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Abstract

Synthesis and Reactivity of Reduced Niobium Imido Complexes

By
Thomas Lucien Gianetti
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor John Arnold, Chair

Chapter 1. The discovery of a Nb(Ill)-mediated catalytic hydrogenation of internal
alkynes to Z-alkenes is reported and found to proceed through an unprecedented mechanism.
The mechanistic proposal involves initial reduction of the alkyne by the Nb(III) complex
(BDI)Nb(N'Bu)(CO), to provide a Nb(V) metallacyclopropene, itself capable of o-bond
metathesis reactivity with H,. The resulting alkenyl hydride species then undergoes reductive
elimination to provide the Z-alkene product and regenerate a metal complex in the Nb(III)
oxidation state. Support for the proposed mechanism is derived from i) the dependence of
product selectivity on the relative concentrations of CO and Ha, ii) the isolation of complexes
closely related to those proposed to lie on the catalytic cycle, iii) H/D crossover experiments,
and iv) DFT studies on multiple possible reaction pathways.

Chapter II. Monometallic niobium arene complexes [Nb(BDI)(N'Bu)(R-C¢Hs)] (R =
H and Me, BDI = N,N’-diisopropylbenzene-3-diketiminate) were synthesized and were found
to slowly converted into the diniobium inverted arene sandwich complexes
[[(BDI)Nb(N'Bu)]2(u-RCsHs)] (R = H and Me) in solution. The kinetics of this reaction were
followed by "H NMR spectroscopy, and is in agreement with a dissociative mechanism. These
compounds showed a lack of reactivity towards small molecules — even at elevated
temperatures — which is unusual in the chemistry of inverted sandwich complexes. However,
protonation of the BDI ligands occurred readily on treatment with [H(OEt,)][B(CesFs)4],
resulting in  the  mono-protonated  cationic  inverted  sandwich  complex
[[(BDI"YNb(N'Bu)][(BDI)Nb(N'Bu)](u-C¢Hs)][B(C¢Fs)s] and the dicationic complex
[[(BDI)Nb(N'Bu)]2(1-RCsHs)][B(CeFs)s] (BDI" = (ArNC(Me)),CH,). NMR and UV-vis
spectroscopies were used to characterize this unique series of diamagnetic molecules as a
means of determining how best to describe the Nb—arene interactions. The X-ray crystal
structures, UV-visible spectra, arene 'H NMR chemical shifts and large Jeu coupling
constants provide evidence for donation of electron density from the Nb d-orbitals into the
antibonding 7 system of the arene ligands. However, the lack of sp” hybridization of the arene
carbon indicate that the Nb—arene donation is not accompanied by an increase in formal
oxidation state, and suggest that 4d* electronic configurations are appropriate to describe the
Nb atoms in all four complexes.

Chapter III. Inverted sandwich complexes have seen interesting recent developments
both in the nature of their bonding and in their use as chemical reactants. Although
discussions concerning the electronic delocalization lend credit to their use as potential
electronic and spintronic devices, mixed valent inverted sandwich complexes are rarely
reported. We show in this work that the selective single electron oxidation of a neutral



benzene inverted sandwich complex of niobium leads to an isolable cationic mixed valent
benzene inverted sandwich complex. The latter complex shows unique structural features
elucidated through studies with an arsenal of physical methods, including cyclic voltammetry,
'H NMR, UV-Vis, magnetism, EPR spectroscopies, in addition to DFT calculations. These
analyses indicate that although delocalization is allowed over the benzene ring from both
niobium atoms, the single electron is unequally shared between the two metal centres. Under
certain conditions, this complex reforms the neutral benzene complex along with a highly
reactive Nb(IV) species, which is of great interest for potential chemical reactivity.

Chapter IV. All three C-F bonds in CFs-substituted arenes are activated by a niobium
imido complex, driven by the formation of strong Nb-F bonds. The mechanism of this
transformation was studied by NMR spectroscopy which revealed the involvement of Nb(III).
Attempts to extend this chemistry to non-aromatic CF3 groups led to intramolecular reactivity.
The mechanism of activation of C-F bonds in fluoroarenes using a well-defined niobium (III)
imido complex has been investigated.

Chapter V. The Nb(III) arene species [BDIINb(N'‘Bu)(n’-CsHs), (BDI = p-
diketimate), reacts stoichiometrically with fluoroarenes to yield niobium (V) aryl fluorides.
Spectroscopic analysis supported by DFT calculations revealed the critical involvement of a
Nb(III) fluoroarene-bound species. In contrast to previous reports of related reactivity, we
found that perfluorinated arenes (i.e. those normally assumed to bear more ‘activated’ C-F
bonds) are, in the present system, much less reactive towards C-F bond cleavage than mono-
or difluoro-substituted arenes. In addition to demonstrating stoichiometric
hydrodefluorination reactions, we also describe an efficient and mild hydrodefluorination of
mono- and di-fluoroarenes that is catalytic in niobium.
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Chapter 1

Z-selective, Catalytic, Internal-Alkyne Semi-
Hydrogenation under H,:CO Mixtures by a Niobium(III)
Imido Complex



Introduction

Homogeneous hydrogenation reactions catalyzed by transition metal complexes are
some of the most extensively studied in organometallic chemistry. Many of these systems
operate via one of two common mechanisms, namely the monohydride and dihydride
mechanisms shown in Scheme 1.1." The development of new catalysts able to access
alternative hydrogenation pathways constitutes an attractive area of research for discovering
reagents capable of providing control over selectivity and substrate scope. The selective
conversion of alkynes to Z-alkenes, typically accomplished by the heterogeneous Lindlar’s
catalyst,” is difficult to achieve due to E/Z isomerization and over-hydrogenation.'” The
development of effective molecular catalysts for this transformation remains an area of
intense study with recent notable successes.'** Here we report the mechanistic investigation of
a selective semihydrogenation reaction catalyzed by a d” transition metal under a mixture of
H; and CO. Considering that most of the hydrogen produced industrially must be separated
from CO, the lack of hydroformylation reactivity of the catalyst presented herein constitutes
an interesting step in designing effective hydrogenation catalysts that are able to function in
the presence of unpurified syngas.’

Many low valent early transition metals, such as ¢’ metal complexes, are known to
oxidatively couple alkynes to form metallacyclopentadiene species.”® Because of this
reactivity, the use of ¢° transition metal complexes as hydrogenation catalysts is rare.” Only
one d’ system, reported by Boncella et al., efficiently catalyzes hydrogenation of an
unsaturated substrate (internal alkene),® but the mechanism of this ¢ molybdenum imido-
catalyzed reaction has not been reported. We have recently shown that treatment of the
Nb(III) dicarbonyl complex (BDI)Nb(N'Bu)(CO), (1.1) with 1-phenyl-1-propyne does not
result in alkyne-alkyne coupling but instead yields the metallacyclopropene complex
(BDI)Nb(N'Bu)(1>-MeC=CPh)(CO) (1.2).’ Acidification of the alkyne adduct in methanol led
to the formation of Z/E-f-methylstyrene along with the starting alkyne in a 2 : 1 ratio. The
formation of p-methylstyrene focused our attention on the potential use of
(BDI)Nb(N'Bu)(CO); as a hydrogenation catalyst.

H R———R
R
H H\%\ Mn .
2
/R R R
Hj/\ Mn-H RR R
R H Pathwa
>/ \Mn+2 iy y 'Tl
H H-Mn+2 'V'”—‘ ’
H. .y Pathway R —
¢ R A Pathway
NP M\ R R \{ . R
‘ R e
H R \J/ H Ho
Hyp H
H-Mn+2
R—== &

Scheme 1.1 Monohydride (path A) and dihydride mechanisms (path B and C).



Results and discussions

Hydrogenation of 1-phenyl-1-propyne. Catalytic hydrogenation of 1-phenyl-1-propyne to
Z-f-methylstyrene (2 h, 1.0 equiv. H,, 75% yield) was achieved in the presence of 1.1 (20 mol
%) and an excess of CO (12 equiv.) in benzene at room temperature (Scheme 1.2). Increasing
the Hj-loading to 3.0 equiv led to a marginal increase in the yield of Z-fS-methylstyrene (85%)
and produced trace amounts of n-propyl-benzene ("PrPh, 3%). Higher CO loadings (40
equiv.) led to a drop in catalytic activity but no decrease in selectivity, providing Z-p-
methylstyrene in 45% yield after 2 h. Previous reports of both CO-exchange on
(BDDNb(N'Bu)(CO), (1.1) and the isolation of the tris(isocyanide)Nb(III) complex
(BDI)Nb(N'Bu)(CNXyl); (Xyl = 2,6-Me,-C¢H3) suggest that higher CO-loadings result in the
formation of the electronically- and coordinatively-saturated tricarbonyl complex
(BDI)Nb(N'Bu)(CO)s.

1 atm. CO (12 equiv.) ;
1 equiv. Hy : co

o Me Ph 1
20% 1.1 X \ / ; _NA:\:r“..' =NBu
Ph Me > — ' \ \ Nb N
CGDG E NAI' co
rt, 2h Z-3-methylstyrene | 1.1
75%

Scheme 1.2 Hydrogenation of 1-phenyl-1-propyne with 0.2 equiv of [Nb] under H,/CO
atmosphere (1:12 ratio).

Decreasing the CO loading also resulted in lower yields of Z-f-methylstyrene (ca.
12%) but concurrently led to the formation of both "PrPh (ca. 16%) and allylbenzene (ca. 6%)
(Scheme 1.3).

1 atm. H,
20% 1.1

Me Ph Me
Ph —————Me - \ —— / ¥ \:\ + \/\Ph . \/\Ph
CeDs
rt,2h Ph
72% <1% 6% 15%

Scheme 1.3 Hydrogenation of 1-phenyl-1-propyne with 0.2 equiv of 1.1 under 1 atmosphere
of Hz.

Under these conditions, '"H NMR spectroscopic monitoring of the reaction mixture
indicated that the catalytic activity stops after 2 h, at which time the metal complex had
converted into a new, catalytically inactive species, complex 1.A. Analysis by 'H and *H
NMR spectroscopy led to the assignment of 1.A as a C¢Dg-coordinated complex (Scheme
1.4), based in part on the presence of a characteristic singlet at 3.7 ppm in the “H NMR
spectrum. A related n®-arene Mo complex was observed by Boncella and co-workers.® Over
the course of the reaction leading to 1.A, another intermediate complex 1.B was also
observed. The latter species displays three resonances with a 1 : 2 : 2 ratio between 3.6 — 4.1
ppm. This pattern is consistent with a mono-substituted arene ligand bound to the metal
center; 1.B was therefore assigned to a product-catalyst-rt-complex (Scheme 1.4), similar to
1.A. The presence of this n®-arene intermediate in hydrogenation mechanisms is not unusual
and has been observed with several catalysts.”*'" Separate experiments have shown that
treatment of (BDI)Nb(N'Bu)(CO), with Z-B-methylstyrene provides no observable reaction;



thus, the excess CO required for efficient catalysis may be needed to drive catalyst turnover
via displacement of the product alkene from the product-catalyst-t-complex.

Ph
= Me
el
—N I 1
Nb=—NBu
N\ \
; N o
Ar 1.2
CeDs + 1.eq. Ho
- (cis-alkene)
de
\
Ar TO Ar /@\\Me Ar %
—Nu,, | Fast =Ny, [ =N, /
< Ill/.Nb —N1Bu < ;Nb /NtBU Slow < NII:(,,,Nb
N Neo xs.CO N o no CO N7 Syiu
Ar - (cis-alkene) Ar - (cis-alkene) Ar
1.1: active 1.B 1.A: inactive
Scheme 1.4 Role of CO to maintain a high reactivity and selectivity
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—N 5 1 —N 1, —N s 4
Nb=NBu — Nb Me —> “Nb
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;N.' co N NBu >NT SNBu
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Z-methylstyrene Allyl benzene
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US| W C—— ) LM Jmfu [ Y J\WL
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1.A
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k e @1'2 L o M @1'2 LML

T T T T
66 64 62 60 58 56 54 52 50 48 " 21.6 ) 44 42 40 38 36 34 32 30 28 26
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Figure 1.1 "HNMR spectra of hydrogenation reaction in absence of CO, which shows the
lack of selective in the product distribution and the conversion of the metal center into a new
species.




Mechanistic Study. Monitoring the course of the most-selective and highest-yielding
catalytic reaction (12 : 1 ratio of CO : Hy) by NMR spectroscopy allowed us to observe that
the metallacyclopropene complex maintained a constant concentration, suggesting this
complex is the resting state of the catalytic cycle. A half turnover experiment supports this
hypothesis, whereby the treatment of 1.2 with 1.0 equiv. of alkyne and 0.5 equiv. of H; results
in 0.5 equiv. of Z-B-methylstyrene, 0.5 equiv. of alkyne and 1.0 equiv. of 1.2 (Scheme 1.5a).
We note that the formation of 1.2 from the treatment of 1.1 with 1-phenyl-1-propyne is rapid
within the concentration range used during catalysis and that complex 1.2 is the only
transition metal-containing species observed in solution during the course of the reaction
(Scheme 1.5b).

Ph

A S 12 equiv. CO A S
] [ 0.5 equiv. H ] 4 H H
=N I, N —NBu - -0 equiv. Ha —N 1., Nb;N Bu
a < O Ph = e —— > » N+ 05 =X + 05 Ph—=—=—Me
N co CeDs N co > <
Ar r Ph Me
1.2 1.2
PR e
/Ar TO Ar T~
—N in, /NtBU —N T,
b. Nb = . — - 5 “Nb =—N'Bu
N 7 \ Ph Me N 7 \
N\ Cco t=5min N\ cO
Ar CeDs Ar
1.1 1.2
quantitative

Scheme 1.5

Obtaining structural information on 1.2 was hampered by its thermal instability, but closely-
related analogues were isolable. The treatment of (BDI)Nb(N'Bu)(CO), with 1,2-
diphenylacetylene yielded the metallacyclopropene complex 1.3 (BDI)Nb(N'Bu)(1’-
PhC=CPh)(CO) in 71% yield (Scheme 1.6). The higher vco absorption frequency for 1.3 (vco
13 =2052 cm™) compared to that of (BDI)Nb(N'Bu)(1>-PhC=CMe)(CO) (vco 12 = 2039 cm™)
correlates with the m-acidity of the two alkynes, but the high vco for both complexes (free
CO: veo = 2143 cm™) suggests little n-backbonding from the metal into the 7* orbitals of CO,
consistent with a high oxidation state at the metal center. Complexes 1.2 and 1.4 comprise two
of the few examples of CO coordinated to a formally ¢’ group 5 transition metal complex."
Substitution of the CO on (BDI)Nb(N'Bu)(1>-PhC=CMe)(CO) by the more o-donating
ligand ‘BuNC yielded the thermally-stable complex (BDI)Nb(N‘Bu)(7*-PhC=CMe)(CN'Bu)
(1.4, Scheme 1.6) in 52% yield. Similar to complex 1.1, weak-to-non-existent m-back
donation from the metal to the isocyanide in 1.4 was indicated by IR spectroscopy (ven1.4=
2167 cm’, ven(free ‘BuCN) = 2125 em™). The crystal structures of 1.3 and 1.4 exhibit
distorted square-based pyramidal geometries (Figure 1.2, T13= 0.32 and t14= 0.33)."* In both
structures the C;-C, bond lengths of the metallacyclopropene unit show significant elongation
from those of the uncoordinated alkyne to values consistent with C-C double bonds (C;-
Cy(1.3): 1.308(4) A and C;-Cy(1.4): 1.309(3) A, C(sp®)-C(sp®): 1.31-1.34 A)."> The Nb-C
distances (Nb-C;(1.3): 2.144(3) A, Nb-Cy(1.3): 2.175(3) A; Nb-C(1.4): 2.144(2) A, Nb-
Cy(1.4): 2.143(2) A) are within the range of Nb(V)-C(alkyl) bonds reported previously.'*
Because both complexes 1.3 and 1.4 exhibit considerable metallacyclopropene-Nb(V)
character, the oxidative addition of H; to such formally oxidized complexes (1.2, 1.3 and 1.4)
is unlikely.



Ar CO

/ 2h ;
—N .. | —NBu entane —Nu,
Nb = . Ph—=——R P > “Nb=N'Bu
§N\( \CO > N(

1.3: under CO atm
Ar1 1 1.4: 5 equiv. BuNC

1.3: R=Ph,L=CO
1.4: R =Me, L = BuNC

Scheme 1.6 Synthesis of complexes 1.3 and 1.4.

Figure 1.2 Molecular structure of 1.3 (left) and 1.4 (right) determined by single crystal X-ray
diffraction study. The hydrogen atoms were omitted for clarity; the thermal ellipsoids are 50%
probability level.

Performing the hydrogenation reaction with mixtures of H, and D, under the conditions found
to exclusively produce Z-f-methylstyrene (12 : 1 ratio of CO : H;) revealed that only the dj-
and d»-isotopomers were formed, irrespective of the H,:D; ratio employed (Scheme 1.7).

cO 1) 12 equiv. CO
Ar / 2) ] a o, H H D D
=N 1., .| —NBu ) 1 equiv. Hy/D, \ /
0.2 N\ (Nb + Ph———Me > — . [—
N ~eo CeD / N\
A -6 Ph Me Ph Me
;
1.1 do d,

Scheme 1.7 Crossover experiment with a 1 : 1 mixture of H; : D».

This finding is consistent with a mechanism that involves the hydrogenation of one
molecule of alkyne by one molecule of dihydrogen. This contrasts with many early-metal
hydrogenation mechanisms (Scheme 1.1, path A) in which two separate molecules of H»
formally provide one hydrogen atom a piece when reducing an unsaturated hydrocarbon by
one bond order. The mechanisms for late-metal-mediated hydrogenation reactions typically
involve oxidative addition of H, to the metal center (Scheme 1.1, path B and C). While
(BDI)Nb(N'Bu)(CO), appears to serve as a catalyst for the formation of HD from mixtures of
H, and D, when in the absence of an alkyne substrate, no HD was observed during the course



of the hydrogenation reaction under the conditions described above for selective alkyne
reduction. A mechanism involving initial H, oxidative addition to the metal center is therefore
deemed unlikely under the catalytic conditions."”” Thus, both the metal-hydride mechanism
common to early metal hydrogenation catalysts and the oxidative addition mechanisms
common to late metal catalysts are unlikely in this case.
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Scheme 1.8 Proposed mechanisms

We propose two possible mechanisms, both of which are consistent with our data
(Scheme 1.8). In the first pathway (Scheme 1.8, Pathway 1), the alkyne substrate oxidizes the
metal center of complex 1.1 to give the Nb(V) metallacyclopropene complex 1.2. Subsequent
o-bond metathesis of one of the Nb-C bonds with H, forms an alkenyl Nb(V) hydride
complex (1.C). Reductive elimination of the alkene generates the catalyst-product adduct 1.B,
from which external CO may replace the alkene to regenerate 1.1. The second proposed
mechanism (Scheme 1.8, Pathway 2) involves the same initial addition of an alkyne to 1.1 as
a means of generating 1.2, but H, addition in this case would occur across the Nb=N'Bu bond
to form the amido niobium hydride complex 1.D.*® Insertion of the coordinated alkyne into
the newly-formed M-H bond yields an amino alkenyl complex 1.E, from which [1,2]-a-NH-
elimination would result in the same catalyst-product adduct — complex 1.B — described for
Pathway 1. We currently favor Pathway 1 based on our computational investigations (see
below) as well as the following precedents: i) The Nb(V) dimethyl complex



(BDI)Nb(N'Bu)Me, was observed to react rapidly and cleanly with H, in THF to give a
product whose identity strongly suggested a Nb(III) intermediate.”® ii) Reaction site-
selectivity studies on related neutral and cationic alkyINb(V) and alkylTa(V) imido complexes
indicated a preference for both polar and non-polar substrates to undergo reactivity at the
alkyl group as opposed to the imido group.'®

DFT calculation. Calculations were performed to probe the potential energy surface
describing the interaction of (BDI’)Nb(NMe)(CO), (I-1, BDI’ = HC[C(Me)NPh],) with
MeC=CPh and H, (see Appendix A)."” At this level of theory, the rate-determining step (r.d.s.)
of pathway 1, TS-3a-1, which corresponds to the c-bond metathesis of the Nb-C..cu3y bond
with Hy, was favored by ca. 30 kcal/mol over the r.d.s. of Pathway 2, TS-3c¢, itself comprising
the [1,2] addition of H; across the Nb=N'Bu bond (Figures 1.3 and 1.4). Alternative pathways
were considered, including both a five membered ring transition state formed by interaction of
the alkyne and the imido group as well as o-bond metathesis with the Nb-Cy..pn), but they were
all found to lie significantly higher in energy than TS-3a-1 (Appendix A). The CO moiety,
which was displaced during TS-3a-1 to a trans position relative to the alkyne in I-4, was
found to relax to a basal position (I-5) prior to C-H reductive elimination. The proximity of
CO and the hydride led to a nonproductive CO-insertion pathway to generate a formyl alkenyl
complex (I-8b). However, the small calculated energy differences between I-5 and I-8a/b
suggest that formation of the latter may be reversible and difficult to detect. Whether C-C
reductive elimination from I-8a/b is kinetically or thermodynamically disfavored is not
currently known, but we find no experimental evidence for hydroformylation products under
the studied conditions. Finally, the calculations suggest that the product-metal adduct, I-7, and
a hypothetical four-coordinate monocarbonyl Nb(III) complex (BDI’)Nb(NMe)(CO) (I-9s, S
=0'%) are essentially equi-energetic (See Appendix A).'>
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Figure 1.3 Free enthalpy of the hydrogenation mechanism.
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Figure 1.4 Theoretical calculation on the transition state of the rate-limiting step of each
proposed mechanism.



Conclusion

In summary, we have presented in this chapter the efficient and selective catalytic
semihydrogenation of 1-phenyl-1-propyne into Z-B-methylstyrene by a d” niobium complex
under H, : CO mixtures. The experimental data are supported by DFT calculations, which
suggest a novel mechanism for the hydrogenation reaction, involving coordination of an
alkyne to form a metallacyclopropene Nb(V) complex 1.2, followed by o-bond metathesis
with H, and subsequent reductive elimination to yield the product Z-alkene. An excess of CO
is required for catalyst stability and proposed to function as a means of displacing the product
alkene from a Nb(IIl) intermediate for achieving catalyst turnover. We are currently
performing further synthetic, mechanistic and kinetic studies in order to support our
preliminary results on the mechanism and intermediates involved in this reaction (See
Appendix B).

Experimental

General Considerations. Unless otherwise noted, all reactions were performed using
standard Schlenk line techniques, or in an MBraun glovebox under an atmosphere of purified
nitrogen (<1 ppm O,/H,0). Glassware, cannulae, and Celite were stored in an oven at ca. 180
°C; molecular sieves (4 A) were activated by heating to 200 °C for 8 h under vacuum prior to
storage in a glovebox. n-Pentane, n-hexane, Et,O, THF, toluene, and benzene were purified
by passage through a column of activated alumina, stored over molecular sieves, and degassed
prior to use.” Deuterated solvents (CeDg, C7Dg) were dried over sodium/benzophenone,
vacuum transferred to a storage flask containing molecular sieves, and degassed by three
freeze-pump-thaw cycles before being stored in the dry box. PhC=CMe was stored over
molecular sieves and degassed by three freeze-pump-thaw cycles. PhC=CPh was
recrystallized from Et,O and dried under vacuum over night. 1,3,5-trimethoxybenzene was
sublimed under static vacuum. N,N -bis-(2,6-diisopropylphenyl)-p-DiketIminate (BDI),*
Li(BDI)-Et,0,”' (BDI)pyCLNb(N'Bu),” (BDI)(Me),Nb(N'Bu),” (BDI)(CO),Nb(N'Bu) (1.1)"
and (BDI)(1’-PhC=CPh)(CO)Nb(N'Bu) (1.2)° were prepared using literature procedures. All
other reagents were acquired from commercial sources and used as received. NMR spectra
were recorded on 300, 400, 500, or 600 MHz Bruker NMR spectrometers. 'H and *C NMR
assignments were routinely confirmed by 'H-'H (COSY, NOESY) or 'H-"*C (HSQC and
HMBC) experiments. GC/MS analysis were performed using a Agilent 6890 N Network GC
system coupled to a 5973 Network mass selective detector. Elemental analyses were
performed in the College of Chemistry microanalytic facility, University of California,
Berkeley.

(BDD(n 2_PhC=CPh)(CO)Nb(N'Bu) (1.3). PhC=CPh (81.3 mg, 0.456 mmol, 1 equiv.) was
added to a solution of (BDI)(CO),Nb(N'Bu) (1.1) (0.292 g, 0.458 mmol, 1 equiv.) in n-
pentane (30 ml). Gas evolution was observed immediatedly as the solution lost its initial dark
green color, turning first orange and then bright yellow, color of the product (BDI)(n’-
PhC=CPh)(CO)Nb(N'Bu). After being stirred for 2 h, the reaction mixture was slowly
concentrated by bubbling CO through the solution until bright yellow crystals began to form.
Concentration of the solution in this fashion is important due to the instability of solutions of
1.1 toward CO-loss when subjected to a dynamic vacuum. The flask was subsequently stored
under a CO atmosphere at room temperature for 12 h, during which time additional crystals
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formed. The yellow crystalline material was collected by filtration, and residual solvent was
removed under vacuum. The crystalline material can be stored under vacuum without
decomposition. Yield: 255 mg, 0.323 mmol, 71 %. 'H NMR (500 MHz, C;Ds, 293 K) §(ppm)
7.56 (broad, 2 H), 7.34 (broad, 2 H), 7.16 (broad), 5.31 (s, 1 H, HC(C(Me)NAr),), 3.70
(broad, 1 H), 3.42 (broad, 2 H), 2.62 (broad, 1 H), 1.86 (broad, 6 H), 1.46 (broad, 20 H), 1.13
(broad, 16 H), 0.86 (broad, 28 H), 0.72 (broad, 6 H), 0.62 (broad, 6 H). '"H NMR (500 MHz,
C;Ds, 243 K) 8(ppm) 7.65 (d, 2 H, 0-PhC=CPh’, *Jun=7.2 Hz), 7.39 (t, 2 H, m-PhC=CPh’,
3Jun=7.0 Hz), 7.14 (m, 3 H, Ar and PhC=CPh’), 6.85 (t, 1 H, p-PhC=CPh’, *Jyn=6.5 Hz,
3Jun=2.0 Hz), 5.25 (s, 1 H, HC(C(Me)NAr),), 3.75 (sept, 1 H, CHMe,, *Jun=6.8 Hz), 3.42
(m, 2 H, CHMe,), 2.60 (sept, 1 H, CHMe,, *Juy=7.0 Hz), 1.86 (s, 3 H, HC(C(Me)NAr),),
1.54 (d, 3 H, CHMe,, *Juu=6.8 Hz), 1.49 (s, 3 H, HC(C(Me)NAr),), 1.46 (d, 3 H, CHMe,,
Jun=6.8 Hz), 1.16 (d, 3 H, CHMe,, *Jun=6.8 Hz), 1.13 (d, 3 H, CHMe,, *Jun=6.8 Hz), 0.98
(d, 6 H, CHMe,, *Juy=7.1 Hz), 0.93 (s, 9 H, ‘BuN), 0.78 (d, 3 H, CHMe,, *Juu = 6.8 Hz), 0.65
(d, 3 H, CHMe,, *Jun=6.8 Hz). PC{1H} NMR (125 MHz, C;Ds, 293 K) &(ppm) 178.4, 169.1
(C, (HC(C(Me)NAr),), 164.2 (C, (HC(C’(Me)NAr),), 152.6, 150.3, 143.1, 142.6, 141.8 and
139.2 (C, Ar and PhC=CPh), 100.8 (CH, (HC(C(Me)NAr),, 68.2 (C, Nb=N'Bu, C,), 31.7
(CH3, Nb=N'Bu, Cp) 28.9, 28.8, 28.02 and 27.3 (CH, CHMe; of C=N4r), 226.2, 25.5, 25.4,
24.9, 24.8, 24.7, 24.4, 24.1 and 23.8 (CH3, CHMe, of C=NAr). IR (KBr, nujol, cm™): 2052
(s). Anal. Calcd for C4gHgoN3NbO: C, 73.17; H, 7.67; N, 5.33 %. Found: C, 72.82; H, 7.80; N:
5.34 %. M.p.: 80-82 °C (decomp).

(BDI)(12-PhC=CMe)(‘BuN=C)Nb(N'Bu) (1.4). PhC=CMe (98 ml, 0.78 mmol, 1 equiv.)
was added to a solution of (BDI)(CO);Nb(N'Bu) (1.1) (0.51 g, 0.78 mmol, 1 equiv.) in
pentane (20 ml). Gas evolution and a change in the color of the solution from dark green to
bright yellow were observed immediately, corresponding to the formation of the (BDI)(1*-
PhC=CMe)(CO)Nb(N'Bu). After 20 min, a solution of z-butyl isocyanide (440 mL, 3.90
mmol, 5 equiv.) in pentane (5 mL) was added dropwise, causing the solution to effervesce and
the color to change from bright yellow to light orange. The CO formed in this reaction was
removed by applying a dynamic vacuum for 3 x 30 s. The reaction mixture was then stirred
for an additional 12 h before all the volatile materials were removed under vacuum. The
remaining residue was triturated with Et;O (2 % 15 ml), extracted with n-hexane (20 ml),
concentrated, and stored at -40 °C overnight. The orange crystals that precipitated were
collected by filtration, and the residual solvent was removed under vacuum. Yield: 316 mg,
0.406 mmol, 52 %. '"H NMR (400 MHz, CsDs, 293 K) 8(ppm) 7.68 (d, 2 H, 0-PhC=CMe,
3Jun = 7.2 Hz), 7.39 (t, 2 H, m-PhC=CMe, >Jun = 7.0 Hz), 7.11-7.10 (m, 4 H, Ar and p-
PhC=CMe), 7.04 (dd, 2 H, o-Ar’, *Juu=6.5 Hz, *Jun=2.0 Hz), 7.00 (t, 2 H, m-Ar’, *Juu=6.0
Hz), 6.91 (dd, 1 H, p-Ar, *Jun=6.2 Hz, *Juu= 1.6 Hz), 5.29 (s, | H, HC(C(Me)NAr),), 3.84
(broad, 1 H, CHMe,, *Jun=6.8 Hz), 3.70 (broad, 1 H, CHMe,), 3.49 (broad, 1 H, CHMe,),
2.87 (s, 3 H, PhC=CMe), 2.68 (sept, 1 H, CHMe,, *Juu = 6.8 Hz), 1.89 (s, 3 H,
HC(C(Me)NAr),), 1.63 (d, 3 H, CHMe,, *Jun=6.8 Hz), 1.54 (s, 3 H, HC(C(Me )NAr),), 1.44
(d, 3 H, CHMe,, *Juu=6.8 Hz), 1.31 (d, 3 H, CHMe,, *Jun=6.8 Hz), 1.21 (d, 3 H, CHMe,,
Jun = 6.8 Hz), 1.02 (d, 6 H, CHMe,, *Juyu = 6.8 Hz), 0.90 (s, 24 H, ‘BuN/'BuNC/ CHMe,
(isopropyl)). *C{'H} NMR (100 MHz, C¢Ds, 293 K) &(ppm) 168.72 (C, (HC(C(Me)NAr),),
163.49 (C, (HC(C’(Me)NAr),), 154.5 (C, Ar), 152.4 (C, Ar), 145.5 (C, PhC=CMe), 143.4,
142.7 and 142.2 (C, Ar), 131.22 (CH, o-PhC=CMe), 128.0 (CH, m- PhC=CMe), 125.2 (CH,
PhC=CMe), 124.8, 124.7, 124.6, 123.7, 123.6 and 1229 (CH, Ar), 100.2 (CH,
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(HC(C(Me)NAr),, 67.2 (C, Nb=N'Bu, C,), 56.36 (C, Nb-C=N'Bu, C,), 32.37 (CHs, Nb-
C=N'Bu, Cg), 30.21 (CH;, Nb=N'Bu, Cp) 29.4, 28.8, 28.3 and 27.6 (CH, CHMe, of C=N4r),
26.3 (CHs, CHMe; of C=N4r), 25.8 (CH3, PhC=CMe), 25.6, 25.4, 25.1, 24.5 and 24.3 (CHj3,
CHMe; of C=NAr). IR (KBr, nujol, cm™): 2167 (s). Anal. Caled for C47Hs7N4Nb: C, 72.29; H,
8.65; N, 7.18 %. Found: C, 72.25; H, 8.45; N: 7.11 %. M.p.: 131-132 °C.

General Procedure for Catalytic Hydrogenation of PhC=CMe. Inside a glove box,
PhC=CMe (6.8 ml, 55 mmol, 5 equiv.) was added to a stock solution of 1.1 (0.011 M, 1
equiv.) and trimethoxybenzene (0.011 M, 1 equiv.) in C¢Dg (1 ml). Several reactions were
performed using the same batch of stock solution, but the solution was renewed every 3 days.
Addition of PhC=CMe caused the solution to rapidly effervesce as the color turned from dark
green to bright yellow. The resulting solution was transferred inside the glove box to either a
10 mL or 40 mL flask equipped with a vacuum stopcock, then sealed, taken out of the dry
box, and quickly cooled with liquid nitrogen. The flask was fitted with a known-volume bulb
equipped with a stopcock (V = 8.3 ml, 19.6 ml or 63.4 ml). The atmosphere above the
stopcock to the flask and the headspace above the frozen sample were evacuated sequentially,
then the flask was closed under vacuum and allowed to warm to room temperature. As the
solution began to thaw, the headspace was refilled with an atmosphere of CO (or N, or Hj).
The bottom of the known-volume bulb was then closed, evacuated and refilled with x
equivalents of H, (for V = 8.3 ml, 122 mmHg, 0.055 mmol for x = 1 equiv.; or 370 mmHg,
0.165 mmol for x = 3 equiv.). The thawed solution was stirred rapidly at room temperature
while the bottom of the bulb was slowly opened. The solution was stirred for 2 h at room
temperature, then the flask was sealed and taken into a glove box. An aliquot of the solution
was taken for analysis by 'H NMR spectroscopy, and the yield of Z-f-methylstyrene was
evaluated based on integration vs. the trimethoxybenzene internal standard (6.26 ppm, 3 H).
Determinations of the identity and yield of the various products were based on the vinyl
protons of both E/Z-f-methylstyrene and allylbenzene and on the benzylic protons of the n-
propylbenzene. These signals were chosen for their clarity in the 'H NMR spectrum. 'H NMR
(500 MHz, C¢Dg, 293 K), o(ppm), trimethoxybenzene: 6.26 (s, 3 H, benzene ring); Z-f-
methylstyrene: 6.42 (dd, 1 H, PhC(H)=C(H)Me, *Jiutyiny1 = 11.5 Hz, *Jitripheny1 = 2 Hz); E-f-
methylstyrene: 6.03 (m, 1 H, PhC(H)=C(H)Me); allylbenzene: 4.97 (broad d, 2 H,
PhCH,C(H)=CH>, *Jun = 13.2 Hz,); n-propylbenzene: 2.42 (t, 2 H, PhCH,CH,CHj3, *Juy =
7.5 Hz). This experiment was repeated in the presence of liquid Hg (300 equiv., 665 mg) and
no poisoning was observed.Formation of the catalyst 1, and the resting state 2.

Half-Turnover Experiment. Using the general procedure described above, PhC=CMe (22.0
ml, 0.204 mmol, 2 equiv.) was added to a solution of 1.1 (74.8 mg, 0.111 mmol, 1 equiv.) in
CesDeg, resulting in 1 equiv. of complex 1.2 and 1 equiv. of free Ph\C=CMe. H, (8.3 ml, 0.055
mmol, Py, = 120 mmHg, 0.5 equiv.) was then diffused into the solution through an
atmosphere of CO. After 2 h, the reaction mixture was analyzed by 'H NMR spectroscopy,
the formation of 0.5 equiv. of Z-f-methylstyrene and 0.5 equiv. of unreacted PhC=CMe along
with the regeneration of (BDI)(n?-PhC=CMe)(CO)Nb(N'Bu) (1.2) was observed. The choice
of half of an equivalent of hydrogen was used to simplify the analysis of a single-turnover
experiment by decreasing the amount of excess alkyne present in solution.
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H,/D, Crossover Experiments. The catalytic hydrogenation procedure described above was
used for this experiment. D, (0.5 atm) and H; (0.5 atm) were admitted into an isolated vacuum
manifold and allowed to equilibrate for 15 min prior to addition to a known-volume bulb. The
H;: D, mixture (8.3 ml, 0.055 mmol, Py, = 120 mmHg, 1 equiv.) was then diffused through
the CO atmosphere. The "H NMR spectrum of the reaction mixture exhibited a sharp and
distinctive doublet for Z-PhC(H)=C(H)Me and doublet of quartets for Z-PhC(H)=C(H)Me.
The “H NMR spectrum revealed two broad signals of equal intensity with chemical shifts
identical to those observed for the vinylic protons in the 'H NMR spectrum. The volatile
products were isolated from the metal complex by vacuum transfer and diluted with 1 mL of
Et,O for GC/MS analysis. The GC/MS spectrum revealed the absence of the d;-isotopomer
(Figure 1.3). In order to compensate for any kinetic isotope effect, the crossover experiment
was repeated using a 9 : 1 ratio of D, : H,, which again gave no indication for formation of the
d;-isotopomer.

Abundance
Average 0of10.310 to 10.625 min.: TLG1891.D

260000

240000

220000

200000 e
180000 19
160000
140000
120000
100000
80000
60000
40000

20000

Jo9_ 110 111 112 113 114 ‘ 122 123
110 111 112 113 114 115 116 117 118 119 120 121 122

m/z-->

Figure 1.5 MS of the product formed under H,:D, mixture.
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Monitoring the hydrogenation of 1-phenyl-1propyne in the presence of CO by 'H NMR
spectroscopy.

Special equipment:

- The internal volume of a specialty, large-volume J-Young tube was measured by the
difference in weight between the empty tube and the tube filled with several solvents
of varying densities (acetone, water and isopropanol). The internal volume was
determined to be 16.7 + 0.1 mL.

- A smaller known-volume bulb for a J-Young tube was made using fresh butyl tubing,
a glass J-Young tube adaptor, and a glass stopcock. The internal volume was again
measured solvents of varying densities, giving an internal volume of 2.8 = 0.1 mL.

¥

T<—— connected

to the line
10 cm O

—— glass stopcock

I=5.2cm )
Vit = 2.8 ml -«——— tubing

J. Young tube

/ adaptor

connected to the
>« J. young tube

14 cm

Figure 1.6 Large-volume J-Young tube (left) and known-volume bulb (right).

General procedure. PhC=CMe (6.8 ml, 55 mmol, 5 equiv.) was added to a solution of
(BDI)(CO);Nb(N'Bu) (0.011 M, 1 equiv.) and trimethoxybenzene (0.011 M, 1 equiv.) in C¢Ds
(1 mL). The solution was transferred to a J-Young NMR tube with a Teflon cap (16.7 mL),
then the tube was sealed and removed from the glovebox for analysis by NMR spectroscopy.
The 'H NMR spectrum taken at this point (80 % of free alkynes and 20 % of 1.2) represents ¢
= 0 in the analyzed data. The solution was subsequently subjected to three freeze-pump-thaw
cycles, then refilled with 1 atm of CO (15.7 mL, 0.61 mmol, 60 equiv.). The NMR tube was
sealed and the CO atmosphere was condensed into the tube cooled with liquid nitrogen for 10
min. Meanwhile, the homemade known volume bulb was filled with H, (P, = 430 mmHg in
2.8 mL; 0.066 mmol, 6 equiv.) and the glass stopcock was closed. The Teflon cap of the
NMR tube was opened, allowing H, to equilibrate within the apparatus. After 2 min the
Teflon cap was re-closed, the mixture was allowed to warm to room temperature (in V = 15.7
mL, new Py = 65 mmHg , 0.055 mmol, 5 equiv.). '"H NMR spectra were taken at regular
intervals showing the clean conversion of the alkyne into Z-alkene as well as the constant
concentration of the complex 1.2.
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Monitoring of the hydrogenation of 1-phenyl-1-propyne in the absence of CO by 'H
NMR spectroscopy. PhC=CMe (6.8 ml, 55 mmol, 5 equiv.) was added to a solution of 1.1
(0.011 M, 1 equiv.) and trimethoxybenzene (0.011 M, 1 equiv.) in C¢Dg (1 mL). The resulting
solution was transferred to a J-Young NMR tube with a Teflon stopcock (3.5 mL). The
solution was subjected to three freeze-pump-thaw cycles, then the tube was refilled with 1 atm
of H, (2.5 mL, 0.102 mmol, 10 equiv.) and sealed. The J-Young tube was allowed to warm to
room temperature, and the progess of the reaction was monitored by "H NMR spectroscopy
(Figure 1.1).

Characterization of (BDI)(CQHQNb(N’Bu), 1.A: '"H NMR (500 MHz, C¢Dg, 298 K): 6
(ppm) 5.12 (s, 1H, HC(C(Me)NAr)2), 4.53 (sept, 2H, CHMe2), 2.76 (sept, 2H, CHMe2), 1.73
(s, 6H, HC(C(Me)NAr)2), 1.44 (s, 9H, Bu), 1.37 (d, 6H, CHMe2), 1.04 (m, 12H, 2 x
CHMe2), 0.99 (d, 6H, CHMe2). ’H NMR (MHz, C¢Dg, 298 K): 6 (ppm) 3.6 (s, CeDy).
Performing the reaction in C¢Hg and analyzing the reaction mixture by 'H NMR (with 10 %
CsDs to lock) allowed for the observation of a new signal at 6 3.69 (s, 6H, CcHp).

Characterization of (BDI)(n6-PhC(H)ZC(H)Me)(CO)Nb(NtBu), 1.B: This compound
was observed as an intermediate during the formation of 1.A (Figure 1.1). Due to the presence
of other aryl-containing organic and organometallic products, the regions between 7 - 5.5 and
2.5 - 0.5 ppm could not be assigned. '"H NMR (500 MHz, C¢Ds, 298 K): & (ppm) 5.09 (s, 1 H,
HC(C(Me)NAr),), 4.65 (sept, 2 H, CHMe,), 4.03 (t, 1 H, p-PhCH=CHMe), 3.81 (t, 2 H, m-
PhCH=CHMe), 3.73 (d, 2 H, o-PhCH=CHMe), 2.77 (sept, 2 H, CHMey).

X-Ray crystallography studies. The X-ray structural determinations were performed on a
Bruker SMART 1000 or SMART APEX diffractometer. Both are 3-circle diffractometers that
couple a CCD detector’ with a sealed-tube source of monochromated Mo Ko radiation (A =
0.71073 A). A crystal of appropriate size was coated in Paratone-N oil and mounted on a
Kaptan® loop. The loop was transfered to the diffractometer, centered in the beam, and cooled
by a nitrogen flow low-temperature apparatus that had been previously calibrated by a
thermocouple placed at the same position as the crystal. Preliminary orientation matrices and
cell constants were determined by collection of 60 x 10 s frames, followed by spot integration
and least-squares refinement. The reported cell dimensions were calculated from all
reflections with / > 10 o. The data were corrected for Lorentz and polarization effects; no
correction for crystal decay was applied. An empirical absorption correction based on
comparison of redundant and equivalent reflections was applied using SADABS.* All
software used for diffraction data processing and crystal-structure solution and refinement are
contained in the APEX2 program suite (Bruker AXS, Madison, WI).**** Thermal parameters
for all non-hydrogen atoms were refined anisotropically. For all structures, Ry = X(|F,| -
IF)/Z(FS|); wRy = [E{w(Fy’ - F)*}E{w(Fy)*}1"*. ORTEP diagrams were created using the
ORTEP-3 software package and POV-ray.”
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Table 1.1. Crystallographic data for compounds 1.3 and 1.4.

Compound 1.3 1.4
Formula CasHeoN3NbO C47He7N4Nb
Formula weight (amu) 787.90 780.96
Space Group P2i/n P2\/c

a (A) 15.246(5) 12.702(3)
b(A) 18.113(6) 17.670(4)
¢ (A) 15.847(5) 20.776(5)
a (°) 90° 90°
8(°) 98.388(7)° 100.094(3)°
y (©) 90° 90°
V(A% 4329(3) 4590.6(18)
z 4 4

Peated (g/en) 1.209 1.130
Fooo 1672 1672

w (mm™) 0.315 0.295
Tinin/ Tiax 0.8583/0.9875 0.9140/0.9218
No. rflns measured 33201 75656
No. indep. rflns 7628 8411

Rint 0.0460 0.0381
No. obs. (> 2.000(I)) 7628 8411

No. variables 491 486

Ri, wR» 0.0385/0.0748 0.0319/0.0760
R, (all data) 0.0598 0.0449
GoF 1.047 1.062
Res. peak/hole (¢ /A%) 0.323/-0.436 0.645/-0.237

16



General remarks for DFT calculations. All structures and energies were calculated using
the Gaussian09 suite of programs.”® Self-consistent field computations were performed with
tight convergence criteria on ultrafine grids, while geometry optimizations were converged to
tight geometric convergence criteria for all compounds. Spin expectation values <S>
indicated that spin contamination was not significant in any result. Frequencies were
calculated analytically at 298.15 K and 1 atm. Structures were considered true minima if they
did not exhibit imaginary vibration modes and were considered as transition states when only
one imaginary vibration mode was found. Intrinsic Reaction Coordinates (IRC) calculations
were performed to ensure the transition state geometries connected the reactants and the
products. Optimized geometries were compared using the sum of their electronic and zero-
point energies. In order to reduce the computational time, the system was structurally
simplified by replacing 2,6-diisopropylphenyl groups by phenyl groups and the N'Bu imido
group by a NMe imido group.

The B3LYP hybrid functional was used throughout this computational study.””*® For
geometry optimizations and frequency calculations, the light atoms (H, C, N and O) were
treated with Pople’s 6-31G(d) double-( split-valence basis,” " whereas the niobium atom was
treated with LANL2DZ.>!"* A 5d diffusional function was used for the H, C, N and O atoms,
no polarization functions were added for H.
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Chapter I1.

Diniobium Inverted Sandwich Complexes with p-n®:n°-
arene Ligands: Synthesis, Kinetics of Formation, and
Electronic Structure
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Introduction

Arene complexes of low-valent metal ions are an intriguing class of molecules
because of the high variability in metal-arene interactions.'™ Facially-bound arene ligands are
known to bind to a wide range of metals in unusual oxidation states using a variety of bonding
interactions. In 1983, Kriiger et al. reported the first dinuclear CcHg complex, in which a
benzene ligand was bound by two CpV moieties in an u-n®n° fashion.” Although the
inverted arene sandwich motif remains very rare, similar molecules have been found with s-,”
d-**'? and f-block>?* metal ions. Typically, these molecules are synthesized by the
reduction of metal-halide precursors in aromatic solvents. Upon formation of electron-rich
metal centers, coordination of an aromatic solvent molecule provides chemical stability by
mixing of the occupied metal d-manifold with the vacant n* system of the arene ring.
Important questions remain, however, regarding the bonding in these compounds, such as
how to assign formal oxidation states and how electron density is shared between the metal
and the arene. Support for reduction of the arene to form an anionic ligand can be derived
from detailed structural investigations, which have revealed elongation*?* of the average C-C
distances and disruption of arene planarity.>”?"1%13-1617.1920 However, evaluating arene charge
based on these structural distortions can be challenging because both neutral*®'' and
anionic™'*?* configurations have been assigned previously.” In addition, questions regarding
the mechanism of formation of these bimetallic complexes have also not been resolved fully.
In a report on the hafnium species Hf;Iu(PMe,Ph),(u-n°n’-arene), Cotton and coworkers
proposed the intermediacy of the monometallic Hfl,(PMe,Ph),(n°-arene).” More recently, P.
Arnold, L. Maron et al. provided computational and experimental evidences for formation of
U*" inverted sandwich complexes via a monometallic arene intermediate.”

In the previous chapter (e.g. chapter 1), in an effort to explore the catalytic potential of
low-valent niobium, we reported the catalytic, Z-selective hydrogenation of internal alkynes
by the Nb(III) complex [Nb(BDI)(N'Bu)(CO),] (1.1) (BDI = N,N’-2,6-diisopropylphenyl-f-
diketiminate).”® While performing these catalytic studies in aromatic solvents, we became
intrigued by the observation of arene complexes (e.g. 1.A and 1.B). These complexes formed
in the absence of CO, presumably by trapping a low coordinate trivalent niobium complex
“Nb(BDI)(N'Bu)”, which was proposed to be an active species of the catalytic cycle. The
study of low-valent, Group 5 transition metals such as Nb could lead to new chemical
transformations and catalytic processes. In earlier work, remarkable reactivity and redox
behavior has been reported for monomeric low-valent Nb(II1) complexes that were isolated or
generated in situ, spanning activation of small molecules’ >* hydrogenation,”®*® C-C
coupling,**** and C-H bond activation reactions.”** The study presented here describes the
synthesis and characterization of several new Nb arene complexes, including the kinetics of
formation of the first bimetallic u—n°n°-arene inverted sandwich complexes* from the parent
n°-arene monometallic species. Protonation of the BDI ligands afforded the mono- and di-
cationic p—n"n°-benzene complexes. All four inverted sandwich complexes were subjected
to a suite of characterization methods, including single-crystal X-ray diffraction as well as
UV-visible. Each of the four inverted-sandwich complexes also bears a diamagnetic
electronic configuration, which provides an unusual opportunity to undertake an in-depth 'H
and °C (ID and 2D) NMR spectroscopic study of the metal-arene interactions. The
combined experimental data provide new insight into the electronic structure of d-block
metal-arene complexes.
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Results and discussions

Monometallic arene complexes

The Nb(V) complex [Nb(BDI)(N'Bu)Me,] (2.1)* reacts with H, in benzene or toluene
at room temperature to form two complexes, [Nb(BDI)(N‘Bu)(R-CsHs)] (R = H, 2.2 or Me,
2.3), as diamagnetic red powders in high purities and very good yields (93%, Scheme 2.1).
Initial efforts to obtain X-ray quality crystals of 2.2 and 2.3 were thwarted by their propensity
to form mixtures with their bimetallic counterparts upon isolation (see below). Nevertheless,
rapid crystallization of 2.2 from a mixture of toluene/hexanes formed material suitable for X-
ray crystallographic analysis (Figure 2.1).

R
ArMe Ar \Q i e
_N""'l\llbéNtBu TatmHyrt, N, / ; .
- i r:
\ N\( e -2 CHy N\ N\/ SNBU 5
Ar 2.2: in benzene Ar :
21 2.3: in toluene 2.2:R=H:
2.3:R=Me

Scheme 2.1 Synthesis of complexes 2.2 and 2.3

Figure 2.1 Thermal ellipsoid plot of the complex 2.2. Diisopropyl aryl groups of the BDI
ligand have been removed and ‘Bu moieties have been truncated for clarity. Structural
parameters are presented in the experimental part in Table 2.2.
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Although several niobium arene compounds have been reported,*” to the best of our
knowledge 2.2 is the first niobium-benzene complex that has been structurally characterized.
In 2.2 the BDI and imido ligands occupy facial positions in a pseudo-octahedral geometry.
The N-Nb-N angle of the BDI ligand is 81.4° and the average N-Nb-Niniqo angle is 98.5°. The
two Nb-Npp; distances are 2.246(4) A, which are similar to those observed in related BDI
complexes of Nb(III) and Nb(V).****** The Nb—Nimiaso-CMe; bond angle (175.3(4)°) is close
to linear and the Nb-Ninmiq, distance is 1.775(3) A, which is also typical of values reported in
the literature.’>*** The CsHpg ligand of 2.2 is puckered, which is a characteristic of niobium-
arene complexes.’ 3372 The fold angle at C3---C6 is 22.8°, such that the Nb(1)-C(3)
(2.280(5) A) and Nb(1)-C(6) (2.284(5) A) distances are shorter than observed for the other
four Nb-C bonds (average 2.471(4) A). These Nb—C distances compare well with Nb—C
distances observed previously for arene compounds (from 2.198(5) A to 2.513(4) A).*"** The
C-C bond lengths of the benzene ring vary, with C(1)-C(2) (1.337(6) A) and C(4)-C(5)
(1.384(6) A) being significantly shorter than bonds involving the C(3) and C(6) atoms
(average of 1.450(5) A).

The 'H NMR spectrum of the n°-benzene complex [Nb(BDI)(N'Bu)(n°-CsHs)], 2.2,
shows 12 signals, corresponding to a Cy-symmetric Nb(N'Bu)(BDI) moiety, with a singlet (6
H) at high-field (3.60 ppm) for the six equivalent benzene protons. The toluene complex
[Nb(BDI)(N'Bu)(n°®-Me-C¢Hs)], 2.3, presents similar 'H NMR spectroscopic features, with
three sharp resonances at 0 = 3.93, 3.71, 3.59 ppm that were assigned to the aromatic toluene
protons and one at & = 2.0 ppm corresponding to the methyl group of the coordinated toluene.
The n6 aromatic rings of 2.2 and 2.3 exchange with C¢Dg (in CsDg solution) within 120 min
and 20 min, respectively, at room temperature. The “H NMR spectrum of 2.2-ds also shows a
singlet at 3.60 ppm, in accordance with the proposed structure. These 'H NMR data are
consistent with the presence of an averaged h®-arene adduct in solution (Scheme 2.1).

Consistent with this behavior, the coordinated arene rings of 2.2 and 2.3 were found to
be readily displaced by carbon monoxide or 2,6-xylyl-isocyanide, leading to the previously
reported [Nb(BDI)(N'Bu)(CO),]** and [Nb(BDI)(N'Bu)(CNXyl);]** complexes, respectively
(Scheme 2.2a). Reactivity studies also confirm that the coordinated arene ligands in 2.2 and
2.3 serves to stabilize the Nb(BDI)(N'Bu) moiety, which can be oxidized by two electrons
with suitable substrates. For example, exposure of a benzene solution of 2.2 or a toluene
solution of 2.3 to N,O (1 atm.) quickly leads to the formation of the previously reported p-oxo
dinuclear complex [Nb(BDI)(N'Bu)(u-O)], (Scheme 2.2b).** In the absence of an external
oxidant, loss of the arene via thermolysis of either 2.2 and 2.3 in THF leads to formation of
the bis-imido Nb(V) complex (Scheme 2.2c), where the BDI ligand has been reductively
cleaved. This latter compound has been observed previously following hydrogenolysis of
[Nb(BDI)(N'Bu)Me,] in THF, via cleavage of the BDI ligand in the related Nb(III) species
[Nb(BDI)(N'Bu)(THF)].*>
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Scheme 2.2 Reactivity of complexes 2.2 and 2.3
Bimetallic arene complexes

Synthesis and kinetic studies. In an attempt to hinder arene exchange in solution, '"H NMR
spectra of 2.2 and 2.3 were recorded in C¢Dy,. Unexpectedly, collecting additional '"H NMR
spectra of these solutions after 3 d revealed the clean formation of new diamagnetic arene
species that were subsequently formulated as u-n°nC-arene diniobium inverted sandwich
complexes [[(BDI)Nb(N‘Bu)]»(u-n°n°-RC¢Hs)] (R = H, 2.4 or Me, 2.5; Scheme 2.3). Red
crystals were obtained on a preparative scale in good yields from saturated, dark red, hexanes
solutions of either 2.2 or 2.3.

R
R R
o Q ,(K ) '
_N .. 4 // // Ar
2 (NP — ’?‘-'Nb— NG *
N SNBu 12 hrs, r.t. Ar // \N \

AN t g =
Ar hexane BuN Ar

22:R=H; 24:R=H;

2.3:R=Me 2.5:R=Me

Scheme 2.3 Formation of complexes 2.4 and 2.5

To the best of our knowledge, experimental evidence for the formation of an arene
bridged dinuclear complex from a parent, mononuclear species has only been reported once,”
although related mechanisms have been suggested since the early 90s.® The relatively slow
rate of conversion from 2.2 to 2.4 provides an opportunity to follow the kinetics of this
process by 'H NMR spectroscopy. The experiment was performed in C¢D> with 0.07 M 2.2
and 4.90 mM internal standard at 334 K. In the absence of benzene, the kinetic data cannot be
fitted to a rate law that is either first order or second order in 2.2 because the concentration of
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free benzene is changing during the experiments. Introducing an excess of benzene (from 4 to
30 equivalents) yields data that are consistent with a dissociative mechanism, and a rate law
that is second order in [2.2] and inverse first order in benzene (Figure 2.2 and Appendix C).
The rate law for the formation of 2.4 predicted for the dissociative mechanism illustrated in
Scheme 2.4 is included at the bottom of the Scheme. When benzene is in a large excess, the
condition k_;[Benz] >> k;[2.2] is satisfied. Therefore, the formation of complex 2.4 follows
second order Kkinetics, consistent with P. Arnold report,23 with kops being inversely
proportional to the initial benzene concentration, where % is 0.0723 min™ at 334 K (Figure
2.2).

Knowing the rate law, an Eyring analysis was performed in the presence of a large
excess of benzene (0.593 M, 8 equivalents) over the temperature range 313 — 344 K, at 5 K
intervals (Figure 2.3 and Appendix C). The large enthalpy of activation (28.8(4) kcal.mol™) is
consistent with the slow conversion of 2.2 to 2.4 at room temperature. The large positive
entropy of activation (56(2) cal.mol”.K™"), must be interpreted carefully due to the relatively
small temperature range of the study. However, the large positive value further supports a

dissociative mechanism in which the first step corresponds to the formation of a 3-coordinate
species and free benzene (Scheme 2.4).

0.25 1
0.2 1
= 015 -
£ y = 0.0723x
s 0.1 1 R? = 0.99865
2 0.05 -
-0
0 T T T 1
0 1 2 3 4

1/[benzene] (M-1)

Figure 2.2 Benzene dependence on the observed 2" order rate constant of the formation of
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Scheme 2.4 Reactions of the formation of complex 2.2 and kinetic law derivation.
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Figure 2.3 Eyring plot for the formation of complex 2.2 (top). Activation parameters derived
from the Eyring plot (bottom).

Reactivity of 2.4. Unlike the monometallic complexes 2.2 and 2.3 discussed above, and
relative to other inverted sandwich molecules reported in the literature,**®!%12142 the
bridged arenes of 2.4 and 2.5 did not exchange with deuterated benzene, toluene, or strong p-
acidic ligands such as carbon monoxide or isocyanide, even at temperatures up to 110 °C. To
our knowledge, only two other inverted sandwich complex did not show exchange with
solvent molecules at reasonable temperatures.”” Complexes 2.4 and 2.5 also did not react
with small molecules such as Ph,N,, Ph;S,, N>O, organic azides, alkynes, CO;, and H;, within
a temperature range of 20 to 110 °C, unlike many other inverted sandwich complexes.**!*'*
719233 1 contrast, treatment of complex 2.4 with either 1 or 2 equivalents of
[H(OEt;][B(CsFs)4] produced two products that were formulated as new inverted sandwich
complexes, [[(BDI")Nb(N'Bu)][(BDI)Nb(N'Bu)](u-n°n’-CsHe)][B(CsFs)s]  (2.6) and
[[(BDINb(N'Bu)]o(u-1*n1"-CsHe)][B(CFs)sl> (2.7) in which one (2.6) or two (2.7) BDI
ligands have been protonated (Scheme 2.5, BDI" = (ArNC(Me)),CH>).

Compounds 2.6 and 2.7 have been synthesized in diethyl ether and chlorobenzene,
respectively, and can both be isolated on a preparative scale in good yields. The lack of
reactivity at the coordinated benzene ligand may be evidence of a neutral CcHg configuration;
however, it is difficult to rule out the possibility that the ancillary ligands are providing steric
protection (see Figure 2.4, bottom).
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Scheme 2.5 Synthesis of complexes 2.6 and 2.7

X-Ray Crystal Structure Descriptions. Thermal ellipsoid plots of complexes 2.4, 2.5, 2.6
and 2.7 are shown in Figures 2.4 and 2.5, and bond distances and angles are summarized in
Table 2.1 (see also the Tables 2.2 and 2.3 in the experimental part for crystallographic
parameters). In each of the four inverted-sandwich complexes 2.4, 2.5, 2.6 and 2.7, the BDI
and imido ligands occupy facial positions in a pseudo-octahedral geometry. Complexes 2.4,
2.6, and 2.7 adopt geometries with dihedral angles between the two imido groups of 114.3°,
132.3°, 117.9° respectively, which minimizes steric repulsion between the aryl rings of the
BDI ligands. The BDI-aryls are distorted away from the central toluene ligand in 2.4,
resulting in a smaller dihedral angle of 40.6° (Figure 2.5). Average Nb-Npp; distances are
2.249(2) A and 2.258(3) A in 2.4 and 2.5, and 2.311(2) A in 2.7. Because 2.6 is dissymmetric,
two different sets of average Nb-Npp; distances are observed: 2.317(2) A on the side with the
protonated BDI ligand, and 2.203(2) A on the other.

The C—C distances of the arene rings in 2.4, 2.5, 2.6 and 2.7 are all very similar, and
provide an average C—C distance of 1.45 A for all four complexes with a standard deviation of
0.02 A (see Table 2.1). These distances are slightly longer than those reported for free
benzene and toluene (1.397(1)® A and 1.39(1)** A)but in the range of the reported values
found for m-h®:h®-arene ligands in the literature.*** In the four complexes 2.4, 2.5, 2.6 and 2.7
the bridging arenes are non-planar. Observed Nb—C bond distances vary widely for 2.4
(2.2673(17) to 2.6291(19) A), 2.5 (2.286(4) to 2.636(4) A), and 2.7 (2.277(2) to 2.620(2) A).
The benzene centroid is nearly equidistant from both niobium atoms in 2.4, 2.5, and 2.7, with
average Nb-centroid bond distances of 1.958 A (2.4), 1.944 A (2.5), and 1.939 A (2.7). For
complex 2.6, in which one of the BDI ligands is protonated, the benzene ligand lies closer to
the Nb bearing the protonated ligand (Nb(1)—C range 2.256(2) to 2.607(2) A; Nb(1)—centroid
1.919 A) than it does to Nb atom with the unprotonated ligand (Nb(2)-C range 2.202(2) to
2.835(2) A; Nb(2)—entroid 2.089 A). The Nb(1)-Nb(2) distances decrease by 0.046(5) A
from the C¢Hs complex 2.4 (3.914(2) A) to C7Hg complex 2.5 (3.868(4) A), which could be a
consequence of changes in bonding or an increase in steric pressure in 2.5. However, the
Nb(1)-Nb(2) distances also decrease by 0.038(2) A from neutral 2.4 (3.914(2) A) to twice-
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protonated 2.7 (3.876(2) A), which is clearer evidence that protonation disrupts the BDI-Nb
interaction and enhances bonding between the arene ligand and Nb atom:s.

The mean deviation of the arene rings from planarity is 0.051 A, 0.052 A, 0.050 A and
0.053 A respectively, while the largest distortions from the mean plane are 0.170 A (2.4) and
0.147 A (2.5), 0.159 A (2.6) and 0.163 A (2.7) (Figure 2.6). The deviation from planarity was
also measured from the different dihedral angles of the ring, with average distortions of 14.4°
(2.4), 15.1° (2.5), 15.2° (2.6) and 15.2° (2.7) (Figure 2.7). Such deformations of the n°n°-
arene ring have been described in the literature,®”*'%1316-171920 anq support three possible
conclusions: 1) the arene ring is significantly reduced, such that there is a disruption of
aromaticity and the carbon atoms are best regarded as sp>-hybridized; ii) the distortions are
sterically-induced; or iii) both these electronic and steric factors are at work. Therefore,
additional measurements were performed to understand whether the origin of these structural
deformations is inherent to the electronic structure of these complexes.

Figure 2.4 Thermal ellipsoid plots (top, diisopropyl aryl groups of the BDI ligand and
hydrogenes have been removed and ‘Bu moieties have been truncated for clarity) and spacefill
view (bottom, the benzene moiety is highlighted in yellow) of 2.4.
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Figure 2.5 Thermal ellipsoid plots of the complexes 2.5 (first), 2.6 (second) and 2.7 (third).
Diisopropyl aryl groups of the BDI ligand and B(CsFs), have been removed and ‘Bu moieties
have been truncated for clarity.
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Table 2.1 Selected bond distances (in A) for complexes 2.4, 2.5, 2.6 and 2.7.

2.4 2.5 2.6 2.7

C(1)-C(2) 1.452(3) 1.462(4) 1.474(3) 1.444(3)
C(22)-C3) 1.451(3) 1.476(4) 1.464(3) 1.461(3)
C(3)-CH4) 1.453(3) 1.422(5) 1.424(4) 1.452(4)
CA4)-C(5) 1.447(3) 1.451(5) 1.432(4) 1.453(3)
C(5)-C(6) 1.473(3) 1.443(4) 1.426(3) 1.443(3)
C(6)-C(1) 1.450(3) 1.475(4) 1.463(3) 1.465(3)
average C—C 1.454 1.455 1.447 1.453
Nb(1)-C(1) 2.2599(16) 2.304(4) 2.607(2) 2.301(2)
Nb(1)-C(2) 2.478(2) 2.296(4) 2.504(2) 2.620(2)
Nb(1)-C(3) 2.3273(19) 2.630(5) 2.256(2) 2.511(2)
Nb(1)-C(4) 2.5526(17) 2.518(4) 2.371(2) 2.325(2)
Nb(1)-C(5) 2.6291(19) 2.324(4) 2.325(2) 2.482(2)
Nb(1)-C(6) 2.3324(19) 2.446(3) 2.305(2) 2.277(2)
Nb(2)-C(1) 2.5533(18) 2.286(4) 2.345(2) 2.605(2)
Nb(2)-C(2) 2.3302(19) 2.449(3) 2.202(2) 2.308(2)
Nb(2)-C(3) 2.4785(18) 2.328(4) 2.501(2) 2.297(2)
Nb(2)-C(4) 2.2673(17) 2.527(5) 2.528(2) 2.460(2)
Nb(2)-C(5) 2.324(2) 2.636(4) 2.748(2) 2.294(2)
Nb(2)-C(6) 2.6197(19) 2.289(3) 2.835(2) 2.493(2)
Nb(1)-Nb(2) 3.914 3.868 3.989 3.876
Nb(1)-Cent 1.957 1.944 1.919 1.947
Nb(2)-Cent 1.959 1.945 2.089 1.932
average Nb(1)-C 2.430 2.420 2.395 2.419
average Nb(2)-C 2.429 2.419 2.527 2.409
average Nb—C 2.429 2.419 2.461 2414
Nb(1)-N(1) 2.2764(16) 2.249(3) 2.3236(18) 2.289(2)
Nb(1)-N(2) 2.2136(17) 2.271(3) 2.3109(17) 2.3226(19)
Nb(1)-N(3) 1.7770(15) 1.776(3) 1.7860(18) 1.774(2)
Nb(2)-N(4) 2.2787(16) 2.241(3) 2.2209(18) 2.2983(19)
Nb(2)-N(5) 2.2266(15) 2.271(3) 2.2055(18) 2.3287(19)
Nb(2)-N(6) 1.7815(15) 1.782(3) 1.7718(19) 1.7819(19)
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Figure 2.6 Mean deviations were estimated by summing the deviation from each carbon and
the mean plane formed by the arene moiety (in A).
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Complexes 3456 23216 123421654 216522345  distortion (°)
24 19.04 4.92 18.56 14.06
2.5 20.37 4.74 20.13 15.08
2.6 21.95 7.02 16.71 15.22
2.7 20.82 4.92 19.99 15.24

Figure 2.7 The average distortion angles were estimated by averaging the three dihedral
angles formed between the 6 planes of the arene moiety (e.g. 1234 £ 1654 reads angle
between plane 1234 and 1654)
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NMR Spectroscopy. The 'H NMR spectrum of 2.4 exhibits one singlet for the methyl groups
of both the BDI ligands, one singlet for the equivalent ‘Bu groups of the imido ligands, and
one singlet (0 = 2.21 ppm) for the benzene ring. These data are consistent with free rotation of
the (BDI)Nb(N'Bu) moieties in solution around the Nb---Nb axis, resulting in an average C,,
symmetry on the '"H NMR time-scale at room temperature (see Scheme 2.6).

Although the spectrum of the benzene complex 2.4 remains unchanged down to 213 K
in C;Dg, lowering the temperature to 213 K for the toluene derivative 2.5 results in a 'H NMR
spectrum that reflects the same C,-symmetric coordination environment observed in the solid
state, thus implying that the dynamic motion has been frozen on the 'H NMR time scale.
Variable temperature 'H NMR data collected between 213 K and 383 K provided a
coalescence temperature of T, = 300(2) K (Figure 2.8). Thermodynamic parameters for this
geometrical rearrangement were also measured via a Selective Inversion Recovery (SIR)
experiment, yielding AH= 13.9(6) kcal mol" and AS”= - 4(2) cal K'' mol™ (Figure 2.8 and
Figure 2.9).

As expected, the room-temperature 'H NMR spectrum of complex 2.6 reflects a lower
symmetry coordination environment than 2.4 and 2.5, involving two singlets (6 H) for the
methyl groups of the two different BDI ligands, two singlets (9 H) for each of the ‘Bu
substituents on the two imido groups and a singlet for the CsHs ligand (8 = 2.40 ppm).
Complex 2.7, which has two protonated BDI ligands, exhibits two singlets for the methyl
groups of the BDI ligands, one singlet for the ‘Bu groups and a singlet for the benzene ring (8
= 2.55 ppm). This indicates that the dynamic motion in this complex is slow on the '"H NMR
time scale at room temperature. Although 2.7 undergoes slow decomposition at temperatures
higher than 335 K, a variable temperature experiment (295 K to 330 K) provided a
coalescence temperature (T.= 320(2) K) which was higher than for complex 2.5 (T.= 300(2)
K). A SIR experiment was not possible due to the small chemical shift difference of the
exchanging peaks. The coalescence temperature trend measured for the geometrical
rearrangement of 2.4, 2.5, 2.6 and 2.7 (Tc <213 K, Tc =300 K, Tc <230 K and Tc =320 K,
respectively) is not strictly consistent with what would be expected from steric considerations.
Rather, the solution data suggest that the interaction between the arene and the metal centers
is stronger in 2.7 relative to both 2.4 and 2.5, resulting in higher activation barrier of the
geometric rearrangement.

NtBu,// /NtBu NtB‘?tBu NtBu
6/ ..... wiN ’/ \ \/
N——Nb' | A N
7 N/ s \\\“/\/z/ 7 X
SL N / )\\ \J / =
\

Scheme 2.6 Dynamic motion of complex 2.5
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Figure 2.8. 1H NMR Variable temperature spectra from 213 K to 383 K of complex 2.5
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Figure 2.9 Eyring plots for the dynamic processes observed by 'H NMR in toluene-ds for
complex 2.5.

33



%(Lffofo

I
g
X,

Figure 2.10 '"H NMR spectra of complex 2.5 at different mixing time from the SIR
experiment at T = 253 K (right). Observed integral of the exchange resonance (top left, blue)
and of the saturated resonance (bottom left, green) from the SIR experiment at T =253 K.
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Figure 2.11 'H NMR spectra of complex 2.5 at different mixing time from the SIR
experiment at T = 263 K (right). Observed integral of the exchange resonance (top left, blue)
and of the saturated resonance (bottom left, green) from the SIR experiment at T = 263 K.

34



The 'H NMR resonances of the bridging arene rings of 2.4, 2.5, 2.6 and 2.7 are all
found in the 2-3 ppm range, which is consistent with data provided for a diamagnetic, Hf
inverted-sandwich of toluene (3.12 to 3.34 ppm).® The chemical shifts of the benzene rings
observed in 2.4 (2.21 ppm) were slightly more shielded than those observed for 2.7 (2.53
ppm). Shifts to higher field from the free arene could result from either sp’-hybridization of
the carbon due to covalent bonding with the metal centers or from strong shielding effect from
the flanking rings on the BDI ligand.

Proton-coupled *C NMR spectroscopy was performed to determine 'Jey values and
further refine the bonding models proposed above. The coupling constants were found to be
Jen = 178.2(6) Hz for 2.4, Joy = 178.9(7) Hz for complex 2.6 and Jci = 184.5(6) Hz for 2.7.
A similar experiment performed on the monometallic complex 2.2 gave a Jcy value of
170.5(6) Hz. These differ from the corresponding parameters for aromatic sp> carbons (160(1)
Hz) by approximately +20 Hz for bimetallic complexes 2.4, 2.6 and 2.7 and by +10 Hz for
complex 2.2.%°° Such increases in coupling strength are inconsistent with a decrease in s-
character relative to an sp>-hybridized aromatic carbon and suggest that coordination of the
Nb atoms does not result in a formal sp’-hybridization of the bridging arene-ring atoms.
Taken together, the NMR data lead us to conclude that the upfield chemical shifts of the
benzene ring are due to shielding induced by the ligand set. This effect has been previously
observed in the Nb(BDI)(N‘Bu) system.*

As an additional note, the amplitude of the observed coupling constant Jcy is also
proportional to the electron density located on the atom.®® Hence, the magnitude of the
increase in J¢y 1s due to electron density donated from the niobium metal centers to the arene
ligands in 2.2, 2.4, 2.6 and 2.7. The relative amount of donation may be evaluated by
consideration of the Jcy coupling constants in a manner related to the accepted practice of
using shifts in nco as a measure of the metal-based electron density in carbonyl complexes.®’
In the present case, the 'H NMR data indicate that Nb—benzene donation increases in the
order 2.2 < 2.4 = 2.6 < 2.7. These solution data are also correlated with the slight decrease
observed in Nb(1)-Nb(2) distances in the solid-state for 2.4 (3.914(2) A) relative to 2.6
(3.876(4) A).

Optical Spectroscopy. UV-visible spectra were recorded to further investigate the electronic
structure of monometallic 2.2 and 2.3, and bimetallic 2.4, 2.5, 2.6 and 2.7 (Figure 2.12, top).
Each of the bimetallic complexes has one band at high energy (340-360 nm, 27700-29410 cm”
" that gradually decreases in intensity in the order 2.4 = 2.5 > 2.6 > 2.7. These bands are
assigned to intra-ligand transitions and show a decrease in intensity upon protonation of the
BDI ligands in 2.6 and 2.7, which disrupts the conjugation of the BDI p-system. The spectra
also exhibit broad d-d bands at around 460 nm for 2.2, 2.3, 2.4 and 2.5, and 425 nm for 2.7
(Figure 2.12, bottom). Complex 2.6 shows two bands at 460 nm and 580 nm, which is in
agreement with the dissymmetric structure. Spectral intensities (e) in this region are unusually
large for d-d transitions (¢ = 2000 cm™ .M for the monometallic species and 4000 < & < 8000
cm™ .M for the bimetallic species). Large values of e can be explained by a mixture of d- and
p-character in the final state orbital that is involved in the transition.®® These transitions are
therefore partially Laporte allowed, which results in unusually high intensities for d-d
transitions. This concept of metal-arene mixed transitions has been described previously, and
supports Nb-arene mixing in the inverted sandwich complexes.”’ The absorption
spectroscopy data reinforce the bonding picture developed above with the J¢y analysis, which
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suggests that coordination of a second Nb atom to form a bimetallic Nb—arene—Nb interaction
enhances Nb—C orbital mixing.
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Figure 2.12 Electronic absorbance spectrum of 87.8 mM solution of 2.2 in benzene, 76.0 mM
solution of 2.3 in toluene, 47.8 mM solution of 2.4 in benzene, 56.2 mM solution of 2.5 in
toluene, 61.3 mM solution of 2.6 and 36.4 mM solution of 2.7 in a,a,oa-trifluorotoluene. Full
spectrum (top), zoom on the visible area (bottom).

36



Conclusion

Described here are high-purity syntheses of four diniobium, inverted-sandwich
compounds, [[(BDI)Nb(N'Bu)]»(u-RCsHs)] (2.4: R = H and 2.5: R = Me), monocationic 2.6
[[(BDI"YNb(N'Bu)][(BDI)Nb(N'Bu)](u-CsHs)]'", and dicationic 2.7 [[(BDI")Nb(N'Bu)],(p-
RCeH;s)]*" (BDI" = (ArNC(Me)),CH,). Both the neutral complexes 2.4 and 2.5 were
synthesized directly from their monometallic precursors 2.2 and 2.3, which is a new approach
to access the chemistry of inverted sandwich compounds. The kinetics of formation of 2.4
from 2.2 were determined using "H NMR spectroscopy and suggest that the reaction follows a
dissociative mechanism that may involve a transient three-coordinate “(BDI)Nb=N'Bu”
intermediate.

The combined structural, reactivity and spectroscopic data provide new insight into
the nuanced bonding interactions that are involved in bimetallic complexes with bridging
arene ligands. X-ray crystal structures reveal bridging arene ligands that are distorted from
planarity, with carbon atoms deviating from the average plane by as much as 0.16 A.
However, these distortions cannot be ascribed to a disruption of arene aromaticity resulting
from Nb—arene donation because of the undefined role of steric strain, which may also be
impacting arene reactivity. The '"H NMR spectra also show increases in the arene 'Jey
coupling constants relative to those for the free arene, which is inconsistent with an sp’-
hybridization of the bridging-arene C atoms. Taken together, there is little support for a model
based on a reduced arene or oxidized Nb atoms. However, the magnitudes of the increase in
'Jew also indicate that some Nb—arene donation is present and increases in the order 2.2 <
2.4 < 2.7 — a conclusion that is also reached upon examination of the variable temperature 'H
NMR data, UV-visible spectra, and the bridged Nb—Nb distances. The Nb—arene donation is
not accompanied by a change in formal oxidation state, which is consistent with earlier
reports of inverted sandwich complexes based on d-block metals.**"'" Finally, we conclude
that the lack of reactivity at the arene ligands in 2.4 and 2.5 may be a kinetic effect due to the
steric bulk of the BDI ligands. Future work will be focused on efforts to further refine our
understanding of electronic structure with computational modeling, and will include
extensions of this chemistry to a wider range of metal systems and ligand sets.

Experimental

General considerations. Unless otherwise noted, all reactions were performed either using
standard Schlenk line techniques or in an MBraun inert atmosphere glove box under an
atmosphere of purified nitrogen (<1 ppm O,/H,0O). Glassware, cannulae, and Celite were
stored in an oven at ca. 160 °C for at least 12 hrs prior to use. n-Pentane, hexanes, Et,O, THF,
toluene and benzene were purified by passage through a column of activated alumina, stored
over 3 or 4 A molecular sieves, and degassed prior to use.”” a,0,0-trifluorotoluene,
dichloroethane and chlorobenzene were dried over P,Os, distilled under reduced pressure,
degassed and stored over 4 A molecular sieves. Deuterated solvents (CsDg, C7Dg and C¢D1>)
were dried over sodium/benzophenone, and C¢DsCl was dried over CaH,. The deuterated
solvents were then vacuum transferred to a storage flask and degassed before being stored in
the dry box. CsDs, C7Dgand CsDsCl were stored over activated molecular sieves. N,N-bis-
(2,6-diisopropylphenyl)-B-diketiminate (BDI),”® Li(BDI)-Et,0,” (BDI)pyCIl,Nb(N‘Bu)** and
(BDI)(Me),Nb(N'Bu) (2.1)** were prepared using literature procedures. All other reagents
were acquired from commercial sources and used as received. NMR spectra were recorded on
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Bruker AV-300, AVQ-400, AVB-400, DRX-500, AV-500, and AV-600 spectrometers.
Chemical shifts were measured relative to residual solvent peaks, which were assigned
relative to an external TMS standard set at 0.00 ppm. 'H and *C NMR assignments were
routinely confirmed by 'H-'H (COSY, NOESY) and 'H-">C (HSQC and HMBC) experiments.
Samples for UV-vis-NIR spectroscopy were prepared in a Schlenk-adapted quartz cuvette and
analyzed on a Varian Cary 50 scanning spectrophotometer. The uncorrected melting points
were determined using sealed capillaries prepared under nitrogen on an Optmelt SRS.
Elemental analyses were performed at the College of Chemistry Microanalytical Laboratory,
University of California, Berkeley. The X-ray structural determinations were performed at
CHEXRAY, University of California, Berkeley on Bruker SMART 1000 or SMART APEX
diffractometers.

(BDI)Nb(N'Bu)(n) 6.C¢Hg) (2.2). Benzene (30 mL) was added to a 100-mL Schlenk flask
containing 2.1 (0.548 g, 0.90 mmol, 1.0 equiv.) at room temperature. The clear yellow
solution was degassed with two freeze-pump-thaw cycles. While warming the solution during
the second cycle, the headspace of the flask was filled with 1 atm of H, (70 mL, 2.8 mmol,
3.0 equiv.) and the solution was stirred vigorously. The color of the solution turned to dark red
within 5 min. After 12 hrs, the volatile materials were removed under reduced pressure to
yield a red powder. Yield: 530 mg, 93%. X-ray suitable crystals were obtained by rapid
crystallization from a mixture of toluene/hexanes (30 mg of 2.2 in 0.1 mL of solvent at -40 °C
for 6 hrs). '"H NMR (500MHz, CsDs, 293 K): 8(ppm) 7.10 (t, 2 H, p-Ar, *Jun=7.6 Hz), 6.97
(d, 2 H, m-Ar, Jun=7.2 Hz), 5.13 (s, 1 H, HC(C(Me)NATr),), 4.53 (sept, 2 H, CHMe,, *Jun =
6.6 Hz), 3.71 (s, 6 H, CeHs), 2.77 (sept, 2 H, CHMe,, *Juu = 6.9 Hz), 1.73 (s, 6 H,
HC(C(Me)NAr),), 1.45 (s, 9 H, ‘Bu), 1.37 (d, 6 H, CHMe,, *Jun = 6.9 Hz), 1.05 (d, 6 H,
CHMes, *Juu=6.6 Hz), 1.04 (d, 6 H, CHMe,, *Ju=6.6 Hz), 1.00 (m, 6 H, CHMe>, *Jun=6.9
Hz). “C{'H} NMR (125.8 MHz, C¢Ds, 293 K) 8(ppm) 168.56 (C, HC(C(Me)NATr),), 153.15
(C, Ar), 143.08 (C, Ar), 141.31 (C, Ar), 125.71 (CH, Ar), 125.63 (CH, Ar), 124.06 (CH, Ar),
105.21 (broad, CH, CsHg), 103.56 (CH, HC(C(Me)NAr),), 33.04 (CH;, Nb=N'Bu, Cp), 28.46
(CH, CHMe; of C=N4r), 27.39 (CH, CHMe, of C=NA4r), 25.92 (CH3;, CHMe; of C=NA4r),
25.71 (CHs, CHMe; of C=NA4r), 25.07 (CH3, CHMe, of C=NA4r), 24.79 (CH;3;, CHMe; of
C=N4r), 24.70 (CH3, HC(C(Me)NAr),). 13C NMR (100 MHz, C6D6, 293 K) d(ppm) 105.2
(d, CH, C6H6, 'Jey = 170 Hz). 'H NMR (500MHz, CsD)2, 293 K): 8(ppm) 7.12 (dd, 2 H, m-
Ar,Jun="7.6 Hz, *Jun = 1.6 Hz), 7.00 (t, 2 H, p-Ar, *Juu=7.6 Hz), 6.92 (dd, 2 H, m"-Ar, *Jun
=7.6 Hz, “Jun = 1.6 Hz), 5.16 (s, 1 H, HC(C(Me)NAr),), 4.45 (sept, 2 H, CHMe,, *Jun=6.8
Hz), 3.61 (s, 6 H, CsHs), 2.73 (sept, 2 H, CHMe,, *Juuy = 6.8 Hz), 1.77 (s, 6 H,
HC(C(Me)NAr),), 1.35 (s, 9 H, ‘Bu), 1.26 (d, 6 H, CHMe,, *Jun = 6.4 Hz), 1.03 (d, 6 H,
CHMes, *Juu=6.8 Hz), 1.00 (d, 6 H, CHMe,, *Ju=6.4 Hz), 0.98 (m, 6 H, CHMe>, *Jun=6.8
Hz). Anal. Calcd for C39HsoN3Nb; powders: C, 70.99; H, 8.56; N, 6.37. Found: C, 69.61; H,
8.45; N, 6.33. m.p.: 85-86 °C (decomp).

(BDI)Nb(N'Bu)(n 6.C4Ds) (2.2-d5). Benzene-ds (10 mL) was added to a 50-mL Schlenk flask
containing 2.1 (0.219 g, 0.36 mmol, 1.0 equiv.) at room temperature. The clear yellow
solution was degassed with two freeze-pump-thaw cycles. While warming the solution during
the second cycle, the headspace of the flask was filled with 1 atm of H, (40 mL, 1.6 mmol,
4.5 equiv.) and the solution was stirred vigorously overnight. The volatile materials were
removed under reduced pressure to yield a bright red powder (210 mg, 86% yield). The 'H
and C NMR spectra were similar to those of complex 2.2 with the exception of the
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resonance assigned to the coordinated benzene. *H NMR (92 MHz, C¢Ds, 293 K): 8(ppm)
3.60 (br, s, 6D); °C NMR (125 MHz, C¢Ds, 293 K): 8(ppm) 79.96 (t, CD, CsDs, 'Jep= 27.5
Hz). m.p.: decomp 84-85 °C.

(BDI)Nb(N'Bu)(n 6.C7Hg) (2.3). Toluene (30 mL) was added to a 100 mL Schlenk flask
containing 2.1 (0.509 g, 0.83 mmol, 1 equiv.) at room temperature. The clear yellow solution
was degassed with two freeze pump-thaw cycles. While warming the solution during the
second cycle, the headspace of the flask was filled with 1 atm of H, (70 mL, 2.8 mmol, 3
equiv.) and the solution was vigorously stirred. The solution rapidly turned dark red within 5
min and was stirred for 12 h at room temperature. The volatile materials were removed under
reduced pressure to yield a red powder (620 mg, 91%). 'H NMR (500MHz, C-Ds, 293 K):
8(ppm): 7.19 (dd, 2 H, m -Ar, *Juy=8.0 Hz, *Juu=2.0 Hz), 7.09 (t, 2 H, p-Ar, *Jun=7.6 Hz),
6.97 (dd, 2 H, m"Ar, *Jun="7.6 Hz, *Jun = 1.2 Hz), 5.07 (s, 1 H, HC(C(Me)NAr),), 4.61 (sept,
2 H, CHMe,, *Jun=6.5 Hz), 3.93 (t, 1 H, p-C;Hy, *Jun=7.5 Hz), 3.71 (t, 2 H, m-C-Hs, *Jun=
7.2 Hz), 3.59 (d, 2 H, 0-C;Hg, *Jun=5.0 Hz), 2.74 (sept, 2 H, CHMe,, *Jun=7.0 Hz), 1.70 (s,
6 H, HC(C(Me)NAr),), 1.45 (s, 9 H, ‘Bu), 1.37 (d, 6 H, CHMe, *Jun=6.6 Hz), 1.15 (d, 6 H,
CHMe,, *Jun= 6.0 Hz), 1.40 (s, 3 H, CHs of C;Hy), 1.02 (d, 12 H, CHMes, *Juu = 6.6 Hz).
BC{'H} NMR (125.8 MHz, C;Ds, 293 K) 8(ppm) 166.6 (C, HC(C(Me)NAr),), 152.3 (C, Ar),
143.9 (C, Ar), 141.1 (C, Ar), 124.7 (CH, Ar), 124.6 (CH, Ar), 124.0 (CH, Ar), 102 (broad,
CH, C;Hg), 101.5 (CH, HC(C(Me)NAr),), 33.4 (CH;, Nb=N'Bu, Cp), 29.4 (CH, CHMe; of
C=N4r), 27.2 (CH, CHMe; of C=NA4r), 26.4 (CH3, CHMe; of C=NA4r), 25.9 (CHs, CHMe; of
C=N4r), 25.4 (CHs;, CHMe, of C=NA4r), 24.8 (CH;, CHMe, of C=NA4r), 24.50 (CHj,
HC(C(Me)NAr),), 23.2 (broad, CHs, C;Hg). 'H NMR (500MHz, C¢D15, 293 K): 8(ppm) 7.14
(dd, 2 H, m-Ar, *Jun="7.5 Hz, *Juy = 1.8 Hz), 7.01 (t, 2 H, p-Ar, *Jun=7.5 Hz), 6.93 (dd, 2 H,
m'"-Ar,>Juy=7.8 Hz, *Jun = 1.5 Hz), 5.12 (s, 1 H, HC(C(Me)NAr),), 4.54 (sept, 2 H, CHMe,,
3Jun=6.6 Hz), 3.81 (q, 1 H, p-C;Hs, *Jun=4.5 Hz), 3.59 (d, 4 H, o,m-C/Hs, *Jun=4.5 Hz),
2.70 (sept, 2 H, CHMe,, *Jun=6.9 Hz), 1.88 (s, 6 H, HC(C(Me)NAr),), 1.37 (s, 9 H, ‘Bu),
1.29 (d, 6 H, CHMe, Jun=6.9 Hz), 1.26 (s, 3 H, CH; of C;Hy), 1.12 (d, 6 H, CHMe, *Jup =
6.6 Hz), 1.04 (d, 6 H, CHMe>, *Jun = 6.9 Hz), 1.00 (m, 6 H, CHMe,, *Jii = 6.6 Hz). Anal.
Calcd for C4oHs1N3Nb; powders: C, 71.30; H, 8.68; N, 6.24. Found: C, 69.59; H, 8.33; N,
6.18. m.p.: decomp 92-93 °C.

[(BDI)Nb(N’Bu)]z(u—nG:n 6.C4Hg) (2.4). Hexanes (50 mL) was added to a 100-mL Schlenk
flask containing (BDI)(1°-CsHe)Nb(N'Bu) (2.2) (0.378 g, 0.575 mmol). The dark red solution
was stirred for 12 hrs. The volatile materials were removed under reduced pressure to yield a
red powder, which was dissolved in pentane and concentrated to ca. 10 mL. The solution was
stored at -40 °C, and the bright red crystals that formed within 1 day were filtered and residual
solvent was removed under reduced pressure. One molecule of pentane remained present in
the crystal lattice, as confirmed by elemental analysis and '"H NMR spectroscopy. X-ray
suitable crystals were obtained by recrystallization from Et,O. Yield: 0.305 g, 80%. '"H NMR
(500MHz, C¢Ds, 293 K): 8(ppm) 7.10 (t, 4 H, p-Ar, *Juuy=7.6 Hz), 6.97 (dd, 4 H, m-Ar, *Jun
=7.6 Hz, “Jun = 1.6 Hz), 4.92 (s, 2 H, HC(C(Me)NAr),), 4.13 (sept, 4 H, CHMe,, *Jun=6.8
Hz), 3.05 (sept, 4 H, CHMe,, *Juy = 6.8 Hz), 2.41 (s, 6 H, CeHs), 1.68 (s, 12 H,
HC(C(Me)NAr),), 1.27 (d, 12 H, CHMe,, *Juyu = 8.0 Hz), 1.26 (s, 18 H, ‘Bu), 1.23 (m, 6H,
pentane), 1.153 (d, 12 H, CHMe,, *Jun=6.4 Hz), 1.145 (d, 12 H, CHMe,, *Juy=6.8 Hz), 1.08
(d, 12 H, CHMes, *Juu = 6.8 Hz), 0.83 (t, 6H, pentane). C{'H} NMR (125.8 MHz, C¢Ds,
293 K) d(ppm) 168.37 (C, HC(C(Me)NAr),), 151.77 (C, Ar), 142.53 (C, Ar), 142.05 (C, Ar),
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125.96 (CH, Ar), 125.47 (CH, Ar), 123.93 (CH, Ar), 101.59 (CH, HC(C(Me)NAr),), 79.96
(CH, CsHe), 34.45 (pentane), 32.82 (CHs, Nb=N'Bu, Cp), 28.94 (CH, CHMe, of C=N4r),
27.21 (CH, CHMe, of C=NAr), 25.95 (CHs;, CHMe, of C=N4r), 25.86 (CHs;, CHMe, of
C=N4r), 25.73 (CHs, CHMe, of C=NAr), 25.70 (CH;, CHMe, of C=N4r), 25.06 (CH;,
HC(C(Me)NAr),), 22.72 (pentane), 14.25 (pentane). *C NMR (125.8 MHz, C¢Ds, 293 K)
8(ppm) 79.96 (d, CH, C¢He, 'Jon =178.2 Hz). "H NMR (500MHz, C¢D)2, 293 K): 8(ppm)
7.04 (dd, 4 H, m-Ar, *Jun="7.6 Hz, *Juy = 1.6 Hz), 6.97 (t, 4 H, p-Ar, *Jun=7.6 Hz), 6.84 (dd,
4 H, m'"-Ar, *Juu =7.6 Hz, *Jun = 1.6 Hz), 4.93 (s, 2 H, HC(C(Me)NAr),), 3.98 (sept, 4 H,
CHMe,, *Jun=6.8 Hz), 2.91 (sept, 4 H, CHMe,, *Jun=6.8 Hz), 2.27 (s, 6 H, CsHs), 1.69 (s,
12 H, HC(C(Me)NAr),), 1.13 (d, 12 H, CHMe, *Juu = 6.8 Hz), 1.06 (s, 18 H, ‘Bu), 0.995 (d,
12 H, CHMes, *Jun=7.2 Hz), 0.96 (d, 12 H, CHMe,, *Jun="7.4 Hz), 0.94 (d, 12 H, CHMe,,
Sn=17.5 Hz). Anal. Calcd for C77H;13NgNby: C, 70.41; H, 9.05; N, 6.40. Found: C, 70.33; H,
9.11; N, 6.51. m.p.: 117.9-119.4°C.

[(BDI)Nb(N‘Bu)]2(1—1%:n%CsDs) (2.4-ds). The complex 2.2-ds (57.1 mg, 0.086 mmol) was
stirred in hexanes (20 mL) for 12 hrs. The dark red solution was then concentrated to ca. 10
mL and stored at -40 °C to form bright red crystals which were filtered and residual solvent
was removed under reduced pressure (43.2 mg, 76% yield). The 'H and >C NMR spectra
were similar to those of complex 2.4. “H NMR (92 MHz, C¢Ds, 293 K): 8(ppm) 2.2 (br, s,
6D); *C NMR (125 MHz, C¢Ds, 293 K): 8(ppm) 79.96 (t, CD, CsDs, 'Jop=27.45 Hz).

[(BDI)Nb(N’Bu)]z(u—n6:n6-C7H3) (2.5). Hexanes (20 mL) was added to a 50-mL flask
containing the complex (BDI)(n°’-C;Hg)Nb(N'Bu) (2.3) (0.104 g, 0.11 mmol). The red
solution was stirred overnight and the volatile materials were removed under reduced pressure
to yield a dark red powder, which was recrystallized from hexanes at -40 °C (10 mL), yielding
red crystals that were collected by filtration and residual solvent was removed under reduced
pressure (0.057 mg, 72%). One molecule of pentane remained present in the lattice of the
crystal, as confirmed by elemental analysis and "H NMR spectroscopy. Recrystallization from
toluene at -40 °C yielded X-ray suitable crystals within 2 days. "H NMR (500MHz, C;Ds, 293
K): 8(ppm) 7.10 (broad, Ar + C;Ds), 6.90 (dd, 4 H, m-Ar, *Juy= 6.4 Hz, *Juy = 2.4 Hz), 4.84
(s, 2 H, HC(C(Me)NAr),), 4.5 (broad, 4 H, CHMe,, *Jun="7.0 Hz), 2.88 (broad, 2 H, 0-C-Hj),
2.83 (broad, 1 H, p-C;Hg,), 2.76 (broad, 6 H, m-C;Hg and CHMe,), 1.50 (broad, 12 H,
HC(C(Me)NAr),), 1.41 (s, 18 H, 'Bu), 1.31 (d, 12 H, CHMe,, *Juy=6.4 Hz), 1.14 (d, 6 H,
CHMe,, *Jun=6.8 Hz), 1.04 (d, 18 H, CHMes, *Juu="7.0 Hz), 0.61 (broad, 6 H, CHMe,), 0.40
(broad, 6 H, CHMe»). (S00MHz, C;Dg, 353 K): 8(ppm) 7.10 (broad, Ar + C7Ds), 6.90 (d, 4 H,
m-Ar,>Jun=7.6 Hz), 4.86 (s, 2 H, HC(C(Me)NAr),), 4.39 (sept, 4 H, CHMe,, *Juyu="7.0 Hz),
2.88 (broad, 2 H, 0-C;Hs), 2.83 (broad, 1 H, p-C;Hs,), 2.76 (broad, 6 H, 0-C;Hs and CHMey),
2.04 (s, 3 H, CHs of C7Hg), 1.53 (s, 12 H, HC(C(Me)NAr),), 1.38 (s, 18 H, ‘Bu), 1.20 (d, 12 H,
CHMe,, *Jun=6.5 Hz), 1.07 (d, 12 H, CHMe, *Jun=7.0 Hz), 1.05 (broad, 12 H, CHMe,),
0.77 (broad, 12 H, CHMe,). >C{'H} NMR (125.8 MHz, C;Ds, 353 K) &(ppm) 167.95 (C,
HC(C(Me)NAr),), 151.66 (C, Ar), 143.23 (C, Ar), 126.25 (CH, Ar), 124.42 (CH, Ar), 102.98
(CH, HC(C(Me)NAr),), 87.53 (CH, C7Hs), 43.06 (CHs, C;Hg), 32.90 (CH3;, Nb=N'Bu, Cp),
28.29 (CH, CHMe; of C=NA4r), 27.43 (CH, CHMe, of C=N4r), 25.95 (CHs, CHMe; of
C=N4r), 26.52 (CH3, CHMe; of C=NA4r), 25.73 (CHs, CHMe, of C=NA4r), 25.54 (CHj,
CHMe, of C=N4r), 25.29 (CHs, HC(C(Me)NAr),). Anal. Caled for C73H120NegNb,: C, 70.57;
H, 9.11; N, 6.33. Found: C, 70.24; H, 9.85; N, 6.20. m.p.: 132.1-133.7 °C.
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Formation of [(BDI)Nb(N'Bu)(L),] (L = CO, x =2 and L = XyINC, x = 3). CO (1 atm) was
added to an evacuated J-Young tube containing 2.2 (12.0 mg, 18.2 mmol) or 2.3 (17.2 mg,
25.7 mmol) in C¢D1», resulting in a slow color change from dark red to green within 6 hrs or 4
hrs, respectively. Solution analysis by 'H and 'C NMR spectroscopies agreed with the
formation of the previously reported complex (BDI)Nb(N'Bu)(CO), (1.1).** Similarly, 5
equivalents of XyINC (10.9 mg, 83.1 mmol) were added to a J-Young tube containing 2.2
(11.2 mg, 17.8 mmol) or 2.3 (13.5 mg, 20.0 mmol) in C¢D, resulting in a fast color change
from dark red to purple within 2 hrs or 40 min, respectively. The product formed was assigned
by 'H and "“C NMR spectroscopies to the previously reported complex
(BDI)Nb(N'Bu)(CNXyl);.*?

Reaction with N,O to form [(BDI)Nb(N'Bu)(u2-0)].. Addition of 1 atmosphere of N,O to a
J-Young tube containing 2.2 (11.8 mg, 17.2 mmol) in C¢Ds or 2.3 (13.2 mg, 19.6 mmol) in
C;Dg resulted in a color change from dark red to bright orange within 20 min or 5 min,
respectively with yellow microcrystalline material rapidly crystallizing out of the solution.
This yellow material has been assigned by 'H NMR spectroscopy in both cases to the
previously synthesized [(BDI)Nb(N'Bu)(u,-O)]> complex.*

Formation of (N(Ar)C(CH;)CHC(CH;))(THF)Nb(N'Bu)(NAr). Heating a solution of 2.2
(11.2 mg, 17.0 mmol) or 2.3 (11.9 mg, 17.8 mmol) in THF-dsto 70 °C for 1 hr resulted in the
formation of (MAD)(THF)Nb(N'Bu)(NAr) (MAD = N(Ar)C(CH;3)CHC(CH3), confirmed by
"H NMR spectroscopy), which was previously synthesized via a different route.*>

[[((BDI*)Nb(N'Bu)] [(BDI)Nb(N'Bu)](1—1 1 *CeHe) | [B(CFs)s] (2.6). Et:O (20 mL) was
added to a 50-mL flask containing the complex [(BDI)Nb(N'Bu)]o(u-n"n°-CsHe) (2.4)
(0.180 g, 0.136 mmol, 1.0 equiv.) and the red solution was cooled to -80 °C. 10 mL of a
diethylether solution of [(H(OEt,)][B(CsFs)4] (97 mg, 0.143 mmol, 1.05 equiv.) was added to
the red solution, and the mixture was stirred at -80 °C for 20 min, warmed to room
temperature and stirred overnight. The purple microcrystalline material that formed was
separated by filtration, washed with Et,O (2 x 20 mL) and extracted with DCE (10 mL). The
resulting purple solution was cooled at -15 °C to yield dark purple crystals (150 mg, 61%). X-
ray suitable crystals were obtained by recrystallization from DCE. 'H NMR (500MHz,
CsDsCl, 293 K): 6 (ppm) 7.16 - 6.87 (multiple peaks, broad, Ar + C¢DsCl), 5.05 (s, 1 H,
HC(C(Me)NAr),), 4.99 (d, 1 H, CHH(C(Me)NAr),), *Juy = 16.3 Hz), 3.79 (d, 1 H,
CHH (C(Me)NAr),), “Jun=16.2 Hz), 3.70 (sept, 2 H, CHMe,, *Jun="7.0 Hz), 3.47 (sept, 2 H,
CHMe,, *Jun=7.0 Hz), 2.75 (sept, 2 H, CHMe,, *Jun= 7.0 Hz), 2.40 (s, 6 H, CsHs), 1.90
(sept, 2 H, CHMe,, *Juy = 7.0 Hz), 1.80 (s, 6 H, CHH’(C(Me)NAr),), 1.63 (s, 6 H,
CH(C(Me)NAr),), 1.12 (d, 6 H, CHMe,, *Juyu = 6.8 Hz), 1.08 (s, 9 H, ‘Bu), 1.01 (d, 6 H,
CHMes, *Jun=6.4 Hz), 1.00 (d, 6 H, CHMe>, *Jun=6.8 Hz), 0.95 (d, 6 H, CHMe,, > Juy=7.0
Hz), 0.92 (d, 6 H, CHMe,, *Jun=6.4 Hz), 0.88 (d, 6 H, CHMe,, *Juyu=6.4 Hz), 0.85 (d, 6 H,
CHMes, *Jun = 6.4 Hz), 0.84 (s, 9 H, ‘Bu), 0.74 (d, 6 H, CHMe,, *Juu = 6.4 Hz). "C{'H}
NMR (125.8 MHz, C¢DsCl, 293 K) d(ppm) 167.5 (C, HC(C(Me)NAr),), 164.9 (C,
HC(C(Me)NAr),), 151.66 (C, Ar), 150.5 (C, Ar), 147.3 (C, Ar), 143.23 (C, Ar), 140.03 (CH,
Ar), 138.5 (CH, Ar), 126.25 (CH, Ar), 124.42 (CH, Ar), 102.98 (CH, HC(C(Me)NAr),), 80.6
(CH, CsHg), 68.8 (CH,, HC(C(Me)NAT),), 32.9 (CH;, Nb=N'Bu, Cp), 31.4 (CH;, Nb=N'Bu,
Cp), 29-27 (CH, CHMe; of C=N4r), 25-22 (CHs, CHMe, of C=N4r). >C NMR (125.8 MHz,
CsDsCl, 293 K) 8(ppm) 80.6 (d, CH, CsHs, 'Je=178.9 Hz). "’F NMR (470.4 MHz, C¢DsCl,
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293 K) d(ppm) -133.8, -166.1 and -169.6 (B(CsFs)4). Anal. Calcd for CocH197N6¢Nb2B1F20: C,
60.01; H, 5.61; N, 4.37. Found: C, 59.76; H, 5.56; N, 4.30. m.p.: 215.4-217.5 °C.

[[(BDI*)Nb(N'Bu)]2(n—1*:m ®-CeHe)1[B(C6Fs)4]2 (2.7). Chlorobenzene (20 mL) was added to
a 50-mL flask containing the complex [[(BDI")Nb(N‘Bu)][(BDI)Nb(N'Bu)](u-n°mn°-
CsHe)][B(CsF5)4] (2.6) (0.180 g, 0.09 mmol, 1 equiv.). To the dark purple solution was added
10 mL a chlorobenzene solution of [(H(OEt,)][B(CsFs)4] (168 mg, 0.20 mmol, 2.1 equiv.) at
room temperature and the mixture was stirred overnight, resulting in a clear orange solution.
The volatile materials were removed under reduced pressure to yield an orange powder, which
was washed with Et;O (2 x 20 mL) and extracted with 10 mL a,a,a-trifluorotoluene. Et,O
(20 mL) was layered over the a,o,0-trifluorotoluene solution at room temperature, yielding
bright orange X-ray suitable crystals within 2 days, which were filtered and residual solvent
was removed under reduced pressure (100 mg, 42%). One molecule of a,a,a-trifluorotoluene
remained present in the lattice of the crystal, as confirmed by elemental analysis, X-ray
crystallography and 'H NMR spectroscopy. 'H NMR (500MHz, C¢DsCl, 293 K): & (ppm) 7.38
(broad, 2 H, Ar), 7.20 (broad, 4 H, Ar), 7.06 (broad, 2 H, Ar), 6.90 (broad, 2 H, Ar), 6.84
(broad, 2 H, Ar), 478 (d, 1 H, CHH’(C(Me)NAr),), *Jun = 16.5 Hz), 3.98 (d, 1 H,
CHH (C(Me)NAr),), *Jun=16.2 Hz), 3.30 (broad, 2 H, CHMe,), 3.14 (broad, 2 H, CHMe,),
2.55 (s, 6 H, C¢Hs), 1.90 (s, 6 H, CHH’(C(Me)NAr),), 1.83 (broad, 10 H, CH(C(Me)NAr), +
2 CHMey), 1.08 (broad, 12 H, CHMe,), 0.94 (broad, 12 H, CHMe;), 0.84 (s, 30 H, ‘Bu), 0.73
(broad, 12 H, CHMe,). “C{'H} NMR (125.8 MHz, C¢DsCl, 293 K) &(ppm) 167.95 (C,
H,C(C(Me)NAr),), 150.5 (C, Ar), 147.3 (C, Ar), 140.03 (CH, Ar), 138.5 (CH, Ar), 84.16 (CH,
CsHg), 68.8 (CH,, H,C(C(Me)NAr),), 31.4 (CHs, Nb=N'Bu, Cp), 29-27 (CH, CHMe, of
C=N4r), 25-22 (CHs, CHMe, of C=N4r). *C NMR (125.8 MHz, C¢DsCl, 293 K) §(ppm)
84.2 (d, CH, C¢Hg, 'Jeu=184.5 Hz). "F NMR (470.4 MHz, C¢DsCl, 293 K) 8(ppm) -62.7
(PhCFg,), -133.8, -166.1 and -169.6 (B(C6F5)4). Anal. Calcd for C131H120B2F43N5Nb21 C, 56.50;
H, 3.69; N, 3.02. Found: C, 56.63; H, 3.81; N, 2.78. m.p.: 204.9-206.2 °C.

Kinetic NMR Studies. The kinetics of the reaction that transformed 2.2 to 2.4 were followed
by '"H NMR spectroscopy in a J-Young tube with a 0.07 M solution of 2.2 in C¢Dy, at
different temperatures and in presence of various concentrations of benzene. The rate
constants determined by the disappearance of starting material and appearance of product
were identical. The mass balance was conserved, with no loss of material, upon time in each
experiment. When the Cg¢D;, was stored over molecular sieves, the kinetic data were
inconsistent and not reproducible. This was attributed to the acidity of the sieves,* which may
lead to the formation of side products. Reproducible kinetic data were obtained either by
using NMR solvents stored in the absence of molecular sieves or by stirring the solvent over
basic alumina and filtering prior to use. Complex 2.2 was added to a J-Young tube (22.1 -
23.3 mg, 0.032 - 0.033 mmol), followed by 0.4 mL of C¢H¢/CsD12 stock solution containing
4.92 mM internal standard (tetrakis(trimethylsilyl)silane). The concentration of each species
was calculated by integrating the methyl peaks of the BDI backbone (1.77 ppm for complex
2.2 and 1.69 ppm for complex 2.4) relative to the internal standard. All data used for the
Eyring plot were obtained using the same C¢D;,-C¢Hg-internal standard stock solution to
minimize experimental error (4.92 mM internal standard and 0.593 M C¢Hg). Temperatures
inside the probe were determined as a function of the frequency difference (in Hz) between
the two signals observed for a 100% ethylene glycol.®’
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Figure 2.13 Second order fit of the conversion of complex 2.2 into 2.4 at 330 K with different
loading of benzene.
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Figure 2.14 Second order fit of the conversion of complex 2.2 into 2.4 at different
temperatures [313 — 344] K.
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Selective Inversion Recovery (SIR) experiments.*”® The kinetics of the intramolecular
rearrangement reactions were studied at six different temperatures within the range of 235-
265 K. Temperatures were calculated using a 100% methanol sample by measuring the
separation between two peaks in Hz.®' For complex 2.5, the SIR experiment was performed
by saturating the resonance at 2.55 ppm, then following the exchange with the resonance at
2.95 ppm, corresponding to the CH group of the isopropyl moiety. These resonances were
unambiguously assigned using a combination of COSY, TOCSY, NOESY, HSQC and HMBC
experiments. Unfortunately, the latter resonance overlaps with the peaks of the meta and para
protons of the bridging toluene. This was corrected by subtracting 3/5 of the value for each
data point, since the signal of interest integrates for 2 H atoms and the signals for the meta and
para hydrogens of toluene integrate to 3 H atoms.

X-Ray crystallography studies. X-ray structural determinations were performed on a Bruker
SMART 1000 or SMART APEX diffractometer. Both are 3-circle diffractometers that couple
a CCD detector® with a sealed-tube source of monochromated Mo Ka radiation (A = 0.71073
A). A crystal of appropriate size was coated in Paratone-N oil and mounted on a Kapton®
loop. The loop was transferred to the diffractometer, centered in the beam, and cooled by a
nitrogen flow low-temperature apparatus that had been previously calibrated by a
thermocouple placed at the same position as the crystal. Preliminary orientation matrices and
cell constants were determined by collection of 60 10 s frames, followed by spot integration
and least-squares refinement. The reported cell dimensions were calculated from all
reflections with / > 10 o. The data were corrected for Lorentz and polarization effects; no
correction for crystal decay was applied. An empirical absorption correction based on
comparison of redundant and equivalent reflections was applied using SADABS.* All
software used for diffraction data processing and crystal-structure solution and refinement are
contained in the APEX2 program suite (Bruker AXS, Madison, WI).* Thermal parameters for
all non-hydrogen atoms were refined anisotropically. For all structures, R; = Z(|F,| -
IF)/Z(FS)); wRy = [E{w(Fy’ - FO*E{w(F)*}]1"*. Thermal ellipsoid plots were created
using the ORTEP-3 software package and POV-ray."’
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Table 2.2

Compound 2.2 2.4¢C4H ;40 2.5-C;Hg
Formula C39Hs6N3Nb C76H116NsNbO CgoH116NsNb,
Formula weight 659.78 1313.59 1347.61
Space Group P2,2,2, Pna2, Pna2,
a(A) 9.9013(5) 21.775(4) 23.114(5)

b (A) 18.7383(11) 25.726(4) 17.957(4)

¢ (A) 18.9322(10) 12.645(2) 17.525(4)
 (°) 90 90 90

B(©) 90 90 90

v () 90 90 90
V(A% 3512.6(3) 7083(2) 7274(3)

Z 4 4 4

Pealed (g/cm’) 1.248 1.234 1.231

Fooo 1408 2816 2880

i (mm™) 0.373 0.370 0.361
Tonin/ Trmax 0.9637/0.9852 0.9363/0.9639 0.8993/0.9892
No. rflns measured 19888 111211 142569
No. indep. rflns 6335 12991 13354
Rint 0.0758 0.0322 0.0827
No. obs. (I> 2.005(])) 6335 13169 13354
No. variables 425 807 822

R1, WR, 0.0473,0.0822 0.0205, 0.0500 0.0345, 0.0681
R, (all data) 0.0811 0.0223 0.0467
GoF 0.982 1.060 1.042
Res. peak/hole (¢ 7A%) 0.365/-0.553 0.583/-0.122 0.800/-0.397
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Table 2.3

Compound

2.6

2.7°PhCF3;

Formula
Formula weight
Space Group
a(A)

b(A)

c(A)

a ()

B(°)

7 (°)

V(A%

Z

Peatea (g/em’)
Fooo

u (mm’)
Tomin/ Tinax

No. rflns measured

No. indep. rflns
Rint

No. obs. (/> 2.000(1))

No. variables
Ri, wR;

R, (all data)
GoF

Res. peak/hole (e 7A%)

Coe Hi107B1F20NsNb,

1921.51
P
14.834(5)
17.750(5)
17.811(5)
82.109(5)
75.003(5)
86.878(5)
4486(2)

2
1.422
1984
0.347
0.9030/0.9795
82723
16401
0.0312
16401
1184
0.0304, 0.0659
0.0425
1.012
0.337/-0.534

Ci27 H124B2F43NeNb,

2742.64
P
15.2951(10)
19.8041(13)
21.4734(15)
86.047(3)
73.864(4)
74.382(3)
6017.4(7)
2
1.514
2792
0.310
0.9265/0.9726
95984
21919
0.0419
21920
1627
0.03630, 0.0830
0.0505
1.035
1.889/-0.847
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Chapter I11

Synthesis, Electronic Structure and Reactivity of a Mixed-
Valence Benzene Inverted-Sandwich Diniobium Complex
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Introduction

Since the discovery of metallocenes, the bonding modes and structures of
organometallic molecules have been an important facet of chemistry over the last sixty
years." Among these molecules, arene complexes have drawn particular attention. Species
that contain an arene coordinated in between two metal ions — so-called inverted-sandwich
complexes — have been highly sought since the first report of the vanadium triple decker
[CpV]2(u-n’n’-CeHe) thirty years ago.” Not only they are fascinating molecules from a
structural perspective, they also provide an interesting starting platform for further reactivity
and open new synthetic routes for the synthesis of highly reactive complexes.® To-date,
inverted sandwich complexes containing many different metal ions from the s-, p-, d- and f-
block elements have been prepared and studied, and potential applications in the development
of organic transformations and materials synthesis have been demonstrated.*’

Another class of important molecules are mixed-valence dimers in which an electron
may be either localized on one metal center or delocalized across both.® The initial report in
1969 by Creutz and Taube of the mixed-valence quintuply charged decaammine(u-pyrazine)
bisruthenium ion” has inspired hundreds of publications,'®'" and a number of debates over the
electronic structure of these types of molecules'?."*"”

Although it is certain that both the above-mentioned vanadium and ruthenium dimers
have had a considerable impact, to the best of our knowledge, only three mixed-valence
inverted-sandwich dimers have been reported."®*° Most arene-inverted sandwich are
described as having n— and 8- back donation from the metal centres to the unoccupied
orbitals of the arene. In this model, spin density is transferred to the arene but when oxidants
react with these dimers, reductive cleavage occurs at the metal centre, so that the arene ring
acts as an electron reservoir to give highly electron rich systems.®'® Recently, Arnold et al.
provided the first example of arene functionalization using a neutral inverted sandwich
complex of uranium with the report of a remarkable direct C-H borylation.”’ A key point in
this reaction is a formal disproportionation that allows the arene to be reduced. The idea of a
formal disproportionation, in which a single electron is transferred to another metal in a
bimetallic process, is of great importance in inverted sandwich complexes because their high
symmetry suggests that they always provide two electrons to react, one from each metal
center, so that radical chemistry or single electron transfer (SET) is not expected. A way to
circumvent this problem and access radical chemistry with such complexes is to synthesize
electronically unsymmetrical inverted sandwiches, i.e. mixed valent inverted sandwiches. At
this stage, the extent of delocalization of the unpaired electron and its influence on the
chemical reactivity have not been addressed.'®° Notably, Mazzanti and coworkers recently
showed reactivity between K™ and a neutral benzene inverted sandwich complex of uranium
that disproportionates and forms a mixed valent benzene inverted sandwich complex." In the
present report, the reason for the stability of such mixed valent species, whether it comes from
the nature of the bonding with the arene ring (delocalization) or from the nature of the
counter-cation that provides structural and/or electronic stability, is addressed.

In the previous chapter (chapter 1) we described the synthesis and kinetics of
formation of a diniobium benzene inverted sandwich complex {[Nb(BDI);N'Bu,](u-CsHp)},
3.1 (Figure 3.1) that was found to be unreactive with most small molecules.”” This surprising
observation led us to probe its redox behaviour as a potential means to activate the molecule
toward further reactivity. Here, we present the controlled one-electron oxidation of 3.1 that
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leads to the formation of a stable cationic mixed-valent diniobium arene inverted sandwich
complex {[Nby(BDI);N'Bu,](u-CsHe)} {B(CsFs)s}, 3.2. X-Ray crystallography, NMR
spectroscopy, cyclic voltammetry (CV), UV-Visible spectroscopy, solid-state magnetism,
EPR, and DFT calculations of 3.2 are discussed and used to help understand the electronic
structure of 3.2. Furthermore, the reactivity of 3.2 sheds additional light on its electronic
structure.

Results and discussions

Synthesis and structural studies. The one-electron oxidation of the inverted sandwich
complex 3.1 with [Ag][B(C¢Fs)4] in Et;O led to a colour change from deep red to deep green
within 10 mins, followed by precipitation of a yellow/green microcrystalline powder within
an hour. The solid residue obtained after removal of the reaction solvent was washed several
times with Et,O and extracted with o,o,0-trifluorotoluene. Crystallization at —35 °C afforded
green crystals of {[Nb(BDI)N'Bu]y(u-CsHe)} {B(C¢Fs)s}, 3.2, in moderate yield (68 %,
Scheme 3.1). X-ray quality crystals of complex 3.2 were obtained from recrystallization in
DCE at -15 °C overnight (Figure 3.1).

Scheme 3.1

t
ﬁN Ar AQ[B(C6F5)4] E\N,Ar /DN{)/,”, ....... ﬁr
N-Nb— Nblll “, \

N ==—Nb </ 1
Agun’ \;/ "z A Ar’Ng
0°C BuN

Figure 3.1 ORTEP of the cationic part of 3.2, {[Nby(BDI);N'Bu,](u-CsHe)}". ProAr groups
of BDI ligand, CH; groups of ‘BuN ligand, counter ion [B(CsFs)s]” and hydrogens have been
removed for clarity. Selected bond distances in A: Nb2-C1, 2.225(5); Nb2-C2, 2.226(5); Nb1-
C3, 2.466(5); Nb1-C6, 2.384(5); Nb1-C4, 2.397(5); Nb1-C5, 2.480(5); C1-C2, 1.520(7); C2-
C3, (1.460(7) A), C3-C4, (1.390(8) A), C4-CS5, (1.446(8) A), C5-C6, (1.382(8) A); C6-C1
(1.454(7) A).
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Unlike 3.1, in which the sandwiched benzene is symmetrically bound to the two metal
centres via a w’-n°n° coordination mode, 3.2 is best described as having a u-n’n’
coordination mode, which we believe is unprecedented. This leads to a dramatic increase in
the Nb-Nb distance of 4.656(4) A as compared to 3.914(5) A in 3.1. The benzene ring is
slightly distorted with a mean deviation from planarity of 0.07 A, a dihedral angle of 14.9°
and alternation of C-C bond distances. While C(2)-C(3), (1.460(7) A), C3-C4, (1.390(8) A),
C(4)-C(5), (1.446(8) A), C(5)-C(6), (1.382(8) A) and C(6)-C(1) (1.454(7) A) follow typical
alternation of single and double bonds, C(1)-C(2) is significantly elongated (1.520(7) A) so
that Nb(1) appears to carry the single electron and interacts with a butadiene-like fragment of
the arene, while Nb(2) carries the two remaining electrons and interacts with the remaining
arene it bond at C(1)-C(2). This picture is reinforced by the short Nb(2)-C,, bond length of the
n’- interaction (2.22 A) compared to the longer Nb(1)-C,, distance to the four C atoms
engaged in the n*-binding (2.43 A). Additionally, the distortion of the BDI moiety around
Nb(2) and the Nb(2)-C(31)(BDI) distance of 2.638(9) A suggests the presence of an
intramolecular donation from the st-system of the BDI ligand into the metal center, supporting
a strong metal-arene interaction between the d electrons of Nb(2) atom and the empty s
orbital of the C(1)-C(2) ethylene-like fragment. This intramolecular interaction between the
BDI backbone and the metal center has been observed previously in Zr(IV),”? Ti(IV),*® and
lanthanide complexes.”” As was observed in 3.1, the Nb=N(‘Bu) groups are trans to each
other in order to minimize steric interactions.

On the basis of these solid-state structural data, the one electron oxidation of 3.1
results in the formation of an asymmetric complex in which Nb(2) interacts strongly with a
C2 moiety of the benzene fragment, while Nb(1) is coordinated to the remaining C4 moiety of
the benzene. The Nb(1)-N(BDI) distances of 2.152(4) A and 2.144(4) A differ slightly from
the Nb(2)-N(BDI) distances of 2.177(4) A and 2.191(4) A in agreement with the altered
coordination environment. Even though it is clear that the two niobium centres are not
identical, the Nb-C distances reported for 3.1 are close to those observed in 3.2 and it is
difficult to draw conclusions concerning the electronic structure from the structural data alone.

Cyclic Voltammetry. Cyclic voltammetric studies were carried out on complexes 3.1 and 3.2
in o,o,0-trifluorotoluene. For 3.1, two features are observed (Figure 3.2). The first is a
reversible process with Ej, = -0.48 V vs. Ag/Ag’ (-0.93 V vs. Fc'/Fc) while the second is
irreversible with an oxidation potential of E, = + 0.15 V vs. Ag/Ag (-0.44 V vs. Fc'/Fc).
Integration of the current wave compared to an equimolar solution of 3.1 and Cp,Co is
indicative of a one-electron oxidation to form a mixed valent species, while the second wave
is an irreversible two-electron oxidation. Upon reduction, the cyclic voltammogram of 3.2
shows the same reversible peak at E;» = -0.48 V vs. Ag/Ag’, allowing the assignment of this
signal to the one-electron process that converts 3.1 to 3.2. This half-potential is within the
range reported for the reversible electrochemical oxidation of a series of isolated (n’-
CsH4SiMes),Nb(IIT)CI(L) (L = phosphine or alkyne, E;, = [-1.69 to -0.89] V vs. Fc'/Fc),*®
which suggests that the one electron event observed here is likely metal-based. Although 3.1
and 3.2 possess different structures in the solid state, it is clear from the electrochemical
quasi-reversibility of the first oxidation wave that the structural rearrangement is minimal in
solution and on the time scale of the CV.
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Figure 3.2 Cyclicvoltametry of complex 3.1 in a,o,0-trifluorotoluene
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Figure 3. 3 Cyclicvoltametry of complex 3.1 in a,0,a-trifluorotoluene with a scan rate of
100mV/s referenced to [szCO]O/ " internal standard.

NMR spectroscopy. The '"H NMR spectrum of 3.2 in CDCl; is unusual (see Figure 3.3).
Although the peaks are broad and shifted as expected for a paramagnetic species (see below),
and the temperature dependence of the chemical shift from 253 K to 373 K (see Figures 3.4
and 3.5) along with the very fast longitudinal relaxation times (T; = [5 - 12.7] ms, Figure S.6)
further support the paramagnetic character of the analyzed species,””° all the resonances are
located close to the typical diamagnetic region (12 to -5 ppm) and the small number of peaks
(8) along with their relative integrations are not consistent with the symmetry observed in the

solid state. Additionally, no signals are observed in the C NMR within a reasonable
accumulation time.
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Figure 3.6 Temperature dependence of the chemical shifts of 3.2

In order to wunderstand this spectrum, an equimolar mixture of 3.2 and
trimethoxybenzene (used as internal standard) was analysed by '"H NMR spectroscopy. The
'H NMR signals of 3.2 were integrated and compared to those of the internal standard. This
experiment revealed that only half of the number of hydrogens expected for 3.2 are observed
in the "H NMR spectrum, corresponding to a single BDI ligand and to one ‘Bu imido group.
The other BDI ligand and ‘Bu imido ligand as well as the u-benzene are not observed. This
has been further confirmed by 'H NMR analysis of the deuterated benzene analog 3.2-dj,
which exhibits a similar spectrum to 3.2, while no resonance are detected in the “H NMR
spectrum.

This behavior is in agreement with a single electron that is mostly localized on one
niobium center, Nb(1), on the NMR time scale. Within this conjecture, the protons that are the
closest to the paramagnetic center relax very fast and their chemical shifts are strongly shifted
mostly because of the pseudo-contact term,”® which results in complete broadening of their
signals. On the other hand, the nuclei that lie the farthest from the paramagnetic metal center
are less influenced by the pseudo-contact term and are therefore more likely to be observed in
the typical diamagnetic region. The Fermi contact term is, however, important because it is
clear from the EPR (see below) that the spin density of the unpaired electron is delocalized
enough to cause hyperfine coupling with both metals centres. '"H NMR chemical shift
calculation attempts confirmed this phenomenological observation but did not lead to
satisfactory quantitative values. From this NMR analysis it is possible to conclude that the
two niobium metal centres are not electronically identical, but the exact extent of the
delocalization is difficult to ascertain with any degree of precision.
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UV-vis spectroscopy. Electronic spectroscopy is often used to classify Creutz-Taube ions
focusing on the presence (or absence), and intensity of the intervalence charge transfer band
(IVCT)."? The spectrum of 3.2 in toluene features a broad, Gaussian shaped and relatively
strong band (¢ ~ 2500 cm'M™") centred at 700 nm (14,285 cm™) and another at 430 nm
(23,250 cm™) (See Figure 3.6). The large absorbance of these features is not consistent with
Laporte forbidden d-d transitions and could involve charge transfer processes.

In order to gain further insight into the nature of these transitions, TD-DFT
calculations were performed on 3.2. Two transitions are predicted at around 450 nm and are in
agreement with MLCT transitions involving the benzene ligand. The presence of a similar
transition in the neutral and symmetric complex 3.1 is in agreement with this assignment
(Figure 3.7, blue curve). In addition, another transition is observed at 653 nm in the TD-DFT
calculations and is blue shifted compared to that at 700 nm, observed in the experiment.
Nevertheless, this transition can be described as an electron transfer from the SOMO (Nb(1))
into an empty d orbital located on the other Nb ion (Nb(2)), a formal d-d transition in which
the oxidation state of Nb(2) is transferred to Nb(1) via an IVCT. In strongly delocalized
systems these bands are very strong and sharp. On the other hand, they are broad and less
strong in less delocalized systems. In this case, based on the experimental data, values of Hyp
of 150031cm'l and o’ of 0.011 are calculated, which classify 3.2 as a class II mixed valence
system.
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Figure 3.7 Visible spectra of 3.1 and 3.2 in a,o,o-trifluorotoluene at room temperature.
Electronic absorbance spectrum of 47.8 mM solution of 3.1 and 38.2 mM solution of 3.2 in
a,a,0-trifluorotoluene. Complex 2: 326 nm (27000 cm™'M™); 426 nm (3200 cm™'M™); 704
nm (2430 cm'M™).

EPR and Magnetic Studies. Magnetic data for 3.2 were measured in the solid state using a
SQUID magnetometer over the temperature range 5-300 K (see experimental, figures 3.12-
3.13). The effective moment at room temperature is 1.8 pefr, in agreement with S=1/2 and one
unpaired electron. We then turned to EPR spectroscopy to determine the location of this spin.
An X-band EPR spectrum of 3.2 was recorded in the solid state at both 298 K and 4 K (see
experimental, Figure 3.14-3.15), and in a frozen solution (4K) of a,o,o-trifluorotoluene
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(Figure 3.8). Niobium has an I = 9/2 nuclear spin, so a 10-line pattern is expected if the spin is
located on a single metal center in an isotropic environment; in contrast, 19 equally spaced
lines should be observed if the spin is delocalized over two magnetically equivalent niobiums.
However, the experimental data are not in agreement with either of these two extremes,
suggesting a more complex electronic structure.
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Figure 3.8 X-Band EPR spectrum (black dashed line) of 3.1 recorded in frozen solution of
a, o, oo -trifluorotoluene at 4K. The red line corresponds to the simulated data for the
parameters implemented in Table 3.1.

The best simulation (Figure 3.8) of the EPR data was obtained using two niobium
atoms that have different hyperfine coupling constants (A **Nb) and in a slight rhombic
symmetry (viz. g = 1.980, g» = 1.991, g3 = 1.997). Nb(1) has a large hyperfine coupling
constant of 290 MHz (~ 103 G) and two lower ones (150 and 100 MHz), while Nb(2) is
isotropic (165 MHz, ~ 59 G). No superhyperfine '*N coupling constants were used because
the line shape is significantly broadened. G matrix and coupling constant calculations were
carried out with the ORCA program and are in agreement with a description with only
minimal differences in the hyperfine coupling constants (Table 3.1). Therefore the EPR data
reinforce the bonding picture provided by the solution and solid-state data that can be
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summarized as follows: complex 3.2 can be viewed as if Nb(1) carries the single electron in
the dx».y» orbital while Nb(2) uses the filled dy.y» to form a bond with an E,, orbital of the
benzene. The sole electron delocalizes only to a small extent into the empty dy, orbital of
Nb(2) through the other (empty) E,, benzene orbital.

Table 3.1. Principal experimental and calculated EPR data for complex 1 (hyperfine coupling
constants, A, are give in MHz).

g1, 2, & A Nb, A Nb,

Exp 1.980 1.991 1.997 100 150 290 165 165 165
PBE( 1.9791.991 1.997  -125-130-295 171 171 187
B3LYP 1.9791.9922.000 -91 -90 -264 191 174 175

DFT calculations. Finally, DFT calculations were performed on 3.1 and 3.2. The geometries
of both complexes were optimized from their X-ray structures; a spin restricted closed shell
electronic structure was assumed for 3.2 and an unrestricted open shell doublet for 3.2. The
correlation between calculated and experimental bond lengths is reasonable (see metrical
parameters SI). As both complexes feature distorted benzene ligands, the energy differences
between free benzene and the benzene fragments in 3.1 and 3.2 have been calculated; in the
complexes the benzene rings are 23.7 kcal.mol” and 22.7 kcal.mol™" less stable, respectively,
than in free benzene. Moreover, the average C-C distance in the benzene ring in 3.1 is 1.458
A as compared to 1.394 A in free benzene. Taken together, these observations suggest strong
Nb — benzene charge transfer in 3.1, which is supported by the partial atomic charge data in
Table 3.2. Although the absolute values of the charges differ significantly between the
different approaches, all three indicate substantial build up of electron density on the arene
ligand.

Table 3.2 Partial atomic charges on the niobium atoms and benzene fragments in 3.1 and 3.2,
calculated using the Mulliken, Hirshfeld and QTAIM approaches.

Mulliken  Hirshfeld QTAIM

Nb1 2.89 0.63 1.88
1 Nb2 2.90 0.63 1.87
benzene -2.46 -0.38 -1.16
Nb1l 2.82 0.68 1.87
2 Nb2 2.68 0.68 1.92
benzene -1.69 -0.25 -0.79
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The interaction energy between the two Nb fragments and the benzene ring in 3.1 has
been calculated using the Ziegler-Rauk energy decomposition scheme.’® The large total
bonding energy (142.9 kcal.mol) and the fact that the orbital interaction term contributes
47% of the overall stabilising contribution, reinforce the conclusion of a strong interaction
between the arene ring and the metal centre. Consistent with such an interaction, and that it
features metal — benzene charge transfer, are the canonical HOMO-1 and HOMO, shown in
Figure 3.9. Both orbitals are clearly 6—backbonding.

Figure 3.9 HOMO-1 (-3.934 eV: 13.0% Nbl d, 17.1% Nb2 d, 1.1% Nb2 s, 38.1%
C(benzene) p) and HOMO (-3.875 eV. 20.8% Nbl d, 17.1% Nb2 d, 35.0% C(benzene) p) of
3.1. Isosurface value = 0.05.
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The benzene ring in complex 3.2 is not in alignment with the Nb — Nb axis as
observed in 1. Interestingly, when geometry optimization of 3.2 was performed by starting
from the optimized structure of 3.1, removing one electron and employing the spin
unrestricted approach, the calculation converged to a different geometry than that found when
starting from the solid-state structure of 3.2. The new optimized geometry is only 2.4
kcal.mol™ less stable than the previous optimized one and is surprisingly in better agreement
with the X-ray structure of 3.2. This little difference may explain why the CV shows a quasi-
reversible wave for the one electron oxidation of 3.1 (the energy of structural rearrangement is
very small). Figure 3.10 shows the spin density, the SOMO and oo HOMO of 3.2. The spin
density indicates much greater localization of the unpaired electron on Nb1l (0.66) than Nb(2)
(0.06), with significant spin density located on carbons of the benzene ring (0.14 for C3 and
0.15 for C6, respectively). The spin density and SOMO plots are in good agreement with the
EPR data. The SOMO is much more localised on Nb(1) than Nb(2), as is the spin density, so
that both niobium ions contribute (but not equally) to the overall EPR signal. As an additional
note, the calculated EPR data and experimental EPR data were in good agreement. Both the a
and 3 components of the HOMO show a very strong interaction between two carbon atoms of
the benzene and Nb(2) so that the C-Nb(2)-C unit may be described as a metallacyclopropane.
This explains the longer distance found for C(1)-C(2) of 1.520(7) A.

Figure 3.10 Spin density (left, blue = a, red = 3, isosurface = 0.003), SOMO (middle, -6.349
eV. 41.4% Nbl d, 1.6% Nb 1 s, 2.5% Nb2 d, 1.4% Nb2 p, 23.0% C(benzene) p) and o
HOMO (right, -6.941 eV. 3.9% Nbl1 d, 26.2% Nb2 d, 1.4% Nb2 p, 42.4% C(benzene) p).
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Returning to table 3.2, all three charge schemes indicate that the biggest change
between 3.1 and 3.2 is for the benzene ring, suggesting that some of the charge build up on
the ring arising from d backbonding in the neutral is pulled back in the cation. The Mulliken
data suggest that this leads to a reduction in the positive charge of the metals from 3.1 to 3.2,
while the other two methods indicate little change in the metal charge.

Reactivity studies. Unlike the neutral sandwich complex 3.1, which is extremely stable (both
chemically and thermally), 3.2 is very reactive at room temperature, even toward coordinating
solvents and halocarbons. Dissolution of 3.2 in THF results in a fast exothermic reaction and a
color change from deep green to red within 10 min. A red-brown residue is obtained upon
removal of the volatile materials. Extraction with hexanes followed by crystallization at -40
°C leads to the formation of red crystals of complex 3.1. The remaining green powder is
highly unstable but can be crystallized from slow diffusion of hexane into THF at room
temperature; this species was identified by X-ray diffraction as the Nb(IV) complex,
{(BDI)N'BuNb(thf),} {B(C¢Fs)s}, 3.3. Such reactivity is consistent with the proposed
mechanism in Scheme 3.2. Coordination of the solvent to the electron deficient Nb(IV) metal
center of the u-benzene complex followed by dissociation results in the formation of the
reactive new Nb(IV) cationic species {(BDI)N'BuNb(thf),}", 3.3, and the monomeric benzene
complex, (BDI)N'BuNb(C¢Hg);** in solution at room temperature, the latter is known to
decompose to form 3.1.

Scheme 3.2 Synthesis of complexes 3.3-3.6.
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Complex 3.3 is a rare example of a monomeric d' cationic niobium species stabilized
by relatively labile ligands (two THFs). Crystallographic analysis of 3.3 (Figure 3.11, top)
reveals the presence of a slightly distorted square planar pyramidal geometry (t = 0.12), with
the ‘Bu imido group in the apical position along with the BDI and the two THF ligands in the
basal plane. The metal nitrogen bond distances of the imido and BDI ligands are within
previously described distances for such ligand platform®”>° (Nb-N(3) = 1.7531(19) A and Nb-
NBDI average = 2-182 A), as well as the niobium oxygen bond distances (Nb-Ojyerage = 2.221 A).
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Dissolution of 3.2 in 1,2-dichloroethane (DCE) at room temperature overnight results
in color change from deep green to orange from which crystals of {{(BDI)N'BuNb]y(u-Cl)s} {
B(CesFs)4}, 3.4, were obtained in good yield (78 %). The X-ray structure of 3.4 consists of a
dimeric, cationic molecule in which the two Nb(BDI)N'Bu moieties are bridged by three
chlorine atoms (Figure 3.11, bottom). The long Nb(1)-Nb(2) bond distance of 3.625 A
supports the absence of metal-metal interaction, consistent with the d%d° electronic
configuration of 3.4. The steric hindrance imposed by the BDI ligand results in a non-
symmetric coordination of the three chlorines. Thus, CI(1) aligns with the BDI of Nb(1) and
the ‘Bu imido of Nb(2) and is closer to the Nb(2) compared to the other metal center (CI(1)-
Nb(1) = 2.6787(5) A and CI(1)-Nb(1) = 2.5119(4) A). Similar behavior, but with an opposite
trend, is noticed with C1(3), which aligns with the BDI of Nb(2) and the ‘Bu imido of Nb(1)
(C1(3)-Nb(1) = 2.5249(5) A and CI(3)-Nb(2) = 2.6963(5) A). Finally, the third chloride,
which is staggered with both BDI ligands, coordinates symmetrically to the two metal centres
(C1(2)-Nb(1) = 2.5559(4) A and CI(2)-Nb(1) = 2.5567(4) A). NMR characterization of this
diamagnetic Nb(V)/Nb(V) complex reveals the presence of highly symmetric species in
solution. "H NMR studies of the reaction between 3.2 and DCE revealed the clean formation
of 3.4 and ethene. Formation of 3.4 from 3.2 was also observed in CDCl; with d-
tetrachloroethane being generated as a side product, albeit at a much slower rate (80 °C, 24 h).
The number of chlorine abstracted from DCE (or CDCIl;) and the formation of ethylene (or
C,D,Cly) 1s in agreement with the presence of three available electrons in 3.2 to form the
oxidized species 3.4. It is interesting to note that chlorinated volatile organic compounds
(VOCs) are among the most ubiquitous environmental pollutants owing to their widespread
use as solvents and raw materials in industrial applications, and their poor biodegradability.*’

Finally, addition of excess ‘BuN; (5 equiv.) to a solution of 3.2 in o,o,0-
trifluorotoluene and results in a fast color change from green to orange along with vigorous
gas evolution. Extraction with toluene yielded
[(CH,C(NAT)CHC(NAr)CH3;)Nb(N'Bu)(NH'Bu)], 3.5.”® Extraction of the remaining yellow
residue with dichloromethane followed by crystallization at -40 °C yielded the new cationic
complex {(BDI)Nb(N'Bu)(NH'Bu)}{B(C¢Fs)s}, 3.6. X-ray analysis of 3.6 reveals the
formation of a tetrahedral complex with two inequivalent ‘BuN moieties, consistent with an
imido amide complex (Nb-N(3) = 1.733(3) A and Nb-N(4) = 1.953(4) A; Nb-N(3)-C(30) =
172.4 ° and Nb-N(4)-C(34) = 146.4 °, figure 3.11 middle). Interestingly, as observed in
complex 3.2, the BDI backbone appears distorted toward the metal center; however, unlike
3.2, the metal center appears to be in close contact with the Cypna 0f the imine (Nb-C(4) =
2.694(4) A), and suggests the presence of an 1’-imine coordination of one side of BDI to the
coordinatively unsaturated and electron poor metal center. Complex 3.5 was previously
isolated as a tautomerization product of the bis zer#-butyl imido niobium BDI complex, which
was synthesized either from the reaction of [(BDI)Nb(N'Bu)Cl,] with two equivalents of
‘BuNHLI,*® or via reaction between a trivalent niobium BDI imido moiety, such as the mono
arene niobium complex 3.A, and ‘BuN3.”’

These latter reactions further confirm that 3.2 can be broken apart with coordinating
ligands, leading to Nb(III) and Nb(IV) complexes which further react accordingly to their
oxidation state. This is interesting because its gives easy access to stable a cationic Nb(IV)
source that could be of high interest for the study of radical based reactions of group 5.
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Figure 3.11. ORTEP of 3.3 (top left), 3.4 (bottom) and 3.6 (top right). Pr,Ar groups of BDI
ligand and CH; groups of ‘BuN ligand, counter ion [B(CeFs)s]” and hydrogens have been
removed for clarity. Thermal ellipsoids are represented at 50 %. Crystallographic parameters
are presented in Table 3.3
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Conclusion

In the Nb(IIT)/Nb(III) inverted sandwich complex 3.1, the two metal centres each possess
two metal-based valence electrons leading to a symmetrical compound. A key feature of the
electronic structure of 3.1 is 0 backbonding between the two niobium centres and the
u-benzene ring; in agreement with our previous experimental analysis, DFT calculations
confirm the presence of significant charge transfer to the arene. Whereas 3.1 was found to be
inert in terms of chemical reactivity, simple 1-electron oxidation leads to a cationic, mixed
valence complex, 3.2, which can be thought of as being generated by removal of an electron
from the highest occupied & backbonding orbital of 3.1. The unpaired electron is principally
localized on Nb(1), which interacts with a butadiene-like fragment of the benzene ring. Nb(2)
interacts with the remaining x electrons on the benzene ring in what may be described as a
metalacyclopropane, based on the structural data and DFT calculations. 'H NMR and EPR
data are in good agreement with the presence of a Nb(IV) radical species that is mainly
localized on one niobium atom but the presence of the u—benzene ring nearby allows partial
delocalization and confers stability to the latter. This situation strongly differs from other
mixed valence inverted sandwiches in which the C-C distances of the benzene ring remain
similar — although elongated — from the neutral benzene averaged C-C distances.'®™
Encouraged by this unusual behaviour and electronic structure, we studied the reactivity of
this complex toward coordinating solvents and ligands and have also found a rare chlorine
abstraction from DCE, while the dissolution of 3.2 in THF led to the formation of 3.1 and to
an extremely reactive THF adduct of a Nb(IV) species.

Experimental

General considerations. Unless otherwise noted, all reactions were performed either using
standard Schlenk line techniques or in an MBraun inert atmosphere glove box under an
atmosphere of purified nitrogen (<1 ppm O,/H,O). Glassware, cannulae, and Celite were
stored in an oven at ca. 160 °C for at least 12 hrs prior to use. n-Pentane, hexanes, Et,O, THF,
toluene and benzene were purified by passage through a column of activated alumina, stored
over 3 or 4 A molecular sieves, and degassed prior to use.’’ o,a,a-trifluorotoluene, 1,2-
dichloroethane and chlorobenzene were dried over P,Os, distilled under reduced pressure,
degassed and stored over 4 A molecular sieves. Deuterated solvents (CsDgs, C7Dg and C¢D1>)
were dried over sodium/benzophenone, and C¢DsCl was dried over CaH,. The deuterated
solvents were then vacuum transferred to a storage flask and degassed before being stored in
the dry box. C¢Ds, C;Dgand C¢DsCl were stored over activated molecular sieves. N,N’-bis-
(2,6-diisopropylphenyl)-B-diketiminate (BDI),”* Li(BDI)-Et,0,” (BDI)pyCI,Nb(N'Bu)™* and
(BDI)(Me),Nb(N'Bu)** were prepared using literature procedures. All other reagents were
acquired from commercial sources and used as received. NMR spectra were recorded on
Bruker AV-300, AVQ-400, AVB-400, DRX-500, AV-500, and AV-600 spectrometers.
Chemical shifts were measured relative to residual solvent peaks, which were assigned
relative to an external TMS standard set at 0.00 ppm. 'H and *C NMR assignments were
routinely confirmed by 'H-'H (COSY, NOESY) and 'H-"*C (HSQC and HMBC) experiments.
Samples for UV-vis-NIR spectroscopy were prepared in a Schlenk-adapted quartz cuvette and
analyzed on a Varian Cary 50 scanning spectrophotometer. The uncorrected melting points
were determined using sealed capillaries prepared under nitrogen on an Optmelt SRS.
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Elemental analyses were performed at the College of Chemistry Microanalytical Laboratory,
University of California, Berkeley. The X-ray structural determinations were performed at
CHEXRAY, University of California, Berkeley on Bruker SMART 1000 or SMART APEX
diffractometers.

[[((BDI)Nb(N'Bu)]2(—1°:1°-CeHeg)|[B(C6Fs)s] (3.2). A solution of AgB(CeFe)s (384 mg,
0.488 mmol, 1.05 equiv.) in 20 mL of Et,0 was slowly added to a solution of complex 3.1
(616 mg, 0.465 mmol, 1 equiv.) in 100 mL of hexanes at 273 K in the dark. The red mixture,
which quickly turned dark green, was stirred at 273 K for an hour and then at room
temperature for another hour from which a large quantity of green microcrystalline powder
along with black silver was observed. After removal of the volatile material under reduce
pressure and washing with 2 x 20 mL of Et,O, the green material was extracted with a,o,o-
trifluorotoluene and crystallized at — 20 °C. Dark green crystals of complex 3.2 were thus
obtained in good yield (585 mg, 65%). X-ray quality crystals were obtained from
recrystallization in DCE at — 20 °C, however 3.2 was found to slowly react at room
temperature with DCE. '"H NMR (500 MHz, CDCls, 293 K): 9.4 (2 H), 6.88 (2 H), 4.57 (2 H),
3.12 (7 H), 1.11 (24 H), -0.24 (9 H), -0.95 (4 H). "°F NMR (470 MHz, CDCls, 293 K): 8(ppm)
-131.59, -163.14, -166.80 ([B(C6F6)4]_). Anal. Calcd for C98H110B1C12F20N6Nb23 C, 58.29; H,
5.49; N, 4.16. Found: C, 58.19; H, 5.55; N, 4.16.

[[((BDI)Nb(N'Bu)]2(—1°%:1°-CeDs)] [B(CsFs)a] (3.2-ds). A solution of AgB(CeFs)s (30 mg,
0.04 mmol, 1.05 equiv.) in 5 mL of Et,O was slowly added to a solution of complex 3.1-ds
(60 mg, 0.04 mmol, 1 equiv.) in 10 mL of hexanes at 273 K in the dark. The reaction mixture
was worked up as described in the synthesis of 3.2. Dark green crystals of complex 3.2-d;
were obtained in good yield (51 mg, 62%). The 'H and '°F NMR spectra were similar to those
of complex 3.2.

[(BDI)Nb(N'Bu)(THF),][B(CsFs)4] (3.3). Complex 3.2 (300 mg, 0.013 mmol) was dissolved
in 50 ml of THF, the solution turned rapidely from deep green to red-oraange. After stirring
at room temperature for 12 hours, the volatile were removed under reduced pressure resulting
in a brown powder. The complex 3.1 was extracted and crystallized at -40 °C from hexane
affording deep red crystals in moderate yield (95 mg, 42 %). 'H and '>C NMR analysis of 3.1
are in agreement with the data reported in the litterature.”" The residual green powder was
extracted with THF, and crystals were obtained from hexane layering at room temperature.
F NMR (470 MHz, CDCls, 293 K): 8(ppm) -131.59, -163.14, -166.80 ([B(C¢Fs)s]). Anal.
Calcd for CgsHesB1F20N3Nb: C, 55.57; H, 4.74; N, 2.99. Found: C, 55.19; H, 5.12; N, 3.25.

[[(BDI)Nb(N'Bu)]»(n-C1)3][B(C6Fs)4] (3.4). Complex 3.2 (500 g, 0.24 mmol) was dissolved
in 30 ml of DCE, and the solution turned slowly from deep green to bright orange. After being
stirred at room temperature overnight, the solution was concentrated and stored at -20 °C for
two days, resulting in the crystallization of 3.4 as orange crystals in good yield (410 mg,
82 %). X-ray quality crystals were obtained by recrystalization from DCE at 0°C. '"H ~NMR
(500 MHz, CDCls, 293 K): 7.31 (t, 2 H, p-Ar, *Jun="7.6 Hz), 7.24 (dd, 2 H, 0-4r), 7.10 (dd, 2
H, 0-4r), 6.34 (s, 1 H, HC(C(Me)NAr),), 3.10 (sept, 2 H, CHMe,, *Jun = 6.8 Hz), 2.52 (sept, 2
H, CHMe,, *Jun= 6.9 Hz), 2.04 (s, 6 H, HC(C(Me)NAr),), 1.31 (d, 6 H, CHMe,, *Ju=6.8
Hz), 1.22 (s, 9 H, Nb=N'Bu), 1.14 (d, 6 H, CHMe,, *Ju=6.6 Hz), 1.05 (d, 6 H, CHMe>, *Jun
=6.9 Hz), 0.61 (m, 6 H, CHMe,, *Ju=6.9 Hz). °C NMR (100 MHz, CDCls, 293 K): 172.5
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(C, HC(C(Me)NAr),), 144.1 (C, Ar), 140.5 (C, Ar), 140.2 (C, Ar), 127.4 (CH, Ar), 125.6 (CH,
Ar), 124.1 (CH, Ar), , 65.9 (CH, HC(C(Me)NAr),), 30.4 (CH;, Nb=N'Bu, C,), 31.4 (CH,
CHMe, of C=NAr), 31.0 (CHs, Nb=NH'Bu, C,), 29.7 (CHs, HC(C(Me)NAr),), 28.9 (CH,
CHMe; of C=NAr), 24.1 (CHs, CHMe, of C=NAr), 23.8 (CH3, CHMe; of C=NAr), 23.6 (CHs,
CHMe, of C=NAr), 22.6 (CHs;, CHMe, of C=NAr). '’F NMR (470 MHz, CDCl;, 293 K):
S(ppm) -131.59, -163.14, -166.80 ([B(C6F6)4]_). Anal. Calcd for C90H100B]C13F20N6Nb21 C,
55.47; H, 5.17; N, 4.31. Found: C, 55.15; H, 5.45; N, 4.06.

[(BDI*)Nb(N‘Bu)(NH'Bu)] (3.5) and [(BDI)Nb(N‘Bu)(NH'Bu)][B(CsFs)s] (3.6). Complex
3.2 (170 mg, 0.08 mmol) was dissolved in 50 ml of a,a,a-trifluorotoluene, a dilute solution
of 'BuNj3 in a,a,a-trifluorotoluene (40 mg, 0.4 mmol in 5 ml of solvent) was added dropwise
and the solution turned rapidly from deep green to light yellow with strong gas evolution.
After being stirred at room temperature for 2 hours, the volatile material were removed under
reduced pressure. The complex 3.5, [(BDI')Nb(N'Bu)(NH'Bu)] (with BDI" =
H,C=C(NAr)CH=C(NAr)Me), was extracted and crystallized at -40 °C from toluene
affording orange crystals in moderate yield (54 %). 'H and C NMR analysis are in
agreement with the complex 3.5 previously reported in the litterature.™" Complex 3.6,
[(BDI)Nb(N'Bu)(NH'Bu)][B(CsFs)4], was extracted and crystallized at -40 °C from
dichloromethane affording colorless crystals in good yield (90 mg, 85 %). X-ray quality
crystals of complex 3.6 were obtained by recrystallization from a DCM/hexane layering at
room temperature. 'H NMR (500 MHz, CDCls, 293 K): 7.38 (t, 2 H, p-Ar, *Jun="7.6 Hz),
7.30 (m, 4 H, m- and 0-4r), 6.17 (s, 1 H, HC(C(Me)NATr),), 2.60 (sept, 2 H, CHMe,, *Jun=
6.6 Hz), 2.43 (sept, 2 H, CHMe,, *Tuy=6.9 Hz), 1.73 (s, 6 H, HC(C(Me)NAr),), 1.37 (d, 6 H,
CHMe,, *Tuu=6.6 Hz), 1.30 (s, 9 H, Nb=N'Bu), 1.24 (d, 6 H, CHMe,, *Juy=6.6 Hz), 1.17 (d,
6 H, CHMe,, *Tuy=6.9 Hz), 1.09 (m, 6 H, CHMe,, *Juy=6.9 Hz), 0.87 (s, 9 H, Nb=NH'Bu).
C NMR (100 MHz, CDCl3, 293 K): 171.5 (C, HC(C(Me)NAr),), 142.4 (C, Ar), 140.9 (C,
Ar), 140.2 (C, Ar), 1294 (CH, Ar), 125.6 (CH, Ar), 124.6 (CH, Ar), , 65.9 (CH,
HC(C(Me)NAr),), 32.4 (CH;, Nb=N'Bu, C,), 31.9 (CH, CHMe, of C=NAr), 31.3 (CH;,
Nb=NH'Bu, C,), 29.9 (CH3;, HC(C(Me)NAr),), 28.2 (CH, CHMe, of C=NAr), 24.9 (CHs,
CHMe; of C=NAr), 24.7 (CH;, CHMe,; of C=NAr), 24.6 (CH3, CHMe; of C=NAr), 24.6 (CH3,
CHMe, of C=NAr), 15.4 (C, Nb=N'Bu, C,), 14.1 (C, Nb=NH'Bu, C,). "’F NMR (470 MHz,
CDCls, 293 K): d(ppm) -131.59, -163.14, -166.80 ([B(C¢F¢)s]). Anal. Caled for
Ce1He0B1F20NuNb;: C, 54.97; H, 4.54; N, 4.20. Found: C, 54.89; H, 4.55; N, 4.35.

Cyclic Voltammetry. Electrochemical measurements were obtained with a BASi Epsilon
potentiostat at room temperature using a glassy carbon working electrode, a platinum counter
electrode, and a silver wire floating reference electrode. Cyclic voltammograms were
recorded in a glovebox at room temperature in o,o,0-trifluorotoluene solution containing 0.1
M ["BuyN][BF4] as the supporting electrolyte and 0.001 M of either 1 or 2. All potentials were
referenced against a [Cp,Co]”" internal standard, which were then standarized against both
[(:szef/+ and Ag/Ag” (B2 [Cp2Co]”" =-1.3 V vs. [CpsFe]”” and Ey [CpaCo]”* =-1.3 V vs.
Ag/Ag.
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Magnetism. Magnetic susceptibility measurements were made for complex 3.2 at 10 and 40
kOe in a 7 T Quantum Design Magnetic Properties Measurement System, that utilized a
superconducting quantum interference device (SQUID). The sample was contained in sealed

quartz tube.
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EPR spectroscopy EPR spectra were obtained with a Varian E-12 spectrometer, an EIP-547
microwave frequency counter, and a Varian E-500 gaussmeter, which was calibrated using
2,2-diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036). The simulated spectra were obtained
using EasySpin."
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Field (Gauss)

Figure 3.14 Experimental X-Band EPR of 3.2 recorded in solid state at 300K
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Figure 3.15 Experimental X-Band EPR of 3.2 recorded in solid state at 4K.
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DFT Calculations. Gradient-corrected Density Functional Theory calculations were carried
out using the PBE functional,”° as implemented in the Amsterdam Density Functional
2012.01°™® (ADF) quantum chemistry code. Scalar relativistic effects were incorporated
using the Zeroth Order Regular Approximation (ZORA) Hamiltonian. A Slater Type Orbital
ZORA basis set of TZP quality was used for Nb, with all other atoms being treated with a
DZP ZORA basis. For geometry optimizations, the frozen core approximation was employed;
Nb(3d), C(1s), N(1s). The default SCF and geometry convergence criteria were used, together
with an integration grid of 4.5.

The EPR g matrix and hyperfine coupling constants were obtained from single point
calculation using the ORCA program package™. Two hybrid functionals B3LYP®*" and
PBEO were employed. The TZVP® basis set was used for all carbon and hydrogen atoms,
while a TZVPP® basis set was used for the niobium atoms and an IGLO-III basis set for the
nitrogen atoms.** For all calculations increased integration grids (Grid4, ORCA convention)
and tight SCF convergence were used. Scalar relativistic corrections were included in the
valence space via the ZORA formalism.

X-Ray crystallography studies. X-ray structural determinations were performed on a Bruker
SMART 1000 or SMART APEX diffractometer. Both are 3-circle diffractometers that couple
a CCD detector™ with a sealed-tube source of monochromated Mo Ka radiation (A = 0.71073
A). A crystal of appropriate size was coated in Paratone-N oil and mounted on a Kapton®
loop. The loop was transferred to the diffractometer, centered in the beam, and cooled by a
nitrogen flow low-temperature apparatus that had been previously calibrated by a
thermocouple placed at the same position as the crystal. Preliminary orientation matrices and
cell constants were determined by collection of 60 10 s frames, followed by spot integration
and least-squares refinement. The reported cell dimensions were calculated from all
reflections with I > 10 o. The data were corrected for Lorentz and polarization effects; no
correction for crystal decay was applied. An empirical absorption correction based on
comparison of redundant and equivalent reflections was applied using SADABS.* All
software used for diffraction data processing and crystal-structure solution and refinement are
contained in the APEX2 program suite (Bruker AXS, Madison, WI).>® Thermal parameters
for all non-hydrogen atoms were refined anisotropically. For all structures, R; = Z(|F,| -
IF)/Z(|Fo|); WRy = [Z{W(Fy> - F)*}/Z{w(F,*)*}]"2. Thermal ellipsoid plots were created
using the ORTEP-3 software package and POV-ray.”'
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Table 3.3. Crystallographic parameters of 3.2 and 3.3

Compound 3.2-(DCE) 3.3
Formula Cog H110B1ClaF29N3Nb Cos HesB1F20N3Nb; O,
Formula weight 2019.45 1404.93
Space Group P2y/c P2\/c
a(A) 14.224(3) 18.1669(5)

b (A) 21.737(3) 17.1279(5)
c(A) 31.247(2) 19.7092(5)

a (°) 90 90

B(°) 90.83(4) 90.5590(10)
7 (°) 90 90
V(A% 9660.2(2) 6132.4(3)

zZ 4 4

Pealed (g/cm’) 1.389 1.522

Fooo 4164 2876

u (mm™) 0.380 0.305
Tinin/Tmax 0.8508/0.9453 0.9140 /0.9415
No. rflns measured 79928 57885

No. indep. rflns 17729 11263

Rint 0.0364 0.0347
No. obs. (/> 2.005(])) 17729 11263
No. variables 1228 842

Ri, wR, 0.0562, 0.0929 0.0363, 0.0946
R (all data) 0.0702 0.0458
GoF 1.056 1.022
Res. peak/hole (e /A%) 1.707/-1.093 0.774/-0.488
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Table 3.4

Compound 3.4-2DCE) 3.6
Formula CosH110B1 ClsF20NgNb, Ce1 Hs9B1F20N3Nb,
Formula weight 2196.12 1331.84
Space Group P2i/c Pn

a (A) 20.744(2) 15.2666(6)

b (A) 20.888(2) 16.9177(6)

¢ (A) 22.683(3) 25.5770(10)
a (°) 90 90

B(°) 90.709(2) 97.658(2)

) () 90 90
V(A 9827.6(19) 6547.0(4)

V4 4 4

Pealed (g/cm3) 1.484 1.351

Fooo 4500 2716

4 (mm™) 0.537 0.280
Toi/Tone 0.8993/0.9892 0.9592 /0.9834
No. rflns measured 157286 66108

No. indep. rflns 17992 23491

Ri 0.0251 0.0483
No. obs. (> 2.000(1)) 17992 23491

No. variables 1234 1599

Ri, wR; 0.0257, 0.0621 0.0418, 0.0847
R (all data) 0.0288 0.0559
GoF 1.058 1.016
Res. peak/hole (e_/A3) 1.768/-0.665 0.436/-0.480
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Chapter 1V

Dis-assembly of a Benzylic CF; Group Mediated by a
Niobium (IIT) Imido Complex
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Introduction

The thermodynamic stability of C-F bonds (BDE = [110-130] kcal.mol™), combined
with their inherent kinetic inertness, has allowed for many technical applications of
fluorocarbons such as the synthesis of resistant polymers and their use in medicinal
chemistry.'” However, such strong bonding is also troublesome given that these chemically
inert compounds are persistent in the environment.** Therefore, in recent years, synthetic
methods for the activation and functionalization of C-F bonds have attracted growing
attention.'*>'® With the increasing degree of fluorination at carbon, the strength of the C-F
bond increases and the C-F bond lengths decrease, resulting in substantial steric shielding of
the carbon site.” Due to this increased stability, fluorine abstraction from a CF; moiety is
difficult and rare.®*'""!"2

An even more challenging transformation is the functionalization of CF3 groups via
triple C-F activation. Recently, significant progress has been made toward reduction of the
CF; group, leading to hydrodefluorination'®*'** and C-C coupling.”"* Interestingly, Ar-CF;
reduction has been achieved with low-valent niobium Nb(0) generated in-situ from NbCls."
However, to our knowledge a reaction in which all three fluorine atoms of an organic CF3
group, as well as the carbon fragment initially bound to them, are directly transferred to a
single metal center has not been reported.

In our effort to develop new semi-hydrogenation catalysts,”® we reported in chapter I,
the efficiency of a trivalent niobium complex toward selective semi-hydrogenation of
alkynes.”” The active catalyst in the mechanism — a transient trivalent tricoordinated
“[BDIINb=N'Bu” (BDI = 2,6-diisopropylbenzene-p-diketiminate) — was trapped as a m°-
bound arene in the absence of CO. We then showed, in chapter II, that this n°-bound arene
complex can be formed via hydrogenolysis of the dimethyl niobium #Bu imido diketiminate
complex ([BDIINb(N'‘BuN)(CHs),) (4.1) in neat benzene or toluene.*® These mono n°-bound
arene species were found to undergo two-electron reduction chemistry, as well as to form the
corresponding bimetallic bridging arene complexes via a dissociative mechanism.*®

In order to further probe the electronic behavior of these mono- and bimetallic arene
complexes, hydrogenolysis of complex 4.1 was studied in fluorinated solvents. This led
unexpectedly to a new type of functionalization of a CF3 group in which all three fluorines are
transferred to the Nb center and a new carbon-nitrogen bond is formed between the remaining
organic fragment and the t-butylimido ligand.

Results and discussions

Synthesis. Hydrogenolysis of 4.1 in neat o,o,0-trifluoromethyl arenes proceeds as shown in
Scheme 4.1. As previously observed with benzene and toluene as solvent, the solution quickly
changed color from pale yellow to deep red upon H; addition at room temperature; after a few
hours, the solution lightened to an orange-brown color. Evaporation of the solvent under
reduced pressure, followed by extraction and crystallization from Et,O, afforded orange
blocks of complex 4.2 in good yield (87%). Surprisingly, the "H NMR spectrum of 4.2 in d;,-
mesitylene did not show the characteristic resonances of a mono- or bimetallic arene bound
complex expected in the 4-2 ppm range. Additionally, ’F NMR analysis revealed two broad
downfield resonances in a 2 : 1 ratio (+162.4 and +92.2 ppm respectively). Lowering the
temperature to 243 K led to a sharpening of the two resonances, allowing a better resolution
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from which a doublet at 159.4 ppm (“Jr.r = 45(2) Hz) and a poorly resolved triplet at 85.1
ppm (*Jer = 48(5) Hz) were observed (Figure 4.1). Despite the fast relaxation time of these
F resonances (T; = [0.8 - 1.1] ms), '’F-""F NOESY data obtained at both room- and low-
temperature, showed correlation between the two sets of resonances (Figure 4.2). These data
strongly indicated the formation of a niobium trifluoride complex rather than an o,a,0-
trifluorotoluene bound complex.

CF;
R

Ar I\|/Ie neat ©\ Ar ||=

>>:_N o —NBUY R =Ny, | @\
Q N(Nb\ > o S N,Nb:—NtBU

'Ar Me 1 atm. H2 Ar I F

12 h, rt. F

4.1 -2 CHy 4.2:R=H,

4.3:R =CF,

Scheme 4.1 Hydrogenolysis of complex 4.1 in fluorinated arene solvent.
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Figure 4. 1 °’F NMR spectra of 4.2 at 243 K
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Crystallographic analysis of 4.2 confirmed the above conclusion, revealing the
presence of a Dbisdiketiminate niobium trifluoride bearing a m>-bound imine
([BDI]NbF;(‘BuN=CCg¢Hs)) in a distorted capped octahedral geometry, with the three
fluorines in the basal plane (Figure 4.3). The two trans fluorines show similar Nb-F distances
(ave. 1.9095(16) A); the remaining fluorine is trans to a nitrogen in the BDI ligand, resulting
in a slightly longer Nb-F distance (1.9386(16) A). One of the apical positions is occupied by
the moiety formed from coupling between the imido group and the benzylic carbon of the
PhCF;. The C(34)-N(1) bond distance of 1.261(4) A suggests the presence of a C=N bond,
and therefore an imine fragment. The niobium-carbon and niobium-nitrogen bond distances to
the imine moiety (Nb-C(34) = 2.170(3) A and Nb-N(3) = 2.080(3) A) are within the range of
Nb-Caiy1 and Nb-Ngonor previously observed,”® and are consistent with the view shown in
Scheme 1. The large angles observed within the imine moiety (C(35)-C(34)-N(3) = 131.1(3)°
and C(34)-N(3)-C(31) = 137.5(3)°) imply sp® hybridization of both C(1) and N(3), further
supporting the above description.

Conducting a similar experiment using 1,3-bis(trifluoromethyl)benzene afforded dark
yellow crystals of 4.3 in very good yield (91%, Scheme 4.1). Both the NMR and X-ray
diffraction analyses were analogous to those of complex 4.2 and showed the formation of
(BDI]NbF3(‘BuN=CC¢H4CF3) (Figure 4.3). The "°F resonance of the remaining CF; group
was found as a sharp singlet at - 61.6 ppm. This result provides a second example of selective
disassembly of one CF3 moiety and supports an intramolecular activation mode.

Figure 4.3 ORTEP diagram of complex 4.2 (left) and 4.3 (right). Hydrogens and iPr groups
have been removed for clarity. Selected bond distances and angles are presented in Table 4.1.
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Table 4.1 Selected bond distances (A) and angles (°) for complexes 4.2 and 4.3

Compound 4.2 Compound 4.3
Nb-N; (BDI) 2.246(2) 2.2334(14)
Nb-N; (BDI) 2.184(2) 2.1880(14)
Nb-N; (Imine) 2.080(2) 2.0919(14)
Nb-C34 (Imine) 2.170(3) 2.1523(17)
Nb-F, 1.9386(16) 1.9319(10)
Nb-F, 1.9073(16) 1.9004(10)
Nb-F3 1.9118(16) 1.9214(10)
C34-N3 (Imine) 1.261(4) 1.261(2)
C34-N3-C3, 137.5(3) 136.08(15)
C35-C34-N3 131.1(3) 132.74(16)

Attempts to extend this transformation to non-aromatic CF; groups were made by
performing the hydrogenolysis of 4.1 in neat 1,1,1-trifluoro-n-hexane or CH3CF; dissolved in
n-hexane. However, the reactivity observed was completely different from that seen with the
aromatic CF3 groups and led to the isolation of two products (Scheme 4.2). Upon H; addition,
the solution of 4.1 quickly turned red, with the formation of a purple precipitate. After 12 h,
evaporation of the solvent under reduced pressure deposited a purple/red powder. The red
material was extracted and crystallized from hexane, which afford red crystals of complex 4.4
in 62% yield. The remaining purple powder was extracted with and crystallized from THF,
forming dark purple crystals of complex 4.5 in low yield (21%). A control experiment, in
which hydrogenolysis of complex 4.1 was performed in hexane alone, afforded the same
product distribution. ORTEP views of 4.4 and 4.5 are presented in Figure 4.4.
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Scheme 4.2 Hydrogenolysis of complex 4.1 in fluorinated but non-aromatic solvents.
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Figure 4.4 ORTEP diagrams of complexes 4.4 (left) and 4.5 (right). Hydrogens have been
removed for clarity in both complexes as well as the i-Pr groups in 4.5. Selected bond
distances and angles are presented in Table 4.2.

Table 4.2 Selected bond distances (A) for complexes 4.4 and 4.5

Compound 4.3 Compound 4.4
Nb=N;'Bu 1.7652(18) 1.763(2)
Nb-N; (BDI) 2.139(2) 2.2399(13)
Nb-N, (BDI) 2.1406(19) 2.2399(13)
Nb;-Nb, - 2.7846(4)
Nb;-H; - 1.92(2)
Nb-Cis 2.261(3) -
Nb-Cyy 2.258(3) -

Complex 4.4 exhibits a pseudo square-pyramidal geometry in which the BDI group
has been transformed into a K4~-CNNC-ligand via activation of the two isopropyl-methines.
The Nb-C bond distances are on average 2.260(3) A, which is within the range of previously
reported Nb(V)-C bonds.”” Complex 4.5, on the other hand, was found to be a diamagnetic
dihydride bridge complex, with the hydride resonance observed as a broad singlet at - 1.35
ppm in the 'H NMR spectrum. The hydrides, located in the Fourier difference map and
refined isotropically, display a Nb-H distance of 1.92(2) A. The dimer possesses a center of
inversion about a central {Nb,(u-H),} core. The short Nb(1)-Nb(2) distance of 2.7846(4) A
supports metal-metal bonding, and accounts for the observed diamagnetism of 4.5.”!
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Mechanistic study. The reactivity observed in non-aromatic solvent suggests: (i) only
benzylic CF; groups are activated by this system, (ii) arene coordination to a niobium metal
may be a key requirement for C-F activation, (iii) high valent niobium hydrides may be
involved as intermediates during the hydrogenolysis. In order to investigate the above
hypotheses, hydrogenolysis of 4.1 in the presence and absence of PhCF3 was followed by 'H
and '’F NMR spectroscopies. Since both benzene and toluene are known to strongly compete
in arene coordination,28 and the use of neat PhCF; could interfere with observation of
intermediates, sterically hindered d;>-mesitylene was used as an NMR solvent.

First, hydrogenolysis of 4.1 alone resulted in the fast formation of 4.4 and 4.5
implying that despite its aromatic character, d;,-mesitylene is too poor a p-acid ligand to form
a persistent arene-bound complex. Following the reaction by 'H NMR spectroscopy showed
the rapid formation and disappearance of an intermediate complex 4.A, for which a broad
resonance at 9.2 ppm is consistent with the presence of a Nb-H bond and (Figure 4.3) .**
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Figure 4.5 Formation of complexes 4.A with time. Spectra recorded at 243 K.
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In order to gain further structural insight, soon after H, addition the sample was placed
in a spectrometer cooled to 243 K. The persistence of 4.A at low temperature allowed for
characterization by NMR (Figure 4.6). A DEPT 135 experiment showed the presence of one
CH; group, consistent with the formation of a metallacylic niobium hydride (complex 4.A,
Scheme 4.3).* The CH, carbon was found to bear two inequivalent protons by HSQC (Figure
4.6, top). Additionally, a COSY experiment showed that one of the methylene protons (H) is
not correlated to the isopropyl methine (CHip;), while the other methylene (H») is (Figure 4.6,
bottom left). Finally, the NOESY spectrum revealed that the methine (CHip;) is strongly
correlated to (H;) and the CH3, but only weakly to (H) (Figure 4.6, bottom right). These 2D
experiments further support the assignment of 4.A and also confirm its stereochemistry, in
which the hydride and methine are cis to one another. When performed under an atmosphere
of D,, the hydrogenolysis of 4.1 in hexane formed 4.4 and 4.5 in which deuterium
incorporation was observed at all positions of the isopropyl group. Such scrambling suggests
a fast equilibrium between 4.A and the transient “[BDI]Nb=NtBu” 4.B (Scheme 4.3) and/or
successive s-bond metathesis of 4.A.
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Figure 4.6 HSQC-'"DEPT (top), 'H-'H COSY (bottom, left) and 'H-'H NOESY (bottom,
right) spectra of complex 4.A recorded at 243 K.
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A similar experiment was then performed in the presence of 10 equivalents of PhCF3
where the same hydride intermediate 4.A was observed at low conversion, along with a new
complex 4.C (Figure 4.7). After 10 min at room temperature, a significant amount of 4.C was
formed; cooling the sample to 243 K allowed us to perform its complete NMR
characterization (Figure 4.8). The structure of 4.C is consistent with a PhCF; m°-bound
complex in which the arene protons resonate between 4 and 3 ppm in a 2:3 ratio. Meanwhile,
a new singlet in the '’F NMR appears at 8 = - 62.4 ppm, slightly upfield from free PhCF; (d =
- 61.4 ppm, Figure 4.7 right). When the solution was allowed to warm to 273 K, 4.C was
quickly converted to the final product 4.2 (Figure 4.9). Additionally, formation of 4.2 and the
intermediate 4.C were observed when the trivalent niobium complex 4.6 was stirred at room
temperature in CoD1, with 10 eq of a,a,a-trifluorotoluene (Scheme 4.3, bottom).
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Figure 4.7 Formation of complex 4.C with time. "H NMR (left) and '’F NMR (right) spectra
recorded at 243 K but NMR sample was warmed and kept at r.t. between acquisition.
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Taken together, these experiments suggest hydrogenolysis proceeds via the
intermediate 4.A, in equilibrium with the transient tricoordinate Nb(III) species 4.B illustrated
in Scheme 4.3. In the absence of trapping ligands, 4.A reacts further to form 4.4 and 4.5,
whereas a p-acid ligand such as PhCFj traps the low-valent species 4.B, yielding the d” arene
intermediate 4.C. This trivalent intermediate then reacts further to activate the CF; moiety.
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Scheme 4.3

DFT Calculation. While 4.C was found experimentally to be a key intermediate in the triple
C-F activation of PhCF3, the mechanism of its conversion to the final product 4.2 remained
unclear. To address this, we turned to DFT -calculations for additional mechanistic
information (Scheme 4.5). These preliminary calculations showed the presence of a very
exergonic overall stepwise C-F activation (AHy,c>.41.= -104.8 kcal.mol']), consistent with the
formation of strong Nb-F bonds (BDEnpr = 137 kcal.mol™).”® Additionally, no concerted
transition state consistent with an oxidative addition was found for the first C-F activation.
Instead, DFT suggests a two-step process, with an initial fluorine abstraction leading to sp”
hybridization at the benzylic carbon (i.e., formation of a coordinated Ph=CF, group) with a
Nb-Cyrene bond (intermediate 4.F), followed by a 1,3-shift (Scheme 4.5). Fluorine abstraction
in the absence of arene coordination was found to be almost 10 kcal.mol™ higher in energy
(see Appendix C.1). Finally, the two remaining C-F bonds appear to be activated stepwise. In
each step, C-F bond cleavage and nitrene transfer to the benzylic carbon take place in a
concerted manner (See Appendix C.1).
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Conclusion

To conclude, the selective disassembly of a benzylic CF; moiety has been observed in
which three fluorine atoms and the resulting carbene fragment are transferred to a single Nb
center, with concurrent formation of a new C-N bond. Evidence points to the formation of an
h®-arene bound niobium complex as a key intermediate in this process. Involvement of arene
coordination is apparently essential to stabilize the rate determining transition state since other
saturated fluorinated substrates led to intramolecular attack upon other ligands. DFT
calculation suggests that the d” species 4.C undergoes stepwise C-F activation to yield the
final pentavalent niobium trifluoride/n>-bound imine product.

Experimental

General Considerations. Unless otherwise noted, all reactions were performed either using
standard Schlenk line techniques or in an MBraun inert atmosphere glove box under an
atmosphere of purified nitrogen (<1 ppm O,/H,O). Glassware, cannulae, and Celite were
stored in an oven at ca. 160 °C for at least 12 hrs prior to use. Hexanes, Et,O, THF and
toluene were purified by passage through a column of activated alumina, stored over 3 or 4 A
molecular sieves, and degassed prior to use.>* o,o,a-trifluorotoluene, 1,3-
Bis(trimfluoromethyl)benzene, o,o,a-trifluoro-1-hexane were dried over P,Os, distilled under
reduced pressure, degassed and stored over 4 A molecular sieves. Deuterated solvents (C¢De,
C;Ds, CoD;, and THF-dg) were dried over sodium/benzophenone. The deuterated solvents
were then vacuum transferred to a storage flask containing activated molecular sieves, and
then degassed before being stored in the dry box. N,N’-bis-(2,6-diisopropylphenyl)-[I-
diketiminate (BDI),”> Li(BDI)-Et,0,*® (BDI)pyCLLNb(N'Bu),” (BDI)(Me),Nb(N‘Bu) (4.1)*
and (BDI)([1°-C7Hg),Nb(N'Bu) (4.6)*® were prepared using literature procedures. All other
reagents were acquired from commercial sources and used as received. NMR spectra were
recorded on Bruker AV-300, AVQ-400, AVB-400, DRX-500, AV-500, and AV-600
spectrometers. Chemical shifts were measured relative to residual solvent peaks, which were
assigned relative to an external TMS standard for 'H/C and BF;.0OEt, for PF set at 0.00
ppm. 'H and "C NMR assignments were routinely confirmed by 135/90 DEPT, 'H-'H
(COSY, NOESY) and 'H-">C (HSQC and HMBC) experiments. The uncorrected melting
points were determined using sealed capillaries prepared under nitrogen on an Optmelt SRS.
Elemental analyses were performed at the College of Chemistry Microanalytical Laboratory,
University of California, Berkeley. The X-ray structural determinations were performed at
CHEXRAY, University of California, Berkeley on Bruker SMART 1000 or SMART APEX
diffractometers.

(IBDIINbF3;(‘BuN=CC¢Hs)) (4.2). o,0,0-trifluorotoluene (30 mL) was added to a 100-mL
Schlenk flask containing (BDI)(Me),Nb(N'Bu) (4.1) (0.300 g, 0.490 mmol, 1.0 equiv.) at
room temperature. The clear yellow solution was degassed with two freeze-pump-thaw
cycles. While warming the solution during the second cycle, the headspace of the flask was
filled with 1 atm of H, (70 mL, 2.8 mmol, 10 equiv.) and the solution was stirred vigorously.
The color of the solution turned dark red within 15 min, but changed further to brown/orange
within a few hours. After 12 h, the volatile materials were removed under reduced pressure to
yield a brown residue. Trituration with Et,O (2 x 15 ml), extraction with hexane (20 ml), and
storage at -40 °C overnight afforded orange crystals, which were collected by filtration. Yield:
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310 mg, 0.430 mmol, 87%. X-ray suitable crystals were obtained by recrystallization from
Et,0. '"H NMR (500MHz, C¢Ds, 293 K): & (ppm) 7.20 (m, Ar), 7.03 (d, 2 H, Ar, Jyu=7.2
Hz), 6.80 (d, 2 H, Ar, *Juy = 7.2 Hz), 6.70 (m, Ar), 6.62 (m. Ar), 5.13 (s, 1 H,
HC(C(Me)NATr),), 3.58 (sept, 2 H, CHMe,, *Jun=6.6 Hz), 3.51 (sept, 2 H, CHMe,, *Jun=6.9
Hz), 1.70 (s, 3 H, HC(C(Me)NAr),), 1.66 (d, 6 H, CHMe,, *Jun = 6.9 Hz), 1.42 (s, 3 H,
HC(C(Me)NAr),), 1.23 (d, 6 H, CHMes, *Jun=6.6 Hz), 1.12 (d, 6 H, CHMe,, *Jun=6.6 Hz),
1.07 (s, 9 H, ‘Bu), 1.05 (d, 6 H, CHMes, *Jun=6.9 Hz). '°’F NMR (470 MHz, C¢Ds, 293 K): &
(ppm) 162.28 (b, 2F, Nb-F), 92.20 (b, 1F, Nb-F). PC{'H} NMR (125.8 MHz, CsDs, 293 K):
8 (ppm) 166.3 (C, HC(C(Me)NAr),), 163.3 (C, HC(C(Me)NAr),), 154.2 (C, Ar), 143.1 (C,
Ar), 140.8 (C, Ar), 136.8 (C, Ar), 126.4 (CH, ArCFs), 125.9 (CH, ArCF;), 124.6 (CH, Ar),
124.3 (CH, Ar), 123.4 (CH, Ar), 120.4 (CH, Ar), 102.4 (CH, HC(C(Me)NAr),), 67.5 (C, Nb-
h*(ArC=NC(CHs)3), 65.1 (C, Nb-n*(ArC=NC(CHs)3), 28.9 (CHs, Nb-n*(ArC=NC(CHs)3),
28.5 (CH, CHMe, of C=NAr), 27.3 (CH, CHMe, of C=NAr), 25.9 (CH, CHMe, of C=NAr),
25.4 (CH3, HC(C(Me)NAr),), 25.0 (CH, CHMe; of C=NAr), 24.9 (CHs, CHMe, of C=N4r),
24.3 (CH3, HC(C(Me)NATr),). Anal. Calcd for C4oHssN3NbFs: C, 66.01; H, 7.62; N, 5.77.
Found: C, 66.20; H, 7.74; N, 5.95. m.p.: 200-202 °C (decomp).

Selected NMR resonances in CoDj: (600MHz, CoDjs, 243 K): 6 (ppm) 5.08 (s, 1 H,
HC(C(Me)NATr),), 3.44 (m, 4 H, CHMe,, *Jun=6.9 Hz), 1.69 (s, 3 H, HC(C(Me)NAr),), 1.56
(d, 6 H, CHMe», *Jun=6.9 Hz), 1.42 (s, 3 H, HC(C(Me)NAr),), 1.18 (d, 6 H, CHMes, *Jun =
6.6 Hz), 1.11 (s, 9 H, ‘Bu), 1.05 (d, 6 H, CHMe,, *Juu=6.9 Hz), 1.01 (d, 6 H, CHMe, *Jup =
6.9 Hz). ’F NMR (564 MHz, C¢Ds, 243 K): & (ppm) 159.40 (d, 2F, Nb-F), 85.11 (t, 1F, Nb-
F).

(IBDIINbF3;(‘BuN=CC¢H4CF3)) (4.3). 1,3-Bis(trifluomethyl)benzene (30 mL) was added to a
100-mL Schlenk flask containing 4.1 (0.170 g, 0.278 mmol, 1.0 equiv.) at room temperature.
The clear yellow solution was degassed with two freeze-pump-thaw cycles. While warming
the solution during the second cycle, the headspace of the flask was filled with 1 atm of H,
(70 mL, 2.8 mmol, 10 equiv.) and the solution was stirred vigorously. The color of the
solution turned to dark red within 15 min, but changed further to brown/orange within a few
hours. After 12 h, the volatile materials were removed under reduced pressure to yield a
brown residue. Trituration with Et,O (2 x 15 ml), extraction with Et;O (20 ml), and storage at
-40 °C overnight afforded yellow/orange crystals, which were collected by filtration. Yield:
202 mg, 0.253 mmol, 91%. X-ray suitable crystals were obtained by recrystallization from
Et,0. '"H NMR (500MHz, C¢Ds, 293 K): & (ppm) 7.2 (m, Ar), 7.03 (d, 1 H, Ar, *Jyu=7.2 Hz),
6.7 (m, Ar), 6.31 (d, 1 H, Ar, Juu=7.2 Hz), 5.15 (s, 1 H, HC(C(Me)NAr),), 3.58 (sept, 2 H,
CHMe,, *Jun = 6.6 Hz), 3.55 (sept, 2 H, CHMe,, *Juu = 6.9 Hz), 1.72 (s, 3 H,
HC(C(Me)NAr),), 1.68 (d, 6 H, CHMe, Jun=6.9 Hz), 1.36 (s, 3 H, HC(C(Me)NAr),), 1.24
(d, 6 H, CHMe,, *Jun=06.6 Hz), 1.14 (d, 6 H, CHMe,, *Juy=6.6 Hz), 1.09 (s, 9 H, ‘Bu), 1.06
(d, 6 H, CHMes, *Ju=6.9 Hz). ’F NMR (470 MHz, C¢Ds, 293 K): & (ppm) 163.08 (b, 2F,
Nb-F), 92.45 (b, 1F, Nb-F), -61.64 (s, 3F, ArCF3) “C{'H} NMR (125.8 MHz, C¢Ds, 293 K):
o (ppm) 167.4 (C, HC(C(Me)NAr),), 164.2 (C, HC(C(Me)NAr),), 155.3 (C, Ar), 147.3 (C,
ArCF3), 145.5 (C, Ar), 141.1 (C, Ar), 137.8 (C, Ar), 127.0 (CH, ArCF3), 126.5 (CH, ArCF3),
125.6 (CH, Ar), 125.5 (CH, Ar), 124.1 (CH, Ar), 121.2 102.9 (CH, HC(C(Me)NAr),), 68.12
(C, Nb-n’(ArC=NC(CHs);), 659 (C, Nb-n*(ArC=NC(CHs);), 29.6 (CHi, Nb-
h*(ArC=NC(CHs)3), 29.1 (CH, CHMe, of C=NAr), 27.9 (CH, CHMe, of C=NAr), 26.6 (CH,
CHMe; of C=NAr), 26.1 (CHs, HC(C(Me)NAr),), 25.7 (CH, CHMe; of C=NAr), 25.0 (CHs,
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CHMe, of C=NA4r), 24.3 (CH;, HC(C(Me)NAr),). Anal. Calcd for C4Hs4N3Nb;Fg: C, 61.88;
H, 6.84; N, 5.28. Found: C, 61.90; H, 7.02; N, 5.36. m.p.: 202 - 204 °C (decomp).

([k+~CNNC-BDI|Nb(‘BuN)) (4.4) and ([BDI|Nb(‘BuN)(u-H)); (4.5). Hexanes (30 mL) were
added to a 100-mL Schlenk flask containing 4.1 (0.200 g, 0.33 mmol, 1.0 equiv.) at room
temperature. The clear yellow solution was degassed with two freeze-pump-thaw cycles.
While warming the solution during the second cycle, the headspace of the flask was filled
with 1 atm of H, (70 mL, 2.8 mmol, 8.0 equiv.) and the solution was stirred vigorously. The
color of the solution turned to dark red within 15 min, and a purple precipitate started to
appear after 30 mins. After 12 h, the volatile materials were removed under reduced pressure
to yield a red and purple powder. The red powder was extracted with hexanes (10 ml), and
storage at -40 °C overnight afforded red crystals of complex 4.4, which were collected by
filtration. Yield: 116 mg, 62%. The purple powder was extracted with THF (20 ml), and
storage at -40 °C overnight afforded dark purple crystals of complex 4.5, which were
collected by filtration Yield: 90 mg, 21%.

Complex 4.4: X-ray suitable crystals were obtained by recrystallization from Et,0. 'H
NMR (500MHz, C¢Ds, 293 K): & (ppm) 7.34 (t, 2 H, p-Ar, *Jun=7.6 Hz), 7.30 (dd, 4 H, m-
Ar, > Jun=7.2 Hz), 7.00 (dd, 4 H, 0-Ar,’Jun=7.2 Hz), 5.19 (s, 1 H, HC(C(Me)NAr),), 2.85
(sept, 2 H, CHMe,, *Juu=6.9 Hz), 2.34 (s, 6 H, Nb-CMe,), 1.96 (s, 6 H, HC(C(Me)NAr),),
1.33 (s, 6 H, Nb-CMe,), 1.21 (d, 6 H, CHMes, *Juu=6.9 Hz), 0.87 (d, 6 H, CHMe,, *Juy=6.6
Hz), 0.68 (s, 9 H, ‘Bu). "C{'H} NMR (125.8 MHz, C¢Ds, 293 K): & (ppm) 168.56 (C,
HC(C(Me)NAr),), 153.15 (C, Ar), 143.08 (C, Ar), 141.31 (C, Ar), 125.71 (CH, Ar), 125.63
(CH, Ar), 124.06 (CH, Ar), 105.21 (broad, CH, C¢Hs), 103.56 (CH, HC(C(Me)NAr),), 33.04
(CH3, Nb=N'Bu, Cp), 28.46 (CH, CHMe; of C=N4r), 27.39 (CH, CHMe, of C=NA4r), 25.92
(CH3, CHMe; of C=N4r), 25.71 (CH3, CHMe; of C=NA4r), 25.07 (CH3, CHMe, of C=NA4r),
24.79 (CHs, CHMe; of C=NA4r), 24.70 (CHs, HC(C(Me)NAr),). Anal. Calcd for Cs,HasN3Nb;
powders: C, 67.71; H, 8.85; N, 7.40. Found: C, 69.61; H, 8.45; N, 6.33. m.p.: 165-166 °C.

Complex 4.5: X-ray suitable crystals were obtained by slowly diffusing H, at room
temperature through a diluted solution of hexane (40 ml) containing 20 mg of 1. Due to its
poor solubility, only a '"H NMR spectrum was recorded. '"H NMR (500MHz, THF-ds, 293 K):
8 (ppm) 7.07 (d, 4 H, o-Ar, *Juu=7.1 Hz), 7.01 (t, 4 H, p-Ar, *Jun="7.2 Hz), 6.88 (2, 4 H, m-
Ar, *Jun=17.1 Hz), 4.74 (s, 2 H, HC(C(Me)NAr),), 3.84 (sept, 4 H, CHMe,, *Juu = 6.6 Hz),
2.95 (sept, 4 H, CHMe,, *Jun=6.6 Hz), 1.61 (d, 12 H, CHMe,, *Jun=6.9 Hz), 1.49 (s, 18 H,
‘Bu), 1.31 (s, 6 H, HC(C(Me)NAr),), 1.10 (d, 12 H, CHMe,, *Jun=6.6 Hz), 0.92 (d, 12 H,
CHMes, *Jun= 6.6 Hz), 0.14 (m, 12 H, CHMe,, *Juu = 6.9 Hz), -1.35 (b, 2H, Nb-H). Anal.
Calcd for CecH102NgNb, powders: C, 68.02; H, 8.82; N, 7.21. Found: C, 68.31; H, 8.95; N,
7.33. m.p.: 195-196 °C.

NMR analysis of intermediate 4.A. A solution of CoD;, containing (BDI)(Me),Nb(N'Bu)
(4.1) (0.011 M, 1 equiv.) was added to a J-Young NMR tube with a Teflon cap. A '"H NMR
spectrum was taken at T = 243 K and corresponds to t = 0. The solution was freeze-pump-
thawed three times and then refilled with 1 atm of H,. The NMR tube with the thawing
solution was placed in the spectrometer, cooled to 243 K and several 'H NMR spectra were
recorded. Between each spectrum, the NMR tube was ejected from the spectrometer and was
shaken at room temperature for 1-2 mins before being brought back to 243 K. Figure 4.5
shows the formation of the intermediate 4.A after several minutes at room temperature. The
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tube was then repeatedly brought to room temperature in order to observe the further
conversion of 4.A.

Characterization of 4.A: (600MHz, CyD,, 243 K): 6 (ppm) 9.29 (b, 1 H, Nb-H), 5.32
(s, 1 H, HC(C(Me)NAr),), 3.12 (sept, 1 H, CHMe,, *Jun = 6.9 Hz), 3.05 (m, 1 H, Nb-
CH,CH(Ar)CH3), 2.70 (sept, 1 H, CHMe,), 2.61 (sept, 1 H, CHMe,, *Juu=6.9 Hz), 1.78 (m,
1 H, Nb-CH,CH(Ar)CHj3), 1.75 (s, 3 H, HC(C(Me)NAr),), 1.52 (s, 3 H, HC(C(Me)NAr),),
1.44 (d, 3 H, CHMey), 1.36 (d, 3 H, Nb-CH,CH(Ar)CHj3), 1.31 (d, 3 H, CHMe»), 1.26 (d, 3 H,
CHMe,), 1.18 (d, 3 H, CHMe»), 1.06 (d, 3 H, CHMe»), 1.02 (d, 3 H, CHMe,), 0.99 (s, 9 H,
‘Bu), 0.98 (m, 1 H, Nb-CH,C H(Ar)CH3). >C NMR (125 MHz, C¢Ds, 243 K): & (ppm) 73.8
(CHa, Nb-CH,CH(Ar)CH3), 35.5 (CH, Nb-CH,CH(Ar)CHs).

NMR analysis of intermediate 4.C. A solution of CyD;; containing a,a,a-trifluorotoluene
(6.8 ml, 0.055 mmol, 5 equiv.) and 4.1 (0.011 M, 1 equiv.) was added to a J-Young NMR
tube with a Teflon cap. A 'H NMR spectrum was taken at T = 243 K and corresponds to t = 0
(spectrum 1, Figure 4.7). The solution was freeze-pump-thawed three times and then refilled
with 1 atm of H,. The NMR tube with the thawing solution was placed in the spectrometer,
cooled to 243 K and several '"H NMR spectra were recorded. Between each spectrum, the
NMR tube was ejected from the spectrometer and was shaken at room temperature for 1-2
mins before being brought back to 243 K. Figure 4.7 shows the quick formation of the
intermediate 4.A, followed by the formation of 4.C. Once again, the persistency of these
intermediates at 243 K allowed for their complete characterization. The tube was then
repeatedly brought back to room temperature in order to observe the further conversion of 4.C
to the final product 4.1 (Figure 4.9).

Characterization of 4.C: '"H NMR (600 MHz, CoD,, 243 K): 8(ppm) 5.03 (s, 1 H,
HC(C(Me)NAT),), 4.36 (m, 2 H, CHMe,, *Jun=6.9 Hz), 3.96 (d, 2 H, PhCF3), 3.50 (d, 3 H,
PhCF;3). "F NMR (564 MHz, C¢Ds, 243 K): 8(ppm) -62.4 (s, 3F, PhCF3). °C NMR (125
MHz, CoD15, 243 K): 8(ppm) 103 (s, 1 H, HC(C(Me)NAr),), 4.36 (m, 2 H, CHMe,, *Jun=6.9
Hz), 97, 106 and 111 (CH, PhCF3).

Deuterium scrambling. A solution of CoDi, containing (BDI)(Me),Nb(N'Bu) (0.011 M, 1
equiv.) was added to a J-Young NMR tube with a Teflon cap. The solution was freeze-pump-
thawed three times and then refilled with 1 atm of D,. The NMR tube was left at room
temperature for 12 hrs, and the CoD;, was then removed under reduced pressure and replaced
by C6D6.

General remarks for DFT Calculations. All structures and energies were calculated using
the Gaussian09 suite of programs.’’ Self-consistent field computations were performed with
tight convergence criteria on ultrafine grids, while geometry optimizations were converged to
tight geometric convergence criteria for all compounds. Spin expectation values <S>
indicated that spin contamination was not significant in any result. Frequencies were
calculated analytically at 298.15 K and 1 atm. Structures were considered true minima if they
did not exhibit imaginary vibration modes and were considered as transition states when only
one imaginary vibration mode was found. Intrinsic Reaction Coordinates (IRC) calculations
were performed to ensure the transition state geometries connected the reactants and the
products. Optimized geometries were compared using the sum of their electronic and zero-
point energies. In order to reduce the computational time, the system was structurally
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simplified by replacing 2,6-diisopropylphenyl groups by phenyl groups and the N'Bu imido
group by a NMe imido group.

The B3LYP hybrid functional was used throughout this computational study.”®*° For
geometry optimizations and frequency calculations, the light atoms (H, C, N and F) were
treated with Pople’s 6-31G(d,p) double-( split-valence basis,*”*! while the niobium atom was
treated with a Stuttgart/Dresden ECPs pseudopotential (SDD).***

X-Ray crystallography studies. X-ray structural determinations were performed on a Bruker
SMART 1000 or SMART APEX diffractometer. Both are 3-circle diffractometers that couple
a CCD detector™ with a sealed-tube source of monochromated Mo Ka radiation (A = 0.71073
A). A crystal of appropriate size was coated in Paratone-N oil and mounted on a Kapton®
loop. The loop was transferred to the diffractometer, centered in the beam, and cooled by a
nitrogen flow low-temperature apparatus that had been previously calibrated by a
thermocouple placed at the same position as the crystal. Preliminary orientation matrices and
cell constants were determined by collection of 60 x 10 s frames, followed by spot integration
and least-squares refinement. The reported cell dimensions were calculated from all
reflections with / > 10 o. The data were corrected for Lorentz and polarization effects; no
correction for crystal decay was applied. An empirical absorption correction based on
comparison of redundant and equivalent reflections was applied using SADABS.* All
software used for diffraction data processing and crystal-structure solution and refinement are
contained in the APEX2 program suite (Bruker AXS, Madison, WI).*® Thermal parameters
for all non-hydrogen atoms were refined anisotropically. For all structures, Ry = X(|F,| -
IF)/E(FS)); wRy = [E{w(Fy’ - FO)*E{w(F)*}]"?. Thermal ellipsoid plots were created
using the ORTEP-3 software package and POV-ray."’
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Table 4.3 Crystallographic parameters for complexes 4.2 and 4.3

Compound 4.2 4.3
Formula C40HssF3N3Nb C41Hs4F¢N3Nb
Formula weight (amu) 727718 795.78
Space Group P2i/c Pbca
a(A) 20.1958(9) 20.9710(16)
b (A) 20.5403(10) 16.6536(13)
c(A) 18.1628(9) 22.7371(17)
a (°) 90° 90°
B(°) 96.318(3)° 90°

7 (°) 90° 90°
V(A% 7488.7(6) 7940.8(11)
Z 8 8

Peated (g/cm’) 1.291 1.331
Fooo 3072 3328

u (mm™) 0.367 0.363
Tmin/Tmax 0.8583/0.9875 0.8835/0.9084
No. rflns measured 81947 194464
No. indep. rflns 13712 7298

Rint 0.0609 0.0317
No. obs. (/> 2.00c(1)) 13712 7298

No. variables 873 473

Ri, wR» 0.0400/0.0951 0.0262/0.0611
R (all data) 0.0604 0.0307
GoF 1.029 1.074
Res. peak/hole (e /A%) 0.482/-1.154 0.417/-0.465
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Table 4.4 Crystallographic parameters for complexes 4.4 and 4.5

Compound 4.4 4.5
Formula C33H,sNsNb Ce6H10.N6Nb,
Formula weight (amu) 579.65 1165.36
Space Group P2, C2/m

a (A) 9.2011(4) 17.7537(15)
b (A) 18.8526(9) 19.0483(16)
c (A) 9-5779(4) 11.5495(9)
a (%) 90° 90°

B (°) 111.256(2)° 120.0960(10)°
y () 90° 90°

V (A3) 1548.40(12) 3379.2(5)

Z 2 2

Pealcd (g/cm’) 1.243 1145

Fooo 616 1244

p (mm™) 0.413 0.379
Tmin/Tmax 0.9183/0.9756 0.9140/0.9218
No. rflns measured 12610 30549
No. indep. rflns 4997 3204

Rint 0.0213 0.0215
No. obs. (I > 2.000(I)) 4997 3204
No. variables 378 206

R, WwR,

R, (all data)

GoF

Res. peak/hole (e /A3)

0.0312/0.0708
0.0355
1.025

0.406/-0.471

0.0244/0.0668

0.0253
1.070

0.519/-0.423
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Chapter V

Carbon-Fluorine Bond Cleavage in Fluoroarenes via a
Niobium (IIT) Imido Complex: From Stoichiometric to
Catalytic Hydrodefluorination
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Introduction

Due to their high bond strength and inherent kinetic inertness, C-F bonds are
among the most difficult bonds to functionalize.! Additionally, recent studies have
shown that chemically inert fluorinated compounds are persistent in nature, causing
environmental issues.” The activation and functionalization of C-F bonds has received
increasing interest over the past two decades;>® such processes, especially
hydrodefluorination, have been mediated by complexes involving metals from across
the periodic table.”® The metal-mediated cleavage of a C-F bond can occur via
different pathways, depending on the type of C-F bond and the metal.’ These include
oxidative addition,”™'® metal-fluorine bond formation via hydrodefluorination from a
metal hydride,***®*7#!! metal-carbon bond formation via elimination of HF**'? Sj-
F,%*1 B.F ' and AI-F bonds,”™’“!"" and nucleophilic attack by an electron-rich
metal.'®

The oxidative addition pathway is commonly seen in systems containing
electron-rich transition metals. In the case of fluoroarene activation, it is known that
the inertness of the Cgp-F bond toward most reagents increases when the degree of
fluorination decreases; with complexes of precious metals, C-H activation is often
kinetically preferred over C-F activation.*™*!” Duye to these limitations, reports of
catalytic transformation are often restricted to perfluorinated and/or hetero-
perfluorinated arene substrates. Additionally, these mechanisms often involve
formation of n’-arene-bound metal complexes,g’j a coordination mode retained during
the C-F activation transition state. The strong affinity between the electron-rich metal
center and the electron-poor, highly fluorinated arenes further contributes to the scarce
examples of monofluoroarene activation.”

Although several heterogeneous systems can activate the strong Cgp>-F bond of
a less fluorinated arene, such as fluorobenzene, via either hydrodeﬂuorination]8 or
cross-coupling reactions,'” in most cases the mechanism is not fully understood, and
homogenous systems capable of performing such transformations remain rare.'>**°
Therefore, mechanistic information involving fluorobenzene activation with well-
defined molecular systems is required to improve our understanding of this activation
process and allow for better catalyst design. Due to their propensity to favor
coordination to electron-rich arenes, as well as the strength of their M-F bonds,
reduced early transition metal systems could overcome the above-mentioned
thermodynamic and kinetic limitations of C-F activation as well as allow the
observation of arene-bound intermediates.

In our effort to develop new group 5 catalysts,”' we reported the combination of
an 1imido group and diketiminate ligand (BDI = 2,6-diisopropylbenzene-f3-
diketiminate) as a successful platform to support both low and high valent niobium
complexes™ which engender some interesting stoichiometric and catalytic
reactivity.”**** Several reports have shown that in-situ reduction of NbCls in the
presence of fluorinated substrates leads to C-F activation.'”** Driven by these results,
we reported in chapter IV, remarkable reactivity of a reduced niobium species,
resulting in triple C-F bond activation of benzylic CF; groups.”> Experimental data
revealed the intermediacy of an n°-bound arene niobium (IIT) complex, from which C-
F bond cleavage occurred stepwise. Further rearrangement involving the imido
functionality led to a coordinated imine moiety.
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We have now extended these studies to fluoroarene substrates, which result in
the clean formation of formally oxidized niobium (V) aryl fluoride complexes. As
mentioned above, activation of non-perfluorinated arenes, particularly mono- and di-
fluorinated arenes is known, but remains rare and not well understood, especially with
early transition metals. Additionally, previously reported systems often involve very
expensive catalysts,” especially compared to the low price of niobium. In contrast to
previous reports, selectivity toward substrates involving arenes with one or two C-F
bonds over highly fluorinated arenes is observed, suggesting a novel approach from
which a counter-intuitive trend of selective C-F activation could be obtained. The
homogeneous and well-defined character of the organometallic species involved
allowed for intensive spectroscopic analyses, which, supported by DFT calculations,
sheds light on the mechanism of this unusual selectivity. Importantly, we have been
able to characterize an arene bound intermediate of the type implicated in fluoroarene
activation with late transition metals but never observed in early transition metal
systems or prior fluorobenzene activation.’® Additionally, we describe herein the
homogenous catalytic hydrodefluorination of mono- and di-fluoroarenes, which is
enabled through the use of a stoichiometric quantity of a silane reagent to abstract the
fluoride from niobium.

Results and discussion

C-F bond activation of fluoroarenes. The reaction of the niobium benzene complex
5.1, [(BDI)NbN'Bu(Cg¢Hg)], with fluorobenzene resulted in efficient C-F activation to
form a niobium (V) phenyl fluoride complex 5.2a, under mild conditions (Table 5.1,
entry 1). Qualitatively, the rate of C-F activation was dependent on the solvent,
substrate, and substrate concentration: the transformation of fluorobenzene was much
faster in neat fluorobenzene (entry 2) or 2.0 M fluorobenzene in mesitylene-d;, (entry
3) as compared to 2.0 M in a Cg¢D¢ solution (entry 1). Examination of a range of
fluoroarenes showed that similar C-F activation occurs in most cases (see Table 5.1).
Substrates allowing for different regioisomers, such as 1,2,3-trifluorobenzene (Table
5.1, entry 8), resulted in formation of a 2:1 mixture of the 2,3-difluorophenyl- and 2,6-
difluorophenylniobium fluoride complexes 5.2fs and 5.2fg. However, with the 1,2,3,4-
tetrafluorobenzene substrate, selective formation of the 2,3,6-trifluorophenylniobium
fluoride regioisomer S5.2h was observed (Table 5.1, entry 10 and Figure 5.1).
Surprisingly, the reaction of 1,2,4,5-tetrafluorobenzene was relatively sluggish, with
poor yields; and no conversion was observed with perfluorobenzene (Table 5.1, entry
11-12). In these cases, dimerization of complex 5.1 to form the previously reported
diniobium inverted sandwich complex was found to be competitive with C-F
activation.”® These results were unexpected since perfluorination typically results in
more reactive C-F bonds.'
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Table 5.1 C-F bond activation of fluoroarenes

X R,
20M @Rn | A
Ar Q 7 Ar 7
=N ., 60 °C —N . i
0.07M 'INb __ "lINp =N'Bu
S o S,
5.1 -PhH 5.2a-i: X=F
5.2j: X = Cl
Entry Complex Substrate Time Yield™ (%)  rrelative
1 3h 98(1) 1
2Ll 5.2a OrF % h 100(1) -
3ld] % h 99(1) -
4 5.2b ~O-F 4h 62(1) 0.54
5 5.2¢ Qr Yih 98(1) 16
6 5.2d FQ ] Y h 96(1) 11
7 5.2¢ FLOF 2h 95(1) 1.3
8 5.2f0m ol Y h 97(1) 4.0
F
9 5.2g -F 4h 84(1) 0.44
F
10 5.2 ¥ 6 h 9 036
F
11 5.2i F{)-F 12h 26(1)! 0.04
F
F F
12 - FLF 12h <1l <0.04!"
F F
13 5.2] o Yih 97(1) >16!"

[a] Yields were calculated by integration of 'H NMR spectra using 0.02 M of
trimethoxybenzene as internal standard. [b] Relative rates were estimated via competition
experiments between fluorobenzene and other fluorarenes at 60 °C. [c¢] Sample in neat
fluorobenzene with capillary containing a 0.02 M of trimethoxybenzene in C¢Ds. [d] 2.0 M
fluorobenzene in mesitylene-d;,. [e] The reaction was stopped at 100% conversion of
complex 5.1. [f] Due to the absence of either 5.2a or 5.2X, Trelative are estimated to be higher

or lower than the faster or slower rrelasive calculated.

101



Crystallographic analysis. Complexes 5.2a-h and 5.2j were each isolated as yellow
or orange crystals from Et,O, from reactions with neat fluoroarenes at 40 °C, in
reasonable yields (47-91%). In the case of 5.2f, a mixture of 5.2fo and 5.2fg was
crystallized. Crystallographic analyses of 5.2a,c-d,h confirmed the atom connectivity,
revealing the presence of a diketiminate niobium aryl fluoride in a square-based
pyramidal geometry with the aryl group in the apical position for 5.2a,e-d (Figure 5.1
and 5.2). The more sterically demanding trifluoroaryl moiety of 5.2h occupies a basal
position (Figure 5.2, bottom). The Nb-F distances (avg. 1.936(5) A) and Nb-Cp;, (avg.
2.167(4) A) are similar to Nb-F and Nb-C,y bonds previously observed in Nb(V)
complexes (see Table 5.2).2%'0’25 Although broad at room temperature, NMR
resonances for 5.2a-h became well resolved at T = 353 K, suggesting pseudorotation of
the 5-coordinate species and/or hindered rotation of the aryl ligand.

Table 5.2 Selected distances and bond angles for complexes 5.2a, 5.2¢-d,h

5.2a 5.2¢ 5.2d 5.2h

Nb-N; (BDI)  2.1422(14) 2.134(2) 2.1333(17) 2.194(2)
Nb-N, (BDI)  2.2968(14) 2.301(2) 2.3061(16) 2.180(2)
Nb-N; (Imido)  1.7659(14) 1.758(2) 1.7631(17) 1.746(3)
Nb-C; (Aryl)  2.1580(18) 2.176(3) 2.167(2) 2.246(2)
Nb-F, 1.93225(11) 1.9336(17) 1.9411(12) 1.946(2)
C-F, - 1.246(4) 1.363(3) 1.359(3)
C,-Nb-F, 101.27(6) 100.74(9) 100.96(7) 85.33(7)
! 0.05 0.07 0.04 0.02
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Figure 5.1 ORTEP diagram of complexes 5.2a (top) and 5.2¢ (bottom). H atoms have been
removed for clarity. Selected bond distances and angles are presented in Table 5.2.
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Figure 5.2 ORTEP diagram of complexes 5.2d (top) and 5.2h (bottom). H atoms have been
removed for clarity. Selected bond distances and angles are presented in Table 5.2.
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Mechanistic investigation. While the above reactions were clean and quantitative in
CsDs, a small amount of unidentified side product was observed, in either
cyclohexane-d;, or mesitylene-d;., preventing accurate kinetic analysis. Thus, to obtain
further insight, relative rate ratios (Treative) Were obtained via competition experiments
carried out on mixtures containing equimolar concentrations of fluorobenzene and
other fluoroarenes: rielative cOrresponds to the product ratios 5.2x/5.2a (see Tables 5.1
and 5.3, 5.2x = 5.2b-i). These rrenaive data revealed an unusual and non-linear trend. In
spite of the low reactivity of more highly fluorinated aromatics, ortho- and meta-
fluorination resulted in significant rate enhancement, with ortho-F having the biggest
impact (Table 5.1, entry 5 and 6). This observation was further confirmed in a
competition experiment between equimolar concentrations of 1,2- and 1,3-
difluorobenzene, which led to formation of 2¢ as the major product. On the other hand,
para-fluorination resulted in a moderate rate enhancement (Table 5.1, entry 7). On the
other hand, further fluorination of the ring affected the C-F activation, as shown by the
significantly slower rates for the tetrafluorinated arene (Table 5.1, entry 10-11) and
complete inhibition of activation for the perfluorinated substrate (Table 5.1, entry 12).
As expected, a slower rate compared to those of fluorobenzene and difluorobenzene
(but higher than that for the tetrafluorinated arene) is observed with the 1,3,5-
trifluorobenzene (rrelaive = 0.44, Table 5.1, entry 9). However, the significant rate
enhancement of C-F activation of 1,2,3-trifluorobenzene is surprizing and implies that
the degree of fluorination is not the only factor governing the kinetics of C-F activation
(Trelative = 3.95, an order of magnitude higher than 1,3,5-trifluorobenzene, Table 5.1,
entry 8). A similar trend was observed in the tetrafluoroarenes, in which the relative
rate of 1,2,3,4-tetrafluorobenzene was an order of magnitude higher than the 1,2,4,5-
isomer (Table 5.1, entry 10-11, trelative= 0.36 and 0.04 respectively). Finally, when the
mixed halogenated substrate 1-chloro-3-fluorobenzene was employed (Table 5.1, entry
13), selective activation of C-Cl bond was observed, with the largest rrerative cOnsistent
with both the weaker C-Cl vs. C-F,*’ bonds and the favorability of meta-fluorination.
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Table 5.3 Competition experiments and Ryeaiive calculation.

Substrate Integral  Integral Ruiuve Substrate Integral  Integral Ruiuive
2a 2x 2a 2x
F
—@—F 1 0.54 0.54 @—F 1 0.44 0.44
F
QF I 62 162 | XY 0.36 0.36
F F F
FF
QF 1 113 113 Q 1 0.04 0.04
F F F
F F
Fd )-r 1 130 130 FQ—F 1 nd <0.1®
F F
F F .
1 395  3.95 Q nd 1 > 16
F cl

nd: not detected by NMR spectroscopy, [a]: Due to the non-detection of one complex, Ryelative
is estimated to be higher or lower than the faster or slower Riejative respectively.
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Figure 5.3 "’F NMR spectrum of the competition experiment between 1M of fluorobenzene
and 1 M of other fluoroarenes.
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Further mechanistic information was obtained by following the conversion of
5.1 to 5.2a in mesitylene-d;, via 'H and '’F NMR spectroscopies, which revealed the
presence of several intermediates, although under these conditions their low
concentrations hampered characterization. Thus, in an effort to avert competition from
benzene coordination we carried out hydrogenolysis of 5.3 in the presence of
fluorobenzene in mesitylene-d;, and monitored the reaction at low temperature by 'H
and '’F NMR. Under these conditions, the previously reported cyclometallated hydride
5.A was first observed. Over time, the concentration of a second intermediate
increased, allowing its assignment as the m°-fluorobenzene-bound complex 5.B
(Scheme 5.1 and Figure 5.4). Upon warming the sample, conversion to the final
product 5.2a was observed (see Figures 5.5 and 5.6).

To further understand the lack of reactivity of highly fluorinated substrates,
hydrogenolysis of 5.3 was carried out in mesitylene-d; in the presence of CcFs. While
intermediate 5.A was observed, we saw no evidence for an arene-bound intermediate
or C-F activation. Instead, the same mixture of products previously observed during
hydrogenolysis in hexanes was formed (Scheme 5.1, [(BDI)Nb(N‘Bu)(H)], complex
5.4 and (k;~-CNNC-BDI)Nb(N'Bu) complex 5.5).” Taken together, the nature of the
observed intermediates with fluorobenzene, the solvent dependence, and the lack of C-
F activation of highly fluorinated arenes suggest that arene coordination to form 5.B,
an interaction that is maintained in the subsequent transition state, is a critical
requirement for C-F activation.

5B
5.B 5.B: n®-bound PhF 5B

AR DU N F U 1| B 1.
LA ek om
A Mwumm

o

8

5.A 53
5B
~ o oA M 5 min
JL A AL Omin
5‘.5 510 4.‘5 315 3.‘0 215

4.0
f1 (ppm)
Figure 5.4 'H NMR monitoring upon time of the formation of complex 5.B from
hydrogenolysis of 5.3 at 263 K in the 2.4-5.5 ppm range.
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Figure 5.5 Formation of complex 5.2a and disappearance of 5.B with time. 'H NMR spectra

recorded at 313 K.
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Figure 5.6 Formation of complex 5.2a (left) and disappearance of 5.B (right) with time. '°F
NMR spectra recorded at 313 K.
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Scheme 5. 1 Proposed mechanism for the selective activation of non-perfluorinated arenes.

DFT calculation. While 5.B was found experimentally to be a key intermediate in the
C-F activation of fluoroarene, the mechanism of its conversion to the final product 5.2a
remained unclear (Scheme 5.1). To address this, we turned to DFT calculations for
additional mechanistic information (Scheme 5.2). These calculations showed the
presence of a very exergonic C-F activation (Scheme 5.6, AGsp'.52.> = -45 kcal.mol']),
consistent with the formation of strong Nb-F bonds (BDEny.r = 137 kcal.mol™).* In
the first path, the arene-bound complex slips from its n°-mode in 5.B, to an n>-mode
(in 5.C). This reorganization allows the C-F bond to be held closer to the metal center
leading to transition state, S.D, which maintains coordination to the arene and leads to
oxidative addition of the C-F bond. The structure of 5.D is best described as involving
n’-coordination, with a single C-F moiety. Transition state 5.D was found to be
relatively high energy for a room-temperature transformation (AG = 33 kcal.mol
relative to 5.B’). This high activation energy can be attributed to the strong arene
distortion required to allow orbital overlap between the metal center and the C-F o-
bond leading to the oxidative addition step. Attempts to locate a more conventional
concerted oxidation addition transition state were unsuccessful, collapsing either on
5.C or 5.D. Still, DFT calculations suggest that a less energetically demanding
pathway is possible in which the distorted arene is stabilized via formation of an arene-
bridged inverted sandwich complex. From 5.F, C-F bond cleavage followed by
dissociation of the second metal center leads to the fluoroaryl complex 5.2a’ and
reformation of an equivalent of 5.B’ (see Scheme 5.2). Larrosa et. al. have recently
reported that C—H arylation of unreactive arenes was rendered possible via m-
complexation of a Cr(CO); unit, greatly enhancing the reactivity of the aromatic C—H
bonds.”’ Along our bimetallic pathway, dissociation of fluorobenzene from one
molecule of 5.C generates a 3-coordinate species S.E which reacts with another
equivalent of 5.B’ to form complex 5.F. Although arene dissociation from the metal
center is energetically demanding, formation of the bimetallic intermediate 5.F is
thermodynamically favored (AG = - 10.9 kcal.mol™, with a AH = - 9.57 kcal.mol™, and
a AS =+ 4.3 cal.mol”.K™"). Such a transformation is analogous to (and in accord with)
the isolated benzene- and toluene-bridged complexes that we recently reported.”¢ At
transition state 5.G, coordination of a second “BDINb=NtBu” moiety resulted in a
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stabilization of 13 kcal/mol of the C-F activation step itself. Similarly to the ortho-,
meta-, and para-fluorination trend observed experimentally, the coordination of second
Nb moiety may stabilize the partial negative charge that builds up on the ring via -
back donation, thereby lowering the C-F activation barrier.

Figure 5.7 Optimized structures of transition states 5.D (left) and 5.G (right). Hydrogen
atoms and phenyl groups are removed for clarity.

An alternative path was also investigated, in which oxidative addition of the ortho C-H
bond occurs first, followed by B-F elimination and C-H recombination (see Appendix
C.2). Nevertheless, the significant amount of Nb-X character present in the transition
state involving C-X bond activation (X = F, H) results in a lower activation barrier (by
10 kcal/mol) for the thermodynamically-favored Nb-F bond formation compared to the
Nb-H interaction.

AG Kcal/mol Ph
2 "¢ N
.B' N TN
N S }

Reaction coordinate

Scheme 5.2 DFT calculation on the conversion from 5.B’ to 5.2a’ using PBE1PBE hybrid
functional, 6-311G(d,p) basis for light atoms (H, C, N and F) and Stuttgart/Dresden ECPs
pseudopotential basis (SDD) for niobium (see Appendix C.2).
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Regardless of the above insights, the nonlinear rate dependence of differently
fluorinated arenes is still perplexing. Although other factors are undoubtedly also involved,
we find it significant that qualitatively the arenes capable of undergoing reasonably efficient
C-F activation are those in which the metal can first coordinate to a non-fluorinated C2
moiety in the arene. When only mono-fluorinated (1,3,5-trifluoroarene) or doubly fluorinated
(1,2,4,5-tetrafluoroarene, and hexafluorobenzene) C2 moieties are available, the rate
decreases substantially. As noted above, we have experimental evidence that reversible -
coordination precedes the C-F activation rate-determining step. NMR monitoring of the
reaction in mesitylene-d;, showed that the conversion from the metallacylic hydride
intermediate 5.A to the arene adducts is dependent on the nature of fluoroarene. We believe
that coordination to the hydride 5.A, to form 5.A-C¢HsF (see Scheme 5.1), is required to
induce reductive elimination to form a niobium (III) arene adduct.*® Coordination of
fluoroarenes that lack a non-fluorinated C2 moiety (Table 5.1, entry 11-12) will be in
competition with the formation of the inverted sandwich complex in C¢Dg (or with the ligand
activation species in mesitylene-d;;) (Scheme 5.1). Additionally, our computations indicate
that the arene pre-coordination interaction of the metal center with a non-fluorinated C2
moiety of the arene appears to be energetically favored (see Scheme 5.2). These calculations
also indicate that in the more energetically favored bimetallic pathway, arene dissociation
(required for formation of the bimetallic species) is the rate-limiting step, suggesting that the
nature of the arene (i.e. its steric and electronic properties) governs the kinetics of the
reaction. Finally, the intramolecular selectivity (with 1,2,3,4-C¢H,F4, Table 5.1 entry 10) and
lack of selectivity (with 1,2,3-C¢H3F;, Table 5.1 entry 8) is perplexing. However, it suggests
that a non-fluorinated C2 moiety, not only facilitate the formation of the arene bound
intermediate 5.B, but its position on the ring influence the rate of C-F activation.

Hydrodefluorination of fluoroarenes. Stoichiometric hydrodefluorination was
observed when 5.2a-d,g were treated with 5 equiv. of nBuSiH; in C¢Dg at 60 °C for 4
h. NMR spectroscopy and GC/MS are in agreement with clean and quantitative
formation of the C¢Dgbound complex 5.1-dg, along with the free organic product and
nBuSiF; (Scheme 5.3 and SI). No reaction between the fluorinated organic product and
complex S5.1-ds was detected during the course of the reaction, consistent with the
concentration dependence in substrate and its coordinative competition with solvent
(e.g. C¢Dg) in the C-F activation step. Similar reactivity was observed using 5 equiv. of
PhSiH; within several hours at room temperature. Faster hydrodefluorination was
achieved at higher temperature, although some decomposition of complex 5.1-ds was
observed above 50 °C.
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Scheme 5. 3 Stoichiometric hydrodefluorination of fluoroarenes.
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Figure 5.8 Example of 'H monitoring of stoichiometric hydrodefluorination of fluorobenzene
with nBuSiH;.
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The data presented above suggested to us that, under appropriate conditions,
hydrodefluorination using catalytic loadings of niobium might be possible (Scheme
5.4). Accordingly, preliminary catalytic activity was investigated by '"F NMR
spectroscopy on a solution containing 3.0 M of substrates in mesitylene, 0.05 M of
catalyst and 0.11-0.33 M silanes (5-15 mol % catalyst loading relative to the
concentration of one hydride, Table 5.4 and Tables 5.6-5.7). Yields and TON were
calculated by integrating the peaks of the RSiF; formed as compared to 0.07 M of C¢F¢
used as internal standard. For the 1,2- and 1,3-difluorobenzenes, the yields were further
confirmed by integrating the peak of the fluorobenzene product compared to that of 1.0
M of 2-fluorobiphenyl in mesitylene in a capillary tube (see experimentals for
calibration).

F
NAr
g
N\ \
i NN
E-F Ar  NBu
5.1
E-H
F
—N - —Nt Ny
?N “Nb=N'Bu ?N,Nt{
Ar F Ar  NBu

Scheme 5.4 Proposed mechanism for catalytic hydrodefluorination of fluorobenzene.

First, catalytic activity of 5.1 was tested toward fluorobenzene, which showed
limited conversion (Table 5.4, entry 1). The low conversion was attributed to catalyst
degradation by the hydride source, since extended reaction times, concentration of
silanes higher than 0.11 M and higher temperature resulted in little to no conversion
(Table 5.6, entries 1-4). Meanwhile, in neat substrates, in which C-F activation is
faster, higher conversion was observed (Table 5.4, entry 2). These data suggest that the
nature of the catalyst resting state (5.1 vs. 5.2a) and its stability under catalytic
conditions, have a pronounced effect on catalysis. Consistent with the above data,
catalytic activity was improved when complex 5.2a was formed in-situ by treating 5.1
with fluorobenzene for 30 min at 60 °C, prior to silane addition (Table 5.4, entry 3).
Under these conditions, high catalyst activity was observed. Additionally, using
PhSiH3; as the hydride source resulted in poor conversion, also consistent with catalyst
degradation since this silane was found to react readily with 5.1 at elevated
temperature. Extending this reactivity to other poorly activated fluorobenzenes such as
1,2- and 1,3-difluorobenzenes using 5.1 as a precatalyst also resulted in good catalytic
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activity with both silanes, even at higher silane concentration (Table 5.4, entries 5-8,
[RSiH3] = 0.33 M). This is in accord with a faster C-F activation of difluorinated
arenes relative to fluorobenzene (Trelative = 42 and 23, for 1,2- and 1,3-difluorobenzene
respectively), resulting in a faster conversion of the reactive Nb(III) species to the
more stable Nb(V) resting state, effectively competing with catalyst degradation.

Table 5.4 Catalytic monodefluorination of fluoroarenes.

0.11-0.33 M of
F R'SiH; H
0.05 M of [Nb]
N 15 mol ¢ ~
/lR (5-15 mol % per H) ; /iR
A Mesitylene x
R =H, o-F, m-F _R'SiF4
Ent Atk Product  [Nb] RSiH T (°C)  TONW
n T 1
Yo Gowm odue g
I <1
5.1 R=nBu 70
Sib] 4
OF O
3 R=nBu 70 5
5.2al
4 R=Ph 40 I
o T
OrF
7 O “ R=nBu 70 19
5.2d
8 F R=Ph 40 17

[a] Turnover numbers (TON) were determined, after 16 h, relative to the concentration of
RSiF; formed. [b] In neat fluorobenzene. [c] Complexes 5.2a-¢ were generated in-situ by
reacting 5.1 with the corresponding fluoroarene for 30 min at 60 °C prior to hydride addition.

114



CeFs
PhF nBuSiF;

J J t=16 hrs

J t=12hrs

j t=6hrs
) )

J t=3hrs
|

J t=1hr
A

-100 -110 -120 -130 -140 -150 -160 -170 -180
f1 (ppm)

Figure 5.9 Example of '"F NMR monitoring of catalytic hydrodefluorination of
fluorobenzene with nBuSiH; using CgFs as internal standard
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Figure 5.10 Example of "F NMR monitoring of catalytic hydrodefluorination of 1,3-
difluorobenzene with nBuSiH;
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Conclusions

In this report we provide the first experimental evidence implicating m°®-arene-
bound complexes in C-F bond activation reactions of fluoroarenes. These w
interactions are maintained in the rate-determining transition-state and thus play a vital
role in promoting this reactivity. To allow the formation of these arene bound species,
coordination of the fluoroarene to the metallacyclic hydride intermediate S.A is
required to induce reductive elimination; indeed, their involvement is crucial to
understanding the very specific selectivity observed. Additionally, DFT calculations
suggest that a bimolecular process facilitates the transformation by stabilizing the arene
distortion required during the C-F oxidative addition rate-limiting transition state.
Finally, challenging stoichiometric and catalytic hydrodefluorinations of mono- and
difluorinated arenes under mild conditions have been achieved. Work is in progress to
further probe the mechanism and to optimize and extend the scope of catalysis.

Experimental

General Considerations Unless otherwise noted, all reactions were performed either using
standard Schlenk line techniques or in an MBraun inert atmosphere glove box under an
atmosphere of purified nitrogen (<1 ppm O,/H,O). Glassware, cannulae, and Celite were
stored in an oven at ca. 160 °C for at least 12 hrs prior to use. Hexanes, Et,O, THF, DCM and
toluene were purified by passage through a column of activated alumina, stored over 3 or 4 A
molecular sieves, and degassed prior to use.’! Benzyl fluoride, fluorobenzene, 1,2-, 1,3- and
1,4-fluorobenzenes, 1,2,3- and 1,3,5-trifluorobenzenes, 1,2,4,5-tetrafluorobenzene,
pentafluorobenzene, and perfluorobenzene were dried and stored over 4 A molecular sieves.
Deuterated solvents (C¢Ds, C7Dg and mesitylene-d;;) and mesytilene were dried over
sodium/benzophenone; and then vacuum transferred to a storage flask containing activated
molecular sieves. N,N -bis-(2,6-diisopropylphenyl)-f-diketiminate (BDI),”* Li(BDI) Et,0,”
(BDI)pyCLLNb(N'Bu),**  (BDI)(Me),Nb(N'Bu),**  (BDI)(1*-benzene),Nb(N'Bu),”>  were
prepared using literature procedures. All other reagents were acquired from commercial
sources and used as received. NMR spectra were recorded on Bruker AV-300, AVQ-400,
AVB-400, DRX-500, AV-500, and AV-600 spectrometers. Chemical shifts were measured
relative to residual solvent peaks, which were assigned relative to an external TMS standard
for "H/"*C and BF;.0Et; for '°F set at 0.00 ppm. 'H and *C NMR assignments were routinely
confirmed by 135/90 DEPT, 'H-'H (COSY, NOESY) and 'H-"C (HSQC and HMBC)
experiments. GC/MS analyses were performed using a Agilent 6890 N Network GC system
coupled to a 5973 Network mass selective detector. The uncorrected melting points were
determined using sealed capillaries prepared under nitrogen on an Optmelt SRS. Elemental
analyses were performed at the School of Human Sciences, Science Center, London
Metropolitan University. The X-ray structural determinations were performed at CHEXRAY,
University of California, Berkeley on Bruker SMART APEX or SMART QUAZAR
diffractometers.

NMR scale reactions. Complex 5.1, (BDI)(°-C¢Hg)Nb(N'Bu) (18.5 mg, 0.028 mmol, 0.07
M) was dissolved in 0.4 ml of C¢Ds containing 2.0 M of fluoroarene and 0.02 M of
trimethoxybenzene as internal standard, and the resulting solution was added to a J-Young
NMR tube with a Teflon cap. The NMR tube was either stored at room temperature or heated
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at 60 °C depending on the condition described in table 1 of the manuscript. The yield of each
reaction was calculated by integrating the peak corresponding to the CH of the BDI backbone
(HC(C(Me)NAr),) of the new complex, commonly observed in the 5.5-5.0 ppm range,
relative to the peak at 6.25 ppm of the internal standard (CsH3(OCHs);) by "H NMR. In the
case of 1,3,5-trifluorobenzene, the overlap between the substrates and the internal standard
forced us to use the signal at 3.42 ppm corresponding to the methoxy group of the internal
standard (CsH3(OCHj3)3). Due to the strong signals of the substrates, the yields were further
confirmed by removing the volatile materials under high vacuum, adding 0.4 mL of fresh
CsDs to the J-Young NMR tube, and reanalyzing the solution by NMR.

Competition experiment 1,2- vs 13- difluorobenzene: Complex 5.1 (BDI)(n’-
CsHg)Nb(N'Bu) (18.5 mg, 0.028 mmol, 0.07 M) was dissolved in 0.4 ml of C4D¢ containing
1.0 M of 1,2-difluorobenzene, 1.0 M of 1,3-difluorobenzene and 0.02 M of
trimethoxybenzene as internal standard. The resulting solution was added to a J-Young NMR
tube with a Teflon cap. The NMR tube was heated at 60 °C for 30 min. The yield of each
complex, 5.2¢ and 5.2d, was calculated relative to the amount of internal standard by 'H
NMR

Determination of relative rates: Complex 5.1 (BDI)(n°-C¢He)Nb(N'Bu) (18 mg, 0.027
mmol, 0.07 M) was dissolved in 0.4 ml of C¢Dg containing 1.0 M of fluorobenzene (45 mL),
1.0 M of fluoroarene and 0.02 M of trimethoxybenzene as internal standard. The resulting
solution was added to a J-Young NMR tube with a Teflon cap. The NMR tube was heated at
60 °C and monitored every 30 min. The relative rate between the two complexes, 5.2a : 5.2x
(x=b-h), was calculated using the integral ratio of '’F NMR resonance of Nb-F (Table 5.3 and
Figure S.2, bottom) and further confirmed by the integral ratio of the CH backbond of the
BDI ligand in the "H spectrum.

General method for the synthesis of complexes 5.2a-f,h. Each fluoroarene (10 mL) was
added to a 25-mL Schlenk flask containing (BDI)(n°-CsHs)Nb(N'Bu) (0.120 g, 0.182 mmol,
1.0 equiv.) at room temperature. The dark red solution was heated to 60 °C. The color of the
solution turned from dark red to yellow/orange within 15 to 45 min depending on the
substrate. After 3 h, the volatile materials were removed under reduced pressure to yield a
yellow/orange residue. Trituration with Et,O (2 x 5 ml), extraction with hexane (20 ml), and
storage at -40 °C overnight afforded yellow crystals, which were collected by filtration.

[(BDI)Nb(N‘Bu)(Ph)(F)], 5a. Yield: 97 mg, 0.143 mmol, 79%. X-ray suitable crystals were
obtained by recrystallization from hexanes at -40 °C. '"H NMR (500 MHz, C;Ds, 293 K): &
(ppm) 8.05 (b, 2 H, Ph-Nb), 7.18-6.96 (broad, Ar), 5.39 (s, 1 H, HC(C(Me)NAr),), 2.96
(broad sept, 4 H, CHMe,), 1.58 (s, 6 H, HC(C(Me)NAr),), 1.21 (b, 6 H, CHMey), 1.08 (d, 12
H, CHMe,, *Jun=6.6 Hz), 1.0 (b, 6 H, CHMe,), 0.94 (s, 9 H, ‘Bu). '"H NMR (500 MHz, C;Ds,
353 K): & (ppm) 7.97 (dd, 2 H, Ph-Nb), 7.14-6.96 (Ar + C;Dg), 547 (s, 1 H,
HC(C(Me)NAT),), 2.96 (sept, 4 H, CHMe,, *Juu = 6.6 Hz), 1.63 (s, 6 H, HC(C(Me)NAr),),
1.08 (b, 12 H, CHMe,), 1.04 (d, 12 H, CHMe,, *Juy=6.6 Hz), 0.91 (s, 9 H, ‘Bu). ’F NMR
(470 MHz, C;Dg, 293 K): & (ppm) 87.4 (s, Nb-F). ""F NMR (470 MHz, C;Ds, 353 K): &
(ppm) 89.4 (s, Nb-F). *C{'H} NMR (125.8 MHz, C;Ds, 353 K): & (ppm) 132.5 (CH, Ph-Nb),
103.2 (CH, HC(C(Me)NATr),), 30.6 (CHs, Nb=NC(CH;)3), 28.5 (CH, CHMe, of C=NAr),
25.3 (CHs, HC(C(Me)NAr),), 24.8 (CH3, CHMe, of C=NAr), 24.3 (CH3, CHMe, of C=N4r),
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23.2 (CH3, CHMe; of C=NA4r). Anal. Calcd for C39HssFiN3Nb;: C, 69.11; H, 8.18; N, 6.20.
Found: C, 68.89; H, 8.35; N, 6.16.

[(BDI)Nb(N'Bu)(4-CH;Ph)(F)], 5.b. Yield: 85 mg, 0.123 mmol, 68%. 'H NMR (500 MHz,
CeDs, 293 K): & (ppm) 8.09 (d, 2 H, pTol-Nb,), 7.18-6.96 (broad, Ar), 549 (s, 1 H,
HC(C(Me)NAr),), 3.1 (b, 4 H, CHMe,), 1.71 (s, 6 H, HC(C(Me)NAr),), 1.31 (b, 6 H,
CHMe»), 1.22 (d, 12 H, CHMe,, *Juu=6.6 Hz), 1.15 (b, 6 H, CHMe,), 1.07 (s, 9 H, ‘Bu). °F
NMR (470 MHz, C¢Ds, 293 K): & (ppm) 82.3 (s, Nb-F). *C{'H} NMR (125.8 MHz, C¢Ds,
293 K): & (ppm) 132.5 (CH, Ph-Nb), 103.2 (CH, HC(C(Me)NAr),), 30.6 (CHs, Nb=NC(CH-
3)3), 28.5 (CH, CHMe, of C=NAr), 25.3 (CHs;, HC(C(Me)NAr),), 24.8 (CHs, CHMe, of
C=NAr), 24.3 (CHs, CHMe, of C=NAr), 23.2 (CHs;, CHMe, of C=N4r). Anal. Calcd for
C4oHssFIN3Nby: C, 69.34; H, 8.44; N, 6.07. Found: C, 69.70; H, 8.77; N, 6.41.

[(BDI)Nb(N‘Bu)(2-CsH,F)(F)], 5.c. Yield: 94 mg, 0.134 mmol, 74%. X-ray suitable crystals
were obtained by recrystallization from hexanes at -40 °C. "H NMR (500 MHz, C;Ds, 293 K):
8 (ppm) 7.85 (b, 2 H, 2-C¢H4F-NDb), 7.18-6.96 (broad, Ar), 5.39 (s, 1 H, HC(C(Me)NAr),),
2.99 (broad, 4 H, CHMe,), 1.59 (s, 6 H, HC(C(Me)NAr),), 1.24 (b, 12 H, CHMe,), 1.15 (b, 12
H, CHMe,), 1.01 (s, 9 H, ‘Bu). 'H NMR (500 MHz, C;Ds, 353 K): & (ppm) 7.82 (dd, 2 H, 2-
CsH4F-Nb), 7.14-6.96 (Ar + C7Dg), 6.86 (t, 2 H, 2-CsH4F-Nb), 6.79 (t, 2 H, Ar), 5.46 (s, 1 H,
HC(C(Me)NAT),), 2.99 (sept, 4 H, CHMe,, *Juu = 6.6 Hz), 1.63 (s, 6 H, HC(C(Me)NAr),),
1.11 (d, 12 H, CHMe,, *Jun =6.6 Hz), 1.07 (d, 12 H, CHMe,, *Jun= 6.6 Hz), 0.92 (s, 9 H,
‘Bu). "’F NMR (470 MHz, C;Ds, 293 K): & (ppm) 98.0 (s, Nb-F), -84.2 (b, o-F). ""F NMR
(470 MHz, C;Dg, 353 K): & (ppm) 99.9 (s, Nb-F), -85.2 (s, o-F). “C{'H} NMR (125.8 MHz,
C;Ds, 353 K): & (ppm) 131.3 (CH, Ph-Nb), 103.9 (CH, HC(C(Me)NAr),), 29.9 (CHs,
Nb=NC(CH3)3), 28.3 (CH, CHMe, of C=NAr), 25.0 (CHs, HC(C(Me)NAr),), 24.8 (CHs,
CHMe; of C=NAr), 24.0 (CHs, CHMe, of C=N4r), 23.9 (CHs, CHMe, of C=N4r). Anal.
Calcd for C390Hs4F,N3Nby: C, 67.32; H, 7.82; N, 6.04. Found: C, 67.49; H, 8.05; N, 6.19.

[(BDDNb(N‘Bu)(3-CsH4F)(F)], 5.2d. Yield: 112 mg, 0.160 mmol, 91%. X-ray suitable
crystals were obtained by recrystallization from hexanes at -40 °C. "H NMR (500 MHz, C;Ds,
293 K): & (ppm) 7.84 (d, 1 H, 3-C¢H4F-Nb, *Juy=6.7 Hz), 7.74 (d, 1 H, 3-FPh-Nb, *Juy=6.8
Hz), 7.18-6.96 (broad, Ar), 6.84 (dt, 1 H, 3-C¢H4FNb, *Juy=6.7 Hz, *Jun=1.7 Hz), 5.34 (s, 1
H, HC(C(Me)NAr),), 2.91 (sept, 4 H, CHMe,, *Jun=6.6 Hz), 1.53 (s, 6 H, HC(C(Me)NAr),),
1.20 (b, 6 H, CHMe,), 1.06 (d, 12 H, CHMe,, *Juu=6.6 Hz), 1.02 (b, 6 H, CHMe;), 0.89 (s, 9
H, ‘Bu). '"H NMR (500 MHz, C;Ds, 353 K): & (ppm) 7.80 (dd, 1 H, 3-C¢H4F-Nb, *Jup=6.7
Hz, “Jun=1.7 Hz), 7.72 (d, 1 H, 3-Cs¢H4F-Nb, *Juy=6.8 Hz), 7.18-6.96 (broad, Ar), 6.83 (dt,
1 H, 3-C6H,F -Nb, *Juy=6.7 Hz, *Juy=1.7 Hz), 5.39 (s, 1 H, HC(C(Me)NAr),), 2.91 (sept, 4
H, CHMe,, *Jun=6.6 Hz), 1.56 (s, 6 H, HC(C(Me)NAr),), 1.09 (d, 12 H, CHMes, *Jun=6.8
Hz), 1.06 (d, 12 H, CHMe>, *Jun=6.6 Hz), 0.88 (s, 9 H, ‘Bu). "’F NMR (470 MHz, C;Ds, 293
K): & (ppm) 92.1 (s, Nb-F), -113.6 (s, m-F). "’F NMR (470 MHz, C;Ds, 353 K): & (ppm) 94.3
(s, Nb-F), -113.9 (s, m-F). “C{'H} NMR (125.8 MHz, C;Ds, 353 K): & (ppm) 103.8 (CH,
HC(C(Me)NAr),), 29.7 (CH;, Nb=NC(CH3)3), 28.1 (CH, CHMe; of C=NAr), 25.4 (CHs,
HC(C(Me)NAr),), 24.6 (CHs, CHMe; of C=NAr), 24.1 (CHs, CHMe, of C=NAr), 23.7 (CHs,
CHMe; of C=NAr). Anal. Calcd for C39Hs4FoN3Nb;: C, 67.32; H, 7.82; N, 6.04. Found: C,
67.53; H, 8.00; N, 6.21.
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[(BDD)Nb(N'Bu)(4-C¢H4F)(F)], 5.2e. Yield: 100 mg, 0.150 mmol, 87%. '"H NMR (500 MHz,
C7Ds, 293 K): & (ppm) 8.00 (b, 2 H, 4-C¢H,F-Nb), 7.18-6.96 (broad, Ar), 5.38 (s, 1 H,
HC(C(Me)NAr),), 2.90 (broad, 4 H, CHMe,), 1.56 (s, 6 H, HC(C(Me)NAr),), 1.21 (b, 12 H,
CHMe,), 1.05 (b, 12 H, CHMe,), 0.92 (s, 9 H, ‘Bu). ’F NMR (470 MHz, C;Ds, 293 K): &
(ppm) 97.2 (s, 1 F, Nb-F), -108.3 (s, 1 F, p-F). "C{'H} NMR (125.8 MHz, C;Ds, 298 K): &
(ppm) 103.5 (CH, HC(C(Me)NAr),), 29.1 (CHs, Nb=NC(CHs)3), 28.6 (CH, CHMe, of
C=NAr), 24.9 (CHs, HC(C(Me)NAr),), 24.5 (CH3, CHMe; of C=NAr), 23.1 (CH;, CHMe, of
C=N4r), 22.6 (CHs, CHMe, of C=NAr). Anal. Calcd for C3HssF,N3Nb;: C, 67.32; H, 7.82;
N, 6.04. Found: C, 67.10; H, 7.52; N, 6.29.

[(BDI)Nb(N'Bu)(2,x-CsHsF2)(F)], x = 3 or 6, 5.2fy5: Yield: 83 mg, 0.116 mmol, 65%. Anal.
Calcd for C30Hs3F3N3Nby: C, 65.63; H, 7.48; N, 5.89. Found: C, 65.87; H, 7.81; N, 6.12.

Main resonances for complex 5.2f,, [(BDI)Nb(N’Bu)(2,3-CQHQEg)(F)]: (500 MHz, C;Dg, 293
K): & (ppm) 5.34 (s, 1 H, HC(C(Me)NAr),), 2.93 (b, 4 H, CHMe,, *Jun=6.6 Hz), 1.54 (s, 6 H,
HC(C(Me)NAr),). 'H NMR (500 MHz, C;Dg, 353 K): & (ppm) 5.44 (s, 1 H,
HC(C(Me)NATr),), 2.98 (sept, 4 H, CHMe,, *Jun=6.6 Hz), 1.61 (s, 6 H, HC(C(Me)NAr),). '°F
NMR (470 MHz, C;Dg, 293 K): & (ppm) 103.2 (b, Nb-F). ""F NMR (470 MHz, C;Ds, 353
K): 8 (ppm) 104.4 (s, Nb-F).

Main resonances for complex 5.2fg, [(BDI)Nb(NtBu)(2,6-C§H§Eg)(F)]: (500 MHz, C;Dg, 293
K): & (ppm) 5.32 (s, 1 H, HC(C(Me)NAr),), 3.18 (b, 4 H, CHMe,, *Juu=6.6 Hz), 1.61 (s, 6 H,
HC(C(Me)NAr),). 'H NMR (500 MHz, C;Dg, 353 K): & (ppm) 539 (s, 1 H,
HC(C(Me)NAr),), 3.22 (sept, 4 H, CHMe,, *Jun=6.6 Hz), 1.66 (s, 6 H, HC(C(Me)NAr),). "°F
NMR (470 MHz, C;Dg, 293 K): & (ppm) & (ppm) 103.2 (b, Nb-F). ""F NMR (470 MHz,
C7Ds, 353 K): & (ppm) 109.5 (s, 1 F, Nb-F).

Accurate assigment of 2,x-C¢H4F», with x = 3 or 6, was challenging due to the broadness of
the signals and the resulting difficulty of integration. Three resonances in a roughly 1:1:1 ratio
were observed, consistent with the three inequivalent C-F bonds expected (two resonances for
the non-symmetric 2,3-C¢H4F> group of 5.2f4 and one resonance for the symmetric 2,6-
C¢H4F, moiety of 5.2fg), and the 2:1 ratio between 5.2fy and 5.2fz. '’F NMR (470 MHz,
C7Ds, 353 K): -80.2 (vb, 2 F, 2,6-F>,CcHy of 5.2fg), -109.9 (b, 1 F, 2-F>CsH4 of 2f4), -136.1
(d, 1 F, 3-F2C6H4 of S.ZfA)

[(BDI)Nb(N‘Bu)(3,5-CsH3F2)(F)], 5.2g. Yield: 60 mg, 0.082 mmol, 47%. '"H NMR (500
MHz, C:Ds, 293 K): & (ppm) 7.61 (dd, 2 H, 3,5-C¢H3F»-Nb, *Jun=6.7 Hz, *Juu = 1.6 Hz),
7.18-6.96 (broad, Ar), 6.59 (dt, 1 H, 3,5-C¢H3F,-Nb, *Jun=6.8 Hz, “Jyn=1.5 Hz), 5.32 (s, 1
H, HC(C(Me)NAr),), 2.86 (broad, 4 H, CHMe,), 1.51 (s, 6 H, HC(C(Me)NAr),), 1.10 (b, 12
H, CHMe,), 1.05 (b, 12 H, CHMe;), 0.84 (s, 9 H, ‘Bu). '°F NMR (470 MHz, C;Ds, 293 K): &
(ppm) 97.2 (s, 1 F, Nb-F), -111.1 (b, 2 F, m-F). C{'H} NMR (125.8 MHz, C;Ds, 298 K): &
(ppm) 103.5 (CH, HC(C(Me)NAr),), 30.3 (CHs, Nb=NC(CH;)3), 28.7 (CH, CHMe, of
C=NAr), 25.6 (CH3, HC(C(Me)NAr),), 24.3 (CH;, CHMe, of C=NAr), 24.1 (CHs, CHMe, of
C=N4r), 23.8 (CH3, CHMe, of C=NAr). Anal. Calcd for C3oHs3F3N3Nby: C, 65.63; H, 7.48;
N, 5.89. Found: C, 65.39; H, 7.75; N, 6.01.

[(BDI)Nb(N‘Bu)(2,3,6-C¢HF3)(F)], 5.2h. Yield: 71 mg, 0.100 mmol, 55%. %. 'H NMR

(500 MHz, C;Ds, 293 K): 8 (ppm) 7.18-6.96 (broad, Ar), 6.41 (b, 1 H, 2,3,6-CsH:F3), 6.15 (b,
1 H, 2,3,6-CeHhF3), 5.29 (s, 1 H, HC(C(Me)NAr),), 3.34 (b, 2 H, CHMe,), 3.14 (b, 2 H,
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CHMe,), 1.59 (s, 3 H, HC(C(Me)NAr),), 1.58 (s, 3 H, HC(C(Me)NAr),), 1.38 (d, 6 H,
CHMes, *Juu=6.8 Hz), 1.32 (d, 6 H, CHMe>, *Jun=6.6 Hz), 1.16 (s, 9 H, ‘Bu), 1.10 (d, 12 H,
CHMe,, *Jun=6.6 Hz). "H NMR (500 MHz, C;Ds, 353 K): & (ppm) 7.18-6.96 (broad, Ar),
6.52 (b, 1 H, 2,3,6-CsHF3), 6.23 (b, 1 H, 2,3,6-CsH:F3), 5.37 (s, 1 H, HC(C(Me)NAr),), 3.20
(b, 4 H, CHMe,), 1.65 (s, 3 H, HC(C(Me)NAr),), 1.21 (d, 12 H, CHMe,, *Juu=6.8 Hz), 1.19
(d, 12 H, CHMe,, *Jun=6.6 Hz), 1.07 (s, 9 H, ‘Bu). ’F NMR (470 MHz, C;Ds, 293 K): &
(ppm) 120.3 (s, 1F, Nb-F), -90.1 (s, 1F, 6-F), -103.7 (s, 1F, 2-F), -142.1 (s, 1F, 3-F). "“F
NMR (470 MHz, C7Ds, 353 K): & (ppm) 116.6 (s, 1F, Nb-F), -94.3 (s, 1F, 6-F), -108.4 (s, 1F,
2-F), -144.9 (s, 1F, 3-F). Anal. Calcd for C39Hs,F4N3Nb;: C, 64.01; H, 7.16; N, 5.74. Found:
C, 64.37; H, 7.02; N, 6.02.

[(BDI)Nb(N‘Bu)(3-CsHsF)(CI)], 5.2j. Yield: 113 mg, 0.158 mmol, 88%. 'H NMR (500
MHz, C¢Dg, 293 K): 6 (ppm) 7.82 (b, 2 H, Ph-Nb), 7.18-6.96 (broad, Ar), 5.66 (s, 1 H,
HC(C(Me)NAr),), 2.75 (broad, 4 H, CHMe,), 1.74 (s, 3 H, HC(C(Me)NAr),), 1.57 (s, 3 H,
HC(C(Me)NAr),), 1.35 (b, 6 H, CHMes), 1.05 (d, 12 H, CHMes, *Juy=6.7 Hz), 1.01 (s, 9 H,
‘Bu), 0.65 (b, 6 H, CHMe>),. "’F NMR (470 MHz, C¢Ds, 293 K): & (ppm) -113.8 (b, 1F, m-F-
Ar). Anal. Calcd for C39Hs4C1FN3Nby: C, 65.77; H, 7.64; N, 5.90. Found: C, 65.45; H, 7.83;
N, 6.11.

Characterization of intermediate 5.B. A solution of C9D;, containing fluorobenzene (10 ml,
0.107 mmol, 2 equiv.) and (BDI)(Me),Nb(N'Bu) (35 mg, 0.057 mmol, 1 equiv.) was added to
a J-Young NMR tube with a Teflon cap. The solution was freeze-pump-thawed three times
and then refilled with 1 atm of H,. The NMR tube with the thawing solution was placed in the
spectrometer, with the probe pre-cooled to 263 K, and several 'H NMR spectra were
recorded. Between each spectrum, the NMR tube was ejected from the spectrometer and was
shaken at room temperature for 1-2 mins before being brought back to 263 K. Figure 5.4
shows the quick formation of the intermediate 5.A, followed by the formation of 5.B, also
observed by '’F NMR spectroscopy. The persistence of these intermediates at 263 K allowed
for their complete characterization. The spectrometer probe was then warmed to 313 K in
order to observe the further conversion of 5.B to the final product 5.2a (Figures 5.5 and 5.6).

Characterization of 5.B: '"H NMR (600 MHz, CoD,, 263 K): 8(ppm) 5.05 (s, 1 H,
HC(C(Me)NATr),), 4.50 (m, 2 H, CHMe,, *Jun=6.9 Hz), 3.67 (t, 1 H, p-PhF, *Jun=6.6 Hz),
3.36 (broad, 2 H, m-PhF), 3.29 (t, 2 H, 0-PhF, *Juy=6.2 Hz), 2.61 (m, 2 H, CHMe,, *Jun =
6.9 Hz), 1.68 (s, 6 H, HC(C(Me)NAr),), 1.34 (s, 9 H, ‘Bu), 1.31 (d, 6 H, CHMe,, *Jun=6.9
Hz), 1.10 (d, 6 H, CHMe,, *Jun=6.6 Hz), 0.96 (d, 6 H, CHMe,, *Jyu=6.6 Hz), 0.94 (d, 6 H,
CHMes, *Jun=6.9 Hz). '’F NMR (564 MHz, CoD15, 263 K): 8(ppm) -113.4 (s, 3 F, PhF). "*C
NMR (125 MHz, CoDis, 263 K): 8(ppm) 116 (CH, m-PhF), 115 (CH, p-PhF), 102 (CH,
HC(C(Me)NATr),), 84 (CH, o-PhF
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Stoichiometric hydrodefluorination. A solution of C¢D¢ containing each complex 2a-e (10-
15 mg, 0.107 mmol, 1 equiv.) and RSiH3; (R = nBuSiH3: 35 mL, 0.057 mmol, 5 equiv., R =
Ph: 35 mL, 0.057 mmol, 5 equiv.) was added to a J-Young NMR tube with a Teflon cap. The
solution was either stored at room temperature (R = Ph) or heated to 60 °C (R = nBu) for
several hours. The yellow-orange solution slowly turned dark red, the color characteristic of
the arene bound complex. "H NMR spectra were then recorded, revealing the presence of
complex 5.1-ds as the only organometallic species (example for complex 5.2a and nBuSiH3,
Figure 5.8). After completion, the volatile materials were vacuum-tranfered away from the
organometallic compound and analyzed by 'H, 'F NMR in C¢Ds and further analyzed by GC-
MS showing the presence of the mono-hydrodefluorinated arene and RSiFs.

- nBuSiF;: 'H NMR (600 MHz, C¢Ds, 293 K): 8(ppm) 1.13 (m, 2 H,
CH3(CH,),CH,SiF3), 1.06 (m, 2 H, CHi(CH,),CH,SiF3), 0.76 (t, 3 H,
CH;3(CH,),CH,SiFs, *Juy =8.2 Hz), 0.40 (m, 2 H, CH3(CH,),CH.SiF;. '°’F NMR
(564 MHz, C¢Ds, 293 K): 8(ppm) -136.2 (s, 3F, nBuSiF3).

- PhSiFs: ""F NMR (564 MHz, C¢Ds, 293 K): 8(ppm) -141.8 (s, 3F, PhSiF3).

Catalytic hydrodefluorination. Complex 5.1 as a catalyst: Asolution of 0.4 ml mesitylene
containing complex 5.1 (13.5 mg, 0.020 mmol, 0.05 M), fluoroarene and silane, as well as a
solution of mesitylene containing C¢F¢ as internal standard (0.10 M), was added to a J-Young
NMR tube with a Teflon cap (see Table 5.5). The reaction mixture was heated in an oil bath
for several hours (70 °C for nBuSiH; and 40 °C nBuSiH3) and the conversion was frequently
monitored by '°F NMR spectroscopy, performing 2 scans with a delay time d; of 20 .

Table 5.5
[AI‘F] AY/ [HBUSIH3] AY/ mol % C9H12 [C6F6] . T Yield
Entry ArF Time
M) (mL) (M) (mL) of1®™ (mL) (M) (°C) (%)
1 3.0 113 0.11 5.7 15 281 0.070 12h 70 7(2)
2 3.0 113 0.11 5.7 15 281 0.070 24h 70 9(2)

3 @—F 30 113 011 57 15 281 0070 12h 90 <I
4 30 113 033 1715 270 0068 12h 70 <l

5 neat 0.390 0.11 5.7 15 - 0.110 12h 70 63(2)

6 QF 3.0 118 0.11 5.7 15 276 0.069 12h 70 42(3)

7 F 3.0 118 0.33 17.1 5 255 0.064 12h 70 24(2)

o0

/ N\ g 3.0 118 0.11 5.7 15 276 0.069 12h 70 34(4)

9 F 3.0 118 0.33 17.1 5 255 0.064 12h 70 19(2)
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Complex 5.1 as a precatalyst: A solution of 0.4 ml containing complex 5.1 (13.5 mg, 0.020
mmol, 0.05 M), fluoroarene, as well as a solution of mesitylene containing C¢Fe as internal
standard (0.10 M) (see Table 5.6), was added to a J-Young NMR tube with a Teflon cap. For
the run involving 1,2- and 1,3-difluorobenzene, a capillary tube containing 0.1 M of
fluorobiphenyl in mesitylene was added and used as a 2" internal standard (see calibration).
The reaction mixture was heated at 50 °C in an oil bath for 30 min, which resulted in a color
change from red to yellow, characteristic of the Nb(V) aryl fluoride complex. A 0.11 M
solution of silane (corresponding to 15 mol% catalyst loading per H, see Table 5.6) was then
added and the NMR tube, which was heated in an oil bath for several hours (70 °C for
nBuSiH; and 40 °C PhSiH;). The conversion was frequently monitored by 'F NMR
spectroscopy and the yield calculated using the internal standard peak (see example of
monitored conversion for fluorobenzene, Figure 5.9, and 1,3-difluorbenzene, Figure 5.10).
Each of the following experiments has been repeated twice, affording very similar yields; the
yields presented are an average of the two runs.

Table 5.6
ArF A/ E-H A/ C9H12 [C6F6] . T Yield
Entry Time
B30M) (mL) (0.11M (mL) (mL) M) °O) (%)
1 113 nBuSiH; 5.7 281 0.070 16h 70 71(4)
2 113 PhSiH; 54 281 0.070 12h 40 12(4)

3 QF 118 nBuSiH; 17.1 255  0.069 16h 70 90(4)

4 F 118  PhSiH; 16.9 254 0.069 16h 40 82(4)

5 QF 118 nBuSiH; 17.1 255  0.069 16h 70 97(4)

6 F 118  PhSiH; 16.9 254 0.069 16h 40 85(4)

Calibration curve: A capillary tube containing 1.0 M of fluorobiphenyl in mesitylene was
added to an NMR tube containing 0.25, 0.5, 0.75 and 1.0 M of fluorobenzene in mesitylene.
F NMR spectra were recorded by performing 2 scans with a delay time d; of 20 s. The ratio
of fluorobenzene/fluorobiphenyl peaks were then plotted as a function of fluorobenzene
concentration.
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DFT calculations. All structures and energies were calculated using the Gaussian(09 suite of
programs.*® Self-consistent field computations were performed with tight convergence criteria
on ultrafine grids, while geometry optimizations were converged to tight geometric
convergence criteria for all compounds. Spin expectation values <S> indicated that spin
contamination was not significant in any result. Frequencies were calculated analytically at
298.15 K and 1 atm. Structures were considered true minima if they did not exhibit imaginary
vibration modes and were considered as transition states when only one imaginary vibration
mode was found. Intrinsic Reaction Coordinates (IRC) calculations were performed to ensure
the transition state geometries connected the reactants and the products. Optimized geometries
were compared using the sum of their electronic and zero-point energies. In order to reduce
the computational time, the system was structurally simplified by replacing 2,6-
diisopropylphenyl groups by phenyl groups and the N'Bu imido group by a NMe imido group.
The PBEIPBE hybrid functional was used throughout this computational study.”’ For
geometry optimizations and frequency calculations, the light atoms (H, C, N and F) were
treated with the 6-311G(d,p) basis,”® while the niobium atom was treated with a
Stuttgart/Dresden ECPs pseudopotential (SDD).*”*

X-Ray crystallography studies. X-ray structural determinations were performed on a Bruker
SMART 1000 or SMART APEX diffractometer. Both are 3-circle diffractometers that couple
a CCD detector®' with a sealed-tube source of monochromated Mo Ka radiation (A = 0.71073
A). A crystal of appropriate size was coated in Paratone-N oil and mounted on a Kapton®
loop. The loop was transferred to the diffractometer, centered in the beam, and cooled by a
nitrogen flow low-temperature apparatus that had been previously calibrated by a
thermocouple placed at the same position as the crystal. Preliminary orientation matrices and
cell constants were determined by collection of 60 x 10 s frames, followed by spot integration
and least-squares refinement. The reported cell dimensions were calculated from all
reflections with / > 10 o. The data were corrected for Lorentz and polarization effects; no
correction for crystal decay was applied. An empirical absorption correction based on
comparison of redundant and equivalent reflections was applied using SADABS.* All
software used for diffraction data processing and crystal-structure solution and refinement are
contained in the APEX2 program suite (Bruker AXS, Madison, WI).** Thermal parameters for
all non-hydrogen atoms were refined anisotropically. For all structures, R; = Z(|F,| -
IF)/Z(FS)); wRy = [E{w(Fy’ - FO)*E{w(F))*}]1"*. Thermal ellipsoid plots were created
using the ORTEP-3 software package and POV-ray.*
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Table 5.7 Crystallographic parameters for complexes 5.2a and 5.2¢

Compound 5.2a 5.2¢
Formula C39HssFN3Nb Ci39Hs4F2N3NDb
Formula weight (amu) 677.77 695.75
Space Group P P
a(A) 10.795(5) 10.8194(10)
b (A) 12.323(5) 12.3148(12)
c(A) 13.680(5) 13.7249(13)
a (°) 79.363(5)° 79.695(6)°
£ () 87.377(5)° 87.396(6)°

7 (°) 88.428(5)° 88.376(6)°
V(A% 1786.3(13) 1797.0(3)

4 2 2

Pealed (g/cm’) 1.260 1.284
Fooo 720 734

g (mm™) 0.372 0.375
Tmin/ Tmax 0.8654/0.8966 0.9458/0.9706
No. rflns measured 27323 26452
No. indep. rflns 6588 6544

Rint 0.0168 0.0659
No. obs. (I >2.000(1)) 6588 6544

No. variables 410 429

Ri, wR, 0.0224/0.0587 0.0445/0.0829
R; (all data) 0.0240 0.0677
GoF 1.066 1.036
Res. peak/hole (e /A%) 0.349/-0.326 0.756/-0.469
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Table 5.8 Crystallographic parameters for complexes 5.2d and 5.2h

Compound 5.2d 5.2h
Formula C39Hs4F2N3NDb Ci39Hs2F4N3Nb
Formula weight (amu) 695.76 731.74
Space Group P, P21/
a(A) 10.9151(4) 12.7898(5)
b (A) 12.3010(4) 11.5223(4)
c(A) 13.7072(5) 24.9612(9)
a (°) 79.714(6)° 90°

£ () 87.243(6)° 91.2170(10)°
7 (°) 88.804(6)° 90°
V(A% 1808.60(11) 3677.7(2)

4 2 4

Pealed (g/cm’) 1.278 1.322
Fooo 736 1536

u (mm™) 0.373 0.378
Tmin/ Tmax 0.9427/0.9708 0.9717/0.9802
No. rflns measured 42043 26888
No. indep. rflns 6684 6733

Rint 0.0493 0.0468
No. obs. (/> 2.00c(1)) 6684 6733

No. variables 419 437

Ri, wR, 0.0302/0.0702 0.0368/0.0862
R; (all data) 0.0371 0.0522
GoF 1.055 1.017
Res. peak/hole (e /A%) 0.469/-0.356 0.963/-0.325
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A.1 Calculated stereochemistry configuration of 1.2

The most stable stereochemistry for 1.2 is a capped, square-based pyramidal geometry
with the alkenyl-methyl group oriented toward the CO moiety (Figure A.1). This result is
supported by the X-ray crystal structures of complexes 1.3 and 1.4 which both exhibit a
capped, square-based pyramidal geometry. Additionally, the preferred stereochemistry of the
alkyne of I-2a is in agreement with the X-ray structure of 1.4 in which the methyl group is
oriented toward the ‘BuNC group.

A AH at OK
Kcal/mol
CcO
l Ph
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Figure A.1 Comparison of the energy of the three different possible stereochemistry
configurations of 1.2
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A.2 Calculated transition states for four different activation modes of H; by 1.2

Among the four possible transition states studied (o-bond metathesis, TS-3a-1; [3+2]
imido activation, TS-3b-1; [1,2] imido addition, TS-3¢; and [3+2] CO activation, TS-3d), the
sigma bond metathesis transition state was favored by 16.4 - 30.3 kcal/mol (Figure A.2).

Me
Ph H
AH at 0K P N t')"_N_C,,H . o TS.3d
Kcal/mol /54.0 N/ I\ \\o
/ NMe
Me
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,,,,,, N, .CO
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523\~ [ NMe
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I.\\‘ O
o /Nb\ H + cO TS-3b-1

- CO TS-3a1

<N .......... Nb ~'CO + co I-2a

reaction coordinate

Figure A.2 Energy comparison of the four different transition states considered for H
activation.
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A.3 Regioselectivity of the transition states for the activation of H, by 1.2

For the two most energetically favored transition states described in A.2 (TS-3a and
TS-3b), the activation of both Nb-Cayne) bonds were considered. The cleavage of the Nb-
Cacn3) boundwas found to be more favorable than the cleavage of the Nb-Cpn) in all cases
(Figure A.3).

Ph \7
H
AH at 0K L co

Nl
Fooee Nb + CO TS-3a-2
Kcal/mol ’/,54.2< / \\NMe

‘Nb + CO  TS-3b-2

o /NQ\ H + CO TS-3b-1

+ cO TS-3a-1

reaction coordinate
Figure A.3 Energy calculation of each Nb-C bond for the transition states TS-3a and TS-3b

133



A.4 Determination of the most favorable final intermediate of the hydrogenation
reaction

Two final intermediates were considered for this reaction. The first is the catalyst-
product adduct 1.B observed by "H NMR spectroscopy during hydrogenation in the absence
of CO and represented as I-7 in this theoretical study. The alkene must be displaced by a
molecule of CO to reform the catalyst and restart the cycle. In order to estimate the
mechanism of CO coordination (associative vs. dissociative) the ¢’ four-coordinate complex
I-9 was also considered as a potential intermediate. Both singlet and triplet states were
consider for this d” species, and the singlet state (I-9s) was found to be more stable than the
triplet by 9.6 kcal/mol (I-9t, Figure A.4). Moreover, the product-catalyst complex I-7 was
found to be slightly more stable than the four-coordinate species I-9s (Figure A.4), albeit by
only 0.2 kcal/mol at this level of theory.

Co
AH at 0K I-9t <N' ........ N o H H
Kcal/mol + +
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~ N "
N “SNMe

Reaction coordinate
Figure A.4 Investigation of potential final intermediates of the hydrogenation reaction
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A.5 Calculated reaction coordinates for the hydrogenation reaction via the o-bond
metathesis transition state TS-3a-1:

Two reaction pathways were found for the reaction following s-bond metathesis. The
first (Figure A.5) involves direct reductive elimination from the octahedral intermediate I-4.
In the second path, the intermediate I-4 reorganizes to isomer I-5 before the reductive
elimination step (Figure A.6).

A.5.1 Reductive elimination directly from I-4

Having identified the final product, the first transition state (TS-3a-1) and an
intermediate between the two (I-4), the reductive elimination transition state (TS-6a) was
easily found. We note that the activation energy associated with this transition state is
reasonable for a reaction that proceeds within the observed time frame at room temperature
(Figure Figure A.5).

AH at OK
Kcal/mol

Reaction coordinate
Figure A.5 Reaction coordinate involving reductive elimination from the intermediate 1-4
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A.5.2 Reductive elimination after geometrical change from I-4 to I-5.

Still, a more energetically favorable pathway connecting I-4 and I-7 was found.
Instead of undergoing immediate reductive elimination, the intermediate I-4 was found to be
stabilized by a geometrical change from octahedral to a pentagonal-based pyramidal geometry
(intermediate I-5, Figure A.6). From this structure, the reductive elimination activation energy
leading to the transition state I-6b is at only +5.3 kcal/mol. Interestingly, a competitive
pathway leading to the formation of a formyl species (I-8b) via hydride transfer was found
from intermediate I-5. However, as mentioned in the paper, no hydroformylation of the
alkyne was observed under the catalytic conditions.

AH at OK

Kcal/mol TS-3a1
: Ph\//\ H

Reaction coordinate
Figure A.6 The most energetically favored reaction coordinate pathway.
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A.6 Calculated reaction coordinates for the oxidative addition of H,

Lastly, the oxidative addition of H; to form a dihydride species was studied. However,
the dihydride intermediate I-10 was found to be +3.8 kcal/mol from the o-bond transition
state TS-3a-1 (Figure A.7). This result further supports the absence of a mechanism involving
the oxidative addition of H; in this system.

AH at OK
Kcal/mol

Now. Né """" co M Ph
N + e— + CO
NT SNMe
110

Reaction coordinate

Figure A.7 Reaction coordinate involving oxidative addition of H; to form a dihydride
complex I-10
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A.7 Geometry of intermediates and transition states

Color code: carbon = grey, hydrogen = white, nitrogen = blue, niobium = green, oxygen =
red.

3
"d
9*:3\;;3’-5” % bd )t,‘.‘
I-1: @ - o g, I-2a: & J i
<9
O
2,7 3 ?
1-2b: .92 'L @ 4 I-2¢: ’
& A @
a%oal g ‘: 9 -n
J ‘.
3 @
-
J-M" o ?*a"
TS-3a-1: - TS-3a-2: P
T Al 2 pe b39 0
*“' i @ _o2 0. -
I ]
L]
D
) @
}a" e I
Ts3b1: @ 9.8° ‘3% TS-3b-2: 29 9.4
‘ @, 9
%‘ J‘ % ‘
e
TS-3c: 0 @ TS-3d: .
°0 8 9 ° °5”

138



TS-6a:

1-7:

I-8b:

1-9t:

SB38)° B '.5‘ "o
® Qy ¢ e
?
'l g"
oo £ e 38
P ", T TS-6b: i ot I
o:} 3 ° 00 o’
o 3
Fpr e
9 2% ° 2 ?
9§39, @ R ' 9
o 2% EG T I8a: g ‘22 ?
»d 9 o’ baﬁ“;,““
g 9
29 i~
" gt | -
| - > | ‘. _
e o‘"‘ , ‘,b 1-9s > w‘%
@
o
d :\.ﬁl’}_tfa 1-10:
& o7

139



A.8 Calculated energies

H,
E (a.n.)=-1.165337
ZPE (a.u.)=0.010145

co
E (a.u.)=-113.301875
ZPE (a.u.) = 0.005037

PhC=CMe
E (a.u.) =-347.574536
ZPE (a.u.) =0.138264

Z-PhCH=CHMe
E (a.u.) = -348.794080
ZPE (a.u.) = 0.162443

I-1
E (a.u.) = -1144.891968
ZPE (a.u.) = 0.357700

I-2a
E (a.u.) =-1379.166498
ZPE (a.u.) = 0.489485

I-2b
E (a.u.) = -1379.162021
ZPE (a.u.) = 0.489753

I-2¢
E (a.n.) =-1379.143428
ZPE (a.u.) = 0.489521

TS-3a-1
E (a.u.) = -1380.292207
ZPE (a.u.) = 0.503167
TS-3a-2

E (a.u.) = -1380.243593
ZPE (a.u.) = 0.502854

TS-3b-1
E (a.u.) = -1380.266142
ZPE (a.u.) = 0.503890

TS-3b-2
E (a.u.) = -1380.257544
ZPE (a.u.) = 0.502720
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TS-3c¢
E (a.u.) =-1380.245726
ZPE (a.u.) = 0.502062

TS-3d
E (a.u.) = -1380.243974
ZPE (a.u.) = 0.501717

-4
E (a.u.) = -1380.316851
ZPE (a.u.) = 0.507262

I-5
E (a.u.) = -1380.325570
ZPE (a.u.) = 0.509727

TS-6a
E (a.u.) =-1380.295556
ZPE (a.u.) = 0.506095

TS-6b
E (a.u.) = -1380.321491
ZPE (a.u.) = 0.507322

1-7
E (a.u.) = -1380.342005
ZPE (a.u.) = 0.512890

I-8a
E (a.u.) =-1380.327054
ZPE (a.u.) =0.511468

1-8b
E (a.u.) = -1380.330962
ZPE (a.u.) = 0.511861

195, 5 =0
E (a.u.) = -1031.547669
ZPE (a.u.) = 0.348878

1-9t, S =1
E (a.u.) = -1031.532662
ZPE (a.u.) = 0.347734

1-10
E (a.u.) =-1032.712023
ZPE (a.u.) = 0.363715



Appendix B

Stoichiometric Carbon-Carbon Bond Formation Mediated
by Well Defined Nb(III) Complexes
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Introduction

The use of d” early-transition metal complexes as reducing agents is a powerful tool in
synthetic organic chemistry.' The ability to form C—C bonds via the reductive coupling of
unsaturated organic molecules (alkenes, alkynes, ketones and ketimines) provides alternative
routes to dienes, amino alcohols, diols, and bicyclic products. However, the small number of
coordinatively unsaturated d” complexes has limited the development of new coupling
chemistry and these transformations are mainly observed with ¢* metallocenes of group IV.”
The most common reaction reported is the coupling of two alkynes, via the formation of a
metallacyclopentadiene, to form a diene moiety that is released via acidic work-up.’
Hydroformylation and hydroiminylation of alkenes and alkynes involving coupling with
carbon monoxide or isocyanide to form an enone or enamine products is also known.’
However, the coupling of a carbon monoxide and two alkynes,” as well as the formation of an
a,b-unsaturated imine from a metal-mediated reaction of alkyne and isocyanide,’ remains rare.

In our effort to develop new group 5 catalysts,’ we presented in chapter I the selective
semi-hydrogenation of alkynes under H,:CO atmosphere, catalyzed by a dicarbonyl
niobium(III) imido supported by a BDI ligand (BDI = N,N-diisopropylphenyl-b-diketiminate,
1.1, Scheme A.1).* Our mechanistic investigations revealed the involvement of an h*-alkyne
bound monocarbonyl intermediate, (BDI)Nb(N'Bu)(A*-MeC=CPh)(CO) 1.2, which is rapidly
formed via displacement of one equivalent of carbon monoxide. This species, which was
isolated and characterized, then interacts with a molecule of H, to release the cis-alkene
organic product and reform the dicarbonyl niobium catalyst.°

Ph M
: e
Ar C|:O f Hexanes AT IS
N coO rt., 15 mins N co
Ar Ar
1.1 1.2
Scheme B.1

In this chapter is reported the reaction between the dicarbonyl complex 1.1 and a
terminal alkyne leading to an unusual coupling product, as well as hydrogenolysis of the
NC'Bu bound analog of 1.2, resulting in both Z-alkene and a,b-unsaturated imine formation.

Results and discussion

Reactivity of terminal alkyne

Reaction of 1.1 with 5 equivalents of ‘butylacetylene led to a fast color change from
deep yellow green to orange. Subsequent workup provided orange crystals of B.1 in 87 %
yield (Scheme B.2). The absence of a terminal carbonyl band in the IR spectrum suggests that
a new species, different from 1.1 and 1.2, was formed (1.1: nco = 1988 and 1999 cm'l, and
1.2: nco = 2031 cm’ respectively). Instead, an intense band at 1522 cm’! was observed, which
suggests the presence of highly reduced CO moiety. 'H NMR spectroscopic analysis reveals
the formation of a low-symmetry complex displaying three singlets in the alkyl region
integrating for 9 H each, consistent with three inequivalent tert-butyl groups (one from the
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imido and two from the alkyne moieties). This observation implies coupling of the alkynes, a
reaction that is well known in low-valent early transition metal chemistry.’

Coupling of terminal alkynes can form two metallacyclopentadiene regioisomers, the
head to head product (M-(RC=CH-CH=CR-)) or the head to tail isomer (M-(HC=CR-
CH=CR-)). The b-Hs of the first regioisomer are often observed as singlets in '"H NMR
spectroscopy, " while the a-H / b-H set of the second regioisomer exhibits two doublets with
a small coupling constant (*Ju.y = 1 to 3 H,),*"® both within the aromatic region (6.5 to 7.5
ppm). In the present case, two doublets, integrating for one proton each, are observed. COSY
and HSQC experiments reveal that these two resonances are not attributable to diasterotopic
hydrogens and are coupled to each other, which imply the formation of a
metallacyclopentadiene in a head to tail fashion. However, their downfield chemical shifts
(6.0 to 6.5 ppm) along with their large coupling constants (3JH,H = 16.2 Hz) are inconsistent
with the formation of a metallacyclopentadiene.

CO f

Ar Hexanes N Bu H
—N .. thBU t N N 1y,
Nb + 2 Bu—== Nb
rt., 15 mins Bu
Ar
H
B.1

Scheme B.2 Synthesis of complex B.1

The structure of B.1 was revealed using X-ray crystallography (Figure B.1), which shows the
unprecedented coupling of two alkynes and one carbon monoxide to form an ene-one-yne
moiety bound in a k'-fashion. Complex B.1 exhibits a pseudo square-based pyramidal
geometry (t = 0.42)," in which both the BDI ligand and the ene-one-yne moiety occupy the
basal position, while the imido group is in apical position. Both the metal-BDI nitrogen and
metal-imido distances are within the range of distances previously reported for this system
(Nb-Ngp;= 2.22 A and Nb-Niniqso = 1.757(4) A). The bond distances of the moiety formed by
alkyne-carbonyl coupling as well as the distance between this fragment and the metal center
are presented in Figure B.2, left. The long C(1)-C(2) and C(3)-O(1) bond distances of
1.283(3) A and 1.337(4) A respectively, compared to 1.20 A for alkynes and 1.23 A for
ketones, along with the short C(2)-C(3) of 1.386(2) A, suggest a delocalization of the p-
system within the k*-yne-one ligand along with formal oxidation of the metal center to Nb(V).
Additionally, the Nb-C and Nb-O bond distances (Nb(1)-C(1) = 2.356(3) A, Nb(1)-C(2) =
2.272(3) A, Nb(1)-C(3) = 2.308(3) A and Nb(1)-O(1) = 2.116(2) A) are within the range of
Nb(V)-C(alkyl) and Nb(V)-C(alkoxide) bonds reported previously for this system. *C NMR
spectroscopy reveals a significant formal reduction of the k*-moiety (Figure B.2, right). Both
C1 and C2 possess significantly downfield shifted °C resonances (C1 = 155 ppm and C2 =
150 ppm) compared to those observed in free ‘butyl acetylene (92 and 67 ppm), or compared
to signals for a free ynone such as but-3-yn-2-one (82 and 78 ppm). Similarly C3 has a
chemical shift of 135 ppm, upfield compared to that of a free yneone molecule (185 ppm),
and consistent with the low stretching frequency observed by IR spectroscopy (see above).
Both the 'H and °C chemical shifts of H1, H2, C4 and C5 are within expected values for an
enone moiety
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Figure B.8 ORTEP diagram of B.1. Hydrogen atoms and isopropyl of the arene groups have
been omitted for clarity.

0O 1
2.1, \1_337 H \\\\\\O H16 8
- 2308 /
Nb—_%ﬂoc“ 1.316 Nb\cg’——%\125 f
2272/ N\ ey \ AL
2.356 c 5 AY. | 147
2 |—l| c,” 150 H,
Cy 1.283 / 155 6.55
/
tBU tBu
Bond distances in A Chemical shift in ppm

Figure B.9 Selected bond distances (in A, left) and chemical shifts (in ppm, right) for the yne-
one-ene moiety of B.1.
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Reactivity of internal alkyne

While the mechanism of this unusual terminal alkyne transformation is not yet
understood, C-C bond formation involving internal alkynes was also observed within this
system. In chapter I, we reported that addition of 1-phenylpropyne to 1.1 in presence of 5
equivalents of CN'Bu led to the formation of the alkyne bound complex 1.4, the isocyanide
bound analog of (BDI)Nb(N'Bu)(h*-MeC=CPh)(CO) (Scheme B.3a). We now present the
stoichiometric hydrogenation of 1.4 with an excess of ‘BuNC, which led to a mixture of two
organic products in a 1.6 : 1 ratio (B.P1 and B.P2, Scheme B.3b), along with the formation of
an organometallic species, which is believed to be the bis- or tris-BuNC niobium analog of
(BDI)Nb(N'Bu)(CO); (1.1). The thermal instability of this complex hampered its isolation and
characterization. NMR spectroscopy and GC/MS analysis revealed the formation of the
expected cis-alkene (B.P1) along with N-(‘butyl)-2-phenylbut-2-en-1-imine (B.P2). The
formation of the second organic product is believed to have occurred via an alkenyl iminyl
intermediate B.B (Scheme B.3b). Monitoring of this transformation by 'H NMR spectroscopy
revealed the presence of an organometallic intermediate that exhibits a quartet at 5.56 ppm
(3JH,H = 6.5 Hz) integrating for 1 H relative to the BDI ligand backbone proton (d = 5.18
ppm). The similarity with the "H NMR chemical shift of the free organic product (singlet at
7.95 ppm for Ha and quartet at 5.95 ppm for Hb with 3JH,H = 6.8 Hz, Scheme B.3b) suggests
that the species observed can be assigned to one of the two intermediates B.A and B.B
proposed in Scheme B.3b or a product-bound species. However, the complexity of the
spectrum along with the short lifetime of this compound hampered its complete solution
characterization.

Ph
A c|;o Hexanest Ar TS Me
5 equiv. CN'Bu
—N... - —N...
" § SNDTREY ¢ Me—=—ph = T NN
N co rt., 15 mins N CN®Bu
Ar Ar
1.1 1.4
Ph Me N
Ph
Ar [ Me PhAr = H NAr ~ tH
1 atmH Nt —N .., -NBu
b &N;Nb:NtBu 2 | Q=N p N Bu N N
N » f f N | A4 C
A CNBu xs.'BuNC Ar CNBL Ar >
r CeDg NBu
14 B.A B.B
H H Ph Me
Ph Me N :2_<Hb
tBU Ha
B.P1: 65 % B.P2: 35 %

Scheme B.3 Synthesis and hydrogenation of complex 1.4
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Interestingly, during the reported catalytic semi-hydrogenation of 1-phenylpropyne
with 1.1 and under high concentration of CO, no hydroformylation products were observed.
However, the DFT calculations we reported suggested that an alkenyl formyl complex (the
analog of the proposed intermediate B.B) was energetically accessible; but such a species was
not experimentally observed. Thus, we believe that the reactivity differences observed
between 1.2 (hydrogenation only, see chapter I) vs. 1.4 (hydrogenation and C-C coupling)
toward H,, is governed by the relative rates of the hydride transfer from Nb to the alkenyl
moiety vs. the CX ligand (X = O or N'Bu).

In order to obtain further structural information on this alkenyl intermediate, the halide
analog was synthesized by reaction between (BDI)(CI),PyNb(N'Bu), and one equivalent of
the E-alkenyl Grignard (Scheme B.4). After workup, yellow crystals of B.2-X were isolated in
moderate yield (45%). In the first attempt, incomplete halide transfer between Mg and Nb was
observed leading to the isolation of a halide mixture, B.2-Br and B.2-Cl, in a 9:1 ratio. Pure
B.2-Br was formed by adding an excess of anhydrous MgBr;-Et,O once the reaction reached
room temperature.

Me
Ph .=
Cl
Ar Ar\Kl
N, | -NBu MgBr Et;0 —=N.,. ! -NBu
> N7 | Y M Ph 20 min, -78 °C N X
Ar Py e 1 h’ iy Ar
’ B.2-X
X = Br, Cl

Scheme B.4 Synthesis of complex B.2-X (X =Br: Clina 9 : 1 ratio).

An ORTEP diagram derived from the single crystal X-ray analysis of B.2-Br along
with selected bond distances and angles are presented in Figure B.3. This complex exhibits a
distorted square pyramidal geometry (t = 0.28)"° with the alkenyl moiety in the apical
position. The C(2)-C(3) bond distance is within the values reported for other niobium alkenyl
complexes and consistent with a carbon-carbon double bond. However, the Nb(1)-C(3) bond
distance of 2.155(3) A is shorter than other reported distances (between 2.25 and 2.40 A)."*
'H NMR spectroscopy showed that the BDI proton backbone can be found at 5.51 ppm, and
that the alkenyl proton is coupled to the methyl group resulting in a quartet J; i = 6.4. Hz) at
6.73 ppm. Although the chemical shifts are more downfield than those obtained for the
intermediate observed during hydrogenation of 1.4 (see above), these data support its
assignment as an alkenyl complex; however, they are insufficient to allow further structural
elucidation. Unfortunately, treatment with hydride sources (e.g. super hydride, red-Al, NaH)
in the presence or absence of CN'Bu resulted in either no conversion, or rapid formation of an
intractable mixture, respectively.
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Figure B.10 ORTEP diagram of B.2-Br. Hydrogen atoms have been omitted for clarity.
Selected bond lengths (A): C(1)-C(2): 1.497(6); C(2)-C(3): 1.330(6); C(3)-C(4): 1.487(6),
Nb(1)-C(3): 2.155(6), Nb(1)-Br(1): 2.588(4). Selected angles (°): C(1)-C(2)-C(3): 130.1(3),
C(2)-C(3)-C(4): 123.5(4), Nb(1)-C(3)-C(2): 102.0(3), Nb(1)-C(3)-C(4): 133.9(3).

Conclusions

We have described the unusual coupling between two terminal alkynes and one carbon
monoxide molecule to form an yne-one-ene bound moiety mediated by a well-defined
dicarbonyl niobium (III) complex 1.1. We have also shown that hydrogenation of the alkyne
adduct 1.4 in presence of isocyanide leads to the formation of the expected Z-f-methylstyrene
along with an a,b-unsaturated imine product formed by coupling between the alkyne, H, and
the isocyanide. '"HNMR monitoring along with the synthesis of an alkenyl niobium bromide
complex suggests that an alkenyl iminyl species is involved in the C-C coupling. In our
previous report, in which CO was used in place of CN'Bu, related coupling chemistry was not
observed, which shows the sensitivity of the system toward modest changes in reaction
conditions. We are currently performing further synthetic and mechanistic studies in order to
understand the mechanism involved in these transformations as well as their scope and
catalytic potential.
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Experimental

General methods. Unless otherwise noted, all reactions were performed using standard
Schlenk line techniques or in an MBraun inert atmosphere box under an atmosphere of
purified nitrogen (<1 ppm O,/H,0). Glassware, cannulae, and Celite were stored in an oven at
ca. 160 °C. n-Pentane, n-hexane, Et;O and toluene, were purified by passage through a
column of activated alumina, stored over 3 or 4 A molecular sieves, and degassed prior to
use.” Deuterated solvents (CeDgs, C7Dg) were dried over sodium/benzophenone, vacuum
transferred to a storage flask containing activated molecular sieves, and degassed by three
freeze-pump-thaw cycles before being stored in the dry box. PhAC=CMe and ‘BuC=CH were
stored over 4 A activated molecular sieves and degassed by three freeze-pump-thaw cycles.
1,3,5-trimethoxybenzene was sublimed under static vacuum. (BDI)(CO),Nb(N‘Bu) (1.1),'*
(BDI)(C1);PyNb(N'Bu),'”® (BDI)Nb(N'Bu)(PhC=CMe)(L) with (1.3: L = CO and 1.4 : L =
CN'Bu),® and Ph(MgBr)C=C(H)Me'' were prepared using literature procedures. All other
reagents were acquired from commercial sources and used as received. NMR spectra were
recorded on Bruker AV-300, AVQ-400, AVB-400, DRX-500, AV-500, and AV-600
spectrometers. Chemical shifts were measured relative to residual solvent peaks, which were
assigned relative to an external TMS standard set at 0.00 ppm. 'H and >C NMR assignments
were routinely confirmed by 'H-'H (COSY, NOESY) or 'H-C (HSQC and HMBC)
experiments. The uncorrected melting points were determined on an Optmelt SRS using
sealed capillaries prepared under nitrogen. Elemental analyses were determined at the College
of Chemistry, University of California, Berkeley. The X-ray structural determinations were
performed at CHEXRAY, University of California, Berkeley on Bruker SMART 1000 or
SMART APEX diffractometers. GC/MS analyses were performed using a Agilent 6890 N
Network GC system coupled to a 5973 Network mass selective detector.

(BDI)(‘BuCCC(O)(C(H)=C(H)'Bu)Nb(N'Bu) (B.1). ‘BuC=CH (48 mL, 3.90 mmol , 5
equiv.) was added to a solution of 1.1 (0.51 g, 0.78 mmol, 1 equiv.) in hexane at room
temperature. The solution immediately changed color from yellow-green to orange. The
solution was stirred for 15 min at room temperature, the volatile materials were removed
under vacuum and the orange residue was extracted with hexanes (40 mL). Crystallization
from hexane at -40 °C resulted in the formation of orange crystals of B.1 (68 %). X-ray
quality crystals were obtained by recrystallization from toluene at -20 °C. '"H NMR (400
MHz, C¢Ds, 293 K): 8(ppm) 7.36 (d, 1H, Ar, *Juy=7.2 Hz), 7.27 (m, 2H, Ar), 7.21 (m, 2H,
Ar), 7.12 (m, 2H, Ar), 7.06 (d, 1H, Ar, *Juy=7.0 Hz), 7.01 (d, 1H, Ar, *Jus=6.8 Hz), 6.55 (d,
1H, RCH=CH'Bu, *Jun=16.4 Hz), 6.18 (d, 1H, RCH=CH'Bu, *Jun=16.4 Hz), 5.28 (s, 1 H,
HC(C(Me)NATr),), 4.50 (sept, 1 H, CHMe,, *Juu=7.0 Hz), 3.83 (sept, 1 H, CHMey, *Jyu=7.0
Hz), 3.11 (sept, 1 H, CHMe,, *Jun=6.9 Hz), 2.76 (sept, 1| H, CHMe,, *Jun=6.9 Hz), 1.77 (s,
3 H, HC(C(Me)NAr),), 1.71 (s, 3 H, HC(C(Me)NAr),), 1.65 (d, 3 H, CHMes, *Jun=6.8 Hz),
1.53 (d, 3 H, CHMe,, *Jun = 6.8 Hz), 1.40 (d, 3 H, CHMe,, *Juy="7.2 Hz), 1.37 (d, 3 H,
CHMe,, *Jun=6.8 Hz), 1.27 (d, 3 H, CHMe,, *Jun=6.8 Hz), 1.25 (s, 9 H, Nb=N'Bu), 1.15 (d,
6 H, CHMe, *Jun="7.2 Hz), 1.11 (d, 3 H, CHMe,, *Jun=6.8 Hz), 0.96 (s, 9 H, RCH=CH'Bu),
0.88 (d, 3 H, CHMe>, *Ju=6.8 Hz), 0.81 (s, 9 H, ‘BuCCC(O)R’). *C NMR (100 MHz, C¢Ds,
293 K): 171.3 and 169.3 (C, HC(C(Me)NAr),), 1553 (C, ‘BuCCC(O)R’), 150.2 (C,
‘BuCCC(O)R’), 147.5 (CH, RCH=CH'Bu), 145-140 (4 peaks, C, Aray), 1354 (C,
‘BuCCC(O)R’), 125.3 (CH, RCH=CH'Bu), 127-123 (6 peaks, CH, Ar), 103.5 (CH,
HC(C(Me)NAr),), 72.5 (C, Nb=NC(CH3)3), 34.2 and 33.5 (C and CH3, ‘BuCCC(O)R”), 32.5
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(CH3, Nb=NC(CH3)3), 29.4 and 29.0 (CH; and C, RCH=CH'Bu), 29.0-27.9 (4 peaks, CH,
CHMe,), 26.3 and 26.0 (CHs, HC(C(Me)NAr),), 26-24 (8 peaks, CHs, CHMe,). To simplify
the assignment R and R’ were used to described the yne-one-ene moiety with R = ‘BuCCC(O)
and R’= RCH=CH'Bu. IR (nujol): 1522 cm™’. Anal. Caled for CsoH7N3NbO: C, 71.38; H,
9.12; N, 5.43; found: C, 71.14; H, 9.36; N, 5.65. Mp: 185-190 °C (decomp).

(BDI)(PhC=C(H)Me)(X)Nb(N'Bu) (B.2-X) (X = Br : CI, in a 9:1 ratio). To a stirred
suspension of (BDI)pyCI,Nb(N'Bu) (0.369 g, 0.490 mmol, 1 equiv.) in 20 mL Et,O cooled to
-78 °C was added dropwise the trans-Grignard Ph(MgBr)C=C(H)Me in Et,O (1.2 mL, 0.38
M, 0.45 mmol, 0.9 equiv.). The resulting mixture was stirred for 20 min at -78 °C. The
solution was allowed to warm to room temperature, resulting in a color change from deep red
to green. The mixture was stirred for 1 h at room temperature, and then the volatile materials
were removed under vacuum. The residue was extracted with pentane (3 x 30 mL) and the
extracts were concentrated to 50 mL, at which time yellow crystals started to form on the
walls of the flask. The flask was stored at -40 °C for 2 days, resulting in isolation of yellow
crystals of B.2-X. Analysis by "HNMR spectroscopy revealed a mixture of two complexes:
90 % of the bromide and 10 % of the analogous chloride. Yield: 152 mg, 64 %. 'H NMR (400
MHz, C¢Ds, 293 K): 8(ppm) Bromide complex: 7.58 (d, 2 H, PAC=C(H)Me, *Ju=7.2 Hz),
7.26-7.20 (m, 5 H, Ar and PhC=C(H)Me), 7.11-7.00 (m, 5 H, Ar and PAC=C(H)Me), 6.73 (q,
1 H, PhC=C(H)Me, *Jun=6.4 Hz), 5.51 (s, 1 H, HC(C(Me)NAr),), 3.24 (sept, 1 H, CHMe,,
Jun= 6.8 Hz), 3.15 (sept, 1 H, CHMe,, *Juu = 6.8 Hz), 3.08 (sept, 1| H, CHMe,, *Jyun = 6.8
Hz), 2.86 (sept, 1 H, CHMe,, *Jun=6.8 Hz), 1.75 (d, 3 H, PhC=C(H)Me, *Jun=6.4 Hz), 1.71
(s, 3 H, HC(C(Me)NAr),), 1.47 (s, 3 H, HC(C(Me)NAr),), 1.39 (m, 9 H, CHMe»), 1.23 (d, 3
H, CHMes, *Jun=6.8 Hz), 1.20 (d, 6 H, CHMe,, *Jun=7.2 Hz), 1.11 (d, 3 H, CHMe,, *Jun=
6.8 Hz), 1.07 (d, 3 H, CHMe,, 3T =6.8 Hz), 0.93 (s, 9 H, ‘Bu). Chloride complex: 7.53 (d, 2
H, PhC=C(H)Me, *Jun=7.2 Hz), 6.62 (q, 1 H, PhAC=C(H)Me, *Jun= 6.4 Hz), 5.46 (s, 1 H,
HC(C(Me)NATr),), 1.80 (d, 3 H, PhC=C(H)Me, *Jun=6.4 Hz), 1.62 (s, 3 H, HC(C(Me)NAr),),
1.49 (s, 3 H, HC(C(Me)NAr),), 0.85 (s, 9 H, ‘Bu). No further characterization was performed
due to the mixed composition of this sample.

(BDI)(PhC=C(H)Me)(Br)Nb(N'Bu) (B.2-Br). MgBr, Et,O was added to a solution of B.2-X
(X =Br:Cl, in a 9:1 ratio, 0.220 g, 0.282 mmol, 1 equiv.) in ether (20 mL) and the mixture
was stirred overnight. The volatile material was removed under vacuum and the residue was
extracted with pentane (3 x 30 mL). The extracts were concentrated to 50 mL to afford orange
crystals after storage at -40 °C for two days. Yield: 164 mg, 75 %. X-ray quality crystals were
obtained by recrystallization from hexanes at -20 °C. The "H NMR spectrum was completely
identical to that of the bromide complex described previously. >C NMR (100 MHz, C¢De,
293 K): 171.3 and 169.3 (C, HC(C(Me)NAr),), 143.1 (CH, Nb-C(Ph)=CHMe)), 145-140
(CH, Nb-C(Ph)=CHMe)), 141 (C, Nb-C(Ph)=CHMe)), 145-140 (4 peaks, C, Arax), 121.3 (C,
Nb-C(Ph)=CHMe)), 127-123 (6 peaks, CH, Ar), 105.5 (CH, HC(C(Me)NAr),), 70.5 (C,
Nb=NC(CH3);), 30.5 (CH3, Nb=NC(CHs);), 34.5 (CH;, Nb-C(Ph)=CHMe)), 29.6-28.5 (4
peaks, CH, CHMe;), 25.3 and 25.0 (CH3, HC(C(Me)NAr),), 27-25 (8 peaks, CHs, CHMe,).
Anal. Calcd for C4,Hs9BrN3Nb: C, 64.78; H, 7.64; N, 5.40; found: C, 65.13; H, 7.93; N, 5.55.
Mp: 160-165 °C (decomp).
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Stoichiometric hydrogenation of 1.4. To a J-Young NMR tube with a Teflon cap containing
0.5 mL of C¢Dgand trimethoxybenzene (0.011 M, 1 equiv.) was added complex 1.4 (51 mg,
0.078 mmol, 1 equiv), and #-butyl isocyanide (44 mL, 0.390 mmol, 5 equiv.). The solution
was freeze-pump-thawed three times and then refilled with H; (1 atm, 2.5 mL, 0.102 mmol,
10 equiv). The mixture was allowed to warm to room temperature. The transformation was
then monitored by "H NMR spectroscopy until completion (4 h). NMR yields were calculated
by integration of the vinyl protons of the cis-B-methylstyrene and N-(‘butyl)-2-phenylbut-2-
en-1-imine. "H NMR (500MHz, C¢Ds, 293 K), 8(ppm), trimethoxylbenzene: 6.26 (s, 3 H,
benzene ring); cis-f-methylstyrene (B.P1): 6.42 (dd, 1 H, PhC(H)=C(H)Me, 3JHHv1-ny1= 11.5
Hz, 3JHtheny1 = 2 Hz); N-(butyl)-2-phenylbut-2-en-1-imine (B.P2): 595 (q, 1 H,
MeCHC(Ph)N'Bu, *Jii = 6.8 Hz). Once the reaction was complete, the organic products were
analysed by GC/MS further confirming the nature of the a,b-unsaturated imine product. (m/z):
P(2) =201.

X-ray crystallography study. A crystal of appropriate size was coated in Paratone-N oil and

mounted on a Kaptan® loop. The loop was transferred to a diffractometer equipped with a
CCD area detector,'* centered in the beam, and cooled by a nitrogen flow low-temperature
apparatus that had been previously calibrated by a thermocouple placed at the same position
as the crystal. Preliminary orientation matrices and cell constants were determined by
collection of 3x20 10 s frames, followed by spot integration and least-squares refinement. An
arbitrary hemisphere of data was collected, and the raw data were integrated using SAINT.'?"
Cell dimensions reported were calculated from all reflections with / > 10 o. The data were
corrected for Lorentz and polarization effects; no correction for crystal decay was applied.
Data were analyzed for agreement and possible absorption using XPREP.'* An empirical
absorption correction based on comparison of redundant and equivalent reflections was
applied using SADABS.'™ Structures were solved by direct methods with the aid of
successive difference Fourier maps and were refined on F* using the SHELXTL 5.0 software
package. Thermal parameters for all non-hydrogen atoms were refined anisotropically. For all
structures, Ry = X(|Fy| - |Fe))/E(Fo|); wR = [E{W(Fy’ - FO) VEZ{W(F,D) "
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Table B.2 Crystallographic parameters of B.1 and B.2-Br

Compound B.1.C;Hs B.2-Br
Formula CsoH70N3sNbO C42Hs9BrN3;Nb
Formula weight 822.00 778.74
Space Group P2y/c P2/n
a(A) 9.377(5) 13.268(2)

b (A) 22.177(5) 19.718(3)

¢ (A) 22.588(5) 15.667(3)

a (°) 90 90

B(©) 90.240(5) 98.086(2)

7 (°) 90 90
V(A% 4697(3) 4058.0(12)
Z 4 4

Pealed (g/em’) 1.162 1.275
Fooo 1760 1632
 (mm™) 0.294 1.312
Trmin/ Tinax 0.8940/0.9328 0.7267/0.8800
No. rflns measured 55745 23885
No. indep. Rflns 8591 7386

Rint 0.0255 0.0577
No. obs. (/> 2.000(1)) 8591 7386

No. variables 581 438

Ri, wR; 0.0287, 0.0716 0.0471, 0.1010
R, (all data) 0.0363 0.0919
GoF 1.046 1.011
Res. peak/hole (¢ /A%) 0.349/-0.285 0.555/-0.793
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Appendix C

DFT Calculation for Chapter IV and V
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C.1 DFT calculations for chapter IV

C.2.1 Calculated reaction coordinates

A AG kealimol Fo 1

Reaction coordinate

Figure E.1 DFT calculations of the full transformation

Several attempts were made in order to find the transition state 4.1. However, none of the
calculation submited was successful, and either converged back to 4.H or to 4.J, suggesting a
rather flat surface between these two intermediates. Several transition states were found in
which the coupling of imido/Cyenzyiic happens first to form Nb(III)/imine complex, then
followed by C-F activation via oxidative addition. However this pathway was too high in
energy to be considered (over 60 kcal.mol” when compare to 4.H).
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C.1.2 Intermediates and transition states

4.Ea 4.Eb 4.F

4K 4.L

156



C.1.3 Energis of intermediates and transition states

Intermediate 4.C’:

G (a.u.) =-1488.188068
Intermediate 4.Da:

G (a.u.)=-1488.182111
Intermediate 4.Db:

G (a.u.) =-1488.162656
Transition state 4.Ea:
G (a.u.) =-1488.166753
n=-3338cm™
Transition state 4.Eb:
G (a.u.) =-1488.152645
n=-402.3cm’
Intermediate 4.F:

G (a.u.) =-1488.214388
Transition state 4.G:
G (a.u.) =-1488.209404
n=-1355cm”
Intermediate 4.H:

G (a.u.) =-1488.270457
Intermediate 4.J:

G (a.u.)=-1488.318791
Transition state 4.K:
G (a.u.) =-1488.302140
n=-127.0 cm’
Intermediate 4.L:

G (a.u.) =-1488.355252
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C.2 DFT calculations for chapter V

C.2.1 C-F bond activation

AG Keal/mol % Ph
™ N
a i/
8 ' =N

N +5B'
INE NN (o
“NMe N—np < NMe
/] Nb N + PhF \\ 5.2a"
MeN <)

Reaction coordinate

Figure C. 2
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C.2.2 C-F vs C-H bond activation

AG Kcal/mol

Reaction coordinate

Figure C. 3
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C.2 3 Energis of intermediates and transition states

C6H5F:
G (a.u.)=-331.11256

Intermediate 5.B’:

G (a.u.) =-1249.208739
Intermediate 5.C:

G (a.u.)=-1249.201423
Transition state 5.D:

G (a.u.) =-1249.155525
=-271.57 cm™

Intermediate 5.E:

G (a.u.) =-918.055493
Intermediate 5.F:

G (a.u.) =-2167.322205
Transition state 5.G:

G (a.u.) = -2167.296004
n=-234.12 cm’

Transition state 5.H:

G (a.u.) = - 1249.130173
n=-271.59 cm™

Intermediate 5.1:

G (a.u.) =-1249.204473
Intermediate 5.2a’:

G (a.u.) =-1249.280496
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