tl(I)-containing MOLPs based off of the M(CNArDipp2)2 (M = Pt, Pd) 
platform. 
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Figure 4.1. Molecular structure of [TlPt(CNArDipp2)2]OTf • 1.5 Et2O (1 • 1.5 Et2O). Co-
crystallized molecules of diethyl ether have been omitted for clarity. Selected bond distances (Å) 
and angles (º): Pt-Tl = 2.8617(3); Tl-O3 = 2.799(5); Pt-C1 = 1.919(5); Pt-C2 = 1.916(5); C1-Pt-Tl 
= 95.9(1); C2-Pt-Tl = 95.9(1); C1-Pt-C2 = 165.3(2). 
 
 

Although [TlPt(CNArDipp2)2]OTf (1) gives rise to a sharp set of 1H and 13C{1H} 

NMR resonances in benzene-d6, other spectroscopic data suggest that the metal-metal 

interaction is labile in solution. While the IR absorption bands of Pt(CNArDipp2)2 are not 

apparent in the IR spectrum of 1, it is important to note that υ(C≡N) bands corresponding 

to Pd(CNArDipp2)2 are readily observable as a minor component in the IR spectrum of 

[TlPd(CNArDipp2)2]OTf (2) in C6D6 solution, thereby suggesting the presence of an 

equilibrium between bound and unbound Tl(I) (Figure 4.2). In addition, extended 

scanning failed to locate the 195Pt NMR62 resonance for the platinum analogue 

[TlPt(CNArDipp2)2]OTf (1). We suggest that this observation is indicative of lability in the 

Pt-Tl interaction on the NMR timescale, resulting in a broadening of this resonance that 

obviates its detection at room temperature. 
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Figure 4.2. FTIR spectrum (υ(C≡N) region) of [TlPd(CNArDipp2)2]OTf (2) showing the presence 
of Pd(CNArDipp2)2. Conditions: C6D6, 20 ˚C, KBr windows. 
 
 
 As the lability of unsupported M-Tl linkages have been observed to display a 

dependence on counteranion identity,58 we sought to explore the behavior of 

[TlM(CNArDipp2)2]+ (M = Pt, Pd) when accompanied by a traditionally non-coordinating 

anion. Addition of an Et2O solution of NaBArF
4 (BArF

4 = [B(3,5-(CF3)2C6H3)4]–) to 1 or 

2 results in precipitation of NaOTf and smooth formation of 

[(Et2O)TlM(CNArDipp2)2]BArF
4 (M = Pt (3(Et2O)), Pd (4(Et2O))) following crystallization 

from Et2O (Figure 4.3). Structural determinations of 3(Et2O) and 4(Et2O) reveal discreet 

cation-anion pairs (two independent pairs per asymmetric unit). While no contact 

between the Tl center and the [BArF
4

 ]– anion is evident in the solid state, the Tl center is 

bound to a molecule of Et2O in both complexes (average d(Tl-O) = 2.760(3) Å (3) and 

2.729(3) Å (4)). Furthermore, as noted for 1, long-range contacts (ca. 3.4 Å) between Tl 

and several Caryl atoms of the flanking Dipp rings are apparent. The Tl-bound ether 

molecules are easily liberated from crystalline samples upon prolonged exposure to 

vacuum (~100 mTorr) as assayed by 1H NMR spectroscopy. Subsequent crystallization 
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of 3 from toluene produces solvent-free [TlPt(CNArDipp2)2]BArF
4 (3, Figure 4.4), which 

contains Tl-(η2-arene) interactions with the flanking Dipp rings (d(Tl-C) = 3.188–3.616 

Å).63 In the case of 4, cooling a saturated toluene solution to –35 ˚C yields [(η6-

Tol)2TlPd(CNArDipp2)2]BArF
4 (4(Tol)2, Figure 4.5), which displays two toluene 

molecules bound in an η6-fashion to Tl (d(Tl-C) = 3.192–3.589 Å). Although the Tl-Carene 

distances in 3 and 4(Tol)2 are seemingly long, they are well in line with other structurally 

characterized examples of Tl-arene π-complexes.60,64-67 

 

Figure 4.3. Molecular structure of [(Et2O)TlPt(CNArDipp2)2]BArF
4 (3(Et2O)). Isopropyl groups 

and BArF
4 counteranion have been omitted for clarity. Only one of two crystallographically 

independent molecules is shown, with metrical parameters reported as averages between these 
molecules. Selected bond distances (Å) and angles (º): Pt-Tl = 2.7710(4); Pt-C1 = 1.932(4); Pt-C2 
= 1.914(4); Tl-O = 2.760(3); C1-Pt-Tl = 94.5(1); C2-Pt-Tl = 86.2(1); C1-Pt-C2 = 173.4(1). The 
Pd analogue 4(Et2O) is isostructural and isomorphous. 
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Figure 4.4. Molecular structure of [TlPt(CNArDipp2)2]BArF

4 (3). BArF
4 counterion has been 

omitted for clarity. Only one of two crystallographically independent molecules is shown, with 
metrical parameters reported as averages between these molecules. Selected bond distances (Å) 
and angles (º): Pt-Tl = 2.7659(5); Pt-C1 = 1.933(8); Pt-C2 = 1.934(8); C1-Pt-Tl = 93.2(2); C2-Pt-
Tl = 86.6(2); C1-Pt-C2 = 173.8(3). 
 

 
 
Figure 4.5. Molecular structure of [(η6-C7H8)2TlPd(CNArDipp2)2]BArF

4 (4(Tol)2). BArF
4 

counterion has been omitted for clarity. Selected bond distances (Å) and angles (º): Pd-Tl = 
2.7770(2); Pd-C1 = 1.960(3); Pd-C2 = 1.969(3); C1-Pd-Tl = 88.34(7); C2-Pd-Tl = 104.32(7); C1-
Pd-C2 = 166.5(1). 
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Examination of the solid-state and solution-phase behavior of 1-4 reveals that 

replacement of the triflate anion with [BArF
4]– has important ramifications for the lability 

of the M→Tl linkage. In both solvates of 3 and 4, the M-Tl distance is significantly 

contracted relative to 1 and 2 (Table 4.1), consistent with an increase in the degree of 

M→Tl donation. As the triflate anion likely stabilizes the Tl center through contact ion 

pairing, replacement of [OTf]– with neutral Et2O or arene donors appears to only partially 

compensate for the loss of this ionic association. Accordingly, in an attempt to recoup 

some of this stabilization, we contend that the degree of M→Tl σ-donation is increased. 

This notion is supported by the progression of the υ(C≡N) bands in 3  (2121 cm–1) and 4 

(2116 cm–1) to higher energies relative to 1-2, as the increased withdrawal of electron 

density from the group 10 metal by Tl serves to attenuate backbonding interactions with 

the isocyanide ligands. Importantly, and in contrast to the triflate salt 

[TlPd(CNArDipp2)2]OTf (2), the solution FTIR spectra of 3 and 4 in benzene-d6 are devoid 

of υ(C≡N) features corresponding to M(CNArDipp2)2, signalling that Tl(I) dissociation in 

benzene can be significantly inhibited by the use of the weakly coordinating [BArF
4]– 

anion. Interestingly, this replacement also allows for detection of the 195Pt NMR 

resonance of [TlPt(CNArDipp2)2]BArF
4 (3), which appears as a doublet with well-resolved 

coupling to 205Tl (δ = –3802 ppm, 1JPt,Tl = 11.2 kHz).68 This resonance is shifted 

significantly downfield respective to that of Pt(CNArDipp2)2 (δ = –5993 ppm (s), C6D6), 

further suggestive of decreased electron density at the Pt center upon coordination of 

Tl(I).69,70 However, it is also important to note that dissolution of 1-4 in THF results in 

complete dissociation of the Tl(I) center and formation of M(CNArDipp2)2
 according to 
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FTIR spectroscopy. This result, which was similarly observed in the case of 

[TlNi(CNArDipp2)3]OTf,54 serves as a reminder of the weak dissociation energies inherent 

in most unsupported metal-metal dative bonds, as dissolution in solvents of moderate 

coordinating strength is sufficient to completely disrupt this interaction. 

 

Table 4.1. Selected bond distances (X-ray structure) of Pt(CNArDipp2)2, Pd(CNArDipp2)2, and their 
Tl-containing MOLPs. 
 

Complex d(M-Ciso) d(M-Tl) 
Pt(CNArDipp2)2

a 1.906(3) Å – 
Pd(CNArDipp2)2

b 1.930(4) Å – 
1 1.918(5) Å 2.8617(3) Å 
2b 1.951(7) Å 2.855(1) Å 

3(Et2O)c 1.922(4) Å 2.7710(4) Å 
4(Et2O)c 1.958(4) Å 2.7481(5) Å 

3 1.933(8) Å 2.7659(5) Å 
4(Tol)2 1.965(3) Å 2.7770(2) Å 

aData from Ref. 27. bData from Ref. 50. cOne of the two crystallographically independent molecules in the 
Xray structures of 3(Et2O) and 4(Et2O) contain two-site disorder of the Tl atom. We have used the major 
component of this disorder to calculate the average d(M-Tl). 
 
 Although limited experimental techniques are capable of probing metal-metal 

dative interactions, X-ray Absorption Near-Edge Spectroscopy (XANES)71 has begun to 

find an important use in this regard.30,34 Importantly, its utility lies in its ability to 

decipher the spectroscopic oxidation states of the metals involved in a given bonding 

interaction. In order to assess the degree of charge transfer inherent in the formation of a 

reverse-dative σ-interaction to Tl(I), Pd K-edge XANES was carried out on the 

palladium-thallium adduct [TlPd(CNArDipp2)2]OTf (2, Figure 4.6). While neither the Pd 

K-edge spectra of 2 nor that of Pd(CNArDipp2)2 display a discernable pre-edge feature, 

both exhibit nearly identical energies for the rising edge of the XANES region. In 

comparison, the rising edge energy of the Pd(II) peroxo complex50,72 Pd(η2-

O2)(CNArDipp2)2 is shifted to higher energy by ca. 4.0 eV relative to that of 
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Pd(CNArDipp2)2 and 2. Despite their differing geometries, the rising edge transition for 

each of these three Pd complexes should involve the promotion of a core 1s electron to a 

5p orbital that is relatively unperturbed by ligand field effects. Accordingly, the marked 

shift of the rising edge to higher energy for Pd(η2-O2)(CNArDipp2)2 can be reasonably 

attributed to the presence of an oxidized Pd center relative to that found in 

Pd(CNArDipp2)2 or 2. However, the near-identical rising edge energies observed for 

Pd(CNArDipp2)2 and 2 strongly reflect that Tl(I) binding to an electron rich Pd center does 

not result in a formal oxidative event. 

 

 
Figure 4.6. Comparative Pd K-edge XANES spectra of Pd(CNArDipp2)2 (red), 
[TlPd(CNArDipp2)2]OTf (2, blue), and Pd(η2-O2)(CNArDipp2)2 (black). 
 
 

 For an additional comparison, XANES measurements were carried out on the 

binary nickel tris-isocyanide complex Ni(CNArMes2)3 and its adduct with Tl(I), 

[TlNi(CNArMes2)3]OTf.49 Despite the unambiguous d10 configuration of Ni(CNArMes2)3, 

its Ni K-edge absorption spectrum (Figure 4.7) displays a prominent pre-edge feature, 
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which is likely the result of a 1s to isocyanide π* transition. The analogous absorption 

band for [TlNi(CNArMes2)3]OTf occurs at an identical energy, again signalling that the 

formation of a reverse-dative M→Tl σ-interaction does not result in significant formal 

charge transfer from the Group 10 metal. 

 
Figure 4.7. Comparative Ni K-edge XANES spectra of Ni(CNArMes2)3 (red) and 
[TlNi(CNArMes2)3]OTf (blue). 
 
 

 The fact that neither Pd(CNArDipp2)2 nor Ni(CNArMes2)3 undergo significant 

charge transfer via the formation of a reverse-dative σ-interaction to Tl(I) suggests some 

important guidelines regarding the proper formalisms that should be used to describe 

such MOLPs. Although Tl(I) can exhibit Lewis basic properties under extraordinary 

conditions,73 the stabilization of its 6s2 “inert pair” due to relativistic effects74 should 

render it a very weak 2e– donor. As such, the electrons involved in a covalent interaction 

between an electron-rich transition metal and Tl(I) center will most plausibly be supplied 

by the former, meaning that the valence count of the transition metal must necessarily 

increase by two units. However, this interaction should not be described as effecting a 
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two-unit increase in the formal oxidation state of the transition metal, as such an event 

would be readily apparent in the comparative XANES spectra of M(CNR)n and 

[TlM(CNR)n]+ complexes. This conclusion is further supported by the modest changes in 

the FTIR υ(C≡N) energies between the neutral parent compounds and their Tl(I) adducts 

(ca. 50 cm–1). For comparison, the Pd(II) and Ni(II) complexes trans-PdCl2(CNArDipp2)2 

and trans-NiCl2(CNArMes2)2 display IR υ(C≡N) bands that are blue-shifted by ca. 200 

cm–1 relative to Pd(CNArDipp2)2 and Ni(CNArMes2)3.49,75 

 

4.3. Synthesis and spectroscopic features of Metal-only Lewis Pairs containing a  

Ag(I) Lewis acidic center 

 The abilities of M(CNArDipp2)2 (M = Pt, Pd) to act as the basic components of 

Metal-Only Lewis Pairs can also be extended to Lewis acidic Ag(I) centers.76 Treatment 

of Pt(CNArDipp2)2 with AgOTf in Et2O results in precipitation of the heterobimetallic salt 

[AgPt(CNArDipp2)2]OTf (5) as a yellow powder (Scheme 4.2). Attempts to synthesize the 

palladium analogue [AgPd(CNArDipp2)2]OTf (6) in the same fashion results in the 

formation of metallic mirrors and free CNArDipp2. However, performing the synthesis at 

reduced temperatures (ca. –100 ˚C) allows for 6 to be precipitated from solution as a pale 

yellow powder in modest yields. Crystallization of 5 or 6 from THF/(TMS)2O at –35 ˚C 

yields trans-[AgM(CNArDipp2)2(THF)]OTf (5(THF), M = Pt; 6(THF), M = Pd), where a 

molecule of THF is bound to the Group 10 metal trans to the coordinated Ag center  

(Figure 4.8). The M-OTHF distances in 5(THF) (2.366(5) Å) and 6(THF) (2.326(7) Å) are 

long relative to Pd and Pt etherate complexes reported in the Cambridge Structural 

Database (see Figures 4.13-14),77 thereby suggesting an attenuated interaction of THF 
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with the Group 10 metal center. Indeed, the 1H NMR spectra obtained from crystalline 

5(THF) and 6(THF) in C6D6 show sharp peaks occurring at the expected chemical shift 

values for free THF.78 Further, prolonged exposure of crystalline samples to vacuum 

(~100 mTorr) successfully liberates all THF as analyzed by 1H NMR spectroscopy. 

Subsequent recrystallization of these samples from Et2O/C6H6 (5) or n-hexane/toluene (6) 

yields 5(C6H6) and 6(C7H8) (Figures 4.9 and 4.10), which display η1-Carene interactions 

between the Group 10 metal and arene solvent in the position trans to Ag (for 5, d(Pt-

C63 = 2.885(7) Å); for 6, d(Pd-C64) = 2.496(3)). These interactions are notable given the 

likely intermediacy of transient π-complexes79 in the C-H activation of arenes by 

electrophilic group 10 complexes.80,81  

 

Scheme 4.2. Synthesis of Ag-containing MOLPs based off of the M(CNArDipp2)2 (M = Pt, Pd) 
platform. 
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Figure 4.8. Molecular structure of [AgPt(CNArDipp2)2(THF)]OTf • 3 THF (5(THF) • 3 THF). 
Triflate counteranion has been omitted for clarity. Non-coordinating THF molecules were 
accounted for using SQUEEZE. Selected bond distances (Å) and angles (º): Pt-Ag = 2.6299(6); 
Pt-C1 = 1.932(8); Pt-C2 = 1.920(9); Pt-O1 = 2.366(5); Ag-C23 = 2.661(8); Ag-C54 = 2.660(8); 
C1-Pt-Ag = 83.9(2); C2-Pt-Ag = 86.4(2); O1-Pt-Ag = 173.0(1). The palladium analogue 6(THF) 
• 6.5 (THF) is isostructural and isomorphous. 
 

 
Figure 4.9. Molecular structure of [AgPt(CNArDipp2)2(η1-C6H6)]OTf • 3 C6H6 (5(C6H6) • 3 C6H6). 
Isopropyl groups, co-crystallized benzene molecules and triflate counteranion have been omitted 
for clarity. Selected bond distances (Å) and angles (º): Pt-Ag = 2.6463(5); Pt-C1 = 1.923(5); Pt-
C2 = 1.909(4); Pt-C63 = 2.885(7); Ag-C23 = 2.587(5); Ag-C42 = 2.633(5); C1-Pt-Ag = 86.7(2); 
C2-Pt-Ag = 84.9(1). 
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Figure 4.10. Molecular structure of [AgPd(CNArDipp2)2(η1-C7H8)]OTf • C7H8 (6(C7H8) • C7H8). 
Triflate counteranion and co-crystallized toluene molecule have been omitted for clarity. Selected 
bond distances (Å) and angles (º): Pd-Ag = 2.6112(4); Pd-C1 = 1.962(3); Pd-C2 = 1.939(3); Pd-
C64 = 2.496(3); Ag-C42 = 2.632(2); Ag-C43 = 2.506(2); C1-Pd-Ag = 86.88(7); C2-Pd-Ag = 
72.49(7). 
 
 

 The M-Ag bond lengths in both solvates of 5 and 6 are among the shortest 

reported in the Cambridge Structural Database (see Table 4.2 and Figures 4.15-16). As 

was seen for the M-Tl adducts above, the metal-metal interactions in 5-6 can be 

rationalized via M→Ag σ-donation, a notion that is supported by the increase in 

isocyanide υ(C≡N) stretching frequencies relative to M(CNArDipp2)2 (M = Pt, Pd) upon 

coordination of Ag(I) (υ(C≡N) = 2094 cm–1 (5); 2082 cm–1 (6)). An examination of the 

solid state structures of 5 and 6 also implicates a role of the flanking Dipp aryl rings in 

buttressing the M-Ag linkage through π-type interactions. Interestingly, these contacts are 

reflected in the room temperature 1H NMR spectra of 5 and 6 (measured in C6D6), for 

which the resonances corresponding to the Dipp aryl protons are broadened and shifted 

downfield by ca. 0.2 ppm relative to those typically observed for diamagnetic 
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mononuclear complexes containing the CNArDipp2 ligand. It is also notable that the 

different solvates of both 5 and 6 both display a square-planar coordination environment 

around the Group 10 metal. While these geometries are certainly reminiscent of Pt(II) and 

Pd(II), it is critical to note that the progression of the IR υ(C≡N) stretching frequencies to 

higher energies upon binding of Ag(I) is quite modest and actually less than that  seen for 

Tl(I). This observation serves to suggest that similar bonding descriptions laid out above 

for Tl-containing 1-4 can be extended to 5 and 6. While the use of electrons from the 

Group 10 metal to form a covalent interaction with Ag requires an increase of two 

valence units, minimal charge transfer to Ag occurs. As such, we do not believe that these 

M/Ag MOLPs should not be described as containing formal M(II) centers (M = Pt, Pd).  

 

Table 4.2. Selected bond distances (X-ray structure) in Ag-containing Metal-only Lewis pairs. 

Complex d(M-Ciso) d(M-Ag) 
5(THF) 1.926(8) Å 2.6299(6) Å 
6(THF) 1.941(9) Å 2.6303(9) Å 
5(C6H6) 1.916(4) Å 2.6463(5) Å 
6(C7H8) 1.950(3) Å 2.6112(4) Å 

 

4.4. Rationalization of observed solvent binding trans to Ag 

Despite the fact that formation of a M-Ag bonding interaction does not result in a 

formal oxidative event at Pt/Pd, it is remarkable that the Ag-containing heterobimetallics 

5-6 will bind THF and arene molecules at the group 10 metal center in the solid state, 

whereas the zero-valent precursors M(CNArDipp2)2 (M = Pt, Pd) do not. Furthermore, 

Pt(CNArDipp2)2 and Pd(CNArDipp2)2 do not participate in addition reactions with stronger 

σ-donors (e.g. phosphines) to form species of the type ML(CNArDipp2)2, as the attempted 

syntheses of such compounds has led invariably to isocyanide dissociation and/or 
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decomposition. While the ability of 5 and 6 to bind an additional Lewis base may be 

partly attributable to increased positive charge on the complexes, molecular orbital 

considerations provide a basis for enhanced Lewis acidity at the Group 10 metal center of 

these MOLPs specifically. It has been suggested previously that coordination of a Z-type 

acceptor ligand to a square-planar d8 complex should result in enhanced affinity for 

Lewis bases at the open coordination site trans to the acceptor.82 Similarly, formation of a 

reverse-dative σ-interaction by M(CNArDipp2)2 (nominally from the ndZ
2 orbital) to an 

acceptor may have a stabilizing effect on the coaxial empty (n+1)pz orbital of the Group 

10 metal (Figure 4.11). While such stabilization may not be drastic, it is plausible that 

such effects could promote the binding of Lewis bases at a coordination site trans to the 

acceptor, resulting in square-planar [AgML2L’]+-type species. Similar behavior was 

observed by Peters in the trigonal-pyramidal Pt salt [(SiPPh
3)Pt]BArF

4,83 (SiPPh
3 = (2-

Ph2PC6H4)3Si) for which the crystal structure shows a molecule of toluene bound in the 

apical position trans to the silyl group. As silyl ligands can be viewed in certain systems 

as silylium Lewis acids,84 the binding of an arene molecule may be a result of Pt-to-Si σ-

donation, thereby in effect enhancing the Lewis acidic nature of the Pt complex. In 

addition, similar phenomena have been observed by Gabbaï for a Hg(II) complex85 and 

by Berry for a bimetallic Mo2 system.86 In these examples, association of a Z-type 

fragment was shown to increase Lewis acidity at the coordination site trans to the 

acceptor ligand. However, to our knowledge, the MOLPs derived from M(CNArDipp2)2 

(M = Pt, Pd) represent unique cases where Z-ligand-promoted Lewis acidity has been 

unambiguously observed for mononuclear transition metal complexes. Importantly, these 

observations highlight the ability of σ-acceptor ligands to open up a previously 
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unavailable coordination site on a transition metal center without effecting a formal 

oxidative event. Furthermore, the observation that the Ag-containing complexes 5 and 6 

bind solvent molecules at the Group-10 metal center, while the Tl-containing complexes 

1 and 2 exhibit binding at the Tl center, is likely attributable to the greater 

electronegativity of Ag relative to Tl.87 As stabilization of the empty pz orbital on the 

Group 10 metal by a bound Lewis acid is expected to be marginal at best, Lewis acids 

possessing greater group electronegativity may be expected to more effectively stabilize 

this orbital and render it accessible to an exogenous Lewis base. 

 
Figure 4.11. Molecular orbital diagram for a transition metal (M) bound to a σ-acceptor fragment 
(Z), showing how the LUMO of the resulting adduct can be stabilized with respect to the 
acceptor-free complex. 
 
 
 Although [AgPt(CNArDipp2)2]OTf (5) contains one acceptor fragment bound to 

platinum, its Pt-Ag unit can accommodate another equivalent of Ag(I). Stirring 

[AgPt(CNArDipp2)2]OTf (5) and equimolar AgOTf in THF followed by crystallization 

from benzene/THF (20:1) yields  {[Ag2Pt(CNArDipp2)2(η1-C6H6)]2(µ-OTf)2}(OTf)2 (7) as 

determined by X-ray diffraction. Attempts to synthesize a palladium analogue from 
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[AgPd(CNArDipp2)2]OTf (6) resulted only in decomposition. The solid-state structure of 7 

(Figure 4.12) reveals a centro-symmetric dimer composed of triangulo-PtAg2 cores 

(average d(Pt-Ag) = 2.6843(6) Å; d(Ag-Ag) = 2.7684(8) Å) bridged by two triflate 

groups. Consistent with the coordination of an additional Lewis acid to the Pt-Ag unit in 

5, the isocyanide stretching frequencies of 7 are shifted to higher energies (2132, 2169 

cm–1, KBr pellet) compared to 5. In the solid state, the platinum centers in 7 also feature 

η1-C-bound benzene molecules trans to one of the silver atoms as seen in 5(C6H6). 

Interestingly however, the Pt-Cbenzene distance in 7 (d(Pt-C1) = 2.529(7) Å) is 

significantly contracted relative to that in 5(C6H6), a further indication of an increase in 

the Lewis acidity in the Pt center in 7 promoted by the presence of a second Ag center. It 

is also important to note that relative to complex 5, the second Ag atom in 7 (i.e. Ag(2), 

Figure 12) can best be described as occupying the axial position of a nominally square-

planar Pt center. As the binding of Lewis acids to the axial position square planar Pt(II) 

centers is known,88-92 complex 7 provides additional evidence that the presence of one Z-

type ligand effectively results in the formation of a divalent Pt center capable of binding a 

second Z-type ligand. However, this electronic modulation occurs without formal 

oxidation of the Pt center.    
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Figure 4.12. Top: Molecular structure {[Ag2Pt(CNArDipp2)2(η1-C6H6)]2(µ-OTf)2}(OTf)2 • 2 C6H6 
(7 • 2 C6H6), with isopropyl groups, co-crystallized benzene molecules and two non-coordinating 
triflate counteranions omitted for clarity. Bottom: Zoom-in on one half of the dimeric structure 
(other half of dimer is related by a crystallographic inversion center), clearly showing the Pt-η1-
C6H6 interaction. Selected bond distances (Å) and angles (º): Pt-Ag1 = 2.6799(7); Pt-Ag2 = 
2.6888(7); Ag1-Ag2 = 2.7684(8); Pt-C63 = 2.529(7); Ag1-C11 = 2.490(7); Ag1-C41 = 2.608(7); 
Pt-Ag1-Ag2 = 59.12(2); Ag1-Ag2-Pt = 58.80(2); Ag2-Pt-Ag1 = 62.08(2). 
 
 
4.5. Concluding Remarks 

 Zero-valent binary m-terphenyl isocyanide complexes of Pt and Pd are excellent 

candidates for acting as the Lewis basic component of Metal-only Lewis Pairs (MOLPs). 

In addition to stabilizing low oxidation states, the steric encumbrance of the m-terphenyl 

isocyanide ligand promotes coordinative unsaturation, yielding electron-rich metal 

centers that can accommodate an exogenous Lewis acid in the primary coordination 

sphere. Furthermore, the IR υ(C≡N) resonances provide a convenient handle to assess the 
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degree of Group 10 metal σ-donation in these complexes. In this work, it has been 

demonstrated that Pt(CNArDipp2)2 and Pd(CNArDipp2)2 can form discreet and unsupported 

adducts with Tl(I). Although these bonding interactions are not particularly robust, use of 

the weakly coordinating anion BArF
4

– diminishes the lability of the M-Tl bond in non-

coordinating solvents. Analysis of two M→Tl adducts by XANES spectroscopy provides 

compelling evidence that any degree of formal charge transfer inherent in these metal-

metal interactions is minimal, and that therefore no formal oxidative event takes place 

upon binding of Tl(I). The ability of Pt(CNArDipp2)2 and Pd(CNArDipp2)2 to form Lewis 

Pairs with Ag(I) has also been demonstrated, with FTIR spectroscopy and X-ray 

crystallography suggesting, again, that no significant charge transfer to Ag occurs in the 

adducts. Despite this fact, the binding of Ag(I) activates the Group 10 metal toward the 

ligation of Lewis bases trans to the Ag acceptor, thus highlighting how σ-acceptor 

ligands can be utilized to tune the reactivity profiles of electron-rich transition metal 

complexes. The Pt/Ag MOLP [AgPt(CNArDipp2)2]OTf (5) can also accommodate an 

additional equivalent of AgOTf to form dimeric 7, which further increases the Lewis 

acidity of the Pt center. These results indicate that the presence of a reverse-dative σ-

interaction can activate the coordination site trans to it for binding of Lewis bases despite 

the high trans influence exhibited by Z-type ligands.24,25 Such modulation can be thought 

of as a novel type of cooperative effect between a Lewis acid and Lewis base, whereby 

the former alters the reactivity profile of the electron rich metal without directly 

participating in the reaction with an incoming substrate. A more detailed understanding 

of the possibilities afforded by such cooperative effects is currently being pursued in our 

laboratory. 



 192 

 

4.6. Synthetic procedures and characterization data 

General considerations. All manipulations were carried out under an atmosphere 

of purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise 

stated, reagent-grade starting materials were purchased from commercial sources and 

either used as received or purified by standard procedures.93 Solvents were dried and 

deoxygenated according to standard procedures.94 Benzene-d6 (Cambridge Isotope 

Laboratories) was distilled from NaK alloy/benzophenone and stored over activated 4 Å 

molecular sieves for 2 d prior to use. Celite 405 (Fisher Scientific) was dried under 

vacuum (24 h) at a temperature above 250 °C and stored in the glovebox prior to use. 

KBr (FTIR grade from Aldrich) was stirred overnight in anhydrous THF, filtered and 

dried under vacuum (24 h) at a temperature above 250 °C and stored in the glovebox 

prior to use. Pt(CNArDipp2)2, [TlNi(CNArMes2)3]OTf and [TlPd(CNArDipp2)2]OTf were 

prepared as previously described.27,49,50 NaBArF
4 was prepared according to a literature 

procedure.95 

 Solution 1H, 13C{1H}, 19F, and 195Pt NMR spectra were recorded on a Jeol ECA 

500, a Varian X-SENS 500, or a Bruker Avance 300 spectrometer. 1H and 13C{1H} 

chemical shifts are reported in ppm relative to SiMe4 (1H and 13C δ = 0.0 ppm) with 

reference to residual solvent resonances of 7.16 ppm (1H) and 128.06 ppm (13C) for C6D6. 

19F NMR spectra were referenced externally to neat trifluoroacetic acid, F3CC(O)OH (δ = 

−78.5 ppm vs. CFCl3 = 0.0 ppm). 195Pt spectra (direct detection) were referenced 

externally to 1.2 M Na2[PtCl6] in D2O (δ = 0 ppm). FTIR spectra were recorded on a 

Thermo-Nicolet iS10 FTIR spectrometer. Samples were prepared as either KBr pellets or 

as C6D6 solutions injected into a ThermoFisher solution cell equipped with KBr 
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windows. For solution FTIR spectra, solvent peaks were digitally subtracted from all 

spectra by comparison with an authentic spectrum obtained immediately prior to that of 

the sample. The following abbreviations were used for the intensities and characteristics 

of important IR absorption bands: vs = very strong, s = strong, m = medium, w = weak, 

vw = very weak; b = broad, vb = very broad, sh = shoulder. Combustion analyses were 

performed by Midwest Microlabs of Indianapolis, IN (USA) or Robertson Microlit 

Laboratories of Madison, NJ (USA) or Midwest Microlabs of Indianapolis, IN (USA).  

Synthesis of [TlPt(CNArDipp2)2]OTf (1). To a solid mixture of Pt(CNArDipp2)2 

(0.100 g, 0.096 mmol) and TlOTf (0.036 g, 0.102 mmol, 1.06 equiv) was added 10 mL 

Et2O. This solution was stirred vigorously for 3 h, during which time a yellow precipitate 

formed. Benzene (1.5 mL) was added to the reaction mixture, which was stirred until no 

precipitate was visible. Filtration of this solution and storage at –35 ˚C overnight yielded 

a crop of crystals, which were collected and dried. Yield: 0.088 g, 0.063 mmol, 66%. 1H 

NMR (C6D6, 499.8 MHz, 20 ºC): δ = 7.42 (t, 4H, J = 8 Hz, p-Dipp), 7.27 (d, 8H, J = 8 

Hz, m-Dipp), 6.87 (t, 2H, J = 8 Hz, p-ArDipp2), 6.80 (d, 4H, J = 8 Hz, m-ArDipp2), 2.50 

(septet, 8H, J = 7 Hz, CH(CH3)2), 1.24 (d, 24H, J = 7 Hz, CH(CH3)2), 1.06 (d, 24H, J = 7 

Hz, CH(CH3)2) ppm. 13C{1H} NMR (C6D6, 125.7 MHz, 20 ºC): δ = 159.8 (C≡N), 147.1, 

139.6, 134.4, 130.4, 129.9, 129.4, 126.9, 123.9, 31.5, 24.4, 24.4 ppm. 19F NMR (C6D6, 

282.3 MHz, 20 ºC): δ = –78.2 (s, OTf) ppm. FTIR (C6D6, 20 ºC): υ(C≡N) = 2112 cm–1 

(vs), also 3063, 2963, 2927, 2868, 1461, 1413, 1385, 1362, 1294, 1232, 1220, 1163, 

1056, 1023, 805, 793, 758, 636 cm–1. Anal. calcd for C63H74N2F3O3SPtTl: C, 54.21; H, 

5.34; N, 2.01. Found: C, 54.30; H, 5.07; N, 2.01. 
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 Synthesis of [TlPt(CNArDipp2)2]BArF
4 (3). To an Et2O solution of 

[TlPt(CNArDipp2)2]OTf (0.096 g, 0.069 mmol, 5 mL) was added an Et2O solution of 

NaBArF
4 (0.062 g, 0.070 mmol, 1.01 equiv, 3 mL). The solution was allowed to stir for 3 

h, during which time NaOTf precipitated from solution. After filtration of this solution 

through Celite, all volatiles were removed in vacuo. Storage of a 2:1 Et2O/(TMS)2O 

solution (1.5 mL) at –35 ºC overnight provided yellow crystals, which were collected and 

dried in vacuo. Yield: 0.100 g, 0.047 mmol, 68%. Crystals grown by this method 

correspond to 3(Et2O). Crystals of solvent-free 3 suitable for X-ray diffraction were 

grown from a toluene solution stored at –35 ˚C. 1H NMR (C6D6, 499.8 MHz, 20 ºC): δ = 

8.39 (br s, 8H, o-BArF
4), 7.74 (br s, 4H, p-BArF

4), 7.14 (t, 4H, J = 8 Hz, p-Dipp), 7.07 (d, 

8H, J = 8 Hz, m-Dipp), 6.98 (t, 2H, J = 8 Hz, p-ArDipp2), 6.84 (d, 4H, J = 8 Hz, m-ArDipp2), 

2.42 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.09 (d, 24H, J = 7 Hz, CH(CH3)2), 1.02 (d, 24H, 

J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (C6D6, 125.7 MHz, 20 ºC): δ = 162.8 (q, 1JC,B 

= 50 Hz, ipso-BArF
4), 156.7 (C≡N), 147.6, 139.4, 135.6 (br s, o-BArF

4), 134.5, 130.7, 

130.5, 130.2, 130.0 (qq, 2JC,F = 32 Hz, 4JC,F = 2 Hz, m-BArF
4), 125.8, 125.4 (q, 1JC,F = 

272 Hz, -CF3), 123.7, 118.1 (br s, p-BArF
4), 31.4, 24.4, 24.0 ppm. 19F NMR (C6D6, 282.3 

MHz, 20 ºC): δ = –62.9 (s, -CF3) ppm. 195Pt NMR (107.5 MHz, C6D6, 20 ºC): –3802 (d, 

JPt,Tl = 11.2 kHz) ppm. Anal. calcd. for C94H86N2BF24PtTl: C, 53.51; H, 4.11; N, 1.33. 

Found: C, 52.82; H, 4.27; N, 1.26.  

 Synthesis of [TlPd(CNArDipp2)2]BArF
4 (4). To an Et2O solution of 

[TlPd(CNArDipp2)2]OTf (0.069 g, 0.053 mmol, 5 mL) was added an Et2O solution of 

NaBArF
4 (0.047 g, 0.053 mmol, 1.00 equiv, 3 mL). This solution was allowed to stir for 

24 h, during which time NaOTf precipitated from solution. After filtration of this solution 
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through Celite, all volatiles were removed in vacuo. Storage of a 2:1 Et2O/(TMS)2O 

solution (1 mL) at –35 ºC for 3 days yielded orange crystals, which were collected and 

dried in vacuo. Yield: 0.081 g, 0.040 mmol, 58%. Crystals grown by this method 

correspond to 4(Et2O). Crystals of 4(Tol)2 suitable for X-ray diffraction were grown from 

a toluene solution stored at –35 ˚C. 1H NMR (C6D6, 499.8 MHz, 20 ºC): δ = 8.43 (br s, 

8H, o-BArF
4), 7.73 (br s, 4H, p-BArF

4), 7.15 (t, 4H, J = 8 Hz, p-Dipp), 7.08 (d, 8H, J = 8 

Hz, m-Dipp), 6.92 (t, 2H, J = 8 Hz, p-ArDipp2), 6.79 (d, 4H, J = 8 Hz, m-ArDipp2), 2.43 

(septet, 8H, J = 7 Hz, CH(CH3)2), 1.11 (d, 24H, J = 7 Hz, CH(CH3)2), 1.04 (d, 24H, J = 7 

Hz, CH(CH3)2) ppm. 13C{1H} NMR (C6D6, 125.7 MHz, 20 ºC): δ = 167.9 (C≡N), 162.8 

(q, 1JC,B = 50 Hz, ipso-BArF
4), 147.5, 139.0, 135.5 (br s, o-BArF

4), 134.7, 130.6, 130.3, 

130.1, 129.9 (qq, 2JC,F = 32 Hz, 4JC,F = 2 Hz, m-BArF
4), 126.5, 125.3 (q, 1JC,F = 272 Hz, -

CF3), 123.5, 118.1 (septet, 3JC,F = 4 Hz, p-BArF
4), 31.4, 24.5, 23.9 ppm. 19F NMR (C6D6, 

282.3 MHz, 20 ºC): δ = –62.8 (s, -CF3) ppm. FTIR (C6D6, 20 ºC): υ(C≡N) = 2116 cm–1 

(vs), also 3063, 2964, 2927, 2869, 1464, 1353, 1278, 1178, 1163, 1128, 1106, 1097, 

1055, 935, 886, 840, 794, 761, 744, 714, 682, 670 cm–1. Anal. calc’d for 

C94H86N2BF24PdTl: C, 55.86; H, 4.29; N, 1.39. Found: C, 55.84; H, 4.36; N, 1.33. 

Synthesis of [AgPt(CNArDipp2)2]OTf (5). To a solid mixture of Pt(CNArDipp2)2 

(0.100 g, 0.096 mmol) and AgOTf (0.026 g, 0.102 mmol, 1.06 equiv) was added 5 mL 

Et2O. The solution was stirred vigorously for 2 h in the dark, during which time a yellow 

precipitate formed. The mother liquor was decanted off from the solid, which was 

washed once with Et2O (3 mL) and dried. The mother liquor was dried in vacuo, and the 

resulting residue was taken up in 1.5 mL of 2:1 Et2O/C6H6. Storage of this solution at –35 

ºC overnight yielded a crop of crystals, which were also collected and dried. Yield: 0.105 
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g, 0.081 mmol, 84%. Crystals grown by this method correspond to 5(C6H6) • 3 C6H6. 

Crystals of 5(THF) • 3 THF were grown from a 1:1 solution of THF/(TMS)2O stored at –

35 ˚C. 1H NMR (C6D6, 499.8 MHz, 20 ºC): δ = 7.61 (br t, 4H, J = 7 Hz, p-Dipp), 7.45 (br 

d, 8H, J = 8 Hz, m-Dipp), 6.89 (t, 2H, J = 7 Hz, p-ArDipp2), 6.82 (d, 4H, J = 8 Hz, m-

ArDipp2), 2.52 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.23 (d, 24H, J = 7 Hz, CH(CH3)2), 1.10 

(d, 24H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (C6D6, 125.7 MHz, 20 ºC): δ = 162.4 

(C≡N), 147.3, 139.4, 134.7, 129.9, 129.5, 129.0, 127.6, 123.831.5, 24.5, 24.3 ppm. 19F 

NMR (C6D6, 282.3 MHz, 20 ºC): δ = –77.7 (s, OTf) ppm. FTIR (C6D6, 20 ºC): υ(C≡N) = 

2094 cm–1 (vs), also 3091, 3071, 3036, 2963, 2926, 2869, 1577, 1463, 1412, 1385, 1363, 

1304, 1250, 1234, 1217, 1163, 1056, 1025, 812, 793, 760, 680, 637 cm–1. Anal. calcd. for 

C63H74N2F3O3SAgPt: C, 58.24; H, 5.74; N, 2.16. Found: C, 58.50; H, 5.85; N, 2.19.  

 Synthesis of [AgPd(CNArDipp2)2]OTf (6). To a thawing Et2O solution of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol, 4 mL) was added an equally cold 1:1 Et2O/THF 

solution of AgOTf (0.028 g, 0.109 mmol, 1.04 equiv, 2 mL). The solution was stirred 

vigorously while keeping the temperature near the freezing point of the solvent, during 

which time a pale yellow precipitate formed. After 30 min, this precipitate was isolated 

via filtration over a fritted funnel and dried, affording [AgPd(CNArDipp2)2]OTf as an 

analytically pure pale yellow powder. Yield: 0.044 g, 0.036 mmol, 35%. Crystals of 

6(THF) • 6.5 THF were grown from a 1:1 THF/(TMS)2O solution stored at –35 ˚C 

overnight. Crystals of 6(C7H8) • C7H8 were grown from a toluene solution layered with n-

hexane stored at –35 ˚C. 1H NMR (C6D6, 499.8 MHz, 20 ºC): δ = 7.53 (br t, 4H, J = 7 

Hz, p-Dipp), 7.41 (br d, 8H, J = 8 Hz, m-Dipp), 6.89 (t, 2H, J = 7 Hz, p-ArDipp2), 6.84 (d, 

4H, J = 8 Hz, m-ArDipp2), 2.55 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.27 (d, 24H, J = 7 Hz, 
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CH(CH3)2), 1.11 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (C6D6, 125.7 MHz, 

20 ºC): δ = 158.9 (C≡N), 147.3, 139.3, 135.1, 130.0, 129.3, 128.4, 123.8, 31.5, 24.6, 24.3 

ppm. Note: One Caryl resonance is believed to be overlapped by the resonances of the 

C6D6 solvent. 19F NMR (C6D6, 282.3 MHz, 20 ºC): δ = –77.6 (s, OTf) ppm. FTIR (C6D6, 

20 ºC): υ(C≡N) = 2082 cm–1 (vs), also 3063, 3025, 2963, 2926, 2868, 2850, 1595, 1578, 

1460, 1413, 1384, 1363, 1301, 1235, 1218, 1205, 1162, 1035, 1026, 792, 759, 731, 696, 

636 cm–1. Anal. calcd. for C63H74N2F3O3SAgPd: C, 62.50; H, 6.16; N, 2.31. Found: C, 

61.92; H, 6.05; N, 2.27. 

 Synthesis of {[Ag2Pt(CNArDipp2)2(η1-C6H6)]2(µ-OTf)2}(OTf)2 (7). To a THF 

solution of [AgPt(CNArDipp2)2]OTf (0.081 g, 0.062 mmol, 2 mL) was added a THF 

solution of AgOTf (0.024 mmol, 0.094 mmol, 1.50 equiv, 2 mL). This solution was stired 

in the dark for 30 min, whereupon all volatiles were removed in vacuo. Addition of 3 mL 

C6H6 to this residue resulted in precipiation of a yellow solid after a few minutes of 

stiring. This precipitate was isolated via decantation, washed with additional C6H6 (3 

mL), and dried in vacuo. Yield: 0.060 g, 0.019 mmol, 62%. Crystals of 7 • 2 C6H6 

suitable for X-ray diffraction were grown from a 20:1 C6H6/THF solution at room 

temperature. As 7 is only soluble in coordinating solvents, which outcompete Pt for 

ligation of Ag, NMR data was not obtained. FTIR (KBr pellet, 20 ºC): υ(C≡N) = 2132 

cm–1 (vs) and 2169 (m sh), also 3089, 3065, 3034, 2962, 2928, 2870, 1617, 1593, 1576, 

1466, 1412, 1385, 1364, 1289, 1276, 1262, 1240, 1220, 1170, 1152, 1056, 1043, 1029, 

1020, 832, 825, 807, 796, 772, 762, 714, 688, 636, 625 cm–1. Anal. calcd. for 

C128H148N4F12O12S4Pt2Ag4: C, 49.39; H, 4.79; N, 1.80. Found: C, 47.67; H, 5.06; N, 1.40. 
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Repeated attempts to obtain a more satisfactory combustion analysis were unsuccessful, a 

result that we attribute to the light sensitivity exhibited by complex 7. 

X-ray Absorption Near-Edge Spectroscopy (XANES). X-ray absorption 

measurements were conducted at the Stanford Synchrotron Radiation Lightsource 

(SSRL) at beamlines 7-3 and 9-3. At both beam lines, a Si(220) double-crystal 

monochromator was used energy for energy selection, in combination with a harmonic 

rejection mirror. Incident and transmitted X-ray intensities were monitored using Ar- (at 

the Pd K-edge) or N2- (at the Ni K-edge) filled ionization chambers. X-ray absorption 

was measured in transmittance mode. During data collection, samples were maintained at 

a temperature of approximately 10 K using an Oxford Instruments liquid helium flow 

cryostat. Internal energy calibrations were performed by simultaneous measurement of 

Pd and Ni reference foils placed between the second and third ionization chamber, with 

the inflection point assigned at 24350 eV and 8333.0 eV for the first inflection point of 

the Pd and Ni foils, respectively. Data represent 2–5 scan averages and were processed by 

fitting a second-order polynomial to the pre-edge region and subtracting this background 

from the entire spectrum. A spline was used to model the smooth background above the 

edge. The data were normalized by subtracting the spline and normalizing the postedge to 

1.0.  

4.7. CSD search results 

 The Cambridge Structural Database was queried using the CSD Conquest 

software. The desired metrical parameters were plotted using the CSD Legacy Vista 

program. All results that were returned for a given set of search constraints are 

represented in the histograms below (Figures 4.13-16). 
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Figure 4.13. CSD search results for complexes containing Pt-OEther bonds. The search was 
constrained to compounds containing single bonds between Pt and O, with the oxygen atom 
additionally containing single bonds to exactly two carbon atoms and no additional atoms. A total 
of 33 data points were obtained. 

 

Figure 4.14. CSD search results for complexes containing Pd-OEther bonds. The search was 
constrained to compounds containing single bonds between Pd and O, with the oxygen atom 
additionally containing single bonds to exactly two carbon atoms and no additional atoms. A total 
of 135 data points were obtained. 
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Figure 4.15. CSD search results for complexes containing Pt-Ag bonding interactions. The 
search was constrained to compounds that were defined as containing a bonding interaction 
between Pt and Ag. A total of 306 data points were obtained. 

 

Figure 4.16. CSD search results for complexes containing Pd-Ag bonding interactions. The 
search was constrained to compounds that were defined as containing a bonding interaction 
between Pd and Ag. A total of 46 data points were obtained. 
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4.8.  Details of crystallographic structure determinations 
 
 Single crystal X-ray structure determinations were carried out at low temperature 

on Bruker Kappa diffractometers equipped with a Mo radiation source and a Bruker 

APEX or APEX-II detector. All structures were solved via direct methods with 

SHELXS96 and refined by full-matrix least-squares procedures using SHELXL96 within 

the Olex2 small-molecule solution, refinement and analysis software.97 Crystallographic 

data collection and refinement information are listed in Tables 4.3-6. 

 Information on Crystallographic Disorder. The following molecules contained 

positionally disordered components that were modeled and refined anisotropically. They 

are listed along with their respective disordered components: 

[(Et2O)TlPt(CNArDipp2)2]BArF
4 (3(Et2O)): Two-site positional disorder of one Tl atom 

and its coordinated diethyl ether; two-site positional disorder of the other Tl-bound 

diethyl ether; two-site disorder of one Dipp ring; two-site disorder of several isopropyl 

groups; rotational disorder of several –CF3 groups. 

[TlPt(CNArDipp2)2]BArF
4 (3): Two-site disorder of one isopropyl group; rotational 

disorder of several –CF3 groups. 

[(Et2O)TlPd(CNArDipp2)2]BArF
4 (4(Et2O)): Two-site positional disorder of one Tl atom 

and its coordinated diethyl ether; rotational disorder of several –CF3 groups. 

[(η6-C7H8)2TlPd(CNArDipp2)2]BArF
4 (4(Tol)2): Two-site disorder of one Tl-bound 

toluene; rotational disorder of several –CF3 groups. 

[AgPt(CNArDipp2)2(η1-C6H6)]OTf • 3 C6H6 (5(C6H6 • 3 C6H6)): Two-site disorder of 

triflate anion; two-site disorder of one isopropyl group. 

[AgPt(CNArDipp2)2(THF)]OTf • 3 THF (5(THF • 3 THF)): Two-site disorder of the Pt-
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bound molecule of THF. 

{[Ag2Pt(CNArDipp2)2(η1-C6H6)]2(µ-OTf)2}(OTf)2 • 2 C6H6 (7 • 2 C6H6): Two-site 

disorder of one bridging triflate anion; two-site disorder of one co-crystallized molecule 

of benzene. 

 

 In addition, the following molecules contained co-crystallized solvent molecules 

that were severely disordered and could not be properly modeled. The Platon routine 

SQUEEZE98 was used to account for these disordered molecules as a diffuse contribution 

to the overall scattering pattern without specific atom positions: 

[TlPt(CNArDipp2)2]OTf • 1.5 Et2O (1 • 1.5 Et2O): Three molecules of diethyl ether per 

unit cell. 

[AgPt(CNArDipp2)2(THF)]OTf • 3 THF (5(THF • 3 THF)): Twelve molecules of THF per 

unit cell. 

[AgPd(CNArDipp2)2(THF)]OTf • 6.5 THF (6(THF) • 6.5 THF): Twenty-six molecules of 

THF per unit cell. 
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Table 4.3. Crystallographic data collection and refinement information. 

Name [TlPt(CNArDipp2)2]OTf • 
1.5 Et2O (1• 1.5(Et2O)) 

[(Et2O)TlPt(CNArDipp2)2
]BArF

4 (3(Et2O)) 
[(Et2O)TlPd(CNArDipp2)2

] 
BArF

4 (4(Et2O)) 
Formula C71H94N2F3SO5PtTl C98H96N2BOF24PtTl C98H96N2BOF24PdTl 

Crystal System Triclinic Triclinic Triclinic 

Space Group P-1 P-1 P-1 

a, Å 13.9500(8) 12.732(1) 12.7422(9) 

b, Å 16.277(1) 26.642(3) 26.679(2) 

c, Å 17.621(1) 28.428(3) 28.503(2) 

α, deg 68.887(3) 99.200(4) 99.098(1) 

β, deg 70.018(3) 90.224(4) 90.144(1) 

γ, deg 71.465(3) 90.514(4) 90.509(1) 

V, Å3 3379.6(4) 9519(2) 9567(1) 

Z 2 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.517 1.524 1.455 

µ (Mo Kα), mm-1 4.537 3.253 1.963 

Temp, K 100 100 100 

θ max, deg 25.408 25.474 24.713 

data/parameters 12410/683 35166/2838 32575/2560 

R1 0.0344 0.0305 0.0454 

wR2 0.0737 0.0671 0.0803 

GOF 1.057 1.010 1.029 
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Table 4.4. Crystallographic data collection and refinement information. 

Name [TlPt(CNArDipp2)2]BArF
4 

(3) 
[(η6-C7H8)2 

TlPd(CNArDipp2)2]BArF
4 

(4(Tol)2) 

[AgPt(CNArDipp2)2(THF
)]OTf • 3 THF (5(THF) 

• 3 THF) 
Formula C94H86N2BF24PtTl C108H102N2BF24PdTl C79H106N2F3O7SPtAg 

Crystal System Triclinic Triclinic Orthorhombic 

Space Group P-1 P-1 P212121 

a, Å 14.6265(7) 12.5519(5) 15.648(2) 

b, Å 20.654(1) 20.2591(8) 21.250(2) 

c, Å 31.199(2) 21.6470(8) 24.077(2) 

α, deg 76.597(2) 105.597(1) 90 

β, deg 79.378(3) 102.325(1) 90 

γ, deg 89.566(3) 97.308(1) 90 

V, Å3 9005.2(8) 5079.1(3) 8006(1) 

Z 4 2 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.556 1.442 1.312 

µ (Mo Kα), mm-1 3.434 1.853 2.071 

Temp, K 100 100 100 

θ max, deg 25.408 25.549 25.404 

data/parameters 32879/2461 18800/1339 13450/741 

R1 0.0601 0.0294 0.0359 

wR2 0.1030 0.0653 0.0851 

GOF 1.013 1.029 1.033 

 

 

 

 

 

 

 



 205 

 

Table 4.5. Crystallographic data collection and refinement information. 

Name [AgPd(CNArDipp2)2(THF
)]OTf • 6.5 THF 

(6(THF) • 6.5 THF) 

[AgPt(CNArDipp2)2(η1-
C6H6)]OTf •3 C6H6 
(5(C6H6) • 3(C6H6)) 

[AgPd(CNArDipp2)2(η1-
C7H8)]OTf • C7H8  
(6(C7H8) • C7H8) 

Formula C93H134N2O10.5F3SPdAg C81H92N2O3F3SPtAg C84H98N2O3F3SPdAg 

Crystal System Orthorhombic Monoclinic Triclinic 

Space Group P212121 P21/n P-1 

a, Å 15.594(2) 18.606(1) 14.529(2) 

b, Å 21.315(2) 19.772(1) 15.663(2) 

c, Å 24.141(3) 20.951(1) 17.673(2) 

α, deg 90 90 96.662(4) 

β, deg 90 106.515(2) 109.412(4) 

γ, deg 90 90 94.019(4) 

V, Å3 8024(1) 7389.4(8) 3742.0(8) 

Z 4 4 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.450 1.378 1.320 

µ (Mo Kα), mm-1 0.565 2.240 0.586 

Temp, K 100 150 100 

θ max, deg 25.436 25.448 25.422 

data/parameters 14709/728 13613/891 13526/884 

R1 0.0618 0.0419 0.0350 

wR2 0.1691 0.0885 0.0696 

GOF 1.069 1.078 1.028 
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Table 4.6. Crystallographic data collection and refinement information. 

Name {[Ag2Pt(CNArDipp2)2(η1-
C6H6)]2(µ-OTf)2}(OTf)2 
• 2  C6H6 (7 • 2  C6H6) 

Formula C152H172N4O12F12S4Pt2A
g4 

Crystal System Monoclinic 

Space Group P21/n 

a, Å 11.780(1) 

b, Å 29.620(2) 

c, Å 20.936(2) 

α, deg 90 

β, deg 90.390(4) 

γ, deg 90 

V, Å3 7305(1) 

Z 2 

Radiation (λ, Å) Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.557 

µ (Mo Kα), mm-1 2.566 

Temp, K 100 

θ max, deg 25.460 

data/parameters 13466/953 

R1 0.0503 

wR2 0.0810 

GOF 1.003 
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Chapter 5 

Monomeric Chini-Type Triplatinum Clusters Featuring 
Dianionic and Radical Anionic π*-Systems 
 

5.1. Introduction 

 Highly-reduced carbonyl metalates have long interested organometallic chemists 

due to their abilities to place a relatively electropositive transition metal center in a 

formal negative oxidation state.1,2 This phenomenon is made possible in large part due to 

the strong π-acidic properties of the carbonyl ligand, and has allowed for the isolation of 

many mono- and multi-nuclear binary carbonyl metalates from most members of the 

transition series.3-6 With regard to topology and electronic structure, one of the most 

intriguing classes of such complexes are the so-called “Chini clusters,” [Pt3(CO)6]n
2–.6-8 

In these clusters, triangulo-Pt3 units bearing both terminal and bridging carbonyl ligands 

stack one on top of the other along a common C3 axis to form columnar structures 

bearing an overall doubly anionic charge. Recent work has demonstrated the ability of the 

higher nuclearity oligomers (n = 5-8) to self-assemble into continuous chains, with the 

dimentionality of long-range ordering being highly dependent upon the identity of the 

charge-balancing cations.9-11 Many of the higher-ordered structures display remarkable 

conductive properties, leading to interest in their use as tunable conductive materials 

based off of a molecular platform.12,13 As such, a furthered understanding of the 

electronic structure and reactivity profiles available to these clusters continues to be of 

much interest.14 
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While the oligomeric members of [Pt3(CO)6]n
2– with n = 2-8 have all been 

isolated and structurally characterized,7-11,15 the parent species [Pt3(CO)6]2– (n = 1) has 

eluded complete characterization. Although reportedly synthesized in situ via reduction 

of [Pt3(CO)6]2
2– with Na/K alloy,8 it could not be crystallized or precipitated from 

solution, with characterization relying solely upon IR and atomic absorption 

spectroscopies. Interestingly, although several mixed carbonyl/phosphine clusters of the 

type Pt3(µ-CO)3(PR3)3 have been long-known,16-20 their reduction to the corresponding 

platinates has not been reported, potentially implying that the weak π-accepting 

properties of triorganophosphines are insufficient to stabilize the presence of two 

negative charge equivalents.21 Building off of our success in isolating isocyano analogues 

to classical carbonyl metalates using sterically encumbering m-terphenyl isocyanides,22-25 

we report herein the synthesis and structural characterization of K2[Pt3(µ-

CO)3(CNArDipp2)3] (ArDipp2 = 2,6-(2,6-(i-Pr)2C6H3)2C6H3), as well as the open-shell 

monoanion K(THF)4[Pt3(µ-CO)3(CNArDipp2)3]. These anionic clusters serve as isolobal 

mimics to [Pt3(CO)6]2– as well as putative [Pt3(CO)6]•–, with the highest occupied orbital 

shown to be primarily located on the ligand π* framework. Occupation of this highly 

delocalized π-symmetric orbital results in the aggregate set of isocyanide and carbonyl 

ligands functioning in a redox non-innocent fashion akin to canonical multidentate redox 

active ligands.26-28 
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5.2. Syntheses and characterization data of the clusters [Pt3(µ-

CO)3(CNArDipp2)3]n– (n = 0, 1, 2) 

 Exposure of a diethyl ether solution of two-coordinate Pt(CNArDipp2)2
29,30 to 1 atm 

CO gas results in displacement of one isocyanide ligand and aggregation to afford the 

trinuclear cluster Pt3(µ-CO)3(CNArDipp2)3 (1, Scheme 5.1). Despite the presence of excess 

CO, further CO-for-isocyanide substitution is not observed even upon stirring for several 

days. Crystallographic characterization of 1 (Figure 5.1) reveals an equilateral triangulo-

Pt3 core with Pt-Pt distances (mean = 2.6496(2) Å) similar to those seen for Pt3(µ-

CO)3(PR3)3.16-20 Trinuclear 1 adopts nearly rigorous D3h site symmetry, with the Pt-CO 

and Pt-CNR bond vectors all essentially coincident with the Pt3 plane (maximum torsion 

angle = 8.56˚). In accordance with its high symmetry in the solid state, the solution FTIR 

spectrum of 1 displays only a single υ(C≡N) and υ(C=O) mode (2118 and 1834 cm–1, 

respectively; E’ symmetric in the D3h point group). 

 

Scheme 5.1. Synthesis of Pt3(µ-CO)3(CNArDipp2)3 (1). 
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Figure 5.1. Molecular structure of Pt3(µ-CO)3(CNArDipp2)3·C5H12 (1·C5H12). Flanking isopropyl 
groups omitted for clarity. Co-crystallized n-pentane was accounted for using SQUEEZE. 
Selected bond distances (Å): Pt1-Pt2 = 2.6485(4); Pt2-Pt3 = 2.6465(4); Pt3-Pt1= 2.6539(4); Pt1-
C1 = 1.911(6); Pt2-C2 = 1.917(5); Pt3-C3 = 1.924(6); Pt1-C5 = 2.078(6); Pt1-C6 = 2.048(7); Pt2-
C4 = 2.057(6); Pt2-C5 = 2.061(7); Pt3-C4 = 2.058(6); Pt3-C6 = 2.071(6). 
 

Remarkably, cyclic voltammetry of 1 in THF (Figure 5.2) shows the presence of 

two reversible reduction events centered at –1.95 V (ΔEp = 86 mV) and –2.60 V (ΔEp = 

81 mV) vs. Fc, suggesting the accessibility of the anionic clusters [Pt3(µ-

CO)3(CNArDipp2)3]n– (n = 1, 2). Chemical reduction of 1 in benzene solution using an 

excess of KC8 results in smooth formation of a deep purple diamagnetic product as 

assayed by 1H and 13C{1H} NMR (Scheme 5.2). Retention of the triangulo-Pt3(µ-

CO)3(CNR)3 motif is suggested by peaks at δ = 242.2 and δ = 194.5 ppm in the 13C{1H} 

NMR spectrum corresponding to bridging carbonyl and terminal isocyanide ligands, 

respectively. This new species gives rise to a 195Pt NMR signal at δ = –4271 ppm, which 

is strikingly similar to that of 1 (δ = –4319 ppm) given the wide chemical shift range 
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inherent in 195Pt NMR.31 FTIR spectra in C6D6 show a single υ(C=O) band at 1722 cm–1, 

as well as broad υ(C≡N) stretching modes centered at 2043 and 1985 cm–1. These bands 

are shifted to significantly lower energies relative to 1 and can be compared with the 

terminal and bridging υ(CO) modes reported for in situ generated [Pt3(CO)6]2– (1945, 

1740 cm–1, THF).8 

 

Figure 5.2. Cyclic voltammogram of 1 showing two reversible redox events. 
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Scheme 5.2. Synthesis of the anionic cluster K2[Pt3(µ-CO)3(CNArDipp2)3]n– (K2[1]) via reduction 
of 1 and comproportionation to give the monoanionic radical K[Pt3(µ-CO)3(CNArDipp2)3]n– (K[1]). 
  

Structure determination on single crystals grown from DME/n-hexane at –35 ˚C 

confirmed the identity of this species to be the dianion K2(DME)3[Pt3(µ-

CO)3(CNArDipp2)3] (K2(DME)3[1], Figure 5.3). Each Pt3 unit exists as a discreet entity 

and no oligimerization to higher nuclearity, stacked structures is observed. Most notably, 

despite the introduction of two negative charge equivalents, the structural features of the 

[Pt3(µ-CO)3(CNArDipp2)3] core in K2(DME)3[1] are essentially unchanged relative to 1. 

The Pt-C bond vectors remain nearly coincident with the Pt3 plane, with only very minor 

perturbations of the Pt-Pt, Pt-CCNR, and Pt-CCO distances apparent (Table 5.1). The two 

potassium counterions sit directly over the centroid on either face of the Pt3 triangle and 

are chelated by one or two molecules of DME. In contrast to Chini’s [Pt3(CO)6]2–,8 K2[1] 

exhibits remarkable kinetic stability. As a solid, it can be stored for weeks in a glovebox 

freezer at –35 ˚C without change, while benzene-d6 solutions of K2[1] at 25 ˚C undergo 
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decomposition over the course of several weeks to give free CNArDipp2 as the sole 

isocyanide-containing species according to 1H NMR spectroscopy. This kinetic stability 

results in an exceedingly simple synthetic protocol whereby analytical quality K2[1] can 

be obtained in excellent yields (99%) via simple lyophilization of the benzene solvent 

after filtration of the reaction mixture. 

 

Figure 5.3. Molecular structure of K2(DME)3[Pt3(µ-CO)3(CNArDipp2)3]·2DME (K2(DME)3[1]·2 
DME). Flanking isopropyl groups omitted for clarity. Co-crystallized DME molecules were 
accounted for using SQUEEZE. Selected bond distances (Å): Pt1-Pt2 = 2.6367(4); Pt2-Pt3 = 
2.6386(5); Pt3-Pt1 = 2.6325(4); Pt1-C1 = 1.897(7); Pt2-C2 = 1.897(7); Pt3-C3 = 1.894(8); Pt1-
C4 = 2.039(8); Pt1-C5 = 2.040(8); Pt2-C5 = 2.052(7); Pt2-C6 = 2.048(6); Pt3-C4 = 2.035(7); Pt3-
C6 = 2.048(6). 
 
Table 5.1. Selected bond distances from the solid-state structures of complexes 1, K(THF)4[1], 
and K2(DME)3[1]. 
 

Complex Mean d(Pt-Pt) Mean d(Pt-CCNR) Mean d(Pt-CCO) 
1 2.6496(2) Å 1.917(3) Å 2.062(2) Å 

K(THF)4[1] 
K2(DME)3[1] 

2.6448(3) Å 
2.6359(2) Å 

1.924(6) Å 
1.896(4) Å 

2.047(4) Å 
2.044(3) Å 
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 While Chini clusters of many nuclearities have been isolated, a common feature 

among all of them is an overall charge of 2–. Their reactions with oxidizing agents have 

been proposed to proceed via single-electron transfer to transiently form [Pt3(CO)6]n
•–, 

followed by dimerization and further aggregation to yield [Pt3(CO)6]2n
2– stacked 

clusters.32 However, such monoradical species have not been observed to date during the 

course of these oxidations. The apparent resistance of K2[Pt3(µ-CO)3(CNArDipp2)3] 

(K2[1]) toward aggregation, as well as the clean electrochemical data for 1, suggested the 

potential accessibility of the open-shell monoanion [Pt3(µ-CO)3(CNArDipp2)3]•–. 

Accordingly, simple comproportionation of 1 and K2[1] in THF-d8 (Scheme 5.2) 

produces a dark green solution, which gives rise to only broad 1H NMR signals indicative 

of the presence of a paramagnetic species (µeff = 1.7(2) µB, Evans method). Analysis by 

FTIR spectroscopy shows υ(C=O) (1775 cm–1) and υ(C≡N) (2061, 2022 cm–1) bands 

intermediate in energy with respect to those of 1 and K2[1]. Storage of this solution at –

35 ˚C yields black crystals of K(THF)4[Pt3(µ-CO)3(CNArDipp2)3] (K(THF)4[1]) as 

determined by X-ray diffraction (Figure 5.4). As noted for K2(DME)3[1], the anionic 

fragment in K(THF)4[1] is essentially isostructural to that of neutral 1 (Table 5.1). The 

coordination geometry about each platinum center remains almost perfectly planar, while 

the Pt-Pt, Pt-CCNR and Pt-CCO bond lengths are basically unchanged from those in 1 and 

K2(DME)3[1] (Table 5.1). The room temperature solid-state EPR spectrum of 

K(THF)4[1] displays axial symmetry, with g⊥ = 2.020 and g|| = 1.974 (Figure 5.5). The 

small degree of g anisotropy and the minimal deviation of these values from 2.002 (g of a 

free electron) differ from EPR spectra typically seen for Pt-based S = 1/2 

metalloradicals.33-35 However, they are very much in accord with spectra exhibited by 
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systems containing closed-shell platinum centers bound to radical ligands.36,37 

Noticeably, no coupling to the 195Pt nucleus (I = 1/2, 33.8% abundant) is resolved, 

suggesting that minimal spin density resides at the Pt3 core. 

 

Figure 5.4. Molecular structure of K(THF)4[Pt3(µ-CO)3(CNArDipp2)3]·2THF 
(K(THF)4[1]·2(THF)). Flanking isopropyl groups omitted for clarity. Co-crystallized THF 
molecules were accounted for using SQUEEZE. Selected bond distances (Å): Pt1-Pt2 = 
2.6367(5); Pt2-Pt3 = 2.6351(5); Pt3-Pt1 = 2.6547(5); Pt1-C1 = 1.902(12); Pt2-C2 = 1.924(10); 
Pt3-C3 = 1.947(10); Pt1-C4 = 2.066(10); Pt1-C5 = 2.074(10); Pt2-C5 = 2.030(10); Pt2-C6 = 
2.056(10); Pt3-C4 = 2.012(10); Pt3-C6 = 2.042(10). 
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Figure 5.5. Experimental (black) and simulated (red) solid-state X-band EPR spectrum of 
K(THF)4[Pt3(µ-CO)3(CNArDipp2)3] recorded at 294 K.  
 
 

5.3. Electronic structure insights via Density Functional Theory (DFT) 

calculations revealing ligand-based redox-noninnocence 

Density Functional Theory (DFT) studies were undertaken in order to interrogate 

the electronic structure of the clusters [Pt3(µ-CO)3(CNArDipp2)3]n– (n = 0, 1, 2). The 

optimized geometries of the truncated models [Pt3(µ-CO)3(CNArPh2)3]n– ([1*]n–, n = 0, 1, 

2) satisfactorily reproduce the important metrical parameters of the corresponding 

structurally characterized triplatinum clusters 1, K(THF)4[1] and K2(DME)3[1]. 

Remarkably, the calculated HOMO of [1*]2– (Figure 5.6A) and SOMO of [1*]– consist of 

the in-phase combination of the out-of-plane π* orbitals of the carbonyl and isocyanide 

ligands (a2
’’ in D3h symmetry) with only a modest contribution from Pt-based orbitals 

(20.5% for [1*]2– HOMO; 25.7% for [1*]– SOMO).38 The primarily ligand-based 
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parentage of this orbital is in accord with the minimal shortening of the Pt-C bond 

distances upon reduction of 1 (Table 5.1), despite the sizeable shift of the IR υ(C=O) and 

υ(C≡N) bands to lower energies, which are usually attributable to increased metal-to-

ligand π-backdonation. It is also consistent with semi-empirical extended Hückel 

calculations on [Pt3(CO)6]2–, which predict a HOMO that is primarily CO π* in 

character.39-41 Indeed, DFT calculations on [Pt3(CO)6]2– yield a HOMO that is entirely 

analogous to that of [1*]2–, namely the a2
’’ combination of bridging and terminal CO out-

of-plane π* orbitals (Figure 5.6B). This confirms that K2[1] indeed functions as an 

isolobal analogue of [Pt3(CO)6]2–, while K(THF)4[1] is isolobal with the monoanion 

[Pt3(CO)6]•–, a putative fleeting intermediate in the oxidation of [Pt3(CO)6]2– to 

[Pt3(CO)6]2
2–. The all-π-acid ligand sets employed in K2[1] and [Pt3(CO)6]2– can be 

contrasted with the hypothetical dianions of the phosphine-substituted triplatinum 

clusters Pt3(µ-CO)3(PR3)3.16-20 DFT calculations for [Pt3(µ-CO)3(PMe3)3]2– illustrate that 

the primarily σ-donating nature of the trimethylphosphine ligands precludes 

delocalization of electron density onto the terminal ligands in the cluster. For this 

complex, the HOMO is again a2
’’-symmetric, but consists primarily of the out-of-plane 

π* orbitals of the bridging carbonyl ligands (Figure 5.6C). The relative localization of 

electron density onto the bridging ligands in  [Pt3(µ-CO)3(PMe3)3]2–, along with the 

strongly σ-donating nature of the phosphine ligands, likely renders the reduction of Pt3(µ-

CO)3(PR3)3 to the corresponding dianion more difficult than the reduction of 1 to K2[1], 

and serves to highlight the central role played by the all-π-acid ligand sets of K2[1] and 

[Pt3(CO)6]2– in stabilizing the negative charge equivalents. 
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Interestingly, the modest contribution of platinum-based atomic orbitals to the 

a2’’-symmetric HOMO of [1*]2– is mostly 6pz in parentage, while the molecular orbital 

contains only 0.8% 5d character. Similarly small 5d contributions are apparent in the 

SOMO of [1*]– (1.3% 5d) and the HOMO of [Pt3(CO)6]2– (1.4% 5d), an effect we believe 

can be traced to the intratriangular Pt-Pt bonding interactions.42 The only symmetry-

adapted linear combination of Pt 5d orbitals for the [Pt(µ-CO)3L3] (L = CO, CNR) 

fragment with a2’’ symmetry (Figure 5.7) has significant Pt-Pt bonding character, which 

serves to stabilize it in energy. Importantly, the resulting energy gap between this orbital 

and the a2’’-symmetric HOMO is rather large (ca. 4.4 eV), which is thought to preclude 

significant mixing of 5d character into the latter. Remarkably, due to the primarily ligand-

based nature of the a2’’ HOMO/SOMO found for [1*]2– and [1*]–, it can be noted that 

population of this orbital in K2[1] and K(THF)4[1] results in the CO/CNArDipp2 ligand set 

acting in a formally redox non-innocent fashion. Distinct from these ligands merely 

functioning as π-acids, the successive reduction on going from 1 to K(THF)4[1] and K2[1] 

yields clusters best described as containing a (Pt3)0 core supported by a ligand set that, as 

an aggregate, bears a singly- or doubly-reduced π*-manifold. In essence, combining the 

out-of-plane π* orbitals of all six ligands in-phase renders them accessible in energy, 

allowing the a2
’’ orbital to function as an electron reservoir reminiscent of multidentate 

redox non-innocent ligand systems bearing extended π-systems.26 
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Figure 5.6. DFT Calculated HOMOs of [1*]2– (A), [Pt3(CO)6)]2– (B), and [Pt3(µ-CO)3(PMe3)3]2– 
(C). BP86/def2-TZVP/ZORA. 
 

 
 
Figure 5.7. (A) DFT calculated metal-based a2’’-symmetric valence orbitals of [1*]2–, which is 
HOMO–19 and is calculated to lie 4.40 eV below the HOMO. (B) DFT calculated metal-based 
a2’’-symmetric valence orbitals of [Pt3(CO)6]2–, which is HOMO–10 and is calculated to lie 4.40 
eV below the HOMO. 
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5.4. Metal-based reactivity of K2[Pt3(µ-CO)3(CNArDipp2)3] with electrophiles 

 The robust and highly-reduced nature of K2[Pt3(µ-CO)3(CNArDipp2)3] (K2[1]) 

allows it to undergo well-defined reactivity with main-group and transition-metal 

electrophiles (Scheme 5.3). Addition of a benzene solution of Ph3SnCl or Et3SiCl to 

K2[1] proceeds with elimination of KCl and formation of the diamagnetic triplatinum 

clusters K[Pt3(µ3-SnPh3)(µ-CO)3(CNArDipp2)3] (2, Figure 5.8) or K[Pt3(SiEt3)(µ-

CO)3(CNArDipp2)3] (3, Figure 5.9) as determined by X-ray diffraction. In 2, the 

triphenylstannyl ligand is bound in a µ3 fashion, a binding mode that is unprecedented for 

triorganostannyl ligands.43 Contrastingly, the triethylsilyl ligand in 3 is terminally bound 

to a single Pt center, with the Pt-Si bond vector being nearly orthogonal to the Pt3 plane. 

The isocyanide bound to the silyl-ligated platinum center bends significantly out of the 

plane toward the opposite face of the cluster. However, despite the asymmetry evident in 

the solid-state structure of 3, only a single sharp set of –ArDipp2 resonances are seen by 1H 

NMR at 20 ˚C, indicating that exchange of the silyl ligand between the three Pt centers is 

fast on the NMR timescale. Dianionic K2[1] also reacts with one or two equivalents of 

AuCl(PPh3), providing dark blue K(Et2O)2[Pt3(µ3-AuPPh3)(µ-CO)3(CNArDipp2)3] (4, 

Figure 5.10) or forest green Pt3(µ3-AuPPh3)2(µ-CO)3(CNArDipp2)3 (5, Figure 5.11). In 

both clusters, the –AuPPh3 fragments symmetrically bridge the three Pt centers affording 

a Pt3Au tetrahedron (4) or a Pt3Au2 trigonal bipyramid (5). While reminiscent of the 

formation of [Pt3(µ3-AuPCy3)(µ-CO)3(PCy3)3]+, which is produced by capping the 

corresponding neutral Pt3 cluster with a [AuPCy3]+ fragment,44 it should be noted that the 

two additional valence electrons possessed by K2[1] compared to Pt3(µ-CO)3(PCy3)3 

allows for the isolation of a anionic Pt/Au cluster, of which only one other structurally 
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characterized example is known.45 These extra electrons also allow for the formation of 5 

via addition a second equivalent of [AuPCy3]+, a transformation which is not accessible 

for [Pt3(µ3-AuPCy3)(µ-CO)3(PCy3)3]+46 and has not been reported for any phosphine-

substituted Pt3(µ-CO)3(PR3)3 cluster. Thus, although formation of K2[1] is effected by 

reduction of the combined ligand π* manifold, the reducing equivalents thereby 

introduced can be leveraged to mediate reactivity at the platinum centers and allow for 

systematic electrophilic functionalization of the Pt3 core. 

 

Scheme 5.3. Reactivity pinwheel for K2[1]. 
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Figure 5.8. Molecular structure of K[Pt3(µ3-SnPh3)(µ-CO)3(CNArDipp2)3]·4(C5H12) (2·4(C5H12)). 
Flanking isopropyl groups omitted for clarity. Co-crystallized n-pentane molecules were 
accounted for using SQUEEZE. Selected bond distances (Å): Pt1-Pt2 = 2.6353; Pt2-Pt3 = 
2.6322(5); Pt3-Pt1 = 2.6353(5); Pt1-Sn = 3.0372(8); Pt2-Sn = 2.9479(8); Pt3-Sn = 3.0024(9); 
Pt1-C1 = 1.903(9); Pt2-C2 = 1.902(9); Pt3-C3 = 1.916(9); Pt1-C4 = 2.073(10); Pt1-C5 = 
2.073(9); Pt2-C5 = 2.079(9); Pt2-C6 = 2.102(9); Pt3-C4 = 2.020(10); Pt3-C6 = 2.062(9). 
 

 
Figure 5.9. Molecular structure of K(Et2O)[Pt3(SiEt3)(µ-CO)3(CNArDipp2)3] (3). Flanking 
isopropyl groups omitted for clarity. Selected bond distances (Å) and angles (˚): Pt1-Pt2 = 
2.6435(5); Pt2-Pt3 = 2.6315(5); Pt3-Pt1 = 2.6440(5); Pt1-Si1= 2.417(3); Pt1-C1 = 1.953(9); Pt2-
C2 = 1.918(9); Pt3-C3 = 1.872(11); Pt1-C4 = 2.069(10); Pt1-C6 = 2.073(11); Pt2-C4 = 
2.039(11); Pt2-C5 = 2.062(11); Pt3-C5 = 2.075(10); Pt3-C6 = 2.076(10); C1-Pt1-Si = 99.4(3). 
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Figure 5.10. Molecular structure of K(Et2O)2[Pt3(µ3-AuPPh3)(µ-CO)3(CNArDipp2)3]·2(Et2O) 
(4·2(Et2O)). Flanking isopropyl groups and co-crystallized diethyl ether molecules omitted for 
clarity. Selected bond distances (Å): Pt1-Pt2 = 2.6465(3); Pt2-Pt3 = 2.6443(3); Pt3-Pt1 = 
2.6446(3); Pt1-Au = 2.8410(4); Pt2-Au = 2.8421(4); Pt3-Au = 2.8284(4); Pt1-C1 = 1.912(6); Pt2-
C2 = 1.898(6); Pt3-C3 = 1.900(6); Pt1-C4 = 2.078(6); Pt1-C5 = 2.066(6); Pt2-C5 = 2.069(5); Pt2-
C6 = 2.071(6); Pt3-C4 = 2.070(6); Pt3-C6 = 2.079(6). 
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Figure 5.11. Molecular structure of Pt3(µ3-AuPPh3)2(µ-CO)3(CNArDipp2)3·3Et2O (5·3 Et2O). 
Flanking isopropyl groups omitted for clarity. Co-crystallized diethyl ether molecules were 
accounted for using SQUEEZE. Selected bond distances (Å): Pt1-Pt1’ = 2.6388(7); Pt1-Au1 = 
2.8292(5); Pt1-C1 = 1.985(10); Pt1-C2 = 2.085(1). 
 
 
5.5. Synthesis of the neutral tripalladium cluster Pd3(µ-CO)3(CNArDipp2)3, its 

electrochemical behavior, and attempted chemical reductions 

 Given the central role played by the all π-acidic ligand set in housing the negative 

charge equivalents in the clusters K(THF)4[1] and K2[1], we wished to explore whether 

analogous metalates based off of the lighter Group 10 congeners could be accessed. 

Initial efforts have focused on palladium, a metal for which there are no known binary 

carbonyl clusters.21 Utilizing the bis-m-terphenyl isocyanide complex Pd(CNArDipp2)2,47 

the corresponding neutral tripalladium cluster Pd3(µ-CO)3(CNArDipp2)3 (6) was 

synthesized via substitution of one isocyanide ligand with CO (Scheme 5.4). Unlike in 

the synthesis of Pt3(µ-CO)3(CNArDipp2)3 (1), attempted syntheses using excess (ca. 1 atm) 

CO resulted in a mixture of 6, Pd(CNArDipp2)2, free CNArDipp2, and other unidentified 
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species. However, addition of 1.05 equivalents of CO to a frozen diethyl ether solution of 

Pd(CNArDipp2)2 allowed for smooth formation of 6 with liberation of one equivalent of 

CNArDipp2 (Scheme 5.4). Following extraction with n-pentane and crystallization from 

toluene/n-pentane, 6 could be isolated as a golden yellow solid in moderate (52%) yields. 

Structural characterization via X-ray diffraction shows that 6 is isostructural to its 

platinum analogue 1, with the coordination geometry around each Pd center being nearly 

rigorously planar (Figure 5.12). As was observed for 1, a single set of υ(C=O) and 

υ(C≡N) bands (1871 and 2107 cm–1, respectively) is observed for 6, consistent with the 

D3h site symmetry displayed in the solid state. 

 

Scheme 5.4. Synthesis of Pd3(µ-CO)3(CNArDipp2)3 (6). 
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Figure 5.12. Molecular structure of Pd3(µ-CO)3(CNArDipp2)3 • Et2O (6 • Et2O). Isopropyl groups 
and co-crystallized diethyl ether molecule omitted for clarity. Selected bond distances (Å): Pd1-
Pd2 = 2.6750(11); Pd2-Pd3 = 2.6851(11); Pd1-Pd3 = 2.6726(13); Pd1-C1 = 1.985(6); Pd2-C2 = 
1.956(6); Pd3-C3 = 1.977(6); Pd1-C4 = 2.036(6); Pd1-C5 = 2.063(6); Pd2-C5 = 2.080(6); Pd2-C6 
= 2.039(6); Pd3-C6 = 2.056(7); Pd3-C4 = 2.064(7). 
 
  

Cyclic voltammetry studies of 6 show the presence of a reversible redox wave 

centered at –2.46 V vs. Fc (ΔEp = 92 mV), suggesting the potential accessibility of the 

corresponding radical monoanion (Figure 5.13). Scanning to more negative potentials 

evidences several superimposed redox events. Despite the reversibility of the first wave, 

attempted chemical reductions of 6 with a variety reducing agents (KC8, Na metal, 

Na[C10H8]) have thus far led exclusively to ejection of free CNArDipp2 and the formation 

of palladium metal as assessed by IR spectroscopy. The apparent resistance of 6 toward 

reduction is in line with the relative dearth of homometallic carbonyl palladate clusters 



 234 

 

compared to those based off of platinum.48 Computational investigations are underway in 

our laboratory with the aim of understanding why 6 is more difficult to reduce than 1. 

 

Figure 5.13. Cyclic voltammogram of complex 6. 

 

5.6. Concluding remarks 

 The kinetic stabilization afforded by encumbering m-terphenyl isocyanides, in 

concert with their isolobal relationship to CO, allows for the isolation of a robust 

analogue to Chini’s delicate [Pt3(CO)6]2–. Remarkably, the corresponding monoanion 

also proved isolable and was shown to contain one unpaired electron located primarily on 

the aggregate ligand π* system. Importantly, this study provides precedent for a set of 

isocyanide and carbonyl ligands to act in a redox non-innocent fashion. We are currently 

probing for other highly-reduced organometallic systems in which such an unusual 

situation may be fostered. 
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5.7. Synthetic procedures and characterization data 

All manipulations were carried out under an atmosphere of purified dinitrogen 

using standard Schlenk and glovebox techniques. Unless otherwise stated, reagent-grade 

starting materials were purchased from commercial sources and either used as received or 

purified by standard procedures.49 Solvents were dried and deoxygenated according to 

standard procedures.50 Benzene-d6 and THF-d8 (Cambridge Isotope Laboratories) were 

distilled from NaK alloy/benzophenone and stored over activated 3 Å molecular sieves 

for 2 d prior to use. Celite 405 (Fisher Scientific) was dried under vacuum (24 h) at a 

temperature above 250 ˚C and stored in the glovebox prior to use.  Other than for the 

synthesis of 1 and 6, all reactions that were mechanically mixed by stirring utilized 

borosilicate-coated magnetic stirbars due to the propensity of the metalates reported 

herein to be oxidized by Teflon. AuCl(PPh3) was prepared by mixing AuCl(SMe2) with 

PPh3 (1.00 equiv) in THF, stirring for 5 min, filtering through Celite, and drying in 

vacuo. Pt(CNArDipp2)2 and Pd(CNArDipp2)2 were prepared as previously reported.29,47 

Solution 1H, 13C{1H}, 31P{1H} and 195Pt NMR spectra were recorded on a Jeol 

ECA 500, a Varian X-SENS 500, or a Bruker Avance 300 spectrometer. 1H and 13C{1H} 

chemical shifts are reported in ppm relative to SiMe4 (1H and 13C δ = 0.0 ppm) with 

reference to residual solvent resonances of 7.16 ppm (1H) and 128.06 ppm (13C) for C6D6, 

3.58 ppm (1H) for THF-d8. 31P{1H} NMR spectra were referenced externally to 85% 

H3PO4 (δ = 0 ppm). 195Pt NMR spectra (direct detection) were referenced externally to 

1.2 M Na2[PtCl6] in D2O (δ = 0 ppm). FTIR spectra were recorded on a Thermo-Nicolet 

iS10 FTIR spectrometer. Samples were prepared as C6D6 or THF solutions injected into a 

ThermoFisher solution cell equipped with KBr windows. Solvent peaks were digitally 
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subtracted from all spectra by comparison with an authentic spectrum obtained 

immediately prior to that of the sample. The following abbreviations were used for the 

intensities and characteristics of important IR absorption bands: vs = very strong, s = 

strong, m = medium, w = weak, vw = very weak; b = broad, vb = very broad, sh = 

shoulder. Combustion analyses were performed by Midwest Microlabs of Indianapolis, 

IN (USA). 

Cyclic voltammetry measurements on Pt3(µ-CO)3(CNArDipp2)3 (1) and Pd3(µ-

CO)3(CNArDipp2)3 (6) were carried out using a EG&G potentiostat (PAR-model 263A) 

and an electrochemical cell with a Pt disk working electrode, Pt wire counter-electrode, 

and Ag as a (pseudo) reference electrode. Measurements were performed in an argon-

filled glovebox using a THF solution of 1 or 6 containing [(n-Bu)4N]PF6 (0.1 M) and 

decamethylferrocene as an internal standard (Cp*
2Fe/Cp*

2Fe+ = –0.43 V vs. 

Cp2Fe/Cp2Fe+ in THF)51 at a scan rate of 0.1 V/s. For 1 (Figure 5.2), it is noted that the 

return (oxidative) peak of the latter wave contains a shoulder at ca. –2.45 V. With 

successive scanning, this shoulder was seen to increase in intensity. We tentatively 

ascribe its origin to oxidation of a species formed via reaction between in situ-produced 

Pt3(µ-CO)3(CNArDipp2)3]•– or [Pt3(µ-CO)3(CNArDipp2)3]2– and the [(n-Bu)4N]PF6 

electrolyte. 

Synthesis of Pt3(µ-CO)3(CNArDipp2)3 (1). A resealable ampoule was charged 

with a diethyl ether solution of Pt(CNArDipp2)2 (0.500 g, 0.480 mmol, 50 mL). The 

ampoule was connected to a Schlenk line and the solution was frozen in a liquid nitrogen 

bath. After evacuating the headspace of the ampoule, it was placed under 1.0 atm of CO 

gas, thawed, and allowed to stir vigorously for 1 hour at room temperature. All volatiles 
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were then removed in vacuo. The resulting orange residue was extracted 4 x 10 mL n-

pentane to remove liberated CNArDipp2. The remaining solid was taken up in 5 mL 

toluene, layered with 3 mL n-pentane, and stored at –35 ˚C for 3 days, whereupon 

red/orange crystals were obtained. The mother liquor was dried in vacuo, and the 

remaining residue taken up in 2 mL toluene, layered with 1 mL n-pentane, and stored at –

35 ˚C for 1 week to provide a second crop of crystals, which were subsequently collected 

and dried. Yield: 0.272 g, 0.140 mmol, 88%. Crystals suitable for X-ray diffraction were 

grown from a dilute n-pentane solution stored at –35 ˚C. 1H NMR (499.8 MHz, C6D6, 20 

˚C): δ = 7.34 (t, 6H, J = 8 Hz, p-Dipp), 7.25 (d, 12H, J = 8 Hz, m-Dipp), 7.02 (apparent s, 

9H, m- and p-Ar), 2.81 (septet, 12H, J = 7 Hz, CH(CH3)2), 1.41 (d, 36H, J = 7 Hz, 

CH(CH3)2), 1.18 (d, 36H, J = 7 Hz, CH(CH3)2) ppm. 1H NMR (300.0 MHz, THF-d8, 20 

˚C): δ = 7.60 (t, 3H, J = 8 Hz, p-Ar), 7.32 (d, 6H, J = 8 Hz, m-Ar), 7.28–7.15 (m, 18H, m- 

and p-Dipp), 2.61 (septet, 12H, J = 7 Hz, CH(CH3)2), 1.14 (d, 36H, J = 7 Hz, CH(CH3)2), 

1.12 (d, 36H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7, C6D6, 20 ˚C): δ = 242.0 

(µ-CO), 168.1 (CNR), 146.7, 139.2, 134.8, 129.9, 129.7, 129.1, 127.6, 123.5, 31.6, 24.8, 

24.2 ppm. 195Pt NMR (107.5 MHz, C6D6, 20 ˚C): δ = –4319 (s) ppm. FTIR (KBr 

windows, C6D6, 20 ˚C): υ(C=O) = 1834 (vs) cm–1; υ(C≡N) = 2118 (vs) cm–1; also 3064, 

3026, 2962, 2926, 2906, 2887, 2868, 1579, 1471, 1462, 1385, 1418, 1363, 1103, 1056, 

937, 793, 756 cm–1. Anal. calcd. for C96H111N3O3Pt3: C, 59.49; H, 5.77; N, 2.16. Found: 

C, 59.79; H, 5.86; N, 2.19. 

Synthesis of K2[Pt3(µ-CO)3(CNArDipp2)3] (K2[1]). Three filter pipettes were 

each loaded with 0.019 g KC8 (total = 0.057 g, 0.425 mmol, 5.3 equiv). A benzene 

solution of Pt3(µ2-CO)3(CNArDipp2)3 (0.156 g, 0.080 mmol, 6 mL) was prepared. 



 238 

 

Subsequently, each of the KC8-filled filter pipettes was charged with 2 mL of the above 

solution. The solution was mechanically agitated with the KC8 for 10 s using a pipette, 

and then eluted through the filter at a rate of three drops per second. The eluents from 

each filter pipette were combined and lyophilized, affording a deep purple solid. Yield: 

0.160 g, 0.079 mmol, 99%. Crystals of K2(DME)3[Pt3(µ-CO)3(CNArDipp2)3]·2DME 

suitable for X-ray diffraction were grown from a 1:1 DME/n-hexane solution at –35 ˚C. 

1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.18–7.15 (m, 9H, m- and p-Ar), 7.07–6.97 (m, 

18H, m- and p-Dipp), 3.05 (septet, 12H, J = 7 Hz, CH(CH3)2), 1.61 (d, 36H, J = 7 Hz, 

CH(CH3)2), 1.24 (d, 36H, J = 7 Hz, CH(CH3)2) ppm. 1H NMR (300.0 MHz, THF-d8, 20 

˚C): δ = 7.25–7.05 (m, 27 H, m- and p-Dipp, m- and p-Ar), 2.78 (septet, 12H, J = 7 Hz, 

CH(CH3)2), 1.23 (d, 36H, J = 7 Hz, CH(CH3)2), 1.09 (d, 36H, J = 7 Hz, CH(CH3)2) ppm. 

13C{1H} NMR (125.7, C6D6, 20 ˚C): δ = 242.2 (µ-CO), 194.5 (CNR), 148.3, 138.1, 

137.5, 132.1, 130.0, 125.4, 122.7, 31.6, 24.8, 24.8 ppm. Note: One aryl carbon resonance 

likely overlaps with  the C6D6 solvent resonance. 195Pt NMR (107.5 MHz, C6D6, 20 ˚C): 

δ = –4271 (s) ppm. FTIR (KBr windows, C6D6, 20 ˚C): υ(C=O) = 1722 (vs) cm–1; 

υ(C≡N) = 2044 (s), 1983 (vs) cm–1; also 2962, 2927, 2903, 2886, 2867, 1576, 1420, 

1384, 1248, 1208, 1058, 756 cm–1. Anal. calcd. for C96H111N3O3Pt3K2: C, 57.13; H, 5.54; 

N, 2.08. Found: C, 56.68; H, 5.33; N, 1.91. 

Synthesis of K(THF)4[Pt3(µ-CO)3(CNArDipp2)3] (K(THF)4[1]). To a THF 

solution of K2[Pt3(µ-CO)3(CNArDipp2)3] (0.044 g, 0.022 mmol, 0.5 mL) was added a THF 

solution of Pt3(µ-CO)3(CNArDipp2)3 (0.042 g, 0.022 mmol, 1.00 equiv, 0.5 mL). The 

solution rapidly turned dark forest green in color and contained solely K[Pt3(µ2-

CO)3(CNArDipp2)3] as assayed by 1H NMR (THF-d8) and IR spectroscopy. Storing this 
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solution at –35 ˚C for one week yields black single crystals of K(THF)4[Pt3(µ2-

CO)3(CNArDipp2)3], although these are obtained in consistently poor yields. Yield: 0.010 

g, 0.005 mmol, 10%. 1H NMR (500.0 MHz, THF-d8, 20 ˚C): δ = 8.08 (br s, 9H), 7.15 (br 

s, 9H), 2.87 (br s, 12H), 1.31 (br s, 36H), 0.57 (br s, 36H) ppm. µeff = 1.7(2) µB (Evans 

method, THF-d8/(TMS)2O, 20 ˚C, average of 3 independent trials). FTIR (KBr windows, 

THF, 20 ˚C): υ(C=O) = 1775 (vs) cm–1; υ(C≡N) = 2061 (s), 2022 (vs) cm–1; also 1578, 

1414, 757 cm–1. Note: Peaks between 1400-800 cm–1 and above 2700 cm–1 are obscured 

by the THF solvent. Anal. calcd. for C96H111N3O3Pt3K: C, 58.25; H, 5.65; N, 2.12. 

Found: C, 57.92; H, 5.66; N, 2.26. 

Synthesis of K[Pt3(µ3-SnPh3)(µ-CO)3(CNArDipp2)3] (2). To a benzene solution 

of K2[Pt3(µ-CO)3(CNArDipp2)3] (0.076 g, 0.038 mmol, 2 mL) was added drop-wise a 

benzene solution of Ph3SnCl (0.015 g, 0.039 mmol, 1.03 equiv, 1 mL). The solution was 

gently shaken over the course of 10 min, whereupon it was frozen in a glovebox freezer 

and subsequently lyophilized. The resulting magenta solid was slurried in n-pentane (2 

mL), filtered through Celite, and stored at –35 ˚C. After 1 day, magenta crystals were 

collected and dried in vacuo. Yield: 0.063 g, 0.027 mmol, 71%. 1H NMR (499.8 MHz, 

C6D6, 20 ˚C): δ = 7.38 (t, 6H, J = 8 Hz, p-Dipp), 7.23 (d, 12H, J = 8 Hz, m-Dipp), 7.10 

(apparent s, 15H, Sn-Ph), 7.02 (m, 9H, m- and p-Ar), 2.82 (septet, 12H, J = 7 Hz, 

CH(CH3)2), 1.27 (d, 36H, J = 7 Hz, CH(CH3)2), 1.19 (d, 36H, J = 7 Hz, CH(CH3)2) ppm. 

13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 223.8 (µ-CO, JPt,C = 754 Hz), 174.9 (CNR, 

JPt,C = 138 Hz), 151.4, 146.7, 138.4, 137.7, 135.4, 129.9, 129.8, 129.4, 127.4, 127.1, 

125.6, 123.7, 123.5, 31.5, 24.7, 24.2 ppm. FTIR (KBr windows, C6D6, 20 ˚C): υ(C=O) = 
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1865 (s), 1832 (vs), 1736 (s) cm–1; υ(C≡N) = 2114 (sh), 2094 (vs), 2041 (s), 2002 (s) cm–

1; also 3055, 3040, 2962, 2926, 2867, 1580, 1470, 1461, 1449, 1417, 1384, 1363, 1254, 

1180, 1058, 804, 792, 770, 756, 739, 728, 708, 701 cm–1. Anal. calcd. for 

C114H126N3O3Pt3SnK: C, 58.78; H, 5.45; N, 1.80. Found: C, 58.68; H, 5.43; N, 1.61. 

Synthesis of K[Pt3(SiEt3)(µ-CO)3(CNArDipp2)3] (3). To a benzene solution of 

K2[Pt3(µ-CO)3(CNArDipp2)3] (0.051 g, 0.025 mmol, 2 mL) was added a benzene solution 

of Et3SiCl (0.038 g, 0.252 mmol, 10.1 equiv, 1 mL). The solution was gently shaken over 

the course of 30 min, at which time it was frozen in a glovebox freezer and lyophilized. 

The resulting dark residue was taken up in 2 mL of 4:1 n-pentane/diethyl ether, filtered 

through Celite, and stored at –35 ˚C overnight to give brown crystals of 

K(Et2O)[Pt3(SiEt3)(µ-CO)3(CNArDipp2)3], which were collected and dried in vacuo. Yield: 

0.025 g, 0.012 mmol, 48%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.20 (apparent s, 

18H, m- and p-Dipp), 7.02–6.98 (m, 9H, m- and p-Ar), 2.89 (septet, 12H, J = 7 Hz, 

CH(CH3)2), 1.48 (d, 36H, J = 7 Hz, CH(CH3)2), 1.18 (d, 36H, J = 7 Hz, CH(CH3)2), 0.71 

(t, 9H, J = 8 Hz, –SiCH2CH3), 0.16 (q, 6H, J = 8 Hz, –SiCH2CH3) ppm. 13C{1H} NMR 

(125.7 MHz, C6D6, 20 ˚C): δ = 233.8 (µ-CO), 177.4 (CNR), 147.4, 138.6, 136.3, 130.4, 

130.1, 128.7, 126.8, 123.1, 31.5, 24.8, 24.3 14.2, 10.4 ppm. FTIR (KBr windows, C6D6, 

20 ˚C): υ(C=O) = 1833 (m), 1821 (m), 1782 (vs) cm–1; υ(C≡N) = 2112 (s), 2084 (vs), 

2053 (s), 2014 (s) cm–1; also 3063, 2961, 2928, 2905, 2867, 1579, 1469, 1461, 1418, 

1384, 1363, 1252, 1178, 1056, 1001, 792, 756, 720, 689 cm–1. Anal. calcd. for 

C102H126N3O3SiPt3K: C, 58.49; H, 6.06; N, 2.01. Found: C, 58.14; H, 6.17; N, 2.04. 

 Synthesis of K[Pt3(µ3-AuPPh3)(µ-CO)3(CNArDipp2)3] (4). A diethyl ether 

solution of K2[Pt3(µ-CO)3(CNArDipp2)3] (0.072 g, 0.036 mmol, 3 mL) and a diethyl ether 
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slurry of AuCl(PPh3) (0.020 g, 0.040 mmol, 1.11 equiv, 3 mL) were both cooled to –35 

˚C in a glovebox freezer. Both vials were removed from the freezer, the AuCl(PPh3) 

solution was added dropwise to the K2[Pt3(µ2-CO)3(CNArDipp2)3] solution, and the 

reaction mixture placed back into the freezer. The reaction was briefly removed and 

shaken for 10 s at every 5 min interval. After 20 min, the dark blue solution was filtered 

through Celite and all volatiles removed in vacuo. The resulting solid was twice slurried 

in 1 mL n-pentane, shaken for a few seconds, and dried. To this solid was then added 3.5 

mL Et2O. The solution was filtered through Celite and stored overnight at –35 ˚C. The 

microcrystalline material thereby produced was disposed of. The mother liquor was again 

filtered through Celite and stored at –35 ˚C for one week, yielding dark blue crystals of 

K(Et2O)2[Pt3(µ3-AuPPh3)(µ-CO)3(CNArDipp2)3]·2Et2O, which were collected and dried in 

vacuo. Yield: 0.033 g, 0.013 mmol, 35%. 1H NMR (499.8 MHz, C6D6, 20 ˚C): δ = 7.37–

7.13 (m, 18H, m- and p-Dipp), 7.17 (apparent s, 15H, P-Ph), 7.11 (d, 6H, J = 7 Hz, m-

Ar), 7.01 (t, 3H, J = 7 Hz, p-Ar), 2.98 (septet, 12H, J = 7 Hz, CH(CH3)2), 1.42 (d, 36 H, J 

= 7 Hz, CH(CH3)2), 1.24 (d, 36 H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7 

MHz, C6D6, 20 ˚C): δ  = 230.5 (µ-CO), 182.1 (CNR), 147.1, 138.1, 136.3, 135.0, 134.3, 

130.9, 129.7, 128.6, 127.7, 127.6, 125.7, 123.2, 31.5, 25.0, 24.3 ppm. 31P{1H} NMR 

(202.5 MHz, C6D6, 20 ˚C): ∂ = 34.1 (JPt,P = 290 Hz) ppm. FTIR (KBr windows, C6D6, 20 

˚C): υ(C=O) = 1777 (s), 1818 (m) cm–1; υ(C≡N) = 2057 (vs), 2027 (vs) cm–1; also 3058, 

2960, 2926, 2903, 2867, 1579, 1416, 1363, 1118, 1096, 1056, 1028, 936, 756, 694 cm–1. 

Anal. calcd. for C114H126N3O3KPAuPt3: C, 56.15; H, 5.21; N, 1.72. Found: C, 55.79; H, 

5.14; N, 1.40. 
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 Synthesis of Pt3(µ3-AuPPh3)2(µ-CO)3(CNArDipp2)3 (5). A diethyl ether solution 

of K2[Pt3(µ-CO)3(CNArDipp2)3] (0.078 g, 0.039 mmol, 3 mL) was frozen in a glovebox 

cold well. A room temperature AuCl(PPh3) slurry in n-pentane (0.039 g, 0.079 mmol, 2.0 

equiv, 4 mL) was layered on top of the frozen solution. The combined reaction mixture 

was shaken as it warmed to room temperature over the course of 30 min, during which 

time it slowly changed in color from purple to blue to deep emerald green. At this time, 

the reaction mixture was frozen in a glovebox cold well. As the solution thawed, it was 

filtered through a medium porosity fritted funnel, and the filter cake subsequently washed 

with 2 x 5 mL thawing n-pentane and the mother liquor disposed. The product was then 

isolated via subsequent washes with benzene (4 mL) and diethyl ether (4 mL), and the 

filtrate dried in vacuo. The resulting residue was washed with 4 x 5 mL acetonitrile and 

dried, affording a deep green powder. Yield: 0.020 g, 0.007 mmol, 18%. Analytically 

pure single crystals of Pt3(µ3-AuPPh3)2(µ-CO)3(CNArDipp2)3·3Et2O (5·3Et2O) suitable for 

X-ray diffraction were grown from a diethyl ether solution stored at –35 ˚C. 1H NMR 

(499.8 MHz, C6D6, 20 ˚C): δ = 7.62 (t, 6H, J = 8 Hz, p-Ph), 7.33–7.16 (m, 42H, o, m-Ph 

and m-, p-Dipp), 7.13 (d, 6H, J = 8 Hz, m-Ar), 7.02 (t, 3H, J = 8 Hz, p-Ar), 2.88 (septet, 

12H, J = 7 Hz, CH(CH3)2), 1.24 (d, 36 H, J = 7 Hz, CH(CH3)2), 1.13 (d, 36 H, J = 7 Hz, 

CH(CH3)2) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 20 ˚C): δ = 226.6 (µ-CO), 174.3 

(CNR), 146.6, 138.7, 125.3, 134.8, 134.8, 133.2, 130.0, 129.3, 129.1, 128.8, 126.3, 123.6, 

31.5, 24.9, 24.1 ppm. 31P{1H} NMR (121.4 MHz, C6D6, 20 ˚C): δ = 37.2 (JPt,P = 234 Hz) 

ppm. FTIR (KBr windows, C6D6, 20 ˚C): υ(C=O) = 1824 (vs) cm–1; υ(C≡N) = 2086 (vs), 

2036 (m) cm–1; also 3070, 3057, 2959, 2925, 2902, 2866, 1579, 1478, 1435, 1417, 1383, 
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1362, 1119, 1097, 1056, 1027, 936, 789, 755, 722, 708, 695 cm–1. Anal. calcd. for 

C132H141N3O3P2Au2Pt3: C, 55.46; H, 4.97; N, 1.47. Found: C, 55.01; H, 5.01; N, 1.52. 

 Synthesis of Pd3(µ-CO)3(CNArDipp2)3 (6). A resealable ampoule was charged 

with a diethyl ether solution of Pd(CNArDipp2)2 (0.303 g, 0.318 mmol, 25 mL). The 

ampoule was connected to a Schlenk line and the solution was frozen in a liquid nitrogen 

bath. After evacuating all volatiles from the ampoule, 8.0 mL CO gas (0.333 mmol, 1.05 

equiv) was added through the evacuated ampoule sidearm. The solution was allowed to 

thaw and warmed to room temperature with stirring over 1 h, during which time it 

changed in color from orange to yellow. All volatiles were then removed in vacuo. The 

resulting yellow residue was extracted 3 x 10 mL n-pentane to remove liberated 

CNArDipp2. The remaining solid was taken up in 3 mL toluene, layered with 1 mL n-

pentane, and stored at –35 ˚C for 3 days, whereupon yellow crystals were obtained. 

Yield: 0.093 g, 0.056 mmol, 52%. Single crystals suitable for X-ray diffraction were 

grown by storing an Et2O solution at –35 ˚C. 1H NMR (499.8 MHz, C6D6, 20 ˚C): ∂ = 

7.35 (t, 6H, J = 8 Hz, p-Dipp), 7.26 (d, 12H, J = 8 Hz, m-Dipp), 6.98 (m, 9H, m- and p-

Ar), 2.77 (septet, 12H, J = 7 Hz, CH(CH3)2), 1.42 (d, 36H, J = 7 Hz, CH(CH3)2), 1.17 (d, 

36H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7, C6D6, 20 ˚C): ∂ = 231.8 (µ-CO), 

161.0 (CNR), 146.7, 139.4, 134.9, 129.8, 129.7, 128.7, 128.3, 123.4, 31.5, 24.8, 24.2 

ppm. FTIR (KBr windows, C6D6, 20 ˚C): υ(CO) = 1871 (vs) cm–1; υ(CN) = 2107 (vs) 

cm–1; also 3062, 3025, 2962, 2926, 2869, 1460, 1417, 1384, 1363, 1055, 805, 793, 758, 

731, 695 cm–1. Anal. calcd. for C96H111N3O3Pd3: C, 68.87; H, 6.68; N, 2.51. Found: C, 

68.70; H, 6.68; N, 2.62. 
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5.8. X-band EPR procedures and measurements 

 The X-band continuous wave (CW) EPR spectrum of K(THF)4[1] was measured 

on a Bruker E500 spectrometer equipped with a Bruker ER 041 X Microwave Bridge. In 

a dinitrogen-filled glovebox, crystals of K(THF)4[1] were ground to a powder and placed 

into a 4 mm quartz tube outfitted with a J-Young-style resealable cap. The spectrum was 

recorded at 294 K with the spectrometer operating at 9.3977 MHz and a modulation 

amplitude of 0.5 G. Decreasing the modulation amplitude to 0.1 G did not result in 

resolution of any hyperfine coupling. 

 Spectral simulation details. Simulation of the X-band EPR spectrum of 

K(THF)4[1] was performed using the program Easyspin.52 The “pepper” function for 

simulation of solid-state spectra was utilized. The HStrain parameter was employed to 

account for spectral broadening due to unresolved hyperfine coupling. 

Input file for Easyspin EPR simulation 

Sys.g=[2.0200,1.9740] 
Sys.HStrain=[80,200] 
Exp.mwFreq=9.3977 
Exp.CenterSweep=[330, 50] 
pepper(Sys,Exp); 

 

5.9. Details of DFT computational studies 

 Density Functional Theory (DFT) calculations were carried out on [Pt3(µ-

CO)3(CNArPh2)3]n– ([1*]n–, n = 0, 1, 2), which are truncated models of the structurally 

characterized complexes [Pt3(µ-CO)3(CNArDipp2)3]n– ([1]n–, n = 0, 1, 2). Calculations 

were carried out using the ORCA program package.53 Geometry optimizations and 

single-point calculations were performed using the BP86 pure density functional.54–56 The 
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all-electron Ahlrichs triple-zeta basis sets def2-TZVP (standard)57 and def2-TZVP/J 

(auxiliary)58 were used in all calculations. The resolution of identity (RI) approximation 

was employed.59 Relativistic effects were included by use of the zeroth-order regular 

approximation (ZORA).60–62 Crystallographic atomic coordinates were used as input for 

geometry optimizations where appropriate. Viewing of optimized structures and 

rendering of molecular orbitals was performed using the program Chemcraft.63 After each 

geometry optimization, the optimized coordinates were reoriented so as to make the Pt3 

triangle coplanar with the Cartesian xy plane. These coordinates were then used to run a 

single point calculation using a larger integration grid (Grid4) than in the geometry 

optimization. 

Example input file for geometry optimization 

%pal nprocs 8 end 
! RKS Opt BP86 ZORA def2-TZVP def2-TZVP/J KeepDens VerySlowConv 
TightSCF 
%SCF 
 MaxIter 3000 
end 
%geom 
 MaxIter 1000 
end 
 
* xyz -2 1 
Pt       5.02597300       8.13131200       3.89742500 
Pt       6.25088800       5.99213700       4.86503400 
Pt       4.01053700       6.84537100       5.98425400 
O       7.47010400       7.16300900       2.33369200 
N       8.65331000       4.08073600       4.91543900 
O       2.36845400       9.19692000       4.92536100 
O       5.18741400       4.27440900       7.14197100 
C       2.68277900       6.68735500       7.37415000 
N       1.87542900       6.59216500       8.19173600 
N       5.01807600      10.56663800       2.01816800 
C       5.17650800       5.21896500       6.43749800 
C       0.89627500       6.23611400       9.12243500 
C       0.29117500       7.23635900       9.87255000 
C      -0.68885500       6.83715600      10.78935800 
H      -1.11597900       7.47823900      11.30927900 
C      -1.03311600       5.50935000      10.93620600 
H      -1.68808500       5.26372100      11.54741100 
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C      -0.40142100       4.53973500      10.16624600 
H      -0.64467900       3.64930500      10.27142100 
C       0.57720900       4.86076200       9.25539200 
C       1.28500700       3.84749700       8.43979000 
C       0.93735800       3.62748900       7.07847000 
C       5.15335300      14.11605200      -0.07937700 
H       5.20458700      14.92215000      -0.54175000 
C       5.55871500      12.94179700      -0.69455100 
H       5.87317100      12.96367400      -1.56968600 
C       5.49730400      11.72468200      -0.00992200 
C       5.89593100      10.39877600      -0.61120500 
C       7.23898700       9.94992000      -0.39688600 
C       7.56750900       8.70820600      -0.88902600 
H       8.41986600       8.36405200      -0.74614700 
C       6.61959500       7.95714900      -1.60937500 
C       1.59364800       2.61480200       6.35216700 
H       1.36949200       2.45877800       5.46314200 
C       2.56648500       1.86031800       6.95940400 
H       2.97283100       1.16945200       6.48710900 
C       2.94622700       2.11485200       8.26912900 
H       3.63034400       1.61258700       8.65014000 
C       2.33045700       3.09929100       9.02122900 
C       5.35513000       8.41089700      -1.79194200 
H       6.86420700       7.13346100      -1.96458800 
H       4.73553700       7.88768000      -2.25034600 
C       4.98064900       9.64821700      -1.29980300 
C      10.49234500       6.15673200       1.42085300 
H      10.77366400       7.04188100       1.40497800 
C       2.82047900      12.69223300       3.70295000 
C       2.49170200      12.53519200       5.01267600 
H       1.60095100      12.40545800       5.24485400 
C       3.44627500      12.56504200       6.00489200 
C       0.77680500       8.64996900       9.72173300 
C       1.79079600       9.08317200      10.57503900 
C       2.32980400      10.36457700      10.36468900 
H       3.00195700      10.68075800      10.92429900 
C       1.87419000      11.14596600       9.34270700 
H       2.24897400      11.98640500       9.20776500 
C       0.86109200      10.70727400       8.50130700 
H       0.57623600      11.24819100       7.80080300 
C       0.26231500       9.44893400       8.69975100 
C      10.68478800       5.39576500       2.56587100 
C       4.17452300      12.86867800       3.35567500 
C       3.29152200       8.49052600       4.95115800 
H       3.19854900      12.43368400       6.89193300 
C       4.78132200      12.79117400       5.68539800 
H       5.41767000      12.86553500       6.35812100 
C       5.15475600      12.90615800       4.34987500 
H       9.78113600       6.13118400      -0.44649700 
H       9.01962000       3.95803600      -0.42466800 
C       5.00579100       9.63288200       2.71668800 
C       5.03415600      11.77354900       1.29583400 
C       4.60642800      12.92596200       1.93085300 
C       6.72459800       7.14320800       3.21279600 
C       7.75608900       4.79640100       4.87376500 
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C       9.77094300       3.22444700       4.90948500 
C      10.55582700       3.18137000       3.77439000 
C      11.62483900       2.27991700       3.76049900 
H      12.17619400       2.22207200       3.01435200 
C      11.85850700       1.47469000       4.85590600 
H      12.55978200       0.86379100       4.83606100 
C      11.08082800       1.56737300       5.96123400 
H      11.27785800       1.03342500       6.69745900 
C      10.00087800       2.43228800       6.03267400 
C       9.15898800       2.57980600       7.23722400 
C       8.04889700       1.74110400       7.45948100 
C       7.32616500       1.86499500       8.63426400 
H       6.60081200       1.30328000       8.79103500 
C       7.67880200       2.82404800       9.58282300 
H       7.18520800       2.89826100      10.36865800 
C       8.74210500       3.65579600       9.37247300 
H       8.96628100       4.28800700      10.01542900 
C       9.50481600       3.56375800       8.18578300 
C       9.89214600       5.61176900       0.31750900 
C       4.68179800      14.10058700       1.19859700 
H       4.40183500      14.89725000       1.58754600 
C      10.29146100       4.06785000       2.55991800 
C       9.64810100       3.51440400       1.45855800 
C       9.44853200       4.30881700       0.32147800 
H       0.17813152       4.22695060       6.59823991 
H       7.98503464      10.53295599       0.12261563 
H       2.65706502       3.27885624      10.03487762 
H       3.98032103      10.02574422      -1.45217474 
H       2.03313800      12.67733194       2.96384777 
H       2.14679130       8.44745256      11.37223919 
H      -0.56177699       9.10888327       8.09012989 
H      11.13332859       5.82989305       3.44720191 
H       6.19578880      13.02340990       4.08738176 
H       7.75188544       1.00302576       6.72912174 
H      10.33472562       4.23149094       8.00750582 
H       9.31044841       2.48890308       1.48573510 
* 

 

Example input file for single point calculation 

%pal nprocs 8 end 
! RKS BP86 ZORA def2-TZVP def2-TZVP/J KeepDens NormalPrint SlowConv 
TightSCF Grid4 PrintMOs 
%SCF 
 MaxIter 3000 
end 
%output 
Print[ P_Basis ] 2 
Print[ P_MOs ] 1 
end 
 
* xyz -2 1 
Pt      -2.31519615      -1.37567136      -0.00000000 
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Pt       0.03032381      -2.69589054      -0.00000000 
Pt       0.00000000       0.00000000       0.00000000 
O      -2.49004547      -4.43976009      -0.02257458 
N       1.56974452      -5.35864081      -0.32459537 
O      -2.56467817       1.68389997       0.05061682 
O       2.77485335      -1.30983330       0.15253898 
C       0.88581308       1.66726225       0.08371257 
N       1.37732177       2.75792814       0.22220806 
N      -5.40000376      -1.57228832      -0.04418369 
C       1.59189515      -1.32694305       0.07718995 
C       1.94360598       3.92963455       0.60427939 
C       1.46374361       5.17349513       0.06359709 
C       2.12983340       6.35516334       0.41274835 
H       1.73942800       7.29893830       0.02687387 
C       3.23857648       6.35914635       1.26278180 
H       3.71766800       7.29933033       1.54233169 
C       3.69675985       5.14890032       1.78786310 
H       4.53236145       5.14373265       2.49127635 
C       3.07612172       3.92842050       1.49270628 
C       3.60219612       2.69471750       2.12197640 
C       2.76053133       1.71924901       2.69351372 
C      -9.52797803      -1.93163893      -0.63183702 
H     -10.60251518      -2.03334836      -0.79432957 
C      -8.86400336      -2.77478909       0.26406364 
H      -9.42416628      -3.54030465       0.80470364 
C      -7.48128135      -2.69974657       0.47033506 
C      -6.86634381      -3.60208257       1.47321363 
C      -5.63419572      -4.25145042       1.26220042 
C      -5.10222408      -5.11159520       2.22375498 
H      -4.13370133      -5.57569352       2.03305666 
C      -5.78542725      -5.35308810       3.41892416 
C       3.29206652       0.59266339       3.32059019 
H       2.61359568      -0.15749733       3.72856461 
C       4.67485330       0.40775265       3.39790366 
H       5.08492993      -0.48746944       3.86883072 
C       5.52517268       1.36420402       2.83495628 
H       6.60805633       1.21975707       2.86296298 
C       4.99530150       2.48867271       2.20305942 
C      -7.00980753      -4.71648867       3.64695076 
H      -5.35920245      -6.01828037       4.17284392 
H      -7.54835645      -4.87866250       4.58353080 
C      -7.53758616      -3.84967304       2.69009402 
C      -1.78644429      -7.73992391       0.67732746 
H      -2.69264034      -7.20116460       0.40020032 
C      -7.26693640       1.41553493      -2.23739138 
C      -6.66134418       2.36062465      -3.06448199 
H      -7.12052975       3.34497831      -3.18704316 
C      -5.45634506       2.06295386      -3.70879653 
C       0.31486338       5.26013126      -0.86902219 
C       0.37747562       6.13951828      -1.97186373 
C      -0.69830012       6.28223986      -2.84792394 
H      -0.61423857       6.96177510      -3.69993544 
C      -1.86774445       5.54004654      -2.65143087 
H      -2.70685344       5.63760902      -3.34320282 
C      -1.94329625       4.65530283      -1.57166591 
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H      -2.83320646       4.04659750      -1.40906411 
C      -0.86821682       4.51593185      -0.69271551 
C      -0.58768309      -7.39865227       0.05099051 
C      -6.69473520       0.14070993      -2.03539995 
C      -1.96353484       0.65902642      -0.02258985 
H      -4.96797609       2.80661434      -4.34143032 
C      -4.86778446       0.81074333      -3.50897875 
H      -3.91460572       0.56988869      -3.98178879 
C      -5.47483947      -0.13776513      -2.68608718 
H      -2.75876978      -8.99356362       2.15135762 
H      -0.63450188     -10.15109752       2.79020729 
C      -4.20321590      -1.44781012      -0.00767471 
C      -6.72723792      -1.72410602      -0.27255603 
C      -7.40329059      -0.86047667      -1.20560907 
C      -1.90175169      -3.40202624       0.03279359 
C       0.99895159      -4.31516578      -0.13613369 
C       2.31309842      -6.43451527      -0.67864883 
C       1.89684224      -7.76261679      -0.30589701 
C       2.74847551      -8.83533516      -0.60222030 
H       2.41224515      -9.84316516      -0.35098712 
C       3.97530435      -8.65664446      -1.24495061 
H       4.60191445      -9.51653203      -1.48913680 
C       4.36313408      -7.36797160      -1.62268510 
H       5.29354020      -7.22194048      -2.17539658 
C       3.56163685      -6.24823436      -1.37362667 
C       4.02240738      -4.92649933      -1.85736518 
C       5.37503070      -4.55455079      -1.70844267 
C       5.85107133      -3.34183892      -2.20547356 
H       6.89831422      -3.06934785      -2.05426993 
C       4.98479620      -2.46222692      -2.86159187 
H       5.34628609      -1.49909615      -3.22561718 
C       3.64033866      -2.81174117      -3.01142966 
H       2.94463290      -2.12224365      -3.49150822 
C       3.16320296      -4.02503790      -2.51734283 
C      -1.81992471      -8.73814537       1.65588155 
C      -8.79152666      -0.98651918      -1.34835648 
H      -9.29227266      -0.35341550      -2.08390910 
C       0.61745497      -8.05053945       0.38171418 
C       0.56732230      -9.04315058       1.38587168 
C      -0.63151311      -9.38598542       2.00983849 
H       1.67841932       1.83390796       2.64287641 
H      -5.07257763      -4.09019694       0.34383414 
H       5.66569816       3.21169472       1.73375616 
H      -8.47436790      -3.32659187       2.89328403 
H      -8.18719037       1.67283342      -1.70882531 
H       1.29928691       6.69569790      -2.15428443 
H      -0.96365547       3.81544840       0.13526791 
H      -0.59638020      -6.61406139      -0.70320171 
H      -4.98952280      -1.10316203      -2.54814294 
H       6.05002861      -5.21787449      -1.16322394 
H       2.10824239      -4.26813539      -2.63864961 
H       1.49350143      -9.53130446       1.69587479 
* 
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Optimized Cartesian coordinates of Pt3(µ-CO)3(CNArPh2)3 (1*). 

  Pt  5.18756996913550      8.16353835442854      4.14988170952617 
  Pt  6.58973139643705      6.12860201224229      5.23584288637362 
  Pt  3.99086619695868      6.46647911043212      5.87422335553920 
  O   8.13074925280117      7.94080771040692      3.30116079712257 
  N   9.29008580763042      4.65019460679864      5.58046111365251 
  O   2.21619006993536      8.69614991456750      4.73770029825483 
  O   5.37742710834544      4.02835570335644      7.13419143738787 
  C   2.42795764296157      5.95830782111786      6.85693854742756 
  N   1.43857732882539      5.67963194407480      7.44296359965216 
  N   5.08501006296723     10.62865374123840      2.27820760158995 
  C   5.34326304695079      4.99839755603165      6.47333577005034 
  C   0.29519457184351      5.37880874084852      8.14808822866733 
  C   -0.03736532566347      6.15449491532887      9.28989655162795 
  C   -1.15176722433933      5.76054370977092     10.04438369661883 
  H   -1.42837498280393      6.35834545109798     10.91412537867546 
  C   -1.91423159747219      4.65032142087163      9.68779580074145 
  H   -2.78339295520853      4.37154037297386     10.28499050714923 
  C   -1.58153953565757      3.91172565504419      8.55401550375924 
  H   -2.19462857814484      3.06014733386875      8.25549132521827 
  C   -0.48045938427181      4.25619833626502      7.75747308607477 
  C   -0.15854623713112      3.44276193492433      6.55746563700197 
  C   0.00971027216507      4.03325287469235      5.29303887292752 
  C   4.77467263267203     13.98835567122809     -0.16451166131186 
  H   4.67855096857605     14.87216515135023     -0.79667657294517 
  C   4.29570623814290     12.75762655730220     -0.60948864800373 
  H   3.83382993888798     12.67289171665679     -1.59384067857246 
  C   4.41710181419145     11.60081831221121      0.17403956073504 
  C   3.88459924274798     10.31189139370853     -0.33636085211584 
  C   4.67179137031125      9.14734916035884     -0.35960959103006 
  C   4.16663521414287      7.95828117717458     -0.88619305077822 
  H   4.79368706696333      7.06544788966332     -0.89839731528708 
  C   2.86621201835915      7.90857770775137     -1.39506399161806 
  C   0.26385229414936      3.24657853215795      4.16934977547582 
  H   0.38755523491410      3.72350516759176      3.19589789559032 
  C   0.36187516279916      1.85784181166987      4.28812778053294 
  H   0.56913897989729      1.24557298609614      3.40933701123374 
  C   0.19887596083880      1.25897805739549      5.53967538687962 
  H   0.28409309726702      0.17591464001064      5.64497869056300 
  C   -0.06338096064038      2.04404153367840      6.66335992279624 
  C   2.07341156312958      9.05877385765504     -1.37764272428443 
  H   2.47203579815819      6.97613930622926     -1.80158484224596 
  H   1.05410448931674      9.02810652994934     -1.76519315268273 
  C   2.57893195066260     10.25022143215254     -0.85533320171529 
  C   9.71804464265869      4.77763507417103      1.36343421209306 
  H   9.43638408372275      5.73958629024688      0.93379147491513 
  C   5.81515792825147     14.14622930692170      4.09427477261232 
  C   6.45826284112274     14.34205045609826      5.31713964276250 
  H   6.12282573690785     15.13875405348358      5.98332571495772 
  C   7.52248775599196     13.51754408516629      5.68949662358735 
  C   0.75414859902439      7.33656446708157      9.71539103064026 
  C   1.17173783971625      7.45172358903342     11.05352478995072 
  C   1.88227077391602      8.57256105236623     11.48642283890362 
  H   2.20852822245855      8.63757364139722     12.52563172216556 
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  C   2.18265955187925      9.60153470131898     10.59041765127045 
  H   2.73995627639063     10.47714985025822     10.92685749787095 
  C   1.76866359521562      9.50114952080588      9.25954241726452 
  H   1.99698612953650     10.29949745731356      8.55205284144439 
  C   1.06295906206615      8.37894995203771      8.82394087513225 
  C   10.20002799977866      4.72814425104949      2.67187363560831 
  C   6.21938832829053     13.11773887678932      3.22430198406884 
  C   3.23111229228717      8.11156941564197      4.85515380108579 
  H   8.02720361105360     13.66970960200635      6.64452599426307 
  C   7.93505666018273     12.49393599123206      4.83267998004319 
  H   8.76680417803803     11.84571839256268      5.11210261148491 
  C   7.28803128035019     12.29187545103738      3.61324260003795 
  H   9.21082104310138      3.64663555378632     -0.40846199056595 
  H   9.85973690749393      1.45984609079701      0.60212903412165 
  C   5.11358871141554      9.69147964871878      3.00035195643055 
  C   5.04173158407671     11.72269855708110      1.44387223187494 
  C   5.55353325713782     12.96388381974240      1.90569013109161 
  C   7.17196819674149      7.60058329276860      3.89765346845665 
  C   8.24595755287196      5.19125899736084      5.44872790661070 
  C   10.50309508276448      4.02139548470343      5.74803404623037 
  C   11.13469829409496      3.42495396625641      4.62448931233742 
  C   12.32489255599659      2.71579339250241      4.84395789447316 
  H   12.82870054135147      2.26934040291315      3.98594417855056 
  C   12.87697929715841      2.60062488091343      6.11816832075981 
  H   13.81171135117928      2.05702557065341      6.26013681861341 
  C   12.24759600537408      3.20073738829400      7.20697919363872 
  H   12.69062253289112      3.13587270608035      8.20168330611232 
  C   11.05536666787628      3.92289255806793      7.05281170014908 
  C   10.41338679937280      4.53620574287894      8.24332140103444 
  C   10.19878998622094      3.76125032322007      9.39691768989024 
  C   9.63158226581846      4.32487350838389     10.54077107356886 
  H   9.45899197170541      3.70356452787811     11.42114558030918 
  C   9.27479077018174      5.67525659043645     10.55390568724603 
  H   8.82735602400423      6.11603170030357     11.44597069953945 
  C   9.48850717342885      6.45722682171547      9.41572723864660 
  H   9.21406629755946      7.51302504101920      9.41757065165256 
  C   10.04987206923000      5.89361313166544      8.26954865778000 
  C   9.59424763014379      3.60615856555900      0.61195594901507 
  C   5.40010808312487     14.08465863783583      1.07698070309021 
  H   5.80268068199324     15.03985264785813      1.41593823307921 
  C   10.57389536816579      3.50322383145905      3.25152116450773 
  C   10.44877022226258      2.33154507673205      2.48314056921262 
  C   9.96047971566053      2.38191486250271      1.17694645509868 
  H   -0.07731322281003      5.11506404999155      5.18451498115114 
  H   5.69220866078190      9.17657982120470      0.02258040176893 
  H   -0.17359747974537      1.57263583302230      7.64190063760121 
  H   1.94979635914875     11.14168543406674     -0.82653370355110 
  H   4.97429801241147     14.78402395970143      3.81462081139390 
  H   0.95388563010115      6.64228035443411     11.75263044735653 
  H   0.73567804139780      8.32168837307834      7.78576148825880 
  H   10.29763401258576      5.65333077517781      3.24022838757574 
  H   7.62918137296406     11.49629921932670      2.94967555403554 
  H   10.45993330493395      2.70176604723893      9.38426943032242 
  H   10.22215502580105      6.51697569297344      7.39160416969526 
  H   10.71701465143824      1.37077937928359      2.92620957343133 
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Figure 5.14. Optimized molecular structure of Pt3(µ-CO)3(CNArPh2)3 (1*). 

Table 5.2. Comparison of selected metrical parameters between crystallographically 
characterized Pt3(µ-CO)3(CNArDipp2)3 (1, “Crystal”) and optimized coordinates of Pt3(µ-
CO)3(CNArPh2)3 (1*, “DFT”). 
 

Parameter Mean d(Pt-Pt) (Å) Mean d(Pt-CCNR) (Å) Mean d(Pt-CCO) (Å) 
Crystal 2.6496(2) 1.917(3) 2.062(2) 

DFT 2.6986 1.915 2.080 
% Difference 1.8% 0.1% 0.9% 

 

Optimized Cartesian coordinates of [Pt3(µ-CO)3(CNArPh2)3]•– ([1*]–). 

  Pt  5.03562911796546      8.22012499063970      4.21919667698528 
  Pt  6.36805450334329      6.00559979188301      4.97731839670971 
  Pt  4.06876191155313      6.68719753296040      6.21203648013078 
  O   7.63154656947639      7.61705673919336      2.69525006906699 
  N   8.88386886081023      4.21994594599248      4.79127799653279 
  O   2.37553083615755      9.13256356116279      5.44998389736310 
  O   5.39750462318658      4.09525444088157      7.19060061772895 
  C   2.68416789036503      6.33872934024342      7.45965874442477 
  N   1.74695580571844      6.14775416013319      8.17612782882386 
  N   5.04226911431279     10.66237045623663      2.33366737854832 
  C   5.32374861560065      5.06040527593932      6.51289337524856 
  C   0.60660527634860      5.83661589138031      8.86074926966422 
  C   -0.07336967878534      6.85167211018447      9.59908633121658 
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  C   -1.20644448679025      6.48648324226485     10.33954957915658 
  H   -1.74298369571051      7.26674451522144     10.88182445901488 
  C   -1.67017362757321      5.17177051905925     10.36888590187675 
  H   -2.56805897694362      4.91854425110642     10.93461042798530 
  C   -0.99530828714721      4.18834580514978      9.64708799554620 
  H   -1.36841966042798      3.16264839484721      9.64005319879024 
  C   0.14162716324108      4.48635424046536      8.88263354619187 
  C   0.81448010489051      3.39101824500441      8.14058340824810 
  C   1.17711552116544      3.51277220480862      6.78711542723157 
  C   5.54225930342314     14.03247120064100     -0.07928557768478 
  H   5.68045543581275     14.91220071996284     -0.70958866956013 
  C   5.49400623008057     12.76072624756234     -0.64988401481368 
  H   5.59791071247657     12.64200482351062     -1.72988511204678 
  C   5.34082969828128     11.60849575966679      0.13405175137811 
  C   5.24238277128300     10.28686376619247     -0.53645977430069 
  C   5.95983559097391      9.16016602612183     -0.09537296006017 
  C   5.85077133164340      7.94028321376326     -0.76519355792636 
  H   6.40537746168732      7.07866677471240     -0.39193872941723 
  C   5.03013790669961      7.81871681522582     -1.88921646522664 
  C   1.77031069053316      2.44811758978406      6.10841513842459 
  H   2.05542358091081      2.57354953927955      5.06313196050052 
  C   2.01533794037090      1.23938965239019      6.76428529291101 
  H   2.49456915826804      0.41436376428171      6.23474339047675 
  C   1.65949900586788      1.10233074297595      8.10822293321427 
  H   1.86184635456301      0.16848720491663      8.63670576828330 
  C   1.06608380833132      2.16622820571814      8.78782871496932 
  C   4.31524347423832      8.93065285571103     -2.34228932263096 
  H   4.94049945474640      6.85975620866542     -2.40268911016682 
  H   3.66199783024871      8.84643083639331     -3.21312586244150 
  C   4.42007422222461     10.14992733450195     -1.67178456997489 
  C   9.59058117273954      5.38999161649499      0.78676088463855 
  H   9.27986815990920      6.42281317076924      0.62776080517085 
  C   4.34412480587391     14.28922397221502      4.10447089741262 
  C   4.26554398648426     14.55736220014708      5.47130485937504 
  H   3.59403023106718     15.33972037074158      5.83131095090883 
  C   5.02930658639399     13.81638750584473      6.37669559287073 
  C   0.38497017816355      8.26335677358661      9.64057012164365 
  C   0.42721676470742      8.94059696181511     10.87519597661744 
  C   0.81301115125602     10.27918876297818     10.94944111205686 
  H   0.85002892996309     10.77809407402101     11.92025377800456 
  C   1.16692138610737     10.97193845469810      9.78816485386946 
  H   1.47800469819246     12.01653431726706      9.84363400558689 
  C   1.13313513171962     10.31279598835960      8.55673177749851 
  H   1.41940997529679     10.83019806999038      7.64089189993607 
  C   0.74809311061552      8.97340855082179      8.48209493823261 
  C   9.93792774869339      4.97984522622192      2.07431391240455 
  C   5.18858374741603     13.27640480210863      3.61010991125364 
  C   3.32881843267730      8.43122440481661      5.36871018040698 
  H   4.96291089280127     14.01723083093161      7.44753516621291 
  C   5.86754528018558     12.80457180076484      5.90148208888202 
  H   6.46015554870116     12.20953600062487      6.59769288023385 
  C   5.94723017288015     12.53569737652709      4.53460808745082 
  H   9.34518658721978      4.80810564895521     -1.28195070803546 
  H   10.02243723248913      2.44099462085883     -0.86315446902557 
  C   4.97675885757823      9.73400127954778      3.08329210745870 
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  C   5.24255923589015     11.76269975595416      1.54942379721577 
  C   5.29141610400766     13.05836342837474      2.14533198521858 
  C   6.79052893511346      7.37520437370423      3.50157059611946 
  C   7.88382585683045      4.87123796161894      4.85610399270538 
  C   10.04756601277188      3.50984665646945      4.86522806336015 
  C   10.76461522672827      3.19627371797460      3.67021207086532 
  C   11.91524775497955      2.40197436120385      3.77623213276653 
  H   12.48042420125756      2.18637341711166      2.86809739771804 
  C   12.36285117601783      1.91978827947268      5.00557716447358 
  H   13.27249557922133      1.31999624770095      5.06229909588117 
  C   11.65779396157411      2.23731042385357      6.16610553962676 
  H   12.02046541137772      1.89376272543554      7.13628794726647 
  C   10.50455165049620      3.03311294931298      6.13269380151153 
  C   9.81030728787316      3.34375327889467      7.40677785064551 
  C   9.55885922664420      2.31445003963731      8.33394182429880 
  C   8.95031628907589      2.58402744955021      9.55987425193773 
  H   8.74690525688887      1.76630693247621     10.25412383335309 
  C   8.58029055383511      3.89084176586543      9.88691475555306 
  H   8.08789371464332      4.10229360351106     10.83721405597442 
  C   8.82364713116843      4.92234956932751      8.97699765000083 
  H   8.52394864398458      5.94410012495418      9.21379815031602 
  C   9.43030529664819      4.65379541552153      7.75011920207666 
  C   9.62557854642356      4.48565294262230     -0.27764661927257 
  C   5.43721785943518     14.17060089775978      1.30352250259851 
  H   5.50297163454422     15.15948850084375      1.76033243357866 
  C   10.33363761558192      3.65408500968106      2.32595539308840 
  C   10.35683166645239      2.75200958117591      1.24384978244015 
  C   10.00777460187247      3.16189273794033     -0.04298947437496 
  H   0.99256379028402      4.44587040052824      6.25544251644765 
  H   6.61117262332822      9.22528883417997      0.77542493640187 
  H   0.81488469739037      2.06192111969853      9.84511406374762 
  H   3.83517662204647     11.00700066106167     -2.01098078214401 
  H   3.72465992281686     14.85388105952048      3.40508383106129 
  H   0.17665706636674      8.39799370386908     11.78885048526015 
  H   0.73093295230267      8.48735292377819      7.50732172898474 
  H   9.90272056449789      5.70415720694221      2.88690899348985 
  H   6.61235328583908     11.74606467907651      4.18592670220281 
  H   9.82011630447610      1.28712611913986      8.07223398236611 
  H   9.61151397420855      5.47223049298901      7.05380579229497 
  H   10.63006491255170      1.71056248342149      1.42479233148827 
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Figure 5.15. Optimized molecular structure of [Pt3(µ-CO)3(CNArPh2)3]•– ([1*]–). 

Table 5.3. Comparison of selected metrical parameters between crystallographically 
characterized K(THF)4[Pt3(µ-CO)3(CNArDipp2)3] (K(THF)4[1], “Crystal”) and optimized 
coordinates of [Pt3(µ-CO)3(CNArPh2)3]– ([1*]–, “DFT”). 
 

Parameter Mean d(Pt-Pt) (Å) Mean d(Pt-CCNR) (Å) Mean d(Pt-CCO) (Å) 
Crystal 2.6448(3) 1.924(6) 2.047(4) 

DFT 2.6948 1.896 2.073 
% Difference 1.9% 1.4% 1.3% 

 

Optimized Cartesian coordinates of [Pt3(µ-CO)3(CNArPh2)3]2– ([1*]2–). 
 
  Pt  5.05147131750973      8.16498431495529      4.16652699961745 
  Pt  6.31198943142978      5.89358735358336      4.87100728439583 
  Pt  4.15112782637489      6.72172049467050      6.25434308833882 
  O   7.50267398373779      7.40305048162663      2.48403361677169 
  N   8.76977735343837      4.03593293499878      4.59931647491469 
  O   2.55042451822865      9.25069872712039      5.57782752903255 
  O   5.35015439919965      4.03042279968579      7.12497187765608 
  C   2.84363616488207      6.46620007512021      7.59472022622552 
  N   1.93103657146859      6.32594031639200      8.36789748502659 
  N   4.96730047416276     10.59890577368075      2.26242876704766 
  C   5.30584323908836      5.01151942633156      6.46100935138839 
  C   0.81562665986013      6.02337264721843      9.07773248629309 
  C   0.09877050361561      7.05947024580984      9.77229235998969 
  C   -0.99643171478744      6.69708409247175     10.56672948923055 
  H   -1.55707531773514      7.49161801136971     11.06313784623929 
  C   -1.40738657114394      5.36880860679287     10.70341993690823 
  H   -2.28422902439631      5.12029942915054     11.30426372877478 
  C   -0.71007251542223      4.36819889250214     10.02307359709253 
  H   -1.05047606851160      3.33207448231207     10.08322813258700 
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  C   0.38813134473445      4.65455920350164      9.20220438193063 
  C   1.04834083080844      3.53844707390433      8.48584175493372 
  C   1.41732395152349      3.62430526004935      7.12824346922867 
  C   5.24509611589270     14.10191769601346     -0.01053800288364 
  H   5.32959356044253     15.01628759946036     -0.60059442291455 
  C   5.44652091743147     12.85326853813174     -0.60610988967856 
  H   5.69017888695527     12.79243064498519     -1.66866235421578 
  C   5.38416586376055     11.66146970180081      0.12589204056105 
  C   5.56528576016391     10.37882309487968     -0.59531328741988 
  C   6.31721628629540      9.30846768161277     -0.07249985986269 
  C   6.48185989837672      8.12630110318010     -0.79555220433422 
  H   7.05054160147044      7.31167810591423     -0.34524129504916 
  C   5.90723537015850      7.97999475307859     -2.06122034738438 
  C   1.99355395658001      2.53690180360740      6.47214713139525 
  H   2.29331108706600      2.64431447873160      5.42901957245120 
  C   2.21577627689961      1.33457055616083      7.14837595425320 
  H   2.68882768331019      0.49455593771393      6.63656004231873 
  C   1.85767557838708      1.23164829745715      8.49593780059114 
  H   2.05070678789301      0.30710324618763      9.04570293881341 
  C   1.28614289118647      2.31959401314234      9.15488503092315 
  C   5.15611330353979      9.03148076998591     -2.59652853839456 
  H   6.02974069622897      7.04854375579135     -2.61793824842013 
  H   4.68387034825098      8.92743472270600     -3.57616034094450 
  C   4.98370775088480     10.20983777672008     -1.87041179856475 
  C   9.79074519611686      5.49192826684063      0.75535183335261 
  H   9.44509003607064      6.52209138737903      0.66852567696332 
  C   3.71371977289768     14.12443017095872      4.05739349084011 
  C   3.50008967028311     14.35134039487823      5.41639654867964 
  H   2.74486386533132     15.07616740706579      5.73117353121419 
  C   4.22502483097394     13.63281670099980      6.37241157020149 
  C   0.48266252558827      8.48982658512292      9.70969872553632 
  C   0.43799949402451      9.27516966477372     10.88219296658428 
  C   0.74980184760184     10.63432553856017     10.85731330832500 
  H   0.71827024985952     11.21252487666052     11.78437823192762 
  C   1.12595560435653     11.24709633524618      9.65727964543734 
  H   1.38518439763386     12.30752768012313      9.63591241949228 
  C   1.18746655962834     10.48251006785870      8.48852127601810 
  H   1.50111452898396     10.92891612465960      7.54446180308286 
  C   0.87120773038343      9.12340840887626      8.51295218519741 
  C   9.99296598893011      4.95957272735904      2.02873200372113 
  C   4.66419979518899     13.18122710764562      3.60978959738853 
  C   3.46648786159756      8.50190298976545      5.44655992833967 
  H   4.04717699485622     13.79243152565465      7.43761293040026 
  C   5.16010941692433     12.68438991938397      5.94759941004615 
  H   5.71601079288967     12.09525807601431      6.67835746346002 
  C   5.37883920832960     12.45981400621866      4.58853444489647 
  H   9.83596605176623      5.13033079638605     -1.37936047476521 
  H   10.56824657695549      2.75249715431589     -1.11440736653975 
  C   4.94988630941691      9.65894154282235      3.01428841273828 
  C   5.10903969177209     11.73487836670046      1.53701212880008 
  C   4.91220032455422     13.01861487969831      2.15891701553441 
  C   6.69013969363134      7.21273431907571      3.33820838539878 
  C   7.77311887856530      4.70606864770789      4.68736482511532 
  C   9.90553667154564      3.30406464701433      4.69858522042396 
  C   10.71161734820044      3.04753702913495      3.53218292936753 
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  C   11.82001919806655      2.19991741139110      3.66178907601333 
  H   12.44870087126571      2.03798725894650      2.78404866005741 
  C   12.16455268702394      1.60513501802766      4.87738448608313 
  H   13.05212370880749      0.97402146351758      4.95213149792417 
  C   11.39052397485046      1.87525298048961      6.00950145271800 
  H   11.68209815463924      1.46124565916845      6.97699979580599 
  C   10.27685726729551      2.72132370725005      5.96313139045697 
  C   9.54554457993671      2.99800698801140      7.22087700882837 
  C   9.27688878020222      1.94864486313650      8.12463398436157 
  C   8.64206289320422      2.18750443544381      9.34293883040672 
  H   8.42516832176625      1.35177668089767     10.01252635726518 
  C   8.25171382481404      3.48434180437307      9.69004334670153 
  H   7.72788700461335      3.67135077512400     10.62889549747538 
  C   8.50366108104012      4.53433189439553      8.80335227712340 
  H   8.17593761228704      5.54642478818166      9.04450380532198 
  C   9.14060574839480      4.29770491696011      7.58590478760755 
  C   10.00676499357352      4.71243367476130     -0.38520012543017 
  C   4.97724021624334     14.16660136201323      1.35806761956033 
  H   4.86306468610681     15.13859593580667      1.84262409018457 
  C   10.42335745721840      3.62849615485220      2.20104315038433 
  C   10.61825935952474      2.85069704550427      1.03778728093785 
  C   10.41868889486160      3.38387787880226     -0.23499175261231 
  H   1.26162523194668      4.55111374536852      6.57737036442264 
  H   6.78139906284542      9.38430352081146      0.90913014016475 
  H   1.04377478007205      2.24243159810180     10.21683686471148 
  H   4.36315512263073     11.01014438042743     -2.27892605187247 
  H   3.11445272088538     14.66312506593783      3.32041399576348 
  H   0.18092198509160      8.79786455093744     11.83005377891457 
  H   0.93276905912528      8.56056055605886      7.58303033914763 
  H   9.81127909271530      5.59251037724682      2.89524466395862 
  H   6.11203613449039     11.71172383156978      4.28964416073531 
  H   9.54323747903389      0.92707472802319      7.84474689752546 
  H   9.31557229081152      5.13283539049040      6.90863281625287 
  H   10.90564321051657      1.80253684255879      1.14254724105960 
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Figure 5.16. Optimized molecular structure of [Pt3(µ-CO)3(CNArPh2)3]2– ([1*]2–). 

Table 5.4. Comparison of selected metrical parameters between crystallographically 
characterized K2(DME)3[Pt3(µ-CO)3(CNArDipp2)3] (K2(DME)3[1], “Crystal”) and optimized 
coordinates of [Pt3(µ-CO)3(CNArPh2)3]2– ([1*]2–, “DFT”). 
 

Parameter Mean d(Pt-Pt) (Å) Mean d(Pt-CCNR) (Å) Mean d(Pt-CCO) (Å) 
Crystal 2.6359(2) 1.896(4) 2.044(3) 

DFT 2.6936 1.890 2.069 
% Difference 2.2% 0.3% 1.2% 

 
Optimized Cartesian coordinates of [Pt3(CO)6]2– 

  Pt  0.00836434070195      0.01884565150495      0.01242890307375 
  Pt  0.92842990648968     -2.51915158390694      0.01572217189017 
  Pt  -1.72917430195351     -2.04708671407873     -0.01059794182979 
  O   3.06488831753978     -0.30847444490107      0.04138143099052 
  O   3.25653024492891     -4.46530407756790      0.03831168535588 
  O   -2.97419776724681      0.76376594065184     -0.02038444378051 
  O   -0.88283706890572     -5.00261070870413     -0.01260162919278 
  C   -3.47392428346705     -2.67958192662077     -0.02804730617864 
  O   -4.58201971173344     -3.08063959948465     -0.03788477390360 
  O   0.53640209354547      3.00705890773608      0.01983956586913 
  C   -0.67349769690077     -3.82306655326818     -0.00595828256531 
  C   0.33150470041490      1.84644612971574      0.01891243829002 
  C   2.35097771494177     -3.71097707182639      0.02867269829136 
  C   -2.05760472930209     -0.00758121222990     -0.01099394889115 
  C   1.93857127094692     -0.71649825701996      0.02966901258096 
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Figure 5.17. Optimized molecular structure of [Pt3(CO)6]2–. 
 
Optimized Cartesian coordinates of [Pt3(µ-CO)3(PMe3)3]2–. 
 
  Pt  2.66556844618658      0.11868000950116     -0.17299597618862 
  Pt  0.01645966820162     -0.01505486405272      0.06247598013535 
  Pt  1.21993047343027      2.35455949008961     -0.10279159954745 
  C   3.26184675692368      2.09371904267997     -0.25933335985883 
  C   -0.78252448449465      1.88864033149561      0.08589860766214 
  C   1.42467231234024     -1.52346840457546     -0.02008966377698 
  O   4.27935327975531      2.75380972633296     -0.34723230755384 
  O   -1.86176752431487      2.44257825925033      0.16889199408902 
  C   5.98570847419653     -0.03544132779944     -1.23299981445667 
  O   1.48888547130944     -2.73734767882603      0.00949137537760 
  P   1.11014121226758      4.55339706103863     -0.12051267709524 
  C   5.54547350483872     -1.20386215015637      1.30844416071183 
  C   2.41588246775918      5.49094294981409     -1.05117411476045 
  C   -0.42790494245963      5.35146117951227     -0.78907313327889 
  C   1.21748399778694      5.45940399392055      1.51424399276941 
  P   4.62502635080088     -0.87747524274850     -0.28882096478491 
  C   4.70722970003606     -2.58340739883229     -1.01923151270009 
  P   -1.82184684503551     -1.21379976440723      0.23727545680664 
  C   -2.69723604692506     -1.73832306895931     -1.33249717072730 
  C   -1.71078784946616     -2.87024196339455      1.06986576401758 
  C   -3.27073689814302     -0.47504719594722      1.13477429538338 
  H   6.96856747788204     -0.52129424229121     -1.10003686198253 
  H   6.02549695037014      1.01158112802214     -0.89793114820101 
  H   5.71657790825898     -0.03245251374314     -2.29874017810431 
  H   6.52237964687104     -1.70221144121402      1.15904489362257 
  H   4.90676936264900     -1.82746135439179      1.94944979609560 
  H   5.69562772705542     -0.24201489704575      1.81831660887754 
  H   3.39381138991361      5.08628496224092     -0.75110913884499 
  H   2.37672784039597      6.58007359254027     -0.87262938150530 
  H   2.28911106242891      5.28801306927109     -2.12401092043974 
  H   -0.46420075697364      6.44022856729669     -0.60789414285014 
  H   -1.29130833432690      4.85386414258228     -0.32322019098262 
  H   -0.47749886160662      5.15503022712220     -1.86947196946519 
  H   2.16760779928786      5.18616460250510      1.99414681524147 
  H   0.40141292732678      5.10168840979543      2.15745300542603 
  H   1.15557710378430      6.55975366248260      1.41198974608470 
  H   5.69181442677417     -3.06421193146339     -0.88161499576526 
  H   4.47767281711667     -2.51273944766059     -2.09184869849754 
  H   3.91498930824225     -3.18573671054219     -0.55069638994402 
  H   -2.95702254189214     -0.83189724581252     -1.89693352877933 
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  H   -3.61044729513060     -2.33572973263729     -1.14745716241955 
  H   -1.99139170932232     -2.32162312702537     -1.94016453308085 
  H   -0.85714912961782     -3.40772445025497      0.63111922934450 
  H   -2.63505528409192     -3.46687593566441      0.97293186668283 
  H   -1.48645809583852     -2.70713135064048      2.13353917146406 
  H   -3.00757415917955     -0.37947620280474      2.19771045681083 
  H   -4.19257078067238     -1.07451543574688      1.03312974271658 
  H   -3.42491381469889      0.54028194114398      0.74054664627198 

 

 

Figure 5.18. Optimized molecular structure of [Pt3(µ-CO)3(PMe3)3]2–. 
 
 
5.10. Details of crystallographic structure determinations 
 
 Single crystal X-ray structure determinations were carried out at low temperature 

on Bruker Kappa diffractometers equipped with a Mo or Cu radiation source and a 

Bruker APEX-II or Proteum Pt135 detector. All structures were solved via direct 

methods with SHELXS64 and refined by full-matrix least-squares procedures using 

SHELXL64 within the Olex2 small-molecule solution, refinement and analysis software 

package.65 Crystallographic data collection and refinement information are listed in 

Tables 5.5-7. 

 The following molecules contained positionally disordered components that were 

modeled and refined anisotropically. They are listed along with their respective 
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disordered components: 

 

Pt3(µ-CO)3(CNArDipp2)3·C5H12 (1·C5H12): Two-site positional disorder of one iPr methyl 

group. 

K[Pt3(µ3-SnPh3)(µ-CO)3(CNArDipp2)3]·4 C5H12 (2· 4 C5H12): Two-site rotational disorder 

of one Sn-Ph ring; two-site positional disorder of one Dipp ring; two-site positional 

disorder of the K counterion. 

K(Et2O)[Pt3(SiEt3)(µ-CO)3(CNArDipp2)3] (3): Two-site positional disorder of one Si-Et 

methyl group. 

K(Et2O)2[Pt3(µ3-AuPPh3)(µ-CO)3(CNArDipp2)3]· 2 Et2O (4·2 Et2O): Two-site positional 

disorder of one potassium-bound Et2O methyl group. 

 

In addition, the following molecules contained co-crystallized solvent molecules 

that were severely disordered and could not be properly modeled. The Platon routine 

SQUEEZE66 was used to account for these disordered molecules as a diffuse contribution 

to the overall scattering pattern without specific atom positions: 

 

Pt3(µ-CO)3(CNArDipp2)3·C5H12 (1·C5H12): Two molecules of n-pentane per unit cell. 

K(THF)4[Pt3(µ-CO)3(CNArDipp2)3]·2 THF (K(THF)4[1]·2 THF): Four molecules of THF 

per unit cell. 

K2(DME)3[Pt3(µ-CO)3(CNArDipp2)3]·2DME (K2(DME)3[1]·2 DME): Eight molecules of 

1,2-dimethoxyethane (DME) per unit cell. 

K[Pt3(µ3-SnPh3)(µ-CO)3(CNArDipp2)3]·4(C5H12) (2·4 C5H12): Sixteen molecules of n-
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pentane per unit cell. 

Pt3(µ3-AuPPh3)2(µ-CO)3(CNArDipp2)3·3 Et2O (5·3 Et2O): Eighteen molecules of diethyl 

ether per unit cell. 

 
Table 5.5. Crystallographic data collection and refinement information. 
 

Name Pt3(µ-
CO)3(CNArDipp2)3·C5H12 

K(THF)4[Pt3(µ-
CO)3(CNArDipp2)3] 

·2THF 

K2(DME)3[Pt3(µ-
CO)3(CNArDipp2)3]· 

2 DME 
Formula C101H123N3O3Pt3 C120H159N3O9KPt3 C116H161N3O13K2Pt3 

Crystal System Triclinic Triclinic Monoclinic 

Space Group P-1 P-1 P2(1)/n 

a, Å 15.6588(10) 12.3546(3) 15.0706(16) 

b, Å 16.2542(11) 16.6783(4) 34.881(4) 

c, Å 20.1925(15) 27.5023(7) 22.793(2) 

α, deg 79.487(4) 86.066(2) 90 

β, deg 83.909(4) 87.103(2) 105.635(5) 

γ, deg 64.304(3) 77.605(2) 90 

V, Å3 4551.3(6) 5518.1(2) 11539(2) 

Z 2 2 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Cu-Kα, 1.54178 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.468 1.452 1.421 

µ, mm-1 4.649 7.747 3.758 

Temp, K 100 100 100 

θ max, deg 25.409 68.416 25.369 

data/parameters 16526/963 19363/1123 21121/1156 

R1 0.0394 0.0640 0.0495 

wR2 0.0644 0.1580 0.0867 

GOF 0.957 1.038 1.098 
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Table 5.6. Crystallographic data collection and refinement information. 
 

Name K[Pt3(µ3-SnPh3)(µ-
CO)3(CNArDipp2)3] 

·4(C5H12) 

K(Et2O)[Pt3(SiEt3)(µ-
CO)3(CNArDipp2)3] 

K(Et2O)2[Pt3(µ3-
AuPPh3)(µ-

CO)3(CNArDipp2)3· 
2(Et2O) 

Formula C134H174N3O3KSnPt3 C106H136N3O4KSiPt3 C130H166N3O7AuKPPt3 

Crystal System Orthorhombic Monoclinic Triclinic 

Space Group P2(1)2(1)2(1) P2(1)/n P-1 

a, Å 12.3866(6) 15.316(3) 15.6337(8) 

b, Å 24.4811(11) 24.691(5) 18.8546(10) 

c, Å 35.8919(16) 26.343(5) 21.8314(11) 

α, deg 90 90 86.645(2) 

β, deg 90 97.1089(11) 83.258(3) 

γ, deg 90 90 73.304(2) 

V, Å3 10883.8(9) 9884.4(3) 6119.2(6) 

Z 4 4 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Cu-Kα, 1.54178 Cu-Kα, 1.54178 

ρ (calcd.), g/cm3 1.598 1.457 1.484 

µ, mm-1 4.159 8.657 9.309 

Temp, K 100 100 100 

θ max, deg 25.375 65.270 68.391 

data/parameters 19879/1167 16871/1019 22009/1340 

R1 0.0350 0.0606 0.0417 

wR2 0.0886 0.1510 0.1056 

GOF 1.009 1.018 1.062 

 
 
 
 
 
 
 
 
 
 
 
 



 264 

 

Table 5.7. Crystallographic data collection and refinement information. 
 

Name Pt3(µ3-AuPPh3)2(µ-
CO)3(CNArDipp2)3· 

3(Et2O) 

Pd3(µ-CO)3(CNArDipp2)3 
• Et2O (6 • Et2O) 

 

Formula C144H171N3O6Au2P2Pt3 C100H121N3O4Pd  

Crystal System Trigonal Triclinic  

Space Group R-3c P-1  

a, Å 20.3338(3) 15.618(8)  

b, Å 20.3338(3) 16.161(8)  

c, Å 58.1220(11) 20.549(10)  

α, deg 90 80.016(7)  

β, deg 90 84.921(7)  

γ, deg 120 65.649(6)  

V, Å3 20811.7(7) 4653(4)  

Z 6 2  

Radiation (λ, Å) Cu-Kα, 1.54178 Mo-Kα, 0.71073  

ρ (calcd.), g/cm3 1.475 1.248  

µ, mm-1 10.009 0.623  

Temp, K 100 100  

θ max, deg 66.598 48.814  

data/parameters 4088/218 15041/993  

R1 0.0427 0.0496  

wR2 0.0984 0.0700  

GOF 1.060 0.754  
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Chapter 6 
 

Solution Dynamics of Redox-Noninnocent Nitrosoarene 
Ligands: Mapping the Electronic Criteria for the Formation of 
Persistent Metal-Coordinated Nitroxide Radicals 
 

 
6.1. Introduction 

 
Redox non-innocent ligands offer unique opportunities to modulate the electronic 

structure and reactivity of transition metal complexes.1 As opposed to traditional 

“innocent” ligands, which act as formal spectators in redox transformations, non-innocent 

ligands can directly participate in the redox activity of coordination complexes due to the 

presence of ligand frontier orbitals and metal valence d orbitals of similar energies. 

Classical bidentate non-innocent ligand frameworks such as 1,2-dioxolenes2,3 and 1,2-

dithiolenes4-6 have received extensive study, while the more recent development of 

larger, poly-dentate non-innocent systems has led to the discovery of new paradigms in 

metal-based reactivity and catalysis.7-15 

Despite the current prevalence of non-innocent ligand systems containing 

extended π-systems,16-19 ligand redox participation can be readily observed in simple 

diatomics such as O2
20,21 and NO.22-25 The electronic structures of coordination 

complexes containing these ligands, along with the related nitroxyl (HNO),26 have been 

extensively investigated, in part due to their  relevance and implication in biological 

systems.21,25,27-32 Contrastingly, the non-innocent properties of the closely related class of 

C-organonitroso compounds (i.e. O=N-R)33-35 have been relatively understudied. C-

Organonitroso compounds are known isoelectronic analogues of singlet dioxygen, and
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coordination compounds of nitrosoarenes often display structural properties and 

reactivity reminiscent of those bearing peroxide or superoxide ligands.36-39 Transition 

metal compounds bearing nitrosoarenes have also been observed as intermediates in the 

allylic amination of olefins40,41 and the metal-mediated deoxygenation of 

nitroaromatics.42-44 Most importantly, C-organonitroso compounds have been frequently 

utilized as spin traps for organic- and transition metal-based radicals,45,46 with EPR 

spectroscopy suggesting that many such spin adducts are best described as nitroxide 

radicals.47,48 However, it is critical to note that despite the prevalence EPR data in spin-

trapping experiments, structurally characterized coordination complexes described as 

containing singly-reduced nitroso radical anions (i.e. [ONR]–.; isoelectronic to the 

superoxide anion) are quite few.38,49-51 This observation is likely tied to the inherent 

instabilities of many such transition metal-nitroxide radical species, their ill-defined 

reactivity and the difficulties associated with assigning formal oxidation states in nitroso-

containing complexes.52  

In our studies of transition metal centers supported by m-terphenyl  

isocyanides,53-60 we reported that the zero-valent bis-isocyanide Pd(CNArDipp2)2 (ArDipp2 = 

2,6-(2,6-(i-Pr)2C6H3)2C6H3) reacts with two equivalents of nitrosobenzene (PhNO) to 

form the four-coordinate complex trans-Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a).49 X-ray 

crystallography, X-ray absorption spectroscopy (XAS) and computational studies 

indicated that, in the solid state, complex 1a possessed a divalent palladium center and 

two monoanionic nitroxide radicals.52 In addition, magnetic susceptibility measurements 

on crystalline samples of 1a showed that the nitroxide radicals exhibit weak 

antiferromagnetic coupling mediated by superexchange across the Pd center resulting in a 
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ground-state, open shell singlet (i.e. singlet diradical) at low temperature and a triplet 

excited state that is thermally accessible at ca. 290 K (singlet-triplet gap = 0.4 kcal/mol). 

Accordingly, 1a represented a rare example of a well-characterized nitroxide-radical 

complex formally related to traditional spin-trapping experiments. In addition, treatment 

of Pd(CNArDipp2)2 with ortho-nitrosotoluene (o-TolNO; o-MeC6H4NO)  sterically 

precluded the formation of a bis-nitroxide radical complex and led to the selective 

formation of Pd(η2-N,O-TolNO)(CNArDipp2)2.52 The latter features a side-on-bound and 

doubly reduced nitrosoarene ligand (metalloxaziridine), which is best thought of as a 

doubly-deptrotonated N-arylhydroxylamine.61 Importantly, however, trans-Pd(κ1-N-

PhNO)2(CNArDipp2)2 (1a) and Pd(η2-N,O-TolNO)(CNArDipp2)2 represented the first set of 

C-organonitroso analogues to metal-bound κ1-superoxide and η2-peroxide on the same 

coordination platform.    

While computational and magnetic studies conclusively elucidated the singly-

reduced nature of the nitrosobenzene ligands in Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a), our 

preliminary studies of this molecule had reported that it produced well-defined solution 

NMR spectra characteristic of a diamagnetic molecule.49 This observation was quickly 

realized to conflict with the solid-state properties of 1a and indicated more complex 

behavior for this bis-nitroxide radical species in solution. Furthermore, this discrepancy 

highlighted the lack of information available for the solution phase properties and 

reactivity of coordinated nitroxide ligands in general. Accordingly, here we provide a 

more complete description of the solution phase properties and dynamics of the bis-

nitroxide radical complex Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a) and other nitrosoarene 



 273 

 

derivatives. Our results demonstrate that, for this system, there is a facile interconversion 

between κ1-N nitroxide and η2-N,O metalloxaziridine forms of coordinated nitrosoarenes. 

In addition, the relative kinetic stability of κ1-N arylnitroxide radical ligands is sensitive 

to both the substituent identity and pattern of the aryl group. Most notably, this finding 

has led to the identification of aryl substituents that promote the formation of kinetically 

persistent nitroxide radical complexes in solution and has important ramifications for the 

formation and isolation of metal-coordinated nitroxide radicals generally. 

 

6.2. Solution dynamics of Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a): Identification of an 

equilibrium between a bis-nitroxide and an η2-metalloxaziridine complex 

 
While the solid-state structure of Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a) is established 

by X-ray crystallography and combustion analysis, as noted above, preliminary 

observations of its spectroscopic signatures in solution were inconsistent with its 

established magnetic properties.52 Dissolution of forest green crystals of Pd(κ1-N-

PhNO)2(CNArDipp2)2 (1a) in benzene-d6 or THF-d8 produces a deep red solution. Analysis 

by 1H and 13C{1H} NMR spectroscopy reveals the prominence of diamagnetic species in 

solution, with only one ArDipp2 environment apparent. This observation is inconsistent 

with the presence of Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a) in solution, as its thermally 

accessible triplet state would be reasonably expected to produce paramagnetically shifted 

and broadened NMR spectra.62,63 Evans’ method measurements (C6D6, 20 ˚C) failed to 

detect any significant magnetic moment in these solutions, suggesting that very little of 

the diradical Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a) is present in solution under these 
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conditions. The FTIR spectra of these solutions show two strong υ(C≡N) absorbances at 

2146 and 2115 cm-1 (Figure 6.1), as well as the υ(N=O) stretch of free nitrosobenzene 

(1506 cm–1). The υ(C≡N) bands are of similar energy and relative intensity to those 

displayed by Pd(η2-N,O-o-Me-C6H4NO)(CNArDipp2)2,52 thereby suggesting that the 

predominant complex in solution is the η2-N,O mono-nitrosobenzene metalloxaziridine 

complex Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a). An independent synthesis of the 

metalloxaziridine Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a, Scheme 6.1 and Figure 6.2) was 

achieved upon the addition of an equimolar amount of nitrosobenzene to Pd(CNArDipp2)2 

followed by crystallization from an n-pentane/hexamethyldisiloxane ((Me3Si)2O) 

mixture. As expected, pure samples of Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a) produce 

identical NMR and FTIR spectroscopic features as do solutions prepared from solid 

samples of  Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a), thus confirming that the latter undergoes 

nitrosobenzene dissociation to produce 2a in solution. Accordingly, as suspected, the 

NMR spectroscopic data reported for 1a,49 which was indicative of a diamagnetic 

compound, corresponds in fact to that of the metalloxaziridine 2a. 
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Figure 6.1. Solution FTIR spectrum (C6D6, 25 ºC, υ(C≡N) region) of a solution prepared from a 
crystalline sample of trans-Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a). 
 
 

 
 
Scheme 6.1. Reactivity of Pd(CNArDipp2)2 with one and two equivalents of nitrosobenzene. 
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Figure 6.2. Molecular structure of Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a). Selected bond distances 
(Å) and angles (º): N1-O1 = 1.349(3); Pd-N1 = 2.072(2); Pd-O1 = 2.037(2); Pd-C1 = 1.985(2); 
Pd-C2 = 2.033(2); C1-Pd-N1 = 109.21(8); C2-Pd-O1 = 103.56(8); C1-Pd-C2 = 108.61(9). 
 
 

In the solid state, complex 2a features an N-O bond distance of 1.349(3) Å, which 

is elongated relative to those in Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a; d(N-O) = 1.291(2) 

Å).49 However, the N-O bond distance in 2a is comparable to that in Pd(η2-N,O-o-

TolNO)(CNArDipp2)2 (d(N-O) = 1.364(4) Å),52 lending credence to a description of 2a as 

bearing a doubly-reduced nitrosobenzene ligand supported by a divalent Pd center. 

Notably, the values of d(N-O) for Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a) and Pd(η2-N,O-o-

TolNO)(CNArDipp2)2 are the shortest reported among structurally characterized 

mononuclear metalloxaziridines,64-68 and are somewhat shorter than expected for a N-O 

single bond.33 However, we have shown that this discrepancy can be ascribed to a high 

degree of covalency in the η2-N,O interaction between Pd center and the nitroso unit as 

computed for Pd(η2-N,O-o-TolNO)(CNArDipp2)2.52 Corroborating this notion for 2a is the 

presence of isocyanide υ(C≡Ν) stretching frequencies (2146, 2115 cm-1) that, while 
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higher in energy than those seen for Pd(CNArDipp2)2, are considerably red-shifted relative 

to those of the isovalent η2-peroxo complex Pd(η2-O2)(CNArDipp2)2 (2175, 2149 cm-1).49 

 

 

Scheme 6.2. Equilibrium between bis-nitroxide diradical 1a and metalloxaziridine 2a. 

 

The formation of metalloxaziridine 2a and free PhNO upon dissolution of 

crystalline bis-nitroxide 1a suggested the presence of an equilibrium between these 

species, with 2a being overwhelmingly favored at higher temperatures (Scheme 6.2). 

Notably, attempts to observe Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a) at lower temperatures in 

this mixture by variable-temperature 1H NMR spectroscopy proved unsuccessful, as the 

combined effects of the compound’s paramagnetism, low abundance in solution and the 

presence of free PhNO precluded an unambiguous assignment of its resonances. 

However, room-temperature FTIR spectra of C6D6 solutions originating from crystalline 

1a revealed a very weak absorbance at 2185 cm–1. This band closely matches the υ(C≡N) 

band observed in the solid state FTIR spectra obtained from crystalline 1a (2188 cm-1, 

KBr pellet), thereby indicating that detectable quantities of Pd(κ1-N-PhNO)2(CNArDipp2)2 

(1a) are present in solution at room temperature. In addition, variable-temperature FTIR 

studies in toluene revealed that this band becomes more pronounced with decreasing 

temperature (Figure 3), which provides strong support for an equilibrium between 1a, 2a 
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and PhNO in solution. However, it is critical to note that even at –80 ˚C in toluene 

solution, metalloxaziridine 2a remains the predominant isocyanide-containing component 

of the mixture (Figure 6.3). Therefore we contend that the ability to isolate crystalline 

Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a) in good yields (60-70%) when a 2:1 

PhNO/Pd(CNArDipp2)2 ratio is employed stems from its high crystallinity, which results in 

selective precipitation from ethereal solutions. Importantly, the ability of trans-spanning 

m-terphenyl isocyanides to induce the selective crystallization of minor components of an 

equilibrium mixture has been reported previously for cobalt-carbonyl complexes.69  

 

Figure 6.3. Variable temperature FTIR spectra (υ(C≡N) region; CaF2 windows) of toluene 
solutions prepared from crystalline samples of Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a). The peaks 
ranging from 2143-2152 cm-1 and 2115-2117 cm-1 correspond to Pd(η2-N,O-PhNO)(CNArDipp2)2 
(2a), while that seen to grow in at decreasing temperatures and centered at 2185 cm-1 is ascribed 
to Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a). 
 
 

In an attempt to chemically drive equilibrium between 1a and 2a toward the bis-

nitroxide complex, 5.0 additional equivalents of nitrosobenzene were added to an 

equilibrated mixture in benzene solution at room temperature. Analysis by FTIR 
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spectroscopy immediately after the addition of excess PhNO indicated the equilibrium 

between 1a and 2a was not significantly altered, further signifying that simple binding of 

PhNO to 2a is strongly disfavored at room temperature. However, after ca. 6 hours, the 

presence of excess equivalents of PhNO results in the formation of three new products, 

with the complete consumption of both 1a and 2a. Analysis by 1H NMR, FTIR, GC-MS 

and X-ray crystallography indicated that the organic isocyanate, OCNArDipp2 (3), and 

azoxybenzene (i.e. PhN=N(O)Ph) are produced from this mixture, while the Pd-

containing product formed is the cyclic metalloxaziridine trimer [Pd(µ2:η2-N,O-η1-N-

PhNO)(CNArDipp2)]3 (4, Figure 6.4).70 This process is reminiscent of the production of 

tert-butylisocyanate mediated by the reaction of nitrosobenzene with Ni(t-BuNC)4, a 

transformation in which the isolable mononuclear metalloxaziridine Ni(η2-N,O-PhNO)(t-

BuNC)2 has been proposed as an intermediate.71 Likewise, we believe that production of 

OCNArDipp2 (3), azoxybenzene and trimer 4 may proceed by the mechanism outlined in 

Scheme 6.3, where an additional equivalent of PhNO inserts into metalloxaziridine 

functionality of 2a followed by oxygen-atom transfer and elimination of the weakly 

coordinating isocyanate and azoxybenzene fragments from the palladium center. Similar 

insertion reactions of unsaturated substrates into late metal metalloxaziridines have been 

observed previously, with those involving Pt(η2-N,O-PhNO)(PPh3)2 being the most well-

studied.64,72-74 In addition, the formation of the trinuclear metalloxaziridine complex 4 

can be rationalized by trapping of a resultant monoligated [Pd(CNArDipp2)] species by 

free PhNO and subsequent trimerization.75 Most importantly however, the formation of 

OCNArDipp2 (3), azoxybenzene and trimer 4 highlights that an additional process 
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significantly competes with the simple formation of bis-nitroxide complex 1a from free 

nitrosobenzene and metalloxaziridine 2a. 

 

Figure 6.4. Molecular structure of [Pd(µ2:η2-N,O-η1-N-PhNO)(CNArDipp2)]3 (4), showing the 
major component of the modeled positional disorder. Flanking i-Pr groups have been omitted for 
clarity. 
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Scheme 6.3. Proposed mechanism leading to the formation of azoxybenzene, OCNArDipp2 (3), 
and [Pd(µ2:η2-N,O-η1-N-PhNO)(CNArDipp2)]3 (4). 
 

 
6.3. Formation and solution-phase behavior of Pd bis-nitroxide diradicals 

featuring mono-substituted aryl groups 

To address the dissociation of PhNO from the Pd center in 1a and access a 

kinetically persistent bis-nitroxide diradical complex, we sought to modify the electronic 

profile of the nitrosoarene framework. While the introduction of electron-releasing 

substituents on the aryl ring may be expected to result in more effective σ-donation of the 

nitrosoarene ligand to a palladium center, it is important to note that such substituents 

also decrease the reduction potential of the ArNO unit.76,77 Correspondingly, electron-

withdrawing substituents, which may be expected to promote N=O bond reduction, will 

also diminish the σ-donor abilities of the ArNO ligand. Therefore, we surveyed a range 

of electronically-varied nitrosoarenes to determine if a balance between σ-donation and 
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N=O bond reduction could be found and promote the generation of a solution-phase 

persistent bis-nitroxide diradical complex. 

 

Scheme 6.4. Formation of 1b-l and 2b-l from Pd(CNArDipp2)2 and monosubstituted nitrosoarenes. 

 

 

Scheme 6.5.  Quinonoid resonance structure of nitrosoarenes bearing para-oriented electron 
releasing groups as exemplified by 4-(dimethylamino)nitrosobenzene. 
 
 

As shown in Scheme 6.4, the synthesis of palladium bis-nitroxide diradical 

complexes is indeed general and is not exclusively limited to nitrosobenzene. 

Accordingly, treatment of 0.5 equivalents of Pd(CNArDipp2)2 in Et2O with nitrosoarenes 

bearing m/p-chloro, m/p-bromo, p-fluoro,  m/p-methyl, p-phenyl or m-formyl substitution 

patterns readily provides the bis-nitroxide diradical complexes trans-Pd(κ1-N-

ArNO)2(CNArDipp2)2 (1b–j, Figure 6.5) following crystallization at –35 ˚C. However, it is 

notable that the strongly-donating nitrosoarenes p-Me2NC6H4NO or p-MeOC6H4NO, for 
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which a dipolar quinonoid form is a major resonance contributor (Scheme 6.5), do not 

react with Pd(CNArDipp2)2 over the course of days at room temperature. This lack of 

reactivity of nitrosoarenes featuring strongly electron-releasing substituents indicates that 

N=O bond reduction is a critical kinetic component to the formation of bis-nitroxide 

species, as the quinonoid form of such strongly-donating nitrosoarenes is also expected to 

inhibit their ability to form η2-N,O metalloxaziridine complexes.33 Crystallographic 

characterization of complexes 1b–j revealed a trans, anti-disposition of the nitroxide 

groups about a square planar Pd center, resulting in approximate C2h site symmetry in a 

manner identical to the parent bis-nitroxide complex 1a. The N-O bond lengths in 

complexes 1b–j range from 1.256(3)-1.288(3) Å78 (Table 6.1) and are consistent with a 

singly-reduced nitroxide radical description.52 Correspondingly, the Pd-Ciso distances are 

significantly elongated relative to those seen in Pd(CNArDipp2)2 (1.930(4) Å),49 indicative 

of decreased backbonding to the isocyanide ligands as a result of an increase in formal 

oxidation state of the Pd center. The solid state FTIR spectra (KBr pellet) of 1b-j 

corroborate this description and feature high energy υ(C≡N) stretches (2180–2196 cm-1; 

Table 6.1). 
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Figure 6.5. Molecular structures of Pd(κ1-N-ArNO)2(CNArDipp2)2 (1b-c, e-j). Co-crystallized 
solvent molecules have been omitted for clarity. 
 
 
Table 6.1. Nitrosoarene N-O bond lengths and isocyanide stretching frequencies for complexes 
1a-l in the solid state. 
 

Complex  
(substituent) 

Nitrosoarene  
d(N-O) (Å) 

Isocyanide  
υ(C≡N) (cm–1)a 

1a (H)b 1.291(2) 2185 
1b (m-Cl) 1.267(6) 2185 
1c (m-Br) 1.280(5) 2187 

1d (m-CH3) – c 2180 
1e (m-COH) 1.270(4)d 2196 

1f (p-Br) 1.256(3) 2188 
1g (p-Cl) 1.279(2) 2188 
1h (p-F) 1.287(3) 2188 
1i (p-Ph) 1.288(3) 2186 

1j (p-CH3) 1.267(3) 2180 
1k (p-COH) 1.275(4) 2189 

1l (p-CN) 1.275(3) 2186 
a KBr pellet. b Data from reference 49. c Crystallographic positional disorder prevented a precise 
determination of the N-O bond length in complex 1d. d Average of two crystallographically independent 
Pd-bound nitrosoarenes. Error is reported as the standard error of the average. 
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Whereas bis-nitroxide complexes 1b-j can be readily isolated and characterized in 

the solid state, they all display solution phase behavior similar to that of the parent 

diradical 1a. Accordingly, dissolution of crystalline samples of 1b-j in arene or ethereal 

solvents results in the rapid dissociation of one nitrosoarene ligand to produce the η2-N,O 

metalloxaziridine complexes 2b-j and free nitrosoarene as assayed by solution FTIR, 1H 

NMR and 13C{1H} NMR spectroscopies. The metalloxaziridines 2b-j could be 

independently generated by treatment of Pd(CNArDipp2)2 with one equivalent of the 

corresponding nitrosoarene (Scheme 6.4). As with Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a), 

the solution FTIR spectra of 2b-j display two diagnostic υ(C≡N) bands in the 2100-2160 

cm–1 region (Table 6.2). In addition, crystallographic characterization of complexes 2b-j 

(Figure 6.6) revealed N-O bond lengths (1.334(3)-1.354(7) Å; Table 6.2) similar to that 

found in Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a) and consistent with a η2-N,O 

metalloxaziridine formulation.79 Most importantly however, for the arene substitution 

patterns represented by complexes 1b-j, there is no apparent inhibition of nitrosoarene 

dissociation that leads to reasonable solution phase persistence.   
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Figure 6.6. Molecular structures of Pd(η2-N,O-ArNO)(CNArDipp2)2 (2b-e, g-h, j). Co-crystallized 
solvent molecules have been omitted for clarity. 
 
Table 6.2. Nitrosoarene N-O bond lengths and isocyanide stretching frequencies for complexes 
2a-l in the solid state. 

Complex 
(substituent) 

Nitrosoarene  
d(N-O) (Å) 

Isocyanide  
υ(C≡N) (cm–1)a 

2a (H) 1.349(3) 2149, 2105 

2b (m-Cl) 1.334(3) 2153, 2111 

2c (m-Br) 1.341(4) 2155, 2112 

2d (m-CH3) 1.349(2) 2148, 2108 

2e (m-COH) 1.349(3) 2151, 2121 

2g (p-Cl) 1.354(3) 2150, 2121 

2h (p-F) 1.35(1) 2145, 2117 

2i (p-Ph) – b 2143, 2114 

2j (p-CH3) 1.354(7) 2137, 2117 
a KBr pellet. b Complex 2i was not crystallographically characterized. 

 

In contrast, the specific use of either para-formyl (p-CHO) or para-cyano (p-CN) 

nitrosobenzene leads to bis-nitroxide Pd complexes that show marked persistence in 

solution. Accordingly, treatment of 0.5 equivalents of Pd(CNArDipp2)2 with (p-

CHO)C6H4NO or (p-CN)C6H4NO in Et2O at room temperature generates the bis-

nitroxide diradicals Pd(κ1-N-p-C(O)H-C6H4NO)2(CNArDipp2)2 (1k) and Pd(κ1-N-p-CN-
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C6H4NO)2(CNArDipp2)2 (1l), respectively. Unlike complexes 1a-j, both 1k and 1l readily 

precipitate from the reaction mixture upon formation and can be isolated as dark purple 

(1k) or green (1l) microcrystalline solids, respectively, in good yields (ca. 70%). 

Crystallographic characterization of 1k and 1l (Figures 6.7 and 6.8) on single crystals 

obtained from cooling dilute Et2O/THF solutions to –35 ˚C reveals square planar Pd 

centers and N-O bond lengths indicative of nitroxide radical ligands (d(N-O) = 1.267(3) 

Å (1k) and 1.274(3) Å (1l); Table 6.1). Most importantly, the solution phase properties of 

1k and 1l are consistent with a significant retention of their bis-nitroxide radical 

formulation. For example, solution IR spectra 1k and 1l in THF or C6D6 revealed intense 

ν(C≡N) bands centered around 2190 cm-1 consistent with the presence of Pd(κ1-N-

ArNO)2(CNArDipp2)2 bis-nitroxide complexes (Figure 6.9). While ν(C≡N) bands 

attributable to the corresponding metalloxaziridines 2k and 2l are also present in these 

spectra, the fact that these are not the dominant species stands in stark contrast to the 

solution phase behavior of the bis-nitroxide complexes 1a-j (vida supra). In addition, the 

1H NMR spectra of para-formyl 1k and para-cyano 1l in C6D6 feature broad and shifted 

resonances indicative of the presence of paramagnetic species. These solutions give rise 

to measureable solution-phase magnetic moments of ca. 1.9 µB (Evans Method, 20 ˚C),80 

which, when compared to the negligible magnetic moment observed for C6D6 solutions 

originating from complexes 1a-j, provide further indication for the existence of 

paramagnetic species in solution. 
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Figure 6.7. Molecular structure of Pd(κ1-N-p-C(O)H-C6H4NO)2(CNArDipp2)2 (1k). Selected bond 
distances (Å) and angles (º): N2-O1 = 1.275(4); Pd-N2 = 2.023(3); Pd-C1 = 2.007(4); C1-Pd-N2 
= 88.8(1); N2-Pd-C1’: 91.2(1). 
 

 
Figure 6.8. Molecular structure of Pd(κ1-N-p-CN-C6H4NO)2(CNArDipp2)2 • 3 Et2O (1l • 3 Et2O). 
Co-crystallized molecules of diethyl ether were accounted for using SQUEEZE. Selected bond 
distances (Å) and angles (º): N2-O1 = 1.275(3); Pd-N2 = 2.014(3); Pd-C1 = 2.001(3); C1-Pd-N2 
= 91.8(1); N2-Pd-C1’: 88.2(1). 
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Figure 6.9. FTIR spectra (υ(C≡N) region) of THF solutions freshly prepared from crystalline 
samples of Pd(κ1-N-p-C(O)H-C6H4NO)2(CNArDipp2)2 (1k, Top) and Pd(κ1-N-p-CN-
C6H4NO)2(CNArDipp2)2 (1l, bottom). Conditions: 25 ºC, KBr windows. 

 
 

It is important to note that while spectroscopically observable by both 1H NMR 

and IR spectroscopy, the metalloxaziridines 2k and 2l are not readily isolated in pure 

form. Indeed, treatment of Pd(CNArDipp2)2 with 1.0 equiv of either para-formyl or para-

cyano nitrosobenzene leads to the formation of a mixture of metalloxaziridine and bis-
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nitroxide complexes, as well as unreacted Pd(CNArDipp2)2. Furthermore, the 

metalloxaziridines 2k and 2l do not selectively deposit from these mixtures by 

crystallization. Accordingly, we believe the production of these mixtures suggests that 

the bis-nitroxide complexes are formed rapidly in solution and that a kinetic barrier to 

ArNO dissociation arises when either para-formyl and para-cyano substituents are 

present on the aryl ring. It is also critical to note that room temperature solutions of 1k 

and 1l are observed to slowly become enriched in the metalloxaziridines 2k and 2l, with 

the presence of OCNArDipp2 (3) and azoxyarenes also becoming evident (Figure 6.10), 

thus demonstrating the abidance of analogous equilibration and insertion chemistry as 

that seen for the parent diradical 1a. This observation further serves to highlight a 

diminution in the lability of a nitroxide ligand in 1k-l as a result of the installation of 

para-formyl and cyano substituents.  
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Figure 6.10. FTIR spectra (υ(C≡N) region) of C6D6 solutions prepared as 0.013 M Pd(κ1-N-p-
C(O)H-C6H4NO)2(CNArDipp2)2 (1k, Top (includes inset of υ(C=Ο) region) or Pd(κ1-N-p-CN-
C6H4NO)2(CNArDipp2)2 (1l, bottom) and allowed to stir at 20 ºC for three days. Conditions: 20 ºC, 
KBr windows. The peaks at 2150 cm–1

 (top) and 2149 cm-1 (bottom) are overlapped by another 
band that grows in over time and is believed to be attributable to the trinuclear compounds 
[Pd(µ2:η2-N,O-η1-N-ArNO)(CNArDipp2)]3 (Ar = p-C(O)H-C6H4, p-CN-C6H4) 
 
. 
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6.4. Origin of the solution-phase persistence of para-cyano and para-formyl bis-

arylnitroxide radical complexes 

It is evident from the results above that the solution-phase kinetic persistence of 

Pd(κ1-N-ArNO)2(CNArDipp2)2 bis-nitroxide complexes is sensitive to very specific 

electronic modulations of the nitrosoarene framework. This suggestion is highlighted by 

the marked differences in the solution-phase properties between complexes 1a-j and 1k-l, 

but also more directly between complexes 1e and 1k, which feature meta-formyl and 

para-formyl substituents, respectively. To account for this dichotomy, it is important to 

note that para-oriented electron releasing groups, such as –NMe2 (Hammett σ = –0.88), 

are known to increase the Lewis basicity, and therefore σ-donor abilities, of 

nitrosoarenes.35 By analogy, the presence of para-formyl (σ = 0.42) and para-cyano (σ = 

0.66)81 substituents are expected to attenuate σ-donor abilities of nitrosoarenes. Such 

ligands should therefore display a decreased trans effect and, given the trans disposition 

of the nitroxide ligands in 1k and 1l, might be expected to diminish the prevalence of 

nitrosoarene dissociation from these species. 

However, as a critical point, other bis-nitroxide diradicals in this series bearing 

substituents with large and positive Hammett σ-values (e.g. m-Br σ = +0.39, m-Cl σ = 

+0.37)81 do not exhibit the prolonged kinetic persistence exhibited by 1k and 1l. This 

indicates that an additional electronic effect governs the relative solution-phase stability 

of complexes 1k and 1l. In this regard, it is noteworthy that the presence of 

electronically-unsaturated electron-withdrawing substituents in the para position has 

been found to significantly increase the reduction potentials of uncoordinated 
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nitrosoarenes.76,77 Furthermore, inductive-type electron-withdrawing substituents (e.g. F, 

Cl, Br) have been reported to induce relatively smaller changes in the reducton potentials 

of the corresponding nitrosoarenes, with para-oriented halogens resulting in decreased 

potentials relative to that of nitrosobenzene.76 This finding suggests that electronically-

unsaturated substituents are capable efficiently of delocalizing spin density to positions 

exo of the aryl ring, thereby increasing the stability of the arylnitroxide radical. Indeed, 

for transition metal-bound arylnitroxide radicals, such behavior has been recently 

observed in a series of ruthenium(II) complexes supported by chelating 2-(2-

nitrosoaryl)pyridine ligands. In this case, introduction of a nitro (NO2) group on the 

nitrosoaryl ring has been found to decrease the spin density on the nitroso –N=O moiety 

relative to an unsubstituted nitrosoaryl derivative in singly-reduced nitroxide 

complexes.51 Furthermore, the effect was most pronounced when the nitro group was 

oriented para to the NO functionality. Spin-density plots82 derived from broken-

symmetry DFT calculations on the model complexes Pd(κ1-N-p-C(O)H-

C6H4NO)2(CNPh)2 (1k*) and Pd(κ1-N-p-CN-C6H4NO)2(CNPh)2 (1l*) are consistent with 

this notion. As shown in Figure 6.11, model complexes 1k* and 1l* both show a 

moderate degree of spin delocalization onto the para-formyl and para-cyano 

substitutents, respectively. These spin-density plots can also be compared to that 

previously reported for the model complex Pd(κ1-N-PhNO)2(CNPh)2, which does not 

possess substituted arylnitroxide ligands and accordingly does not show spin 

delocalization onto positions exo to the phenyl ring.52  
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Figure 6.11. Spin density plots overlaid with Mulliken spin populations of the BS(1,1) solutions 
for the model complexes Pd(k1-N-p-C(O)H-C6H4NO)2(CNPh)2 (top) and Pd(k1-N-p-CN-
C6H4NO)2(CNPh)2 (bottom). B3LYP, ZORA-def2-TZVP, α-spin in red, β-spin in yellow. 
 
 

Most importantly however, experimental evidence for spin delocalization onto the 

para-formyl and para-cyano substituents in complexes 1k and 1l is apparent in their 

solution-phase IR spectra and solid-state magnetic susceptibility. For example, in C6D6 at 

room temperature, the formyl ν(C=O) stretch of 1k is found at 1677 cm-1, which is 16 

cm-1 lower than that observed for the metalloxaziridine 2k (1693 cm-1). As the Pd→(NO 

π∗) π-backbonding interactions attendant in the η2-N,O metalloxaziridine complexes are 
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also expected to marginally affect the degree of electron density on the nitrosoaryl unit,52 

we interpret the fact that the para-formyl ν(C=O) stretch in 1k is of lower energy than 

that in 2k as an indication that greater charge/spin delocalization onto the formyl unit is 

present in the nitroxide radical form of the coordinated nitrosoarene. Similarly, the para-

cyano υ(C≡N) stretch for bis-nitroxide 1l (2210 cm-1) is red-shifted relative to that of the 

metalloxaziridine 2l (2221 cm-1), again indicating a greater degree of spin delocalization 

in the nitroxide radical. In addition, solid-state magnetic susceptibility measurements also 

provide evidence for spin delocalization onto the para substituents in bis-nitroxides 1k 

and 1l. Both 1k and 1l display magnetic behavior in the solid state similar to the parent 

bis-nitroxide 1a and the susceptibility curves can be readily fitted to a singlet diradical 

model (Ĥ = -2J·S1·S2, where S1 = S2 = 1/2) possessing a thermally-accessible triplet (S = 

1) excited state (Figure 6.12). However, the antiferromagnetic coupling constants (J) 

derived for complexes 1k (J = –89.4 cm-1) and 1l  (J = –88.9 cm-1) are non-negligibly 

more positive than that of 1a (J = –115 cm-1). This finding indicates that para-formyl and 

para-cyano substituents contract the energy difference of the S = 0 ground and S = 1 

excited states of complexes 1k and 1l relative to 1a. In effect, these data indicate that 

para-formyl and para-cyano groups perturb the electronic structure of these complexes 

toward a more magnetically-uncoupled, spin-isolated nitroxide radical continuum and is 

consistent with increased spin delocalization over the aryl fragment. For further 

comparison, it is notable that solid-state magnetic susceptibility measurements on the 

para-chloro derivative 1g (Figure 6.13) give rise to an antiferromagnetic coupling 

constant (J) of –102.5 cm-1. This J value, which is roughly intermediate between that of 

1a and 1k-l, signifies that inductive-type electron withdrawing groups can increase spin 
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delocalization over the aryl substituent, but not to the extent of electronically-unsaturated 

groups such as formyl and cyano. 

 

Figure 6.12. Variable temperature SQUID data (circles) and simulation (line) for Pd(κ1-N-p-
C(O)H-C6H4NO)2(CNArDipp2)2 (1k) and Pd(κ1-N-p-CN-C6H4NO)2(CNArDipp2)2 (1l). Data for both 
samples were simulated as an antiferromagnetically coupled singlet diradical. Simulation 
parameters for 1k: J = –89.4 cm-1; Paramagnetic impurity = 1.5 %; Mol. weight = 1300 g/mol; 
χdia = –675 x 10–6 emu. Simulation parameters for 1l: J = –88.9 cm-1; Paramagnetic impurity = 0.9 
%; Mol. weight = 1320 g/mol; χdia = –800 x 10–6 emu. 
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Figure 6.13. SQUID variable temperature magnetic data (circles) and simulation (line) for Pd(κ1-
N-p-ClC6H4NO)2(CNArDipp2)2 (1g). Data were recorded between 4-300 K. The data was modeled 
as a singlet diradical (g1 = g2 = 2.000). Simulation parameters: J = –102.5 cm–1; Paramagnetic 
impurity (S = ½) = 1.1%; Molecular weight = 1237 g/mol; χdia = –640 x 10–6 emu. 
 
 
 

Based on the experimental observations above, we believe that the increased 

solution-phase persistence of para-formyl and para-cyano bis-nitroxide complexes 1k 

and 1l originates from the unequal combination of two phenomena. First, attenuation of 

the trans influence of the nitrosoarene ligand by introduction of electron withdrawing 

groups likely diminishes the extent of dissociation from a metal center. However, this 

effect is likely minor and specific to these Pd(κ1-N-ArNO)2(CNArDipp2)2 complexes, 

where two nitroxide radical ligands are trans oriented. More generally, the ability to 

increasingly delocalize spin of an aryl nitroxide radical away from the NO unit 

significantly promotes the kinetic stabilization of such species. Implicit within this 

suggestion is that an inherent instability of aryl nitroxide radicals exists, which is 

reasonably supported by the fact that there are limited reports on the isolation of either 
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free C-organonitroxide radical anions (i.e. [RNO]–-) or monodentate C-organonitroxide 

radical complexes despite decades of study. Accordingly, as shown here for arylnitroxide 

ligands, incorporation of electronically-unsaturated functional groups para to the NO unit 

serves as an effective strategy for stabilizing monodentate, metal-coordinated nitroxide 

radicals and allows for more systematic studies of their chemical and physical properties 

in both solution and the solid-state.   

 
6.5. Concluding remarks 

In conclusion, we have demonstrated the inherent kinetic lability of a 

nitrosobenzene ligand in Pd(κ1-N-PhNO)2(CNArDipp2)2 (1a), and have reconciled this 

lability with the diradical character of 1a. We have also shown that judicious nitrosoarene 

substitution schemes can readily attenuate the lability of the corresponding bis-

nitrosoarene diradical complexes. This effect is likely mediated by a combination of 

inductive effects of these substituents, as well as their ability to effect further 

delocalization of spin density across the nitrosoarene ring. We envision that the kinetic 

persistence imparted by the substituents in Pd(κ1-N-p-C(O)H-C6H4NO)2(CNArDipp2)2 

(1k) and Pd(κ1-N-p-CN-C6H4NO)2(CNArDipp2)2 (1l) may be generalized to other systems 

upon utilization of similar substitution patterns, including nitrosoarene spin adducts of 

metalloradicals. Importantly, the chemical principles delineated herein represent 

additional tools for studies aimed at trapping transition metal or other unstable S = ½ 

radicals in solution. 
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6.6. Synthetic procedures and characterization data 

General considerations. All manipulations were carried out under an atmosphere 

of purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise 

stated, reagent-grade starting materials were purchased from commercial sources and 

either used as received or purified by standard procedures.83 Solvents were dried and 

deoxygenated according to standard procedures.84 Benzene-d6 and toluene-d8 (Cambridge 

Isotope Laboratories) were distilled from NaK alloy/benzophenone and stored over 

activated 4 Å molecular sieves for 2 d prior to use. Celite 405 (Fisher Scientific) was 

dried under vacuum (24 h) at a temperature above 250 °C and stored in the glovebox 

prior to use. KBr (FTIR grade from Aldrich) was stirred overnight in anhydrous THF, 

filtered and dried under vacuum (24 h) at a temperature above 250 °C and stored in the 

glovebox prior to use. Pd(CNArDipp2)2 and CNArDipp2 were prepared as previously 

reported.49,55 All methyl-, chloro-, and bromo-substituted nitrosoarenes were prepared via 

oxidation of the corresponding anilines.85 The following nitrosoarenes were prepared 

through nitrosation of the corresponding aryltrifluoroborate salts86: para-fluoro, para-

phenyl, para-cyano, para-formyl, meta-formyl. The synthesis of para-

fluoronitrosobenzene via direct nitrosation has not been reported previously and 

accordingly is described herein.  

 Solution 1H, 13C{1H} and 19F NMR spectra were recorded on a Varian Mercury 

300 or 400, a Jeol ECA 500, or a Varian X-SENS 500 spectrometer. 1H and 13C{1H} 

chemical shifts are reported in ppm relative to SiMe4 (1H and 13C δ = 0.0 ppm) with 

reference to residual solvent resonances of 7.16 ppm (1H) and 128.06 ppm (13C) for C6D6. 

19F NMR spectra were referenced externally to neat trifluoroacetic acid, F3CC(O)OH (δ = 
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−78.5 ppm vs. CFCl3 = 0.0 ppm). FTIR spectra were recorded on a Thermo-Nicolet iS10 

FTIR spectrometer. Samples were prepared as either KBr pellets or as C6D6 solutions 

injected into a ThermoFisher solution cell equipped with KBr or CaF2 windows. For 

solution FTIR spectra, solvent peaks were digitally subtracted from all spectra by 

comparison with an authentic spectrum obtained immediately prior to that of the sample. 

The following abbreviations were used for the intensities and characteristics of important 

IR absorption bands: vs = very strong, s = strong, m = medium, w = weak, vw = very 

weak; b = broad, vb = very broad, sh = shoulder. Combustion analyses were performed 

by Robertson Microlit Laboratories of Madison, NJ (USA). High-resolution mass 

spectrometry (HRMS) was performed using an Agilent 6230 ESI-TOFMS instrument 

running in positive ion mode. Variable temperature magnetization data were recorded in 

a 1 T magnetic field on a SQUID magnetometer (MPMS Quantum Design). 

 Synthesis of Pd(κ1-N-m-Cl-C6H4NO)2(CNArDipp2)2 (1b).  A mixture of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) and meta-chloronitrosobenzene (0.030 g, 0.210 

mmol, 2.0 equiv) was stirred in 2 mL Et2O for 15 min.  The resulting red solution was 

filtered and stored at –35 ºC overnight to produce dark green crystals, which were 

collected and dried in vacuo.  Yield: 0.084 g, 0.068 mmol, 65%.  FTIR (KBr pellet): 

υ(C≡N) = 2185 (s) cm–1, υ(N=O) = 1318 (m) cm–1, also 3061, 2961, 2926, 2868, 1564, 

1455, 1412, 1382, 1363, 1310, 1254, 1057, 980, 953, 909, 858, 825, 804, 799, 754, 714, 

666 cm–1. Anal. Calcd. for C74H82Cl2N4O2Pd: C, 71.86; H, 6.68; N, 4.53.  Found: C, 

70.71; H, 6.99; N, 4.47. 

 Synthesis of Pd(κ1-N-m-Br-C6H4NO)2(CNArDipp2)2 (1c).  A mixture of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) and meta-bromonitrosobenzene (0.039 g, 0.210 
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mmol, 2.0 equiv) was stirred in 2 mL Et2O for 15 min.  The resulting brown solution was 

filtered and stored at –35 ºC overnight to produce dark green crystals, which were 

collected and dried in vacuo.  Yield: 0.072 g, 0.054 mmol, 51%. FTIR (KBr pellet): 

υ(C≡N) = 2187 (s) cm–1, υ(N=O) = 1316 (m) cm–1, also 3062, 2961, 2926, 2867, 1561, 

1455, 1413, 1384, 1362, 1252, 1179, 1114, 1046, 915, 805, 795, 755, 726, 694, 666 cm–1. 

Anal. Calcd. for C74H82Br2N4O2Pd: C, 67.04; H, 6.23; N, 4.23.  Found: C, 65.06; H, 6.36; 

N, 3.87. 

 Synthesis of Pd(κ1-N-m-Me-C6H4NO)2(CNArDipp2)2 (1d).  To a mixture of solid 

Pd(CNArDipp2)2 (0.092 g, 0.096 mmol) and meta-nitrosotoluene (0.024 g, 0.198 mmol, 

2.0 equiv) was added 5 mL Et2O. After stirring for 15 min, the red solution was 

concentrated in vacuo to a volume of 2 mL, filtered, and stored at –35 ºC  for 1 week to 

yield dark green crystals, which were collected and dried in vacuo. Yield: 0.049 g, 0.041 

mmol, 43%. FTIR (KBr pellet): υ(C≡N) = 2180 (s) cm–1, υ(N=O) = 1316 (m) cm–1, also 

3061, 3020, 2961, 2926, 2866, 1580, 1471, 1461, 1412, 1382, 1362, 1328, 1316, 1305, 

1251, 1230, 1179, 1066, 1056, 827, 820, 753, 673 cm–1. Anal. Calcd. for C76H88N4O2Pd: 

C, 76.32; H, 7.42; N, 4.68.  Found: C, 76.07; H, 7.38; N, 4.51. 

Synthesis of Pd(κ1-N-m-C(O)H-C6H4NO)2(CNArDipp2)2 (1e).  A mixture of 

Pd(CNArDipp2)2 (0.045 g, 0.047 mmol) and meta-formylnitrosobenzene (0.013 g, 0.096 

mmol, 2.0 equiv) was stirred in 4 mL of a 3:1 Et2O/THF solution for 30 min.  The 

resulting brown solution was dried in vacuo to yield a royal blue residue, which was 

dissolved in 1 mL of THF.  Filtration of this solution and storage at –35 ºC for 5 d 

produced bright blue crystals, which were collected and dried in vacuo.  Yield:  0.025 g, 

0.020 mmol, 43%. FTIR (KBr pellet): υ(C≡N) = 2196 (s) cm–1, υ(C=O) = 1695 (vs) cm–
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1, υ(N=O) = 1317 (m) cm–1, also 3066, 2960, 2926, 2867, 1579, 1553, 1461, 1438, 1414, 

1385, 1364, 1235, 856, 826, 809, 799, 780, 761, 719, 670 cm–1. Anal. Calcd. for 

C76H84N4O4Pd: C, 74.58; H, 6.92; N, 4.58.  Found: C, 73.96; H, 6.94; N, 4.55. 

 Synthesis of Pd(κ1-N-p-Br-C6H4NO)2(CNArDipp2)2 (1f).  A mixture of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) and para-bromonitrosobenzene (0.039 g, 0.210 

mmol, 2.0 equiv) was stirred in 2 mL Et2O for 15 min.  The resulting brown solution was 

filtered and stored at –35 ºC overnight to produce dark green crystals, which were 

collected and dried in vacuo.  Yield: 0.080 g, 0.060 mmol, 57%. FTIR (KBr pellet): 

υ(C≡N) = 2188 (s) cm–1, υ(N=O) = 1318 (m) cm–1, also 3062, 3024, 2923, 2866, 1462, 

1403, 1362, 1058, 823, 805, 794, 758, 727 cm–1. Anal. calcd. for C74H82Br2N4O2Pd: C, 

67.04; H, 6.23; N, 4.23.  Found: C, 67.04; H, 6.23; N, 4.23. 

 Synthesis of Pd(κ1-N-p-Cl-C6H4NO)2(CNArDipp2)2 (1g).  A mixture of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) and para-chloronitrosobenzene (0.030 g, 0.210 

mmol, 2.0 equiv) was stirred in 2 mL Et2O for 15 min.  The resulting red solution was 

filtered and stored at –35 ºC overnight to produce dark brown crystals, which were 

collected and dried in vacuo.  Yield: 0.091 g, 0.074 mmol, 70%.  FTIR (KBr pellet): 

υ(C≡N) = 2188 (s) cm–1, υ(N=O) = 1320 (m) cm–1, also 3062, 3025, 2961, 2927, 2867, 

1493, 1464, 1408, 1383, 1363, 1252, 1212, 1174, 1078, 1056, 1046, 825, 806, 794, 756, 

727, 694 cm–1. Anal. Calcd. for C74H82Cl2N4O2Pd: C, 71.86; H, 6.68; N, 4.53.  Found: C, 

71.59; H, 6.96; N, 4.34. 

 Synthesis of Pd(κ1-N-p-F-C6H4NO)2(CNArDipp2)2 (1h).  A mixture of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) and para-fluoronitrosobenzene (0.026 g, 0.210 
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mmol, 2.0 equiv) was stirred in 2 mL Et2O for 15 min.  The resulting red solution was 

filtered and stored at –35 ºC overnight to produce dark green crystals, which were 

collected and dried in vacuo.  Yield: 0.064 g, 0.053 mmol, 50%. FTIR (KBr pellet): 

υ(C≡N) = 2188 (s) cm–1, υ(N=O) = 1315 (m) cm–1, also 3062, 2960, 2926, 2867, 1507, 

1486, 1476, 1462, 1412, 1385, 1363, 1214, 1056, 820, 807, 793, 757 cm–1. Anal. Calcd. 

for C74H82F2N4O2Pd: C, 73.83; H, 6.87; N, 4.65.  Found: C, 74.31; H, 7.03; N, 4.78. 

 Synthesis of Pd(κ1-N-p-Ph-C6H4NO)2(CNArDipp2)2 (1i). A mixture of 

Pd(CNArDipp2)2 (0.066 g, 0.069 mmol) and para-phenylnitrosobenzene (0.026 g, 0.142 

mmol, 2.1 equiv) was stirred in 4 mL of a 3:1 Et2O/THF solution for 20 min.  The 

solution changed in color from orange to dark red.  The solution was then filtered and 

stored at –35 ºC for 2 days to yield black crystals, which were collected and dried in 

vacuo.  Yield:  0.052 g, 0.039 mmol, 57%. FTIR (KBr pellet): υ(C≡N) = 2186 cm–1, 

υ(N=O) = 1317 (m) cm–1, also 3060, 3027, 2960, 2925, 2867, 1596, 1580, 1490,  1470, 

1460, 1445, 1411, 1383, 1362, 1317, 1251, 1179, 1115, 1044, 844, 824, 804, 794, 757, 

697 cm–1. Anal. Calc’d for C86H92N4O2Pd: C, 78.25; H, 7.02; N, 4.24.  Found: C, 77.21; 

H, 6.81; N, 4.04 

 Synthesis of Pd(κ1-N-p-Me-C6H4NO)2(CNArDipp2)2 (1j). A mixture of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) and para-nitrosotoluene (0.025 g, 0.210 mmol, 2.0 

equiv) was stirred in 2 mL Et2O for 15 min. The resulting red solution was filtered and 

stored at –35 ºC overnight to produce dark green crystals, which were collected and dried 

in vacuo. Yield: 0.087 g, 0.073 mmol, 70%. FTIR (KBr pellet): υ(C≡N) = 2180 (s) cm–1, 

υ(N=O) = 1314 (m) cm–1, also 3063, 3022, 2960, 2924, 2870, 1479, 1460, 1411, 1385, 
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1362, 1328, 1295, 1252, 1178, 1118, 1103, 1056, 824, 800, 756 cm–1. Anal. Calcd. for 

C76H88N4O2Pd: C, 76.32; H, 7.42; N, 4.68.  Found: C, 76.18; H, 7.37; N, 4.56. 

 Synthesis of Pd(κ1-N-p-C(O)H-C6H4NO)2(CNArDipp2)2 (1k). A mixture of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol) and para-formylnitrosobenzene (0.014 g, 0.105 

mmol, 2.02 equiv) was stirred in 3 mL of a 2:1 Et2O/THF solution for 20 min. The 

solution became dark purple, and the product began to precipitate from solution as a 

purple microcrystalline solid. This solid was isolated via decantation of the mother liquor 

and dried in vacuo. The mother liquor was stored at –35 ºC for 2 days to provide a crop 

of crystals, which were collected and dried in vacuo. Yield: 0.041 g, 0.034 mmol, 65%. 

FTIR (KBr pellet): υ(C≡N) = 2189 cm–1, υ(C=O) = 1672 cm–1, υ(N=O) = 1323 (m) cm–1, 

also 3063, 3026, 2961, 2925, 2868, 1573, 1550, 1459, 1426, 1384, 1363, 1332, 1292, 

1213, 1176, 1130, 1101, 820, 806, 758 cm–1. Anal. Calcd. for C76H84N4O4Pd: C, 74.58; 

H, 6.92; N, 4.58.  Found: C, 75.21; H, 7.16; N, 4.44.  

 Synthesis of Pd(κ1-N-p-CN-C6H4NO)2(CNArDipp2)2 (1l). A mixture of 

Pd(CNArDipp2)2 (0.097 g, 0.102 mmol) and para-cyanonitrosobenzene (0.027 g, 0.204 

mmol, 2.0 equiv) was stirred in 5 mL of a 1:1 Et2O/THF solution for 30 min.  The 

solution became forest green, and the product began to precipitate from solution as a dark 

green microcrystalline solid. This solid was isolated via decantation of the mother liquor 

and dried in vacuo. The volume of the mother liquor was reduced to 1 mL under reduced 

pressure and stored at –35 ºC for 2 days to provide a crop of crystals, which were 

collected and dried in vacuo. Yield: 0.094 g, 0.077 mmol, 75%. FTIR (KBr pellet): cyano 

υ(C≡N) = 2247 (m) cm–1, isocyano υ(C≡N) = 2186 (s) cm–1, υ(N=O) = 1318 (m) cm–1, 

also 3059, 3026, 2961, 2925, 2906, 2867, 1597, 1578, 1469, 1460, 1445, 1412, 1384, 
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1362, 1344, 1327, 1259, 1253, 1180, 1116, 842, 822, 803, 794, 758, 697 cm–1. Anal. 

Calcd. for C76H82N6O2Pd: C, 74.95; H, 6.79; N, 6.90.  Found: C, 73.89; N, 6.70; N, 6.68. 

 Synthesis of Pd(η2-N,O-C6H5NO)(CNArDipp2)2 (2a).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol) in 2 mL C6H6 was added a solution of 

nitrosobenzene (0.006 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6. Upon addition, the 

reaction mixture turned red in color. After stirring for 1 h, the solvent was removed under 

reduced pressure. To the resulting residue was added a 3:1 n-

pentane/hexamethyldisiloxane solution (0.6 mL total).  Filtration and slow evaporation of 

this solution overnight at room temperature produced dark red crystals, which were 

collected and dried in vacuo. Yield: 0.054 g, 0.050 mmol, 48%. 1H NMR (500.1 MHz, 

C6D6, 20 oC): δ = 7.30 (m, 6H, p-Dipp and o-PhNO), 7.18 (d, 8H, J = 8 Hz, m-Dipp), 

7.12 (t, 2H, J = 8 Hz, m-PhNO), 7.05 (t, 1H, J = 8 Hz, p-PhNO), 6.89 (m, 6H, m-Ph and 

p-Ph), 2.61 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.22 (d, 24H, J = 7 Hz, CH(CH3)2), 1.10 (d, 

24H, J = 7 Hz, CH(CH3)2) ppm.  13C{1H} NMR (125.7 MHz, C6D6, 20 oC): δ = 162.6 

(ON-Cipso), 159.1 (C≡N), 146.4, 139.3, 134.3, 130.1, 129.8, 128.6, 128.5, 128.4, 128.2, 

127.9, 123.6, 123.3, 120.6, 31.4 (CH(CH3)2), 24.6 (CH(CH3)2) , 24.4 (CH(CH3)2) ppm.  

FTIR (KBr pellet): υ(C≡N) = 2149 (s)  and 2105 (vs) cm-1, also 3062, 2962, 2927, 2868, 

1458, 1450, 1384, 1363, 1253, 1132, 1046, 914, 807, 793, 759 cm-1.  Anal. Calcd. for 

C68H79N3OPd:  C, 76.99; H, 7.51; N, 3.96.  Found:  C, 75.61; H, 7.55; N, 3.94. 

 Synthesis of Pd(η2-N,O-m-Cl-C6H4NO)(CNArDipp2)2 (2b).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol)  in 2 mL C6H6 was added a solution of meta-

chloronitrosobenzene (0.007 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6.  Upon addition, 

the reaction mixture turned red in color.  After stirring for 1 h, the solvent was removed 
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under reduced pressure.  To the resulting residue was added a 3:1 n-

pentane/hexamethyldisiloxane solution (0.6 mL total).  Filtration and slow evaporation of 

this solution overnight at room temperature produced red crystals, which were collected 

and dried in vacuo. Yield: 0.037 g, 0.034 mmol, 65%. 1H NMR (500.1 MHz, C6D6, 20 

°C): δ = 7.55 (q, 1H, J = 2 Hz, o-ArNO), 7.34 (t, 4H, J = 7 Hz, p-Dipp), 7.20 (d, 8H, J = 

7 Hz, m-Dipp), 7.01 (dt, 2H, J = 8, 2 Hz, m-ArNO and p-ArNO), 6.89 (m, 6H, m-Ph and 

p-Ph), 6.80 (td, 1H, J = 8, 2 Hz, o-ArNO), 2.59 (septet, 8H, J = 6 Hz, CH(CH3)2), 1.20 (s 

br, 24H, CH(CH3)2), 1.09 (dd, 24H, J = 7, 2 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7 

MHz, C6D6, 20 °C): δ = 164.0 (ON-Cipso), 158.2 (C≡N), 146.4, 139.5, 134.9, 134.2, 

130.1, 129.9, 129.5, 128.8, 123.6, 122.8, 119.8, 119.2, 119.1, 31.4 (CH(CH3)2), 24.6 

(CH(CH3)2), 24.4 (CH(CH3)2) ppm. FTIR (KBr pellet): υ(C≡N) = 2153 (s) and 2111 (vs) 

cm−1, also 3059, 2960, 2924, 2865, 1581, 1458, 1416, 1383, 1362, 1253, 1057, 909, 877, 

822, 807, 792, 774, 759, 683 cm−1. Anal. calcd. for C68H78ClN3OPd: C, 74.57; H, 7.18; 

N, 3.84. Found: C, 74.47; H, 7.05; N, 3.74. 

 Synthesis of Pd(η2-N,O-m-Br-C6H4NO)(CNArDipp2)2 (2c).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol)  in 2 mL C6H6 was added a solution of meta-

bromonitrosobenzene (0.010 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6.  Upon addition, 

the reaction mixture turned red in color.  After stirring for 1 h, the solvent was removed 

under reduced pressure.  To the resulting residue was added a 3:1 n-

pentane/hexamethyldisiloxane solution (0.6 mL total).  Filtration and slow evaporation of 

this solution overnight at room temperature produced red crystals, which were collected 

and dried in vacuo. Yield: 0.037 g, 0.032 mmol, 71 %. 1H NMR (500.1 MHz, C6D6, 20 

°C): δ = 7.69 (s, 1H, o-ArNO), 7.34 (t br, 4H, J = 7 Hz, p-Dipp), 7.20 (s br, 8H, m-Dipp), 
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7.15 (s, 1H, o-ArNO), 7.02 (d, 1H, J = 8 Hz, p-ArNO), 6.89 (m, 6H, m-Ph and p-Ph), 

6.72 (t, 1H, J = 8 Hz, m-ArNO), 2.59 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.19 (br, 24H, 

CH(CH3)2), 1.09 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 

20 °C): δ = 164.1 (ON-Cipso), 146.4, 139.5, 134.2, 130.1, 129.9, 128.8, 125.7, 123.6, 

123.4, 121.9, 120.3, 31.4 (CH(CH3)2), 24.6 (CH(CH3)2), 24.4 (CH(CH3)2) ppm (extended 

scanning (12 h) failed to locate the Ciso 13C resonance for this complex). FTIR (KBr 

pellet): υ(C≡N) = 2155 (s) and 2112 (vs) cm-1, also 3060, 2961, 2925, 2866, 1579, 1563, 

1455, 1416, 1388, 1363, 1261, 1253, 1090, 1053, 806, 792, 758 cm-1. Anal. calcd. for 

C68H78BrN3OPd: C, 71.66; H, 6.90; N, 3.69. Found: C, 71.80; H, 6.92; N, 3.70. 

 Synthesis of Pd(η2-N,O-m-Me-C6H4NO)(CNArDipp2)2 (2d).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol)  in 2 mL C6H6 was added a solution of meta-

nitrosotoluene (0.006 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6.  Upon addition, the 

reaction mixture turned red in color.  After stirring for 1 h, the solvent was removed 

under reduced pressure.  To the resulting residue was added a 3:1 n-

pentane/hexamethyldisiloxane solution (0.6 mL total).  Filtration and slow evaporation of 

this solution overnight at room temperature produced red crystals, which were collected 

and dried in vacuo. Yield: 0.035 g, 0.033 mmol, 63 %. 1H NMR (500.1 MHz, C6D6, 20 

°C): δ = 7.34 (s, 1H, o-ArNO), 7.30 (t, 4H, J = 8 Hz, p-Dipp), 7.18 (d, 8H, J = 8 Hz, m-

Dipp), 7.09 (d, 1H, J = 8 Hz, o-ArNO), 7.03 (t, 1H, J = 8 Hz, m-ArNO), 6.92‒6.88 (m, 

7H, p-ArNO, m-Ph and p-Ph), 2.61 (septet, 8H, J = 7 Hz, CH(CH3)2), 2.33 (s, 3H, ON-

Tol-CH3), 1.22 (d, 24H, J = 7 Hz, CH(CH3)2), 1.10 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 

13C{1H} NMR (125.7 MHz, C6D6, 20 °C): δ = 162.8 (ON-Cipso), 159.3 (C≡N), 146.4, 
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139.4, 137.5, 134.4, 130.0, 129.8, 128.5, 128.3, 124.5, 123.6, 120.2, 118.9, 100.3, 31.4 

(CH(CH3)2), 24.6 (CH(CH3)2), 24.4 (CH(CH3)2), 21.7 (ON-Tol-CH3) ppm. FTIR (KBr 

pellet): υ(C≡N) = 2148 (s) and 2108 (vs) cm−1, also 3062, 2962, 2928, 2868, 1636, 1460, 

1416, 1384, 1363, 1253, 1058, 1047, 806, 794, 758 cm−1. Anal. calcd. for C69H81N3OPd: 

C, 77.10; H, 7.60; N, 3.91. Found: C, 76.97; H, 7.37; N, 3.69. 

 Synthesis of Pd(η2-N,O-m-C(O)H-C6H4NO)(CNArDipp2)2 (2e).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol)  in 1 mL C6H6 was added a solution of meta-

formylnitrosobenzene (0.006 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6.  Upon addition, 

the reaction mixture turned red in color.  After stirring for 1 h, the solvent was removed 

under reduced pressure.  To the resulting residue was added a 9:3:1 n-

pentane/hexamethyldisiloxane/toluene solution (0.6 mL total).  Filtration and slow 

evaporation of this solution for 1 h at room temperature produced red crystals, which 

were collected and dried in vacuo. Yield: 0.020 g, 0.018 mmol, 35 %. 1H NMR (499.8 

MHz, C6D6, 20 °C): δ = 10.02 (s, 1H, HC(O)Ar), 7.97 (s, 1H, o-ArNO), 7.55 (d, 1H, J = 

8 Hz, p-ArNO), 7.34-7.28 (m, 5H, p-Dipp and o-ArNO), 7.17 (d, 8H, J = 8 Hz, m-Dipp), 

7.02 (d, 1H, J = 8 Hz, m-ArNO), 6.87 (m, 6H, m-Ph and p-Ph), 2.59 (septet, 8H, J = 7 

Hz, CH(CH3)2), 1.20 (br, 24H, CH(CH3)2), 1.09 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 

13C{1H} NMR (125.7 MHz, C6D6, 20 °C): δ = 192.0 (HC(O)ArNO), 163.1 (ON-Cipso), 

157.8 (C≡N), 146.4, 139.4, 138.0, 134.2, 130.1, 129.9, 129.0, 128.8, 127.8, 127.7, 126.8, 

123.6, 120.9, 31.4 (CH(CH3)2), 24.5 (CH(CH3)2), 24.4 (CH(CH3)2) ppm.  FTIR (KBr 

pellet): υ(C≡N) = 2151 (s) and 2121 (vs) cm-1, υ(C=O) = 1696 (vs)  cm-1, also 3060, 

2961, 2925, 2866, 1594, 1577, 1459, 1414, 1383, 1363, 1328, 1218, 1064, 1056, 824, 
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805, 793, 757 cm-1. Anal. calcd. for C69H79N3O2Pd: C, 76.13; H, 7.32; N, 3.86. Found: C, 

75.12; H, 7.22; N, 3.69. 

Synthesis of Pd(η2-N,O-p-Cl-C6H4NO)(CNArDipp2)2 (2g).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol) in 2 mL C6H6 was added a solution of para-

chloronitrosobenzene (0.007 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6. Upon addition, the 

reaction mixture turned red in color.  After stirring for 1 h, the solvent was removed 

under reduced pressure. To the resulting residue was added a 3:1 n-

pentane/hexamethyldisiloxane solution (0.6 mL total).  Filtration and slow evaporation of 

this solution overnight at room temperature produced red crystals, which were collected 

and dried in vacuo. Yield: 0.036 g, 0.033 mmol, 63 %. 1H NMR (500.1 MHz, C6D6, 20 

°C): δ = 7.30 (t, 4H, J = 8 Hz, p-Dipp), 7.15‒7.12 (m, 10H, m-Dipp and o-ArNO), 7.01 

(d, 2H, J = 8 Hz, m-ArNO), 6.87 (m, 6H, m-Ph and p-Ph), 2.58 (septet, 8H, J = 7 Hz, 

CH(CH3)2), 1.18 (d, 24H, J = 7 Hz, CH(CH3)2), 1.08 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 

13C{1H} NMR (125.7 MHz, C6D6, 20 °C): δ = 161.1 (ON-Cipso), 158.2 (C≡N), 146.4, 

139.5, 134.3, 130.1, 129.9, 129.3, 128.7, 128.6, 128.5, 128.4, 125.7, 123.6, 121.6, 31.4 

(CH(CH3)2), 24.5 (CH(CH3)2), 24.4 (CH(CH3)2) ppm. FTIR (KBr pellet): υ(C≡N) = 2150 

(s) and 2121 (vs) cm−1, also 3062, 3024, 2961, 2927, 2867, 1460, 1413, 1383, 1348, 

1177, 1066, 1056, 805, 791, 757 cm−1. Anal. calcd. for C68H78ClN3OPd: C, 74.57; H, 

7.18; N, 3.84. Found: C, 74.68; H, 7.28; N, 3.74. 

 Synthesis of Pd(η2-N,O-p-F-C6H4NO)(CNArDipp2)2 (2h).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol)  in 2 mL C6H6 was added a solution of para-

fluoronitrosobenzene (0.007 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6.  Upon addition, the 
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reaction mixture turned red in color.  After stirring for 1 h, the solvent was removed 

under reduced pressure.  To the resulting residue was added a 3:1 n-

pentane/hexamethyldisiloxane solution (0.6 mL total).  Filtration and slow evaporation of 

this solution overnight at room temperature produced red crystals, which were collected 

and dried in vacuo. Yield: 0.017 g, 0.016 mmol, 31 %. 1H NMR (500.1 MHz, C6D6, 20 

°C): δ = 7.29 (t, 4H, J = 8 Hz, p-Dipp), 7.17‒7.14 (m, 10H, m-Dipp and o-ArNO), 6.88 

(m, 6H, m-Ph and p-Ph), 6.81 (t, 2H, J = 9 Hz, m-ArNO), 2.59 (septet, 8H, J = 7 Hz, 

CH(CH3)2), 1.19 (d, 24H, J = 7 Hz, CH(CH3)2), 1.09 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 

13C{1H} NMR (125.7 MHz, C6D6, 20 °C): δ = 159.7 (d, 1JCF = 240 Hz, C-F), 159.0 (ON-

Cipso), 158.6 (C≡N), 146.4, 139.4, 134.3, 130.1, 129.8, 128.7, 123.6, 121.6 (d, JCF = 8 

Hz), 115.1 (d, JCF = 22 Hz), 31.4 (CH(CH3)2), 24.5 (CH(CH3)2), 24.4 (CH(CH3)2) ppm. 

19F{1H} NMR (282.3 MHz, C6D6, 20 °C) δ = −120.7 (m) ppm. FTIR (KBr pellet): 

υ(C≡N) = 2145 (s) and 2117 (vs) cm−1, also 3062, 2961, 2927, 2867, 1595, 1579, 1486, 

1475, 1462, 1412, 1384, 1363, 1227, 1177, 1093, 1056, 820, 804, 792, 756 cm−1. Anal. 

calcd. for C68H78FN3OPd: C, 75.71; H, 7.29; N, 3.90. Found: C, 73.32; H, 7.48; N, 3.72.  

Repeated attempts failed to give a more satisfactory combustion analysis. 

 Synthesis of Pd(η2-N,O-p-Ph-C6H4NO)(CNArDipp2)2 (2i). To a benzene solution 

of Pd(CNArDipp2)2 (0.051 g, 0.053 mmol, 1 mL) was added a benzene solution of para-

phenylnitrosobenzene (0.010 g, 0.055 mmol, 1.0 equiv, 2 mL). The solution was stirred 

for 10 min, whereupon all volatiles were removed under reduced pressure. The resulting 

deep red residue was extracted with n-pentane and filtered through Celite. This solution 

was dried in vacuo, yielding Pd(η2-N,O-p-Ph-C6H4NO)(CNArDipp2)2 as a red powder. 
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Yield: 0.052 g, 0.046 mmol, 86%. 1H NMR (499.8 MHz, C6D6, 20 °C): δ = 7.70 (d, 2H, J 

= 8 Hz, o-PhArNO), 7.44 (d, 2H, J = 8 Hz, PhArNO), 7.40 (d, 2H, J = 8 Hz, PhArNO), 

7.33-7.27 (m, 7H, m- and p-PhArNO, p-Dipp), 7.18 (d, 8H, J = 8 Hz, m-Dipp), 6.91-6.87 

(m, 6H, m- and p-ArDipp2), 2.62 (septet, 8H, J = 7 Hz, CH(CH3)2), 1.24 (bd, 24H, J = 7 

Hz, CH(CH3)2, 1.10 1.24 (bd, 24H, J = 7 Hz, CH(CH3)2 ppm. 13C{1H} NMR (125.7 

MHz, C6D6, 20 °C): δ = 162.2 (ON-Cipso), 158.9 (C≡N), 146.4, 139.4, 134.3, 130.0, 

129.8, 129.1, 128.5, 127.6, 127.5, 127.1, 126.8, 123.6, 123.0, 121.0, 31.4, 24.6, 24.4 

ppm. FTIR (C6D6, 20 ºC): υ(C≡N) = 2143 (s) and 2114 (vs) cm–1, also 3052, 2962, 2927, 

2868, 1597, 1478, 1461, 1445, 1415, 1386, 1363, 1252, 1179, 1161, 1056, 1040, 792, 758 

cm–1. Anal. Calc’d for C74H83N3OPd: C, 78.18; H, 7.36; N, 3.70. Found: C, 77.65; H, 

7.32; N, 3.43. 

 Synthesis of Pd(η2-N,O-p-Me-C6H4NO)(CNArDipp2)2 (2j).  To a solution of 

Pd(CNArDipp2)2 (0.050 g, 0.052 mmol)  in 2 mL C6H6 was added a solution of para-

nitrosotoluene (0.006 g, 0.052 mmol, 1.0 equiv) in 2 mL C6H6.  Upon addition, the 

reaction mixture turned red in color.  After stirring for 1 h, the solvent was removed 

under reduced pressure.  To the resulting residue was added a 3:1 n-

pentane/hexamethyldisiloxane solution (0.6 mL total).  Filtration and slow evaporation of 

this solution overnight at room temperature produced red crystals, which were collected 

and dried in vacuo. Yield: 0.029 g, 0.027 mmol, 52 %. 1H NMR (500.1 MHz, C6D6, 20 

°C): δ = 7.30 (t, 4H, J = 8 Hz, p-Dipp), 7.24 (d, 2H, J = 8 Hz, o-ArNO), 7.18 (d, 8H, J = 

8 Hz, m-Dipp), 6.92 (d, 2H, J = 8 Hz, m-ArNO), 6.90 (m, 6H, m-Ph and p-Ph), 2.61 

(septet, 8H, J = 7 Hz, CH(CH3)2), 2.16 (s, 3H, ON-Tol-CH3), 1.22 (d, 24H, J = 7 Hz, 

CH(CH3)2), 1.09 (d, 24H, J = 7 Hz, CH(CH3)2) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 
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20 °C): δ = 160.7 (ON-Cipso), 159.6 (C≡N), 146.4, 139.4, 134.5, 132.1, 130.0, 129.7, 

129.1, 128.4, 128.4, 123.5, 120.4, 31.4 (CH(CH3)2), 24.6 (CH(CH3)2), 24.4 (CH(CH3)2), 

21.6 (ON-Tol-CH3) ppm. FTIR (KBr pellet): υ(C≡N) = 2137 (s) and 2117 (vs) cm−1, also 

3061, 2961, 2926, 2867, 1579, 1458, 1415, 1384, 1363, 1252, 1056, 804, 792, 756 cm−1. 

Anal. calcd. for C69H81N3OPd: C, 77.10; H, 7.60; N, 3.91. Found: C, 77.63; H, 7.72; N, 

4.03. 

Isolation of OCNArDipp2 from solutions of Pd(η2-N,O-PhNO)(CNArDipp2)2 

(2a) and excess PhNO. To a solution of Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) in C6H6 

was added a solution of PhNO (0.056 g, 0.524 mmol, 5.0 equiv) in C6H6. The reaction 

mixture was stirred for 24 h and then concentrated under reduced pressure. The resulting 

residue was extracted with acetonitrile (3 x 2 mL) and then concentrated under reduced 

pressure. The product was then purified by passing through a plug of silica, eluting with 

hexanes. All volatiles were then removed in vacuo. Dissolution in CH2Cl2 and storage at 

4 ºC yielded colorless crystals, which were collected and dried in vacuo. Yield: 0.016 g, 

0.036 mmol, 34%. 1H NMR (400.1 MHz, C6D6, 20 oC): δ = 7.32 (t, 2H, J = 8 Hz, p-

Dipp), 7.19 (d, 4H, J = 8 Hz, m-Dipp), 7.02-6.93 (m, 3H, m-Ph and p-Ph), 2.78 (septet, 

2H, J = 7 Hz, CH(CH3)2), 1.23 (d, 12H, J = 7 Hz, CH(CH3)2), 1.10 (d, 12H, J = 7 Hz, 

CH(CH3)2) ppm.  13C{1H} NMR (125.7 MHz, C6D6, 20 oC): δ = 147.2, 137.0, 135.6, 

133.6, 129.8, 129.6, 126.8 (O=C=N), 125.5, 123.4, 31.2, 24.5, 24.0 ppm. FTIR (KBr 

pellet): υ(O=C=N) = 2280 (s) and 2249 (vs) cm–1, also 2962, 2926, 2868, 1579, 1494, 

1463, 1383, 1362, 1251, 1178, 1056, 936, 807, 791, 756 cm-1. Anal. Calcd. for 

C31H37NO: C, 84.69; H, 8.48; N, 3.19.  Found: C, 85.11; H, 8.29; N, 3.16. 
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Independent synthesis of OCNArDipp2 (3).  The isocyanate was prepared 

according to a modified literature procedure.87 While open to air, a resealable ampoule 

was charged with CNArDipp2, (0.074 g, 0.174 mmol) anhydrous dimethylsulfoxide, (0.038 

mL, 0.042 g, 0.538 mmol, 3.1 equiv), Br2 (0.5 mL, 0.009 mmol, 5 mol%), and anhydrous 

CHCl3 (5 mL). The ampoule was sealed and stirred while heating to 60 ºC for 24 h.  All 

volatiles were removed in vacuo, and the light orange residue was passed through a plug 

of silica, eluting with a 2.3:1 mixture of hexanes/ethyl acetate.  The resulting colorless 

eluent was dried in vacuo to yield analytically pure OCNArDipp2 as a colorless solid.  

Yield:  0.064 g, 0.146 mmol, 83%.  

Isolation of [Pd(µ2:η2-N,O-η1-N-PhNO)(CNArDipp2)]3 (4) from solutions of 

Pd(η2-N,O-PhNO)(CNArDipp2)2 (2a) and excess PhNO. To a solution of 

Pd(CNArDipp2)2 (0.100 g, 0.105 mmol) in C6H6 was added a solution of PhNO (0.056 g, 

0.524 mmol, 5.0 equiv) in C6H6. The reaction mixture was stirred for 24 h and then 

concentrated under reduced pressure. The resulting residue was isolated and placed on a 

fritted funnel, washed with acetonitrile (3 x 10 mL), and dried in vacuo. Dissolution of 

the resulting residue in n-pentane (2 mL) followed by filtration and slow evaporation 

over the course of 24 h at room temperature yielded orange crystals, which were 

collected and dried in vacuo. Yield: 0.015 g, 0.008 mmol, 22 %. 1H NMR (500.1 MHz, 

C6D6, 20 ºC): δ = 7.36-7.32 (m, 12 H, p-Dipp, p-CNArDipp2, and PhNO), 7.19-7.14 (m, 

6H, m-CNArDipp2), 7.00-6.91 (m, 12H, m-Dipp), 6.83 (t br, 6H, J = 7 Hz, PhNO), 6.75 (s 

br, 6H, PhNO), 2.69 (septet, 6H, J = 7 Hz, CH(CH3)2), 2.63 (septet, 6H, J = 7 Hz, 

CH(CH3)2), 1.49 (d, 18H, J = 7 Hz, CH(CH3)2, 1.22 (d, 18H, J = 7 Hz, CH(CH3)2, 1.18 

(d, 18H, J = 7 Hz, CH(CH3)2, 1.13 (d, 18H, J = 7 Hz, CH(CH3)2 ppm. 13C{1H} NMR 
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(125.7 MHz, C6D6, 20 ºC): δ = 162.4 (ON-Cipso), 159.1 (C≡N), 146.4, 146.3, 139.6, 

134.3, 129.9, 129.7, 128.5, 128.4, 128.3, 128.2, 123.7, 123.5, 122.7, 120.1, 31.5, 31.4, 

25.0, 24.7, 24.2, 24.0 ppm. FTIR (KBr pellet): υ(C≡N) = 2135 (vs) cm–1, also 3062, 

2960, 2926, 2867, 1580, 1474, 1459, 1450, 1416, 1384, 1363, 1081, 1054, 803, 792, 755 

cm–1. Anal. calc'd for C111H126N6O3Pd: C, 69.75; H, 6.64; N, 4.40. Found: C, 69.82; H, 

6.67; N, 4.70. 

Synthesis of para-fluoronitrosobenzene. To a stirred solution of potassium (4-

fluorophenyl)trifluoroborate (0.202 g, 1.00 mmol) in MeCN (3 mL) open to the air was 

added solid NOBF4 (0.120 g, 1.03 mmol, 1.03 equiv).  The reaction mixture immediately 

turned green, then quickly became dark gray and warm to the touch.  The reaction 

mixture was stirred for 1 min, whereupon addition of H2O (20 mL) restored the dark 

green color.  The resulting residue was then extracted with CH2Cl2 (3 x 10 mL).  The 

combined organic layers were dried over anhydrous MgSO4 and filtered.  All solvents 

were removed via distillation under a static vacuum (0.2 Torr) at 20 ºC, leaving behind 

para-fluoronitrosobenzene as a pale yellow powder.  Yield: 0.039 g, 0.312 mmol, 31 %.  

Note: This compound is a volatile solid that will be carried over with the distillate if 

lower pressures or increased temperatures are employed during the distillation, resulting 

in significantly reduced yields. 1H NMR (500.1 MHz, C6D6, 20 oC): δ = 7.43 (m, 2H), 

6.54 (m, 2H) ppm.  13C{1H} NMR (125.7 MHz, C6D6, 20 oC): δ = 166.4 (d, 1JCF = 259 

Hz, C-F), 163.5 (s), 123.4 (d, JCF = 9 Hz), 115.9 (m) ppm.  19F NMR (282.3 MHz, C6D6, 

20 oC): δ = –101.9 (m) ppm.  HRMS (ESI, NCMe): m/z calcd. for C6H4NOF: 125.0271; 

Found 125.0273 [M]+.  
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6.7. Details of DFT computational studies 

Computational Details. Density Functional Theory calculations on the model 

compounds Pd(κ1-N-p-COH-C6H4NO)2(CNPh)2 (1k*) and Pd(κ1-N-p-CN-

C6H4NO)2(CNPh)2 (1l*), which are truncated versions of the structurally characterized 

complexes Pd(κ1-N-p-COH-C6H4NO)2(CNArDipp2)2 (1k) and Pd(κ1-N-p-CN-

C6H4NO)2(CNArDipp2)2 (1l), were carried out using the ORCA program package.88 

Geometry optimizations and single-point calculations were performed using the B3LYP 

hybrid functional.89-91 The all-electron Ahlrichs triple-zeta basis sets def2-TZVP 

(standard)92-94 and def2-TZVP/J (auxiliary)95-97 were used in all calculations. Relativistic 

effects were included by use of the zeroth-order regular approximation (ZORA).98-100 

Crystallographic atomic coordinates were used as input for geometry optimizations. For 

both model complexes surveyed, a broken symmetry101,102 BS(1,1) singlet diradical 

solution was located and found to be lower in energy than the corresponding triplet state 

solution.  

Hardware Specifics. DFT calculations were performed on a home-built 72-CPU 

(1 x 8 master, 8 x 8 slave) Rocks 4.3 Linux cluster featuring Intel Xeon E5335 Quad-

Core 2.00 GHz processors. Job control was implemented with the Sun Grid Engine v. 

5.3. 

Input for geometry optimization of Pd(κ1-N-p-COH-C6H4NO)2(CNPh)2 

%pal nprocs 16 end 
 
! UKS B3LYP/G ZORA def2-TZVP def2-TZVP/J Opt SlowConv XYZFile 
%SCF 
 MaxIter 300 
 BrokenSym 1,1 
end 
 



 316 

 

* xyz 0 3 
Pd       0.00000000       0.00000000       0.00000000 
N       3.13966968       0.03347102       0.01473776 
N      -3.13966889      -0.03347181      -0.01473690 
H      -0.01854232       2.46301366      -4.38013660 
O       0.20438427      -4.60788422       5.85570870 
C       4.54336419       0.10795589       0.09013786 
C       5.20022843      -0.59555617       1.10441219 
O       0.00413280       2.57121089       1.14418238 
C      -1.99910332      -0.00000039       0.00000043 
C      -0.01472485       2.79362293      -1.15673546 
C      -0.08526951       4.29685942      -3.50391094 
C      -0.07633259       4.94441429      -2.24092825 
H      -0.08473929       5.87368730      -2.19639561 
O      -0.00413279      -2.57121088      -1.14418239 
C       1.99910411      -0.00000039       0.00000043 
C       5.21823518       0.89956824      -0.84934168 
C       6.60437198       0.99175873      -0.72800336 
H       7.08578215       1.51549629      -1.32854952 
C       7.27517939       0.31150825       0.27919862 
H       8.19827047       0.38570721       0.35018173 
C       6.58227540      -0.47666979       1.17564260 
H       7.04681864      -0.93515628       1.83755547 
C      -5.21823438      -0.89956902       0.84934254 
C      -0.05716020       4.20738904      -1.08851620 
C      -6.60437128      -0.99175853       0.72800404 
N       0.00465306       2.02840995       0.00000025 
H      -7.08578145      -1.51549610       1.32855020 
C      -7.27517860      -0.31150903      -0.27919776 
H      -8.19826977      -0.38570702      -0.35018105 
C      -6.58227469       0.47666999      -1.17564192 
H      -7.04681784       0.93515550      -1.83755462 
H      -0.07006463       4.63488856      -0.26276764 
C      -0.16334897       5.09977549      -4.72851059 
C      -0.03014371       2.89560558      -3.55709789 
N      -0.00465235      -2.02840976       0.00000043 
C       0.01472555      -2.79362274       1.15673614 
C      -0.00750727      -2.16226995       2.39761700 
H      -0.04743178      -1.23486931       2.44112713 
C       0.03014441      -2.89560539       3.55709857 
H       0.01854311      -2.46301445       4.38013746 
C      -5.20022842       0.59555617      -1.10441220 
C       0.08527032      -4.29686021       3.50391180 
C       0.07633330      -4.94441410       2.24092893 
H       0.08473929      -5.87368730       2.19639560 
C       0.05716090      -4.20738884       1.08851688 
H       0.07006534      -4.63488837       0.26276832 
C       0.16334976      -5.09977628       4.72851144 
H       0.18173906      -6.02703744       4.65089819 
C       0.00750798       2.16227014      -2.39761632 
H      -0.18173835       6.02703763      -4.65089751 
O      -0.20438357       4.60788441      -5.85570802 
H       0.04743256       1.23486852      -2.44112627 
C      -4.54336340      -0.10795668      -0.09013701 
H       4.65868171      -1.20970094       1.80865175 
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H      -4.69070806      -1.41831169       1.63612206 
H      -4.65868303       1.20970114      -1.80865262 
H       4.69070869       1.41831040      -1.63612143 
* 
 

Optimized Cartesian coordinates for Pd(κ1-N-p-COH-C6H4NO)2(CNPh)2 

Pd  -0.00121226986427     -0.00141701325287      0.00177429145951 
N   3.14924165943389      0.18043539923216      0.02285157779000 
N   -3.15120404353966     -0.18356335556189     -0.02471504771706 
H   0.40548636307557      2.21323626292579     -4.71459133716757 
O   -0.41760425673691     -4.39112270948377      6.16822946947894 
C   4.53255872428073      0.23434856421863      0.02522796031783 
C   5.25921761907545     -0.95274952907645     -0.05327160272922 
O   -0.37336362488633      2.67354093904464      0.88676102741152 
C   -1.99537663272035     -0.12878278329352     -0.01303611061127 
C   -0.06445221535144      2.75081584151234     -1.38569781467574 
C   0.14248491044376      4.13948649699596     -3.81026108252986 
C   -0.06752002774440      4.82689574157195     -2.60682097245045 
H   -0.14938578648664      5.90882373318210     -2.62486470624418 
O   0.36493728374179     -2.67637461315300     -0.88392242959852 
C   1.99338774289106      0.12537070899695      0.01330095397711 
C   5.16701561224315      1.47290829854062      0.10460873513314 
C   6.55286651449005      1.51526030659664      0.10532944557948 
H   7.05674446830406      2.47074910110915      0.16631973753270 
C   7.29129886824372      0.33887006147217      0.02758989727842 
H   8.37288390170705      0.38013621773352      0.02817133086534 
C   6.64433398631461     -0.89011267261404     -0.05152018643445 
H   7.21884485296359     -1.80480016002946     -0.11277205845895 
C   -5.17180341336966     -1.47099446039081     -0.11030177166469 
C   -0.17123037135613      4.15623184945708     -1.40669465480981 
C   -6.55780364162207     -1.51017355184128     -0.11277767932974 
N   -0.16408101854325      2.05054535796854     -0.19480134769625 
H   -7.06375528967273     -2.46446175817759     -0.17540169342256 
C   -7.29357551496117     -0.33218711974102     -0.03476685904712 
H   -8.37525501738028     -0.37099473989465     -0.03675635288489 
C   -6.64388444201243      0.89526977179746      0.04640626549461 
H   -7.21638613463210      1.81119845609092      0.10785768613667 
H   -0.33266037362581      4.67594524786933     -0.47406252740229 
C   0.24805808821023      4.88170723712459     -5.06860828950611 
C   0.24615915504333      2.73922668582245     -3.78228006526174 
N   0.16001098901254     -2.05330489038654      0.19833239030252 
C   0.06298570043295     -2.75343070819118      1.38958413780104 
C   -0.14247595712514     -2.05606773836083      2.59822501895560 
H   -0.21698062230639     -0.97518988777650      2.58125293072243 
C   -0.24097175663624     -2.74151978289838      3.78691017272024 
H   -0.39746216304457     -2.21542709841383      4.71965177218194 
C   -5.25866013003916      0.95473314764797      0.04992498373335 
C   -0.13814156204141     -4.14183096984791      3.81463672937471 
C   0.06796037203584     -4.82948302698701      2.61068518738899 
H   0.14907862404937     -5.91147738648268      2.62853178724223 
C   0.16874500325868     -4.15891444241052      1.41022844170689 
H   0.32719269621893     -4.67874446766416      0.47715151339226 
C   -0.24070883718185     -4.88383696045471      5.07342573773052 
H   -0.14025040917803     -5.98512952531093      4.96614529647520 



 318 

 

C   0.14478268726791      2.05371899361566     -2.59389299953940 
H   0.14848151076160      5.98307059153922     -4.96118749577881 
O   0.43076049709295      4.38952371603624     -6.16271353051855 
H   0.21946705946718      0.97284426954587     -2.57684935419475 
C   -4.53469178518496     -0.23395657973917     -0.02886203566117 
H   4.73737017293240     -1.89756982431335     -0.11635043526371 
H   -4.58292512435723     -2.37567581415279     -0.16990302573814 
H   -4.73451585959360      1.89817529316708      0.11463328174316 
H   4.57599963820184      2.37621883908580      0.16395284641063 

 

 
 
Figure 6.14. Optimized molecular structure of Pd(κ1-N-p-COH-C6H4NO)2(CNPh)2. 
 
Input for geometry optimization of Pd(κ1-N-p-CN-C6H4NO)2(CNPh)2 
 
#UKS OPT of Pd(CNPh)2(pCNArNO)2 
 
%pal nprocs 16 end 
! UKS B3LYP/G ZORA def2-TZVP def2-TZVP/J Opt SlowConv XYZFile PrintMOs 
 
%SCF 
 MaxIter 300 
 BrokenSym 1,1 
end 
 
* xyz 0 3 
C      -2.03367419       0.00000000       0.00000000 
C      -4.61834572      -0.00167493      -0.00699722 
C      -5.30453554       0.00175087      -1.26145867 
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C      -6.71961619      -0.00428290      -1.23383179 
H      -7.26420115      -0.00602223      -2.19143272 
C      -7.42584544       0.00051616      -0.01371349 
H      -8.52786715       0.00108580      -0.01634509 
C      -6.72546315       0.00444066       1.20976691 
H      -7.27450867       0.00673899       2.16474178 
C      -5.31053034      -0.00393385       1.24416285 
C       2.03370623       0.00015146       0.00016854 
C       4.61834651       0.00207899       0.00569980 
C       5.30499460      -0.00020214       1.25991159 
C       6.72005684       0.00600305       1.23181280 
H       7.26498037       0.00807711       2.18921917 
C       7.42583102       0.00047570       0.01142328 
H       8.52785346      -0.00044468       0.01363077 
C       6.72498074      -0.00437565      -1.21178514 
H       7.27368744      -0.00772477      -2.16695104 
C       5.31002091       0.00351284      -1.24571405 
N      -0.05619613      -5.88837364       5.72517505 
C       0.01343170       2.24449847      -2.44111941 
H       0.01210128       1.14334632      -2.50218915 
O       0.00287435      -2.65884032      -1.18283824 
C       0.02163366       3.01754724      -3.60681302 
N       0.06019937       5.88674043      -5.72669641 
H       0.02680495       2.52460449      -4.59120502 
C       0.02431985       4.44534082      -3.53387629 
Pd       0.00000000       0.00000000       0.00000000 
C       0.01707212       5.07096639      -2.24739359 
N      -0.00099309      -2.09191497       0.00000000 
O      -0.00294796       2.65923343       1.18219738 
H       0.01864028       6.17100543      -2.18381317 
C       0.00926464       4.30306540      -1.07879157 
C       0.00763412       2.87461774      -1.16102099 
H       0.00373252       4.76692961      -0.08187469 
C       0.03658495       5.23427813      -4.72987269 
N       3.22425411       0.00330804       0.00323667 
N       0.00113977       2.09193742      -0.00046075 
C      -0.01273666      -2.24519425       2.44060125 
C      -0.00710733      -2.87494674       1.16031889 
H      -0.01170131      -1.14405416       2.50195063 
C      -0.02024218      -3.01857311       3.60607589 
C      -0.03377096      -5.23563753       4.72850444 
H      -0.02526160      -2.52593259       4.59062306 
C      -0.02264909      -4.44635047       3.53272720 
C      -0.01567975      -5.07160664       2.24606063 
H      -0.01671872      -6.17162770       2.18216837 
C      -0.00822772      -4.30336726       1.07767657 
N      -3.22423044      -0.00325309      -0.00370172 
H      -0.00314770      -4.76694639       0.08062398 
H      -4.77077746       0.00867799      -2.20031665 
H      -4.78127174      -0.01172057       2.18555793 
H       4.77156817      -0.00641675       2.19896305 
H       4.78039352       0.01033915      -2.18690917 
* 
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Optimized Cartesian coordinates of Pd(κ1-N-p-CN-C6H4NO)2(CNPh)2 
 
C   -1.97354945470683      0.03274486081696     -0.00963575882897 
C   -4.51619762690419      0.04606712168696     -0.03079939800227 
C   -5.18550330053605     -0.01879876032020     -1.25150907825591 
C   -6.57205663428156     -0.01576938166422     -1.25483957207122 
H   -7.10269514474393     -0.06606392002014     -2.19627012198659 
C   -7.27697975822111      0.05043748863918     -0.05750174780270 
H   -8.35917908292801      0.05272946993034     -0.06816773760053 
C   -6.59525684937480      0.11397539379795      1.15327586096162 
H   -7.14370546167280      0.16530204064573      2.08436312341980 
C   -5.20881802191158      0.11284307346920      1.17672679156962 
C   2.02522982221475     -0.02549108953170      0.01010650916731 
C   4.56670882486089     -0.03556071243284      0.04964397144738 
C   5.24214870080842      1.15836185991822      0.29890695256658 
C   6.62843883144308      1.14949890743363      0.32109070523436 
H   7.16405003375651      2.06931060252119      0.51437099606692 
C   7.32662325729252     -0.03294080800434      0.09730393556150 
H   8.40871643899642     -0.03200855847849      0.11607182298955 
C   6.63874980564843     -1.21666650995495     -0.15026558686822 
H   7.18252100931359     -2.13557587315115     -0.32414305853272 
C   5.25247646864833     -1.22812282008385     -0.17586576506521 
N   0.04674734484377     -6.14223602866715      5.32261262507942 
C   -0.07117716861061      2.35206630940931     -2.33859165697345 
H   -0.07641850853288      1.27571605802176     -2.46220495392245 
O   -0.06823008888169     -2.55089129710834     -1.24129780438620 
C   -0.13759464863212      3.17260354317782     -3.44423606834844 
N   -0.25302549465264      6.10186163309175     -5.36400068795817 
H   -0.19834382624910      2.74346912754993     -4.43541730297335 
C   -0.12496248126781      4.56845272562342     -3.29476122858589 
Pd  0.02724971647645      0.00279848879959     -0.00272794426533 
C   -0.04187870428274      5.11767299333535     -2.00418065051792 
N   -0.01465993023966     -2.06244899448997     -0.07441422481829 
O   0.17136425743100      2.56775244105494      1.21817290252773 
H   -0.03255717120955      6.19357815300272     -1.88661472349919 
C   0.02618109154900      4.30333072250383     -0.89531293893315 
C   0.01110328542730      2.90192290097820     -1.04666160514679 
H   0.08937117470129      4.71409414929560      0.10131954863225 
C   -0.19529661732015      5.41593371895987     -4.43751486153546 
N   3.18215861329032     -0.03573822726385      0.02659485797135 
N   0.07703686878049      2.06841660699724      0.05847658511038 
C   0.06458798356344     -2.36729379783523      2.32301048456302 
C   -0.00332297481077     -2.90527348036300      1.02525264676449 
H   0.10683177403282     -1.29270053280621      2.45457035130057 
C   0.07794949300354     -3.19717672169621      3.42352367962084 
C   0.03633888322013     -5.44812592086943      4.40048836018270 
H   0.13166146182098     -2.77732659019915      4.41906953050204 
C   0.02301186321975     -4.59085409968766      3.26299672699678 
C   -0.04565189237829     -5.12815008464352      1.96651046697771 
H   -0.08959995283215     -6.20224243504575      1.84061477864122 
C   -0.05845907223613     -4.30447463411258      0.86258196514500 
N   -3.13049984791861      0.04429951534136     -0.01789270219646 
H   -0.11234325090880     -4.70585036266869     -0.13840714715810 
H   -4.62041022299576     -0.07201055313750     -2.17154919629636 
H   -4.66149556387632      0.16384001993193      2.10762449655967 
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H   4.68077482234338      2.06598952306377      0.47199361620043 
H   4.69969702643009     -2.13742645476159     -0.36661402923092 

 

 
 
Figure 6.15. Optimized molecular structure of Pd(κ1-N-p-CN-C6H4NO)2(CNPh)2. 
 
 
6.8. Details of crystallographic structure determinations 
 
  Single crystal X-ray structure determinations were carried out at low temperature 

on Bruker Kappa, Platform, or P4 diffractometers equipped with a Mo or Cu radiation 

source and a Bruker APEX or APEX-II detector. All structures were solved via direct 

methods with SHELXS103 and refined by full-matrix least-squares procedures using 

SHELXL103 within the Olex2 small-molecule solution, refinement and analysis 

software.104 Crystallographic data collection and refinement information are listed in 

Table 6.3-9.  

 The p-Ph-substituted diradical 1i contains two-site positional disorder of one 

diisopropylphenyl (Dipp) flanking aryl ring, as well as three-fold rotational disorder of 
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the para-phenyl nitrosoarene substituent. These disordered groups were modeled and 

refined anisotropically. The p-COH substituted diradical 1k contains two-site positional 

disorder of the formyl groups. This disorder was modeled and refined anisotropically. 

The m-Cl- and m-Br substituted metalloxaziridines 2b and 2c contain two-site 180º 

rotational disorder of the nitrosoaryl rings about the Nnitroso-Cipso bond. As one of these 

orientations is only a minor component, only the halogen atom was modeled and refined 

over both positions. In addition, 2b and 2c contain two-site positional disorder of one 

isopropyl group. These disordered groups were modeled and refined anisotropically. The 

m-COH substituted metalloxaziridine 2e contains two-site 180º rotational disorder of the 

nitrosoaryl ring about the Nnitroso-Cipso bond. This disorder was modeled and refined 

anisotropically. The p-Cl and p-Me substituted metalloxaziridines 2g and 2j contain two-

site positional disorder of one isopropyl group, which was modeled and refined 

anisotropically. The m-Me substituted metalloxaziridine 2d contains two-site positional 

disorder of a central terphenyl aryl ring, as well as two-site positional disorder of two 

isopropyl groups. These disordered groups were modeled and refined anisotropically. The 

crystal of p-F substituted metalloxaziridine 2h used for X-ray diffraction was twinned. 

The twin law was determined using Olex2 and the structure refined using SHELXL as a 

two-component twin. The trimer [Pd(µ2:η2-N,O-η1-N-PhNO)(CNArDipp2)]3 (4) contains 

two-site positional disorder of the Pd and Nnitroso atoms and the nitrosobenzene phenyl 

rings. These disordered groups were modeled and refined anisotropically. In addition, the 

following molecules contain co-crystallized solvent molecules that were highly 

disordered and could not be properly modeled: 1i (16 molecules of diethyl ether per unit 

cell), 1l (6 molecules of diethyl ether per unit cell). The Platon routine SQUEEZE105 was 
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utilized to account for these electrons as a diffuse contribution to the overall scattering 

without specific atom positions. 

 

Table 6.3. Crystallographic data collection and refinement information. 

Name Pd(κ1-N-m-ClC6H4NO)2 

(CNArDipp2)2 • 2 Et2O 

(1b • 2 Et2O) 

Pd(κ1-N-m-BrC6H4NO)2 

(CNArDipp2)2 • 2 Et2O 

(1c • 2 Et2O) 

Pd(κ1-N-m-COH-

C6H4NO)2(CNArDipp2)2 

(1e) 

Formula C82H102N4O4Cl2Pd C82H102N4O4Br2Pd C76H84N4O4Pd 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group C2/c P2(1)/n P2(1)/c 

a, Å 21.312(5) 12.130(2) 17.7788(9) 

b, Å 14.111(4) 24.738(4) 16.2474(6) 

c, Å 25.056(6) 12.783(2) 24.684(1) 

α, deg 90 90 90 

β, deg 97.197(3) 99.112(3) 107.670(2) 

γ, deg 90 90 90 

V, Å3 7476(3) 3787(1) 6794.0(5) 

Z 4 2 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.231 1.292 1.197 

µ (Mo Kα), mm-1 0.371 1.351 0.324 

Temp, K 100 100 100 

θ max, deg 28.332 26.075 25.477 

data/parameters 8788/419 7450/431 12596/782 

R1 0.0742 0.0554 0.0440 

wR2 0.1961 0.1253 0.0928 

GOF 1.055 1.022 0.983 
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Table 6.4. Crystallographic data collection and refinement information. 

    

Name 
 

 
Formula 

Pd(κ1-N-p-BrC6H4NO)2 

(CNArDipp2)2 • 2 Et2O 

(1f • 2 Et2O) 

 
C82H102N4O4Br2Pd 

Pd(κ1-N-p-ClC6H4NO)2 

(CNArDipp2)2 • 2 Et2O 

(1g • 2 Et2O) 

 
C82H102N4O4Cl2Pd 

Pd(κ1-N-p-FC6H4NO)2 

(CNArDipp2)2 • 2 Et2O 

(1h • 2 Et2O) 

 
C82H102N4O4F2Pd 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P2(1)/c P2(1)/c P2(1)/n 

a, Å 14.146(1) 13.967(3) 13.887(1) 

b, Å 17.591(2) 17.490(4) 17.149(1) 

c, Å 17.014(2) 16.936(5) 16.718(1) 

α, deg 90 90 90 

β, deg 114.090(1) 114.091(3) 113.685(3) 

γ, deg 90 90 90 

V, Å3 3865.2(7) 3777(2) 3646.0(5) 

Z 2 2 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.266 1.218 1.232 

µ (Mo Kα), mm-1 1.323 0.367 0.311 

Temp, K 100 100 90 

θ max, deg 25.691 28.278 25.426 

data/parameters 7289/431 8716/425 6598/437 

R1 0.0422 0.0367 0.0425 

wR2 0.1069 0.0853 0.0844 

GOF 1.039 1.021 1.005 
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Table 6.5. Crystallographic data collection and refinement information. 

Name Pd(κ1-N-p-PhC6H4NO)2 
(CNArDipp2)2 • 4 Et2O  

(1i • 4 Et2O) 

Pd(κ1-N-p-MeC6H4NO)2 
(CNArDipp2)2 • 2 Et2O 

(1j • 2 Et2O) 

Pd(κ1-N-p-COH-
C6H4NO)2(CNArDipp2)2 

(1k) 
Formula C102H132N4O6Pd C84H108N4O4Pd C76H84N4O4Pd 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group C2/c P2(1)/c P2(1)/n 

a, Å 31.302(3) 13.973(2) 14.3005(9) 

b, Å 16.798(1) 17.461(3) 17.108(1) 

c, Å 16.962(1) 16.912(3) 16.624(1) 

α, deg 90 90 90 

β, deg 101.541(4) 113.135(2) 113.702(2) 

γ, deg 90 90 90 

V, Å3 8739(1) 3794(1) 3724.0(4) 

Z 4 2 2 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.229 1.176 1.091 

µ (Mo Kα), mm-1 0.271 0.295 0.295 

Temp, K 100 100 100 

θ max, deg 25.390 28.276 25.375 

data/parameters 7983/447 8777/433 6685/393 

R1 0.0440 0.0518 0.0559 

wR2 0.1182 0.1170 0.1523 

GOF 1.037 1.027 1.051 
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Table 6.6. Crystallographic data collection and refinement information. 

Name Pd(κ1-N-p-CN-
C6H4NO)2(CNArDipp2)2  
• 3 Et2O (1l • 3 Et2O) 

Pd(η2-N,O-
C6H5NO)(CNArDipp2)2 

(2a) 

Pd(η2-N,O-m-
ClC6H4NO)(CNArDipp2)2 

(2b) 
Formula C88H112N6O5Pd C68H79N3OPd C68H78N3OClPd 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P2(1)/n P2(1)/c P2(1)/c 

a, Å 14.702(1) 25.388(1) 25.5580(7) 

b, Å 16.958(1) 11.7589(5) 11.7890(3) 

c, Å 16.284(2) 19.8229(9) 20.0170(5) 

α, deg 90 90 90 

β, deg 112.810(5) 98.724(1) 100.393(1) 

γ, deg 90 90 90 

V, Å3 3742.5(6) 5849.5(4) 5932.2(3) 

Z 2 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.278 1.204 1.226 

µ (Mo Kα), mm-1 0.296 0.361 0.402 

Temp, K 90 100 100 

θ max, deg 25.532 25.399 25.389 

data/parameters 6947/393 10732/658 10836/699 

R1 0.0394 0.0345 0.0419 

wR2 0.1205 0.0848 0.1002 

GOF 1.152 1.019 1.024 
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Table 6.7. Crystallographic data collection and refinement information. 

Name Pd(η2-N,O-m-
BrC6H4NO)(CNArDipp2)2 

(2c) 

Pd(η2-N,O-m-Me-
C6H4NO)(CNArDipp2)2 

(2d) 

Pd(η2-N,O-m-COH-
C6H4NO)(CNArDipp2)2 

(2e) 
Formula C68H78N3OBrPd C69H81N3OPd C69H79N3O2Pd 

Crystal System Monoclinic Triclinic Monoclinic 

Space Group P2(1)/c P-1 P2(1)/c 

a, Å 25.8348(8) 11.7787(7) 25.661(1) 

b, Å 11.8191(3) 13.4861(8) 11.7309(4) 

c, Å 20.1027(5) 20.815(1) 20.0171(8) 

α, deg 90 72.022(2) 90 

β, deg 102.268(1) 77.910(2) 99.014(1) 

γ, deg 90 76.771(2) 90 

V, Å3 5998.1(3) 3027.0(3) 5951.3(4) 

Z 4 2 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.262 1.179 1.217 

µ (Mo Kα), mm-1 1.019 0.350 0.358 

Temp, K 100 100 100 

θ max, deg 25.395 26.423 26.406 

data/parameters 10989/699 12315/787 12219/735 

R1 0.0398 0.0282 0.0419 

wR2 0.0989 0.0808 0.1002 

GOF 1.061 1.208 1.024 
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Table 6.8. Crystallographic data collection and refinement information. 

Name Pd(η2-N,O-p-Cl-
C6H4NO)(CNArDipp2)2  

• 0.5 C6H6  
(2g • 0.5 C6H6) 

Pd(η2-N,O-p-F-
C6H4NO)(CNArDipp2)2  

• C6H6 (2h • C6H6) 

Pd(η2-N,O-p-Me-
C6H4NO)(CNArDipp2)2  

• C6H6 (2j • C6H6) 

Formula C71H81N3OClPd C74H84N3OFPd C75H87N3OPd 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P2(1)/n Cc Cc 

a, Å 16.727(1) 14.0835(8) 14.2644(8) 

b, Å 17.151(1) 20.4568(8) 20.3118(8) 

c, Å 21.902(2) 21.970(1) 22.273(1) 

α, deg 90 90 90 

β, deg 93.309(4) 95.090(3) 96.404(3) 

γ, deg 90 90 90 

V, Å3 6272.9(8) 6304.7(5) 6413.0(5) 

Z 4 4 4 

Radiation (λ, Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073 Mo-Kα, 0.71073 

ρ (calcd.), g/cm3 1.201 1.219 1.194 

µ (Mo Kα), mm-1 0.382 0.343 0.335 

Temp, K 100 100 90 

θ max, deg 25.418 25.403 25.468 

data/parameters 11525/710 10909/728 10692/747 

R1 0.0373 0.0697 0.0367 

wR2 0.0843 0.1650 0.0995 

GOF 1.080 1.304 1.208 
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Table 6.9. Crystallographic data collection and refinement information. 

Name OCNArDipp2 • CH2Cl2 (3 
• CH2Cl2) 

[Pd(µ2:η2-N-O-κ1-N-
C6H5NO)(CNArDipp2)]3 

(4) 
Formula C32H39NOCl2 C111H126N6O3Pd3 

Crystal System Monoclinic Monoclinic 

Space Group P2(1)/n P2(1)/c 

a, Å 18.3452(3) 17.368(3) 

b, Å 8.2117(1) 18.616(3) 

c, Å 20.3727(3) 30.754(6) 

α, deg 90 90 

β, deg 104.632(1) 97.594(9) 

γ, deg 90 90 

V, Å3 2929.52(8) 9856(3) 

Z 4 4 

Radiation (λ, Å) Cu-Kα, 1.54178 Cu-Kα, 1.54178 

ρ (calcd.), g/cm3 1.173 1.288 

µ (Cu Kα), mm-1 2.136 4.773 

Temp, K 100 100 

θ max, deg 67.961 70.808 

data/parameters 5357/333 17729/1312 

R1 0.0352 0.0850 

wR2 0.0903 0.2057 

GOF 1.036 1.137 
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