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ABSTRACT OF THE DISSERTATION

Electrochemistry, Spectroscopy, and Reactivity of Uranium

Complexes Supported by Ferrocene Diamide Ligands

by

Selma Duhovic
Doctor of Philosophy in Chemistry
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Professor Paula L. Diaconescu, Chair

This work culminates a systematic study of various uranium complexes supported by
ferrocene diamide ligands. Chapter 1 reports the synthesis of 1,1’-ferrocene diamines and
describes their electronic and steric properties in both neutral and oxidized forms. Chapter 2
describes an efficient synthesis of uranium dialkyl complexes supported by a single 1,1’-
ferrocene diamide ligand, while Chapter 3 explores their reactivity with several aromatic
heterocycles. Chapter 4 focuses on the electrochemical behavior of ferrocene-based uranium
halide, alkyl, aryloxide, and amide ligands. Finally, Chapter 5 explains electrochemical,
spectroscopic, and magnetic properties of uranium bis(1,1’-diamidoferrocene) complexes in
an attempt to establish how well uranium mediates electronic communication between two

iron centers.
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INTRODUCTION

Thomas J. Kealy and Peter L. Pauson in Duquesne University reported' the first
synthesis of ferrocene in 1951. It is said, however, that using a different procedure, Samuel
A. Miller, John A. Tebboth, and John F. Tremaine from the British Oxygen Company
synthesized it in 1948 but failed to publish it until 1952.? Notwithstanding the true pioneer,
many are quick to credit the discovery of this sandwich compound with reviving the
organometallic field of chemistry.? Since then, countless derivatives of ferrocene have been
prepared and extensively characterized.” One of those derivatives is the ferrocene diamine,
in which various amine substituents are appended to both cyclopentadienyl rings. The traits
and properties of ferrocene relevant to this work include the redox activity of the iron center
and the specific properties of the organometallic framework. For example, while the
ferrocene backbone is a rigid linker when compared to saturated alkyl units, because the Fe-C
bonds are weaker than C-C bonds, there is more geometrical flexibility associated with it than
is possible with organic aromatic linkers. Additionally, the ferrocene fragment can
accommodate changes in the electron density of a metal of interest better than most organic
ligands because its frontier orbitals are more likely to match those of other metals.

The use of ferrocene diamides as ancillary ligands as opposed to other donors for

uranium is important. Incorporation of nitrogen subtituents provides for a richer electronic



structure than that of ferrocene. Previous studies have established that nitrogen based
ligands contribute energetically low-lying orbitals that can enhance covalent metal-ligand
interactions involving 5f orbitals.> Depending on the substituents on the nitrogen atoms, both
electron density and steric bulk of the overall ligand can be tuned without necessarily
changing the coordination sphere of the metal center. These electronic and geometric
changes can then impart enhanced activity to the uranium center.

As an early actinide element, uranium is considered a hard Lewis acid. Its coordination
chemistry is analogous to that of transition metals, but what distinguishes uranium from them
is that its valence electrons reside in f orbitals.® Unlike the 4f and 5d orbitals of lanthanides,
both 5f and éd orbitals of uranium are actually less contracted and can have better overlap
with ligand-based orbitals.” Another distinction is that the greater number of valence orbitals
(seven f orbitals vs. five d orbitals for transition metals) allows uranium to support more types
of coordination modes. Additionally, uranium can access a wide range of oxidation states that
are typically less accessible to transition metals. For example, uranium complexes are known
for each oxidation state from +3 to +6.

All the characteristics described above lead to a unique behavior for uranium
compounds, and its potential to catalyze a remarkable range of transformations has clearly
been exposed in the last couple of decades.® Organouranium compounds have been shown to
participate in a variety of processes, including activation of small molecules, such as Hy,*
N,,""3 €0,"™" and CO,,""?° activation of elemental sulfur, selenium, and tellerium?' as well

27, 28

as white phosphorus,? activation of azides,”*? hydrazines,?® amines, alkanes,? alkynes,*

3134 as well as hydroamination and hydrosilylation.®> ¢ It is not

and aromatic heterocycles,
surprising then that chemists in both basic and applied disciplines have become increasingly

interested in and focused on the reactivity and application of uranium complexes.



Research described in this dissertation was prefaced and influenced by the initial work
of Marisa Monreal, who described her findings between 2007 and 2010. These reports not only
provided structural and theoretical evidence for the existence and nature of a weak
interaction between uranium and iron,*” *® but also revealed that, with the support of a
ferrocene diamide ligand, uranium was capable of mediating double C-H activation, as well as
coupling, ring-opening, and migratory insertion.?* 3

What follows is a description of 1,1’-ferrocene diamines (Chapter 1), synthesis
(Chapter 2) and reactivity (Chapter 3) of uranium alkyl complexes supported by them,
electrochemical properties of iodide, aryloxide, and diphenylamide analogues (Chapter 4),

and electronic communication between Fe?* and Fe®* centers in bis(1,1’-ferrocenediamide)

uranium complexes (Chapter 5).
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CHAPTER 1

An Experimental and Computational Study of 1,1’-Ferrocene Diamines
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1.1 INTRODUCTION

Its unintentional discovery in 1951" 2 has led to the rebirth of organometallic
chemistry and perhaps no other compound is more synonymous with that field than ferrocene.
Because of its versatility, ferrocene has intrigued chemists for over 60 years. Its derivatives
have found applications in fields ranging from petrochemistry’” to medicine.®® The use of
ferrocene derivatives in our group stems from our interest in ligands with electronic and
steric properties capable of influencing bonding and enhancing reactivity of transition metals,
lanthanides, and actinides.’®®® More specifically, our group works with chelating 1,1’-
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diamidoferrocene ligands, which, as a result of their redox activity, are capable of
accommodating both electronic and steric changes of metals in various oxidation states.' %
In order to examine the interaction between iron and those metal centers, we first set out to
study systematically how the modification of nitrogen substituents changes both structural

and functional aspects of 1,1’-ferrocene diamines (Chart 1.1). This chapter details our

experimental and theoretical findings.

ooy NH v naw
SiMe;  H,NNTMS

||:62+ SiMe,tBu  H,NNTBS
S]Mezph HzNNDMP

d):: NH CHZtBU HzNNNPL
3,5'M€2C6H3 HzNNXYL
\ 2,4,6'M€3C6H2 HzNNMES

Chart 1.1. 1,1’-ferrocene diamines.

1.2 DISCUSSION OF EXPERIMENTAL RESULTS
1.2.1 Cyclic voltammetry

Because the oxidation state of iron affects the reactivity of metal complexes
supported by disubstituted ferrocene ligands, understanding the basic electrochemical
properties of 1,1’-ferrocene diamines will ultimately enable us to enhance that reactivity
through rational design. The most fundamental behavior of ferrocene-based ligands is their
reversible oxidation. Cyclic voltammetry experiments were conducted in THF solutions of
tetrabutylammonium hexafluorophosphate (TBAPF,) using a platinum disk as the working
electrode.

All 1,1’-ferrocene diamines exhibit one quasi-reversible redox event and are more

easily oxidized than the parent ferrocene (Figure 1.1). This decrease in oxidation potential is



expected because the electron-donating ability of the amino substituents can stabilize the
positive charge on iron upon oxidation. Taking only electronic factors into account, the
oxidation potential of H,NN™® should have the greatest negative shift because tert-butyl is a
better electron donor than either a methyl or phenyl substituent. Similarly, the oxidation

potential of H,NN“E

should have the smallest shift because mesityl is less electron donating
than all three silyl substituents. Although the observed order deviates from the expected
trend based solely on electronic factors, the difference between the redox potentials is

insignificant.

j m
e
< TBS
o . H2NN
— Fe3* = Fe
=2 -e
[®)

$ H,NNDMP
% HaNNMES

3 2 ! 0 ¥ 2 3 4
Potential (V vs Fc%+)
Figure 1.1. Cyclic voltammetry of 1,1’-ferrocene diamines in THF solutions of TBAPF at 50 mV/s.

The calculated value of the oxidation potential of ferrocene (0.89 V vs SCE) is in good
agreement with the experimental data (0.80 V*). While the same method correctly predicts
lower oxidation potentials for 1,1’-ferrocene diamines relative to the parent compound, the
magnitude of the difference as well as the relative order within the series are not consistent
with experimental data (Table 1.1). For example, cyclic voltammetry measurements reveal
that the oxidation potential follows the order fc > H,NN™° > H,NN°™" > H,NN™& > H,NN™*
while the calculations show fc > H,NNPM? > H,NNME > H,NN™® > H,NN™. The trend predicted

by calculations follows that based on electronic effects. Since both the calculated and



experimental differences between all amines are small, it is possible that the changes are a

consequence of solvent and/or steric effects.

Table 1.1. Experimental and calculated (in THF, PCM method) oxidation potentials of 1,1’-ferrocene diamines.

Oxidation Potential
Experimental Calculated
(V vs F¢®*) | (V vs SCE) | (V vs SCE)
H,NN" -0.62 - -
H,NNT®® -0.69 -1.57 -1.47
H,NNP*? -0.70 -1.58 -1.43
H,NNMES -0.72 -1.60 -1.43
H,NN™3 -0.73 -1.61 -1.46

1.2.2 Electronic Absorption Spectroscopy

The absorption spectrum of ferrocene contains two bands in the UV-Vis region, both
corresponding to spin-allowed d-d transitions.”*?’ As shown in Figure 1.2, the absorption
spectra of all 1,1’-ferrocene diamines exhibit one band centered between 447 and 452 nm.
That this red shift is very small is expected because the electronic transition that occurs at
this energy involves the orbitals of relatively pure metal character and thus should be
essentially insensitive to the substitution of the cyclopentadienyl rings.** ? The intensity of
these forbidden transitions, however, is greater than that observed for the parent ferrocene.
Furthermore, an intense shoulder is observed below 280 nm (g = 5000 M'cm™) and is likely
due to ligand-to-metal charge transfer.?

Ferrocenium exhibits several bands in the UV and visible regions. For example, a band
centered at 617 nm (g = 450 M'cm™) is sensitive to ligand substitution and has therefore been
attributed to ligand-to-metal charge transfer. More specifically, it corresponds to a
symmetry-allowed excitation from a ligand-based ey, to the iron-based e,, (HOMO) orbital.?>

Similarly, bands centered at 283 nm (g = 9700 M'cm™), 250 nm (¢ = 15900 M"'cm™) and 198
10



nm (€ = 14200 M'cm™) have been assigned to a single excitation from the ligand-based 1e,,
orbital to the iron-based 2e;q orbital.? Finally, four weak bands between 565 nm and 380 nm

(¢ = 150-350 M'cm™") have been attributed to spin-allowed d-d transitions.

500
—_ = 1400 HZNNTBS+
‘.'E I' HZNNMES 447 nm E 6000 H2NNMES+
O 400 L
F'z H,NNPMP 450 nm X s000 HZNN:Z\\?
z TBS > HaNNT*
‘E 300 H2NN 448 nm § 1000
2 H2NNTBS 452 nm ‘e‘.
gl g 3000
E HNNH 441 nm 3 -
< . 2000
» T
& 100 ]
[ = 1000
=

ol . . . . - » " ” - ) 0 . - - -

300 350 400 450 500 550 600 650 700 750 800 350 500 650 800 950 1100
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Figure 1.2. UV-Vis spectra of neutral (left) and oxidized (right) 1,1’-ferrocene diamines.

Absorption spectra of amine-substituted ferrocenium derivatives exhibit one broad
band in the visible-near IR. On closer inspection, it becomes obvious that the former is
actually a convolution of more than one band. For example, H,NN™** appears to contain
three bands at 642 nm (€ = 165 M'cm™), 733 nm (g = 275 M"cm™), and 856 nm (g = 343 M'cm’

"), while H,NN™" features two bands centered at 659 nm (¢ = 544 M'cm™) and 847 (€ = 809 M

1 NDMP+

cm™). Similarly, the visible-near IR region in the spectrum of H;N exhibits three bands
at 595 (¢ = 340 M'cm™), 716 nm (¢ = 554 M"'cm™), and 838 (g = 523 M'cm™), while H,NN"&*
shows two at 643 (¢ = 351 M'cm™) and 825 (g = 679 M'cm™). Based on the assignment of the
parent ferrocenium, it is likely that the bands in the visible-near IR region correspond to
charge transfer from various Cp ligands to Fe*" and spin-allowed d-d transitions. The latter
are expected to have different energies as those in the unsubstituted cation due to different
symmetries.® Similarly, relative to the parent compound, appearance of ligand-to-metal

charge transfer bands at lower energies is consistent with electrochemical measurements

described previously. Without further investigation, we hesitate to issue more specific
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assignments of these bands. That is, distinguishing between spin-allowed d-d transitions and
charge transfer bands is difficult because, according to the electrochemical measurements
described previously, the latter are not expected to differ drastically across the substituent
series.

Finally, two strong bands in the UV-visible region are also apparent in the spectra of
1,1’-ferrocenium diamines (Figure 1.2). More specifically, these bands are centered at 451
nm (€ = 945 M'ecm™) and 379 nm (€ = 1584 M'cm™) in H,NN™3", 445 nm (€ = 3270 M'cm™") and
383 nm (g = 4070 M'cm™) in H,NN™%* 446 nm (€ = 2673 M"'cm™) and 379 nm (€ = 3471 M'cm™)
in HoNNY®* | and 447 nm (¢ = 1444 M'cm™) and 387 nm (g = 3195 M"cm™) in H,NNP™*. The
origin of these bands is uncertain. No change in absorption energy is apparent when the
substituent changes, suggesting that the transition occurs within the iron core. However, the
argument against d-d transitions is obvious when the intensity of each absorption band is
taken into consideration. Together with electrochemical results described in the previous
section (i.e. difference between substituents’ electron-donating abilities is negligible), these
absorption intensities suggest that ligand-to-metal charge transfer gives rise to both high-

energy bands.

1.2.3 Vibrational Spectroscopy

In order to gain further insight into the electronic structures, we studied the infrared
spectra of each 1,1’-ferrocene diamine in both neutral and oxidized states, then used
computational methods to facilitate the interpretation of the major vibrational modes. It is
important to mention that the calculations were performed for structures in the gas phase,
and in case of oxidized species, the counter anions were excluded. Consequently, the

calculated bands are systematically shifted from those observed experimentally. Additionally,
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both the extent of shifting and the band intensities were dependent on the basis set. For
example, as shown in Figure 1.3 for ferrocene, inclusion of polarization functions on all

atoms in the computational method (6-31G*) yielded better agreement with the experimental

spectrum.
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Figure 1.3. Comparison of experimental and theoretical IR spectrum of ferrocene.

The assighment of the fundamental vibrational modes for ferrocene is well
established.?'** Based on our calculations, ferrocene shows four strong bands at low energy.
The band at 1106 cm™ corresponds to both symmetric and asymmetric C-C stretching, while
the band at 1004 cm™ corresponds to C-H rocking. The lowest energy band at 478 cm™ is due
to ring-metal stretching, while the band centered at 494 cm™ corresponds to symmetric and
asymmetric ring-metal-ring tilting.*? It has been shown that the perpendicular bending of C-H
bonds is affected by the electron density on iron, and is thus the most diagnostic of its
oxidation state.** The frequency of this vibration is centered at 815 cm™ in ferrocene (Figure
1.3; in our hands, the corresponding vibration was observed at 822 cm™) and upon oxidation
shifts to 851 cm™. Similar effects have also been observed for polyferrocene species.**3*
Appending the primary amine functionality to both rings shifts this band to lower frequencies
in H,NN" (Figure 1.4), resulting in a much broader band centered at 801 cm™. This width is

due to separate vibrations of the individual C-H components on the cyclopentadienyl rings.

For example, the perpendicular C-H bending of the two fragments closest to the nitrogen is
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located at 847 cm™, while the same mode involving those farthest from nitrogen is located at
800 cm™.
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Figure 1.4. Experimental IR spectra of ferrocene and H,NN" in dichloromethane.

The spectral features are similar for all 1,1’-ferrocene diamines (Figure 1.5, 1.6).
Based on our calculations, N-H and C-H stretches are apparent between 3000 cm™ and 3500
cm”. The strongest band, observed at approximately 1500 cm™, corresponds to Cp C-N
stretching, while the weaker bands at 1200-1300 cm™ are due to wagging of Cp rings relative
to the iron center. At approximately 1100 cm™, a single band is present only in H,NN®™® and
H,NN™E and involves stretching of the phenyl rings. The set of bands in its vicinity (1000-1100
cm™) represent asymmetric twisting of the Cp rings. All 1,1’-ferrocene diamines have three
strong bands between 830 cm™ and 940 cm™, which are due to various stretching and bending
modes involving the carbon and hydrogen atoms of the amine substituents. The bands of
those bearing silylamino substituents, however, appear to be sharper and better defined than
those of H,NN"E. Reflecting the greater electron density on iron due to donating amine
substituents, the perpendicular C-H bending was calculated to occur at lower energy for all
1,1’-ferrocene diamines (750-800 cm'). Moreover, the corresponding bands are predicted to

be inherently weak, and consequently, are not observed experimentally (Figure 1.6). Finally,
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the ring-metal-ring tilting seems to be insensitive to substitution, and appears between 400

cm™and 500 cm™.
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Figure 1.5. Full IR spectra of neutral 1,1’-ferrocene diamines in dichloromethane.
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Figure 1.6. IR spectrum of H,NN™> in the region 2000-400 cm™ obtained experimentally and computationally.
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Figure 1.7. IR spectra of oxidized 1,1’-ferrocene diamines in dichloromethane.

Unsurprisingly, our calculations reveal that the band arising from perpendicular C-H
bending shifts to higher energy upon oxidation of the iron center. For example, symmetric
bending is centered at 851 in H,NN™* (825 cm™ in H,NN™®) and 847 cm™ in H,NN™*" (824
cm™” in H;NN™®), respectively. This band is weak relative to those arising from Cp C-N
stretching at ~1500 cm™ and methyl C-H wagging at 930 cm™. According to our calculations,
the intense bands around 800 cm™ (or 900 cm™ from 6-31G*) found in the spectra of the silyl
amines correspond to various vibrational modes involving methyl groups on the silyl
substituents. As shown in Figure 1.7, only silyl derivatives exhibit a strong band in this

region, thus supporting this interpretation.
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1.2.4 Magnetic Susceptibility

In the presence of an external magnetic field, ferrocenium diamines exhibit similar
behavior. All four species produce a field that is aligned with the external field (Figure 1.8).
At room temperature and zero applied magnetic field, ferrocenium diamines bearing silyl
substituents exhibit spontaneous magnetization, which is indicative of magnetic ordering.*
Such an effect is not observed for the arylamine-based derivative, H,NNY®* | suggesting that it
is simply paramagnetic.*

HZNNTBS+
0.08 HZNNMES+
H2NNDMP+
H2NNTMS+

M (emu g')

0 2000 4000 6000 8000 10000

Figure 1.8. Magnetization field dependence of 1,1 ’-ferrotle(n?uen: diamines at 298 K.

Temperature dependence of molar magnetic susceptibility of 1,1’-ferrocenium
diamines was measured at 1500 G. Molar susceptibility increases rapidly with decreasing
temperature below 50 K but is essentially constant above 100 K. Figure 1.9 shows the
product of molar magnetic susceptibility and temperature, X,,T, as a function of temperature.
For an ideal paramagnetic material, the magnetic moment is temperature independent. Thus,
the plot of X, T versus T would exhibit a straight line, whose y-intercept corresponds to the

Curie constant. It is evident from Figure 1.9 that, for H,NN™* and H,NN™"*  as temperature

decreases, XnT and thus, the magnetic moment tend to zero. Such behavior is characteristic
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NMES+

of antiferromagnetic interactions.*" “* H,NN°™* and H,N , on the other hand, show

temperature independent behavior above 50 K and 200 K, respectively.

400 H2NNDMP+ 7 HZNNDMP+
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Figure 1.9. Molar magnetic susceptibility temperature product and inverse molar magnetic susceptibility of 1,1’-
ferrocenium diamines at 1500 G.

Divergence from ideal paramagnetic behavior is further displayed in the plot of inverse
molar magnetic susceptibility as a function of temperature (Figure 1.9). As described by the
Curie-Weiss law,® magnetic susceptibility of a truly paramagnetic material is inversely
proportional to temperature. Therefore, the plot of inverse molar magnetic susceptibility as a
function of temperature would exhibit a positive-slope line that passes through the origin. As
shown in Figure 1.9, all four ferrocenium diamines obey the Curie law** above 150 K. The
positive deviation from ideal paramagnetic behavior confirms the presence of
antiferromagnetic interactions.* Using the high temperature data, the reciprocal
susceptibility was fitted to the Curie-Weiss equation, from which the Weiss constant was
extrapolated. As shown in Table 1.2, all four species have negative Weiss constants,
consistent with antiferromagnetic coupling between magnetic moments. At low temperature,
their magnetic behavior no longer follows the magnetic field proportionally. The slight
curvature observed below 150 K is characteristic of ferrimagnetic interactions, whereby

incomplete cancellation of spins occurs.
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Finally, as shown in Figure 1.10 and Table 1.2, the effective magnetic moment of
each ferrocenium diamine deviates significantly from the spin-only value for a single unpaired
electron (S=1/2, p = 1.73).* Because no crystal structures are available, it is difficult to
interpret the observed values of the effective magnetic moments, which is influenced by

45,46 5

numerous factors ranging from the magnitude of the distortion from Ds symmetry
crystal packing to the tilt angle between the Cp rings and the extent and nature of their
substitution.”” Moreover, such high values may be due to a contribution from orbital

moment.* *°! |f indeed that was the case, it would suggest that the low-symmetry Jahn-

Teller distortion of the iron d-orbitals is not very large.*

Table 1.2. Weiss constants (6) and magnetic moments (pes) of 1,1’-ferrocenium diamines at 1500 G and 298 K.

0 Heff
(K) (up)
H,NN™* | .74.65 | 4.02
H,NNT®* | -52.86 | 4.48
H,NN°"* | .93.99 | 2.60
H,NNME* | .32.79 | 2.89

. H,NNDMP+
; [H2ZNNMES*
s [HZNNTMS*
s [HoNNTBS+

2 ——

Heff (MB)

0 50 100 150 200 250 300
Temperature (K)
Figure 1.10. Effective magnetic moment of 1,1’-ferrocenium diamines at 1500 G.
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1.3 DISCUSSION OF COMPUTATIONAL RESULTS
1.3.1 Methods

The computational study of the title compounds was therefore conducted with
Gaussian09,> using the unrestricted hybrid functional B3LYP.%® ¢ Moreover, atoms were
modeled with an all-electron 6-31G***®° basis set and, unless noted otherwise, all species
discussed in this report correspond to minima with no imaginary frequencies. For the sake of
comparison, we also employed an all-electron LANL2DZ®' basis set. In order to ascertain the
accuracy of the computational methods used, we performed the same calculations on
ferrocene/ferrocenium using different methods and basis sets, and compared our results to

62-64
(

both experimenta and theoretical®®® data reported previously. As shown in Table 1.3,

results obtained using the unrestricted B3LYP functional® ”° and 6-31G* basis set were in best
agreement with the experimental data. Because no structural parameters exist, we built upon
the crystallographic coordinates of NN" and optimized the geometry of each 1,1’-ferrocene
diamine using a fragment-based algorithm.”" No thermal parameters were specified, so all

calculated temperature-dependent values assume 298 K.

Table 1.3. Comparison of the distance between Fe and the center of Cp rings obtained experimentally and with
different computational methods; @ From references 72,

Theory | Basis [ Fe-Cp (A)
uB3LYP | LANL2DZ 1.728
cc-pVTZ 1.692
6-31G* 1.654
uBP86 | 6-31G* 1.620
uBLYP | 6-31G* 1.653
Experimental 1.66°

What follows is a discussion of structural features and frontier molecular orbitals. Each

section begins with a discussion of the neutral species, followed by a comparison with the
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oxidized derivatives. Furthermore, to put our results into context, we preface each discussion

with an overview of the parent compounds (i.e. ferrocene and/or H,NN").

1.3.2 Structural Features

The structural parameters of the optimized geometry of ferrocene are dependent on
the basis set. For example, using LANL2DZ, the distance between iron and the center of each
Cp ring is 1.73 A and 1.76 A in ferrocene and ferrocenium, respectively. The values decrease
to 1.65 A and 1.68 A when the 6-31G* basis set is used. As mentioned above, the latter is in
better agreement with the experimental data.®® ¢ "> 7* As shown in Figure 1.11, the change
in Fe-Cp distance upon oxidation of the iron center is nonetheless insignificant (0.029 A in

LANL2DZ and 0.023 A in 6-31G*).

B Fe(ll)
18 M Fe(ll)
A=0.029 A
175
L
o] A=0.041A
& 7 A=0.023A A=0.020A
ke
a
o
? 1.65
(7]
'8
1.6
1.55
LANL2DZ 6-31G* [FeCp,][picrate]®> [FeCp,][PF¢]?

Figure 1.11. Comparison of calculated and experimental distances between iron and Cp rings in ferrocene and
ferrocenium derivatives. °From reference 7.

A more significant difference lies in the conformation of the Cp rings relative to each
other. Previously published studies have established that the Cp rings are staggered in the
solid state’®”® but eclipsed in gas phase.®” "> ¥ Similarly, others have calculated the
rotational barrier to be 0.9-1.1 kcal/mol and from crystallographic data, concluded that up to

60 % of ferrocene molecules in a single crystal feature Cp rings in an eclipsed conformation.®
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Theoretical studies have also predicted the greater stability of the eclipsed isomer.®®
Consistent with these studies, our calculations show that in gas phase, ferrocene has Dsy
symmetry. The staggered isomer is predicted to be essentially isoenergetic (+0.11 kcal/mol).
Such a low barrier to rotation is therefore consistent with previous studies.

While both basis sets predict ferrocene to be eclipsed, 6-31G* shows that the rings are
staggered when iron is in the higher oxidation state. More specifically, convergence to an
eclipsed isomer of ferrocenium using 6-31G* is accompanied by one imaginary frequency
centered at approximately -5 cm™, suggesting that the structure corresponds to a transitional
state for the rotation of the Cp rings.?’ The barrier to rotation is less than 1 kcal/mol. These
results are consistent with previous theoretical and experimental reports of various
ferrocenium salts > 884,

Having established the validity of both methods, we performed geometry optimization
and frequency analysis for six 1,1’-ferrocene diamines bearing silyl, alkyl, and aryl
substituents, as well as the parent 1,1’-ferrocene diamine. For the sake of clarity, the
following discussion will use structural motifs and nomenclature (Figure 1.12) in line with the

established categorization of 1,1’-disubstituted ferrocene systems.”* ’*

E-1,1’ E-1,2’ E-1,3’
Synperiplanar Synclinal Eclipsed Anticlinal

$-1,2’ s-1,3’J

s-1,1’

Synclinal

Anticlinal Staggered Antiperiplanar

Figure 1.12. Possible conformations of symmetrically disubstituted ferrocene systems.
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Structural features of H,NN", calculated using both basis sets, are in good agreement
with those measured experimentally. It has previously been shown that two different
conformations of H,NN" (Figure 1.13) exist in the same crystallographic unit cell.® For E-
1,1°-H,NN", the distance between iron and the center of the Cp ring was overestimated by
less than 4% using LANL2DZ (Fe-Cp distance = 1.74 A versus 1.66 A). When polarization
functions were added to all atoms, the structure was modeled more accurately (Fe-Cp
distance = 1.658 A). Vibrational analysis of E-1,1’-H,NN" using LANL2DZ and 6-31G*, however,
yielded one imaginary frequency centered at -23 cm™ and -33 cm™, respectively. This implies
that both methods model the eclipsed geometry as a first-order saddle point, which

corresponds to a transitional structure for the rotation of the Cp rings.

Experimental Calculated

HZNNTMS

H2NNNP

Figure 1.14. Conformation of neutral 1,1’-ferrocene diamines at minimum potential energy.
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Unsurprisingly, the optimized geometry of each 1,1’-ferrocene diamine derivative was
dependent on the conformation of the initial structure. The most stable structures (Figure
1.14), which all further discussion will be based upon, did not depend on the basis set,
however. It is evident that the orientation of the amino substituents changes to either a 1,2’
(H2NN™3 ) H NN H NN H,NNYP) or 1,37 (H,NN*"" and H,NN"®) eclipsed conformation, as
a consequence of steric and electronic interactions. Moreover, in the latter class, both amine
hydrogen atoms point outward, while in the silyl and alkyl derivatives, one H atom points
inward. The most stable conformation of H,NN™° H,NN“ and H,NN™® is likely caused by
lack of steric demand. However, any steric influence seems to be suppressed in H,NN°™",
which, unlike the aryl analogues, does not converge to a 1,3’ configuration despite being the
largest 1,1’-ferrocene diamine overall (as deemed by the calculated value for electronic
spatial extent). This can be explained by considering the different type of bonding that the
nitrogen atom participates in. In H,NN° | the lone pair of electrons on nitrogen can overlap
with the empty d orbitals on the silicon.?®’ In contrast these electrons are more labile in
H,NN™ES because carbon does not have d orbitals available for interaction with the lone pair
on nitrogen. Thus, the probability of finding these electrons localized on the nitrogen atom
itself increases. As a result, they are more likely to repel each other, thereby lowering the
stability of the 1,2’-H,NN™® rotamer. The increase in the silicon-nitrogen bond angles in the

MES
N

H,NN°" ligand compared to those in H,N supports this explanation (Figure 1.15). The

same effect has been observed in simple silylamines and explains why, for example, N(SiHs);

is trigonal planar, while N(CH;); is pyramidal.®®

Again, we emphasize that the overall trend
and the relative values of the structural parameters in general do not vary with the choice of

basis set.
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Figure 1.15. Relative geometry around nitrogen in H,NN"" (planar) and H,NN™ES (pyramidal).

Geometry optimizations of the respective oxidized 1,1’-ferrocene diamines were
conducted by using the optimized Cartesian coordinates of the neutral counterparts at two
different conformations but changing the charge and multiplicity values in the input file. The

most stable conformations are shown in Figure 1.16.

(' HaNNDWP:

Figure 1.16. The most stable conformations of oxidized ferrocene diamines.

As shown in Table 1.4, the distance between the Cp carbon and nitrogen atoms
decreases for all 1,1’-ferrocene diamines, while the distance between iron and the ring’s

center increases upon removal of an electron. For example, the distance between iron and
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each Cp ring changes by approximately 0.07 A. This is significantly greater than the increase
in the parent compound (A = 0.02 A) and is a reflection of weaker metal-ligand bonding
brought about upon oxidation.” It has been suggested that this decrease in metal-ligand
distance is due to removal of an electron from the bonding e, orbital or the simultaneous
electronic rearrangement.® While increasing the oxidation state decreases the metal-ligand
distance for main group metal ions (due to the decrease in ionic size as well as the increase in
electron affinity of the metal center), the same effect is not always true for transition
metals.”” In other words, a metal-ligand distance will change upon oxidation depending on
whether it remains in the same spin state. For example, the ionic radii of low-spin Fe*" and
Fe" with a coordination number of 6 are 0.61 A and 0.55 A, respectively.” Similarly, the ionic
radii of high-spin Fe?* and Fe® with a coordination number of 6 are 0.78 A and 0.64 A,
respectively. Therefore, the metal-ligand distance is naturally expected to decrease if both
Fe? and Fe** are of low (or high) spin. If, however, the spin state of the iron center changes
from low to high upon removal of an electron (i.e. low-spin Fe?* > high-spin Fe*"), then the
metal-ligand distance would remain roughly the same. In the present case, all calculations
were performed for singlet metallocenes, so for a given ligand, the distance is expected to

decrease upon oxidation.

Table 1.4. Distance between iron and Cp rings and C¢,-N bond length changes upon oxidation.

Fe-Cp (A) Cep-N (A)
631G et TFe™ | & | Fe¥ | Fe* | &
H,NN™E | 1,661 | 1.734 | 0.073 | 1.413 | 1.353 | -0.060
H,NN™S | 1.661 | 1.731 | 0.070 | 1.399 | 1.357 | -0.041
H,NN™® | 1.661 | 1.730 | 0.069 | 1.400 | 1.358 | -0.042
H,NN*"" | 1.661 | 1.730 | 0.069 | 1.400 | 1.355 | -0.045
H,NN°"" | 1.662 | 1.730 | 0.068 | 1.400 | 1.357 | -0.043
H,NN™" | 1.665 | 1.733 | 0.068 | 1.400 | 1.345 | -0.055
fc 1.654 | 1.677 | 0.023 | - - -
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A more interesting structural change brought on by oxidation is the distortion of the
cyclopentadienyl rings. That is, the planar conformation of both rings becomes disrupted
(Figure 1.17). This deviation is more pronounced in alkyl- and aryl- than in silyl-substituted
1,1’-ferrocene diamines. Loss of ring aromaticity and disruption of conjugation is expected to
weaken the overlap between Fe*" and ring orbitals.” Because the iron-ring interaction
provides the greatest stabilization within the ferrocene backbone,” such a structural
perturbation may be important not only for the oxidized 1,1’-ferrocene diamines, but also for

the metal centers that they support.

0.25 . Fe2+
W Fe’+
0.2
0.15

0.1

Out-of-plane distance (&)

0
H2NNT™S  H,NNTBS HNNPMP HoNNNP HaNNMES  HpNNXYL

Figure 1.17. Distortion of the Cp ring as defined by the out-of-place displacement of the amino carbon.

1.3.3 Electronic Structure

Both LANL2DZ and 6-31G* basis sets paint a qualitatively similar picture of the
electronic structure of ferrocene. The ground state configuration of eclipsed ferrocene (Ds;)
was calculated to possess highest occupied orbitals of @’y and e’; symmetry. The energy
difference between these two orbitals is small and their relative ordering in the staggered
conformation has been debated.?*? % % studies favoring a; > e, were based on a staggered
conformation. Indeed, one report describing the substitution effects on the electronic

structure of ferrocene has shown that the energy order of a, and e; orbitals is dependent on
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the relative conformation of the Cp rings.”® Our calculations of the eclipsed isomer show that

e’; > a’y (Figure 1.18).
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Figure 1.18. Molecular orbital diagrams of ferrocene and its derivatives (energy levels showing electron pairs
represent the highest occupied MO).

Figures 1.18 and 1.19 show molecular orbital diagrams of neutral 1,1’-ferrocene
diamines relative to ferrocene. As shown in Figure 1.20, the HOMO remains purely iron-based
in all except H,NN¥ and H,NN"& species, whose highest occupied molecular orbitals show a
mixing of iron and nitrogen atomic orbitals. Furthermore, the energy of the HOMO in all
derivatives increases relative to ferrocene (Figure 1.21). The increase in energy of the
highest occupied molecular orbital is greatest in derivatives bearing silyl substituents. This is
expected because silyl groups are stronger electron donors than aryl substituents. Similarly,
our calculations reveal that the iron-based es; orbitals (LUMO in ferrocene) remain
degenerate in 1,1’-ferrocene diamines bearing no phenyl substituents (H,NN™® H,NN™*
H,NNY). In contrast, the corresponding orbitals lose their degeneracy in H,NN"™ H NNt

and H,NN"&* derivatives (Figure 1.19).
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Figure 1.19. Ligand-field splitting of iron d-orbitals in 1,1’-ferrocene diamines.
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Figure 1.20. Atomic contributions to highest occupied and lowest unoccupied molecular orbitals.
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Figure 1.21. Energy of highest occupied and lowest unoccupied molecular orbitals relative to those of ferrocene,
which are defined as 0 kcal/mol).
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Figure 1.22. HOMO (left) and LUMO (right) of 1,1’-ferrocene diamines.

H2NNXYL

With the exception of H,NN°’  H,NN* and H,NN¥  the energy of the lowest
unoccupied molecular orbital also increases relative to ferrocene (Figure 1.21). These
exceptions, however, are consistent with the nature of the LUMO on 1,1’-ferrocene diamines
bearing aromatic groups, which is localized largely on the phenyl rings, with predominant
contribution originating from the phenyl m orbitals. The trend in the resulting HOMO-LUMO
gap, which can be attributed to conjugation effects, further reflects and supports this
anomaly. As a result of smaller HOMO-LUMO gap, H,NN°™ is expected to be kinetically less
stable and more reactive than other 1,1’-ferrocene diamines.’” 8

Finally, the ground state configuration of the parent ferrocenium is iron-based and of
€2, symmetry, which is consistent with previous studies.* ® % Although substitution on the Cp
rings does not affect their character, the highest occupied molecular orbitals split to various
degrees in all 1,1’-ferrocenium diamines, making their ground state configuration non-

degenerate. Distortion due to the low-symmetry of the ligand field is small, however. This is

consistent with the observed magnetic moments.>
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1.4 CONCLUSIONS

We have presented a systematic experimental and computational treatment of several
1,1’-ferrocene and ferrocenium diamines bearing alkyl, aryl, and silyl substituents.
Electrochemical measurements reveal the amine groups on Cp rings donate electron density
to the iron center, allowing it to undergo oxidation more easily. The extent of this change in
oxidation potential, however, diminishes as various substituents are appended on the amine
group. Similarly, electronic spectra of 1,1’-ferrocenium diamines reveal that the energy of
charge transfer from Cp ligands to Fe’* does not depend on the substituents on the nitrogen.
Since ligand to metal charge transfer is, in essence, a reduction of the metal, this implies
that the electron density on Fe® is similar throughout the series and that the electron
donating ability of the amine groups is unaffected by substitution. Our calculations support
this conclusion. More specifically, the distance between iron and the Cp rings, which is one
factor that determines the energy required to promote an electron from a ligand-based
orbital to the metal center, was calculated to be nearly identical within the series. Finally,
computational treatment of 1,1’-ferrocene diamines shows that aromatic substituents on the
nitrogen atoms impose the greatest influence on the electronic structure of the neutral
species by not only lowering the energy difference between frontier orbitals but also by

changing the nature of the lowest occupied molecular orbital from metal to ligand character.

1.5 APPENDIX A

1.5.1 Synthesis

General Considerations. All experiments were performed under a dry nitrogen atmosphere
using standard Schlenk techniques or an MBraun inert-gas glovebox. Solvents were purified

100

using a two-column solid-state purification system by the method of Grubbs™ and transferred
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to the glovebox without exposure to air. NMR solvents were obtained from Cambridge Isotope
Laboratories, degassed, and stored over activated molecular sieves prior to use. 'H and "*C
NMR spectra were recorded on a Bruker300 spectrometer at room temperature in C¢D¢. 'H and
3C chemical shifts are reported with respect to C¢D, residual peak, 7.16 ppm and 128.5 ppm,
respectively. Cyclic voltammetry measurements were conducted on a CH Instruments CHI630D
potentiostat using a 2 mm platinum disk as the working electrode, 3 mm glassy carbon disk as
the counter electrode, and 0.25 mm silver wire as the pseudo-reference electrode. UV-Vis
spectra were recorded on a Varian Carey 5000 spectrophotometer from 230 to 1600 nm using
matched 1 cm quartz cells; all spectra were obtained using a solvent reference blank in a
cuvette with an air-free Teflon adapter. IR spectra were recorded on a JASCO FT-IR-420
spectrophotometer from 4000 to 400 cm™ using a sealed liquid cell from International Crystals
Laboratory with a 1 mm path length and KBr windows. CHN analysis was performed on an
Exeter Analytical, Inc. CE-440 Elemental Analyzer. Magnetic properties of 1,1’-ferrocenium
diamines were investigated using a Quantum Design Model MPMS® sample magnetometer
under a zero-field cooled, reciprocating sample option. Magnetization was measured as a
function of magnetic field at 298 K or as a function of temperature at 1500 G.

All amines were synthesized following previously published procedures and their purity
was determined by comparison of '"H NMR shifts. Shafir, et al. reported the synthesis of
fc[NH.]; (fc = 1,1-ferrocenylene, H,NN"),® fc[NHSiMes]; (H,NN™%),'°" and fc[NHMes],
(H NN™&%) 192 while Siemling, et al. reported the synthesis of fc[NHCH(t-Bu)], (H,NN'?).'%
Amines fc[NHSi(t-Bu)Mez]; (H:NN%)"® and fc[NHXyl], (H,NN*")' were previously prepared in
our group. Dimethylphenylsilyl chloride and iodine were purchased from Alfa Aesar and used
as received. Tetrabutylammonium hexafluorophosphate (TBAPF¢) was purchased from Sigma

Aldrich and recrystallized from THF before use.
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Synthesis of H,NN°™P. In a 20-mL scintillation vial charged with a stir bar, H,NN" (496 mg,
2.29 mmol) was dissolved in dichloromethane and cooled to -190 °C for 30 min. At room
temperature, triethylamine (533 mg, 5.28 mmol) and dimethylphenylsilyl chloride (809 mg,
4.7 mmol) were slowly added to the above solution. The mixture was stirred for 24 h.
Dichloromethane was removed under reduced pressure to yield an orange oil, which was then
dissolved in n-pentane and filtered through alumina. The solution was concentrated and
stored at -35 °C. Large, dark-red clusters of crystalline needles formed after 12 h. Yield: 337
mg, 30%. H,NN°™ is soluble in hexanes, pentane, diethyl ether, toluene, benzene,
tetrahydrofuran, dichloromethane, and chloroform. Note: Use of more than 2.1 equivalents
of dimethylphenylsilyl chloride makes subsequent isolation and purification of NN

difficult.

Synthesis of [H,NN™®][1]. In a 20 mL scintillation vial, a hexanes solution of I, (58 mg, 0.23
mmol) was added to a cold pentane solution of H,NN™® (195 mg, 0.54 mmol). The reaction
mixture was stirred at room temperature. A fluffy olive green solid precipitated immediately
but adhered to the vial wall after 15 min, leaving a clear solution that was then decanted.
The product was washed with 10 mL of diethyl ether and dried under reduced pressure. Yield:
102 mg, 77 %. [H,NN™3][I] is soluble in tetrahydrofuran, dichloromethane, and chloroform

but insoluble in hexanes, pentane, diethyl ether, toluene, and benzene.

Synthesis of [H,NN°™P][I]. In a 20 mL scintillation vial, a hexanes solution of I, (12 mg, 0.05
mmol) was added to a cold pentane solution of H,NN®® (60 mg, 0.12 mmol). The reaction
mixture was stirred at room temperature. A bright green solid precipitated immediately but
adhered to the vial wall after 15 min, leaving a clear solution that was then decanted. The
solid was washed with diethyl ether and dried under reduced pressure. The crude powder was

then dissolved in approximately 5 mL of THF and crashed out of solution with addition of an

33



equal volume of hexanes. The precipitate was collected on a fine-porosity frit and washed

with a mixture of hexanes and diethyl ether. Yield: 35 mg, 95 %. [H,NN"

][1] is soluble in
tetrahydrofuran, dichloromethane, and chloroform but insoluble in hexanes, pentane, diethyl

ether, toluene, and benzene.

Synthesis of [H,NNYE*][I;]. In a 20 mL scintillation vial, a hexanes solution of I, (81 mg, 0.32
mmol) was added to a cold pentane solution of H,NN"® (123 mg, 0.27 mmol). A yellow-green
solid precipitated immediately and the reaction mixture was stirred at room temperature for
10 min. The precipitate was allowed to settle and after the supernatant was decanted, it was
washed with 10 mL of toluene and dried under reduced pressure. Yield: 157 mg, 70 %.
[HNNY®][15] is soluble in tetrahydrofuran, dichloromethane, and chloroform but insoluble in
hexanes, pentane, toluene, and benzene. Note: the fine powder becomes a thick sludge upon

exposure to diethyl ether and is hard to handle.

1.5.2 Elemental analysis

H,NNP*? [HNN°*"1[1]

C26H42N251'2Fe (485 g/mol) C26H42N2512Fel (621 g/mol)

Calculated: 64.45 %C, 6.66 %H, 5.78 %N Calculated: 50.43 %C, 5.29 %H, 4.42 %N
Found: 64.41 %C, 6.65 %H, 5.55 %N Found: 51.07 %C, 5.27 %H, 4.58 %N
[H:NNT[I] [HNN"S1[15](C7H5)

C1(,H38N2512Fe| (487 g/mol) C35H40F€|3N2 (925 g/mol)

Calculated: 39.43 %C, 5.79 %H, 5.75 %N Calculated: 45.43 %C, 4.36 %H, 3.03 %N
Found: 39.16 %C, 5.23 %H, 5.64 %N Found: 45.10 %C, 4.27 %H, 3.18 %N
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1.5.3 "H and "C NMR spectroscopy
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Figure A1. '"H NMR spectrum (300 MHz, 25 °C, C¢Ds) of H,NNPM®; 3(ppm): 7.60 (m, 4H, C¢Hs), 7.22 (m, 6H, C¢Hs),
3.71 (s, 8H, Cp-CH), 2.16 (s, 2H, NH), 0.35 (s, 12H, Si(CH;),).
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1.5.4 Cyclic voltammetry
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Figure A3. Cyclic voltammogram of H,NN" (12.7 mM) in THF with TBAPF, as the supporting electrolyte.
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Figure A4. Cyclic voltammogram of H,NN™® (5.9 mM) in THF with TBAPF, as the supporting electrolyte.
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Figure A6. Cyclic voltammogram of H,NN? P (10.2 mM and 3.5 mM) in THF with TBAPF, and TPABAr" as supporting

electrolytes.

1.5.5 UV-Vis spectroscopy

Figure A8. UV-Vis spectrum of a 2.8 mM CH,Cl, solution of H,NN™,
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Figure A7. UV-Vis spectrum of a 5.9 mM CH,Cl; solution of H,NNH.
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Figure A9. UV-Vis spectrum of a 2.3 mM CH,Cl, solution of H,NNT®5,

350

300

250

200

150

100

Molar Absorptivity (M-'cm)

50

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
Figure A10. UV-Vis spectrum of a 3.4 mM CH,Cl, solution of H,NN°*?,
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Figure A12. UV-Vis spectrum of a 2.6 mM CH,Cl, solution of [H,NN™5][I] (left). Spectral deconvolution of the
charge transfer band in the visible/near IR region (right).
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Figure A15. UV-Vis spectrum of a 0.2 mM CH,Cl, solution of [H,NN™®*][I5] (left). Spectral deconvolution of the
charge transfer band in the visible/near IR region (right).

1.5.6 IR spectroscopy
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Figure A16. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of H,NN™S,
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Figure A17. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of H,NNTES,
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Figure A18. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of H,NNPM?,
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Figure A19. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of H,NNMES,
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Figure A20. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of [H,NN™S][I].
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Figure A21. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of [H,NNS][I].
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Figure A22. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of [H,NNPMP][1].
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Figure A23. Experimental (top, in dichloromethane) and calculated (bottom) IR spectrum of [HzNNMES][Ig,].
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1.5.7 Magnetometry
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Figure A24. Magnetization field dependence of [H,NN™5][I] at 298 K.
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Figure A25. Magnetization field dependence of [H,NN"®*][I] at 298 K.
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Figure A26. Magnetization field dependence of [H,NN"*"][1] at 298 K.
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Figure A27. Magnetization field dependence of [Hfﬁk“‘“][h] at 298 K.
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Figure A29. Inverse molar susceptibility temperature dependence of [H,NN™][I] at 1500 G.
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Figure A30. Inverse molar susceptibility temperature dependence of [H,NN°MP][1] at 1500 G.
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Figure A32. Molar susceptibility temperature product of [H,NN™5][I] at 1500 G.
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Figure A35. Magnetic moment of [H,NN™®][1] at 1500 G.
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1.5.8 DFT

Geometry optimization (uB3LYP/6-31G*)

Table A1. ferrocene (Dsy)

Item Value Threshold | Converged?

Maximum Force 0.000052 0.00045 YES

RMS Force 0.000012 0.0003 YES

Maximum Displacement 0.001432 0.0018 YES

RMS Displacement 0.000188 0.0012 YES

Center Atomic Coordinates (Angstroms)

Number Number X Y z

1 26 0 [ -0.000303 -0.000519

2 6 1.653649 | -0.626116 1.040931

3 6 | -1.653648 | -0.625888 1.041068

4 6 1.653514 0.796439 0.917328

5 6 1.654795 -1.183288 -0.273792

6 6 -1.654795 -1.183347 -0.273534

7 6 | -1.653514 0.796639 0.917155

8 6 1.653892 1.118503 -0.473689

9 6 1.654823 | -0.104988 -1.209805

10 6 -1.654823 -0.105252 -1.209782

11 6 | -1.653892 1.118399 -0.473933

12 1 1.644591 -1.184085 1.968455

13 1 -1.644589 | -1.183656 1.968713

14 1 1.6441 1.505993 1.734632

15 1 1.646649 -2.237737 -0.517997

16 1 -1.64665 -2.237849 -0.51751

17 1 -1.644099 1.506374 1.734302

18 1 1.64483 2.115042 -0.896041

19 1 1.646838 -0.198577 -2.288134

20 1 -1.646838 | -0.199078 -2.28809

21 1 -1.644831 2.114846 -0.896503
Table A3. ferrocene (Dsq4)

Item Value Threshold | Converged?

Maximum Force 0.000098 0.00045 YES

RMS Force 0.000024 0.0003 YES

Maximum Displacement 0.001765 0.0018 YES

RMS Displacement 0.00028 0.0012 YES

Center Atomic Coordinates (Angstroms)

Number Number X Y z

1 26 | -0.000001 -0.000186 -0.001006

2 6 | -1.655965 1.212694 0.060484

3 6 1.654579 0.945958 0.761939

4 6 -1.654973 0.317473 1.17223

5 6 -1.657408 0.431805 -1.134429

6 6 1.656468 1.01674 -0.663626

7 6 1.655084 -0.43177 1.135163

8 6 | -1.655445 [ -1.016563 0.66446

9 6 | -1.656661 -0.945888 -0.761072

10 6 1.657669 -0.317214 -1.171481

11 6 1.656656 | -1.212552 -0.059855

12 1 -1.64018 2.293614 0.113852

13 1 1.637503 1.788786 1.440831

14 1 -1.638234 0.60061 2.216775

15 1 -1.643822 0.816985 -2.145883

16 1 1.64179 1.922716 -1.255708

17 1 1.639007 -0.817039 2.146557

18 1 -1.639648 -1.922557 1.256457

19 1 -1.64193 -1.788739 -1.439972

20 1 1.643904 -0.600193 -2.216143

21 1 1.641614 -2.293439 -0.113486

*kkkkk

Frequencies: -19.0528

1 imaginary frequencies (negative signs) ******

Table A2. Ferrocenium (Ds;)

AAAAAA

Item Value Threshold | Converged?

Maximum Force 0.000029 0.00045 YES
RMS Force 0.00001 0.0003 YES
Maximum Displacement 0.001727 0.0018 YES
RMS Displacement 0.000254 0.0012 YES
Center Atomic Coordinates (Angstroms)
Number Number X Y z
1 26 0 -0.00152 -0.000071

2 6 | -1.675774 0.633582 -1.038288

3 6 1.675774 0.633729 -1.038199

4 6 | -1.675203 1.183784 0.281243

5 6 | -1.677764 | -0.791338 -0.922755

6 6 1.677764 | -0.791208 -0.922865

7 6 1.675203 1.183744 0.281409

8 6 | -1.676303 0.098701 1.212

9 6 -1.67798 | -1.121841 0.467935

10 6 1.677981 -1.121907 0.467779

11 6 1.676301 0.09853 1.212016

12 1 -1.656583 1.196765 -1.96243

13 1 1.656583 1.197043 -1.962261

14 1 -1.655533 2.23655 0.531546

15 1 -1.660404 | -1.496141 -1.743921

16 1 1.660407 | -1.495896 -1.744129

17 1 1.655535 2.236474 0.531862

18 1 -1.657395 0.18594 2.290668

19 1 -1.660181 -2.120687 0.884243

20 1 1.660179 | -2.120815 0.883936

21 1 1.657393 0.185621 2.290695

Frequencies: -17.4488

Table A4. Ferrocenium (Ds4)
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1 imaginary frequencies (negative signs) ******

Item Value | Threshold | Converged?

Maximum Force | 0.000077 0.00045 YES
RMS Force | 0.000017 0.0003 YES
Maximum Displacement | 0.001605 0.0018 YES
RMS Displacement | 0.000238 0.0012 YES
Center Atomic Coordinates (Angstroms)
Number Number X Y z
1 26 0.00000 | -0.00079 -0.00142

2 6 -1.67662 1.17359 -0.31763

3 6 1.67527 1.13670 0.43302

4 6 -1.67524 0.66535 1.01819

) 6 -1.67813 0.06025 -1.21378

6 6 1.67735 0.76282 -0.94637

7 6 1.67515 | -0.05976 1.21486

8 6 -1.67601 -0.76219 0.94755

9 6 -1.67786 | -1.13605 -0.43187

10 6 1.67874 | -0.66460 -1.01708

11 6 1.67737 | -1.17308 0.31854

12 1 -1.65375 2.21813 -0.60085

13 1 1.65140 2.14814 0.81792

14 1 -1.65131 1.25747 1.92396

15 1 -1.65641 0.11372 -2.29467

16 1 1.65497 1.44127 -1.78953

17 1 1.65111 -0.11345 2.29571

18 1 -1.65252 | -1.44100 1.79021

19 1 -1.65625 | -2.14755 -0.81660

20 1 1.65763 | -1.25661 -1.92310

21 1 1.65514 [ -2.21768 0.60121




Table A5. H,NN™S Table A6. H,NN™5*

Item Value Threshold | Converged? Iltem Value Threshold | Converged?

Maximum Force 0.000003 0.00045 YES Maximum Force 0.000005 0.00045 YES
RMS Force 0.000001 0.0003 YES RMS Force 0.000001 0.0003 YES
Maximum Displacement 0.000844 0.0018 YES Maximum Displacement 0.001349 0.0018 YES
RMS Displacement 0.000135 0.0012 YES RMS Displacement 0.000262 0.0012 YES
Center Atomic Coordinates (Angstroms) Center Atomic Coordinates (Angstroms)
Number Number X Y z Number Number X Y z
1 26 | -0.014382 | -1.667066 -0.007711 1 26 | -0.006443 [ -1.401703 -0.009687
2 6 1.459765 | -0.461063 -0.907294 2 6 1.696993 [ -0.296293 -1.003165
3 6 | -0.965097 | -0.508234 1.39388 3 6 | -1.089946 | -0.199415 1.335321
4 6 0.494863 | -0.924551 -1.856562 4 6 0.547681 -0.524838 -1.838268
) 6 2.025338 | -1.614573 -0.277394 5 6 2.052017 | -1.575773 -0.453646
6 6 | -0.368136 | -1.664929 1.994249 6 6 -0.27069 -1.1626 2.0036
7 6 | -1.942212 | -0.948974 0.445423 7 6 | -2.121933 | -0.894217 0.613107
8 6 0.504657 -2.35683 -1.849925 8 6 0.335027 | -1.933378 -1.954672
9 6 1.454822 -2.78392 -0.877628 9 6 1.265457 | -2.584332 -1.093282
10 6 | -0.944292 | -2.820955 1.39185 10 6 | -0.702305 | -2.459174 1.598963
11 6 | -1.902745 | -2.377918 0.42505 11 6 | -1.790431 -2.291019 0.687777
12 7 1.800355 0.8748 -0.671833 12 7 2.254317 0.907686 -0.715797
13 1 -0.7193 0.519983 1.625186 13 1 -1.006273 0.874035 1.436513
14 1 -0.12125 | -0.290314 -2.482614 14 1 0.005189 0.247422 -2.369621
15 1 2.767466 | -1.607475 0.509823 15 1 2.843752 | -1.756326 0.260273
16 1 0.391421 -1.654915 2.765074 16 1 0.530242 | -0.938052 2.695396
17 7 | -2.807463 -0.14757 -0.30781 17 7 | -3.146206 | -0.348155 -0.091217
18 1 -0.102433 | -2.997887 -2.476197 18 1 -0.396052 | -2.413609 -2.591617
19 1 1.702463 | -3.807663 -0.628958 19 1 1.371296 | -3.651451 -0.949134
20 1 -0.706276 | -3.851245 1.622414 20 1 -0.293564 | -3.405955 1.926594
21 1 -2.518394 | -3.011549 -0.202029 21 1 -2.345576 | -3.086898 0.206795
22 1 1.170105 1.530398 -1.117735 22 1 1.80778 1.682431 -1.196569
23 1 2.13888 3.829786 0.239164 23 1 3.066491 3.728786 0.312282
24 1 -1.895512 3.704931 -0.49561 24 1 -2.80348 3.453302 -1.124053
25 1 -3.303316 | -0.664153 -1.024241 25 1 -3.728537 | -1.038108 -0.5558
26 14 3.187526 1.547424 0.176534 26 14 3.762531 1.323418 0.195424
27 1 3.980605 1.629992 2.551204 27 1 4.402437 1.214752 2.592254
28 1 5.667231 1.229517 0.028538 28 1 6.133894 0.628243 -0.016751
29 14 -3.17108 1.565914 -0.167095 29 14 | -3.742668 1.357827 -0.16836
30 1 -4.296186 1.598501 -2.412403 30 1 -5.128132 0.827757 -2.188221
31 1 -3.918408 3.065514 1.692453 31 1 -4.445634 3.002424 1.552637
32 6 3.110074 1.204586 2.035659 32 6 3.516781 0.915924 2.018248
33 1 2.209904 1.646298 2.479317 33 1 2.658548 1.454244 2.436969
34 1 3.090364 0.130796 2.255015 34 1 3.367196 | -0.155187 2.197953
35 6 | -1.685177 2.638559 -0.646022 35 6 | -2.449974 2.418487 -1.039742
36 1 -0.800739 2.386697 -0.049099 36 1 -1.494996 2.447422 -0.501724
37 1 -1.427745 2.494968 -1.702852 37 1 -2.25849 2.053713 -2.055719
38 6 | -3.706153 1.993667 1.592465 38 6 | -4.068483 1.972805 1.578032
39 1 -4.61303 1.443102 1.867918 39 1 -4.822862 1.356399 2.079557
40 1 -2.933329 1.739025 2.326243 40 1 -3.169677 1.972503 2.204611
41 6 4.797692 0.848704 -0.52172 41 6 5.203998 0.362674 -0.534304
42 1 4.82297 | -0.245344 -0.465222 42 1 5.083084 | -0.722626 -0.444019
43 1 4.917785 1.125403 -1.57556 43 1 5.33857 0.595175 -1.596561
44 6 | -4.583248 1.860351 -1.386637 44 6 | -5.316847 1.220318 -1.182047
45 1 -5.472657 1.275077 -1.124951 45 1 -6.060486 0.576559 -0.697968
46 1 -4.875217 2.91738 -1.390979 46 1 -5.775719 2.208644 -1.302064
47 6 3.080543 3.408245 -0.133019 47 6 3.92618 3.173939 -0.081891
48 1 3.896665 3.932301 0.378677 48 1 4.817466 3.554796 0.430276
49 1 3.157211 3.644246 -1.201 49 1 4.035049 3.42109 -1.144414
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Table A8. H,NN™®S*

Table A7. HZNNTBS Iltem Value Threshold | Converged?
Item Value Threshold | Converged? Maximum Force 0.000005 0.00045 YES
Maximum Force 0.000009 0.00045 YES RMS Force 0.000001 0.0003 YES
RMS Force 0.000002 0.0003 YES Maximum Displacement 0.001206 0.0018 YES
Maximum Displacement 0.001773 0.0018 YES RMS Displacement 0.00026 0.0012 YES
RMS Displacement | 0.000234 0.0012 YES Center Atomic Coordinates_(Angstroms)
Center Atomic Coordinates (Angstroms) Number Number X Y z
Number Number X Y z 1 26 | -0.017419 1.623496 -0.055435
1 26 -0.028592 1.970778 -0.077296 2 6 -1.711286 0.351229 -0.849745
2 6 -1.45363 0.597556 -0.796414 3 6 1.038978 0.713041 1.517768
3 6 0.88683 1.099835 1.540235 4 6 -0.53033 0.389188 -1.67388
4 6 -0.417489 0.845475 -1.752769 5 6 -2.061763 1.720509 -0.593999
) 6 | -2.043862 1.859987 -0.473843 6 6 0.190705 1.77177 1.972393
6 6 0.184558 2.289109 1.921216 7 6 2.0851 1.277803 0.706666
7 6 1.901113 1.460061 0.595801 8 6 -0.292217 1.739499 -2.077322
8 6 | -0.407624 2.244058 -2.058956 9 6 | -1.238802 2.56447 -1.402966
9 6 -1.416372 2.871181 -1.271848 10 6 0.620348 2.976594 1.344143
10 6 0.732701 3.379728 1.1856 11 6 1.736513 2.658676 0.511507
11 6 1.780297 2.864492 0.357318 12 7 -2.285972 -0.767187 -0.337127
12 7 | -1.812082 | -0.662458 -0.301386 13 1 0.966313 -0.32325 1.818079
13 1 0.682056 0.103585 1.909454 14 1 0.016461 -0.482207 -2.012297
14 1 0.233982 0.092235 -2.178946 15 1 -2.873321 2.052999 0.036634
15 1 -2.840437 2.023434 0.238201 16 1 -0.628976 1.669946 2.671103
16 1 -0.627009 2.341433 2.635344 17 7 3.135586 0.633019 0.139463
17 7 2.8661 0.620696 0.027187 18 1 0.466581 2.068567 -2.774946
18 1 0.250667 2.733829 -2.765021 19 1 -1.33146 3.639178 -1.488156
19 1 -1.667036 3.923982 -1.269064 20 1 0.19031 3.960699 1.475685
20 1 0.419016 4.413956 1.241596 21 1 2.296566 3.359665 -0.095182
21 1 2.400967 3.43844 -0.32027 22 1 -1.821217 | -1.617809 -0.640973
22 1 -1.175667 -1.38884 -0.609179 23 1 -2.648447 -2.819687 1.975149
23 1 -1.868353 | -2.955848 1.799876 24 1 2.81783 | -3.290416 -0.213525
24 1 2.038539 -3.24955 0.232731 25 1 3.714642 1.242895 -0.429111
25 1 3.369501 1.063295 -0.731919 26 14 | -3.798923 | -1.060922 0.623827
26 14 -3.219041 -1.229798 0.597478 27 1 -4.632429 -0.155257 2.771042
27 1 -4.226386 | -0.669745 2.814725 28 14 3.765078 | -1.050511 0.352885
28 14 3.266599 | -1.052985 0.390391 29 1 4.437818 | -2.364413 2.356877
29 1 3.79864 -2.291945 2.508601 30 6 -3.875482 0.173939 2.049217
30 6 | -3.496408 | -0.187051 2.153392 31 1 -2.919604 0.218687 2.583714
31 1 -2.557362 -0.08687 2.709758 32 1 -4.147921 1.190582 1.747702
32 1 -3.865426 0.8225 1.943667 33 6 2.49005 [ -2.253524 -0.351548
33 6 1.845336 -2.217449 -0.083881 34 1 1.520047 -2.154816 0.150379
34 1 0.912957 | -1.894666 0.394502 35 1 2.33253 | -2.096063 -1.42448
35 1 1.674934 -2.223919 -1.167079 36 6 4.011238 -1.367629 2.193565
36 6 3.601833 -1.246716 2.241609 37 1 4.693145 -0.636404 2.640477
37 1 4.463438 -0.64727 2.555555 38 1 3.070324 | -1.326164 2.753989
38 1 2.742952 -0.912669 2.834161 39 6 -3.504129 -2.798247 1.290241
39 6 -2.725134 -2.982596 1.116219 40 1 -4.37706 -3.151242 1.850719
40 1 -3.544752 -3.490092 1.637514 41 1 -3.317634 -3.52855 0.494222
41 1 -2.447552 -3.608254 0.259479 42 6 5.40344 -1.056274 -0.630422
42 6 4.836955 -1.444113 -0.651235 43 6 5.157782 -0.719728 -2.118885
43 6 4.558902 | -1.255835 -2.158814 44 6 6.399967 | -0.035619 -0.035117
44 6 6.004941 -0.522856 -0.237165 45 6 6.025133 | -2.470538 -0.537333
45 6 5.250368 | -2.912318 -0.406227 46 1 4.478971 -1.434075 -2.599034
46 1 3.748612 | -1.904602 -2.51195 47 1 4.739558 0.285468 -2.263185
47 1 4.286378 -0.222704 -2.409072 48 1 6.105836 -0.750975 -2.67178
48 1 5.454797 -1.502291 -2.74693 49 1 6.637508 -0.25402 1.012103
49 1 6.274741 -0.654478 0.817122 50 1 7.343734 -0.06094 -0.595728
50 1 6.900411 -0.747065 -0.834948 51 1 6.028108 0.996234 -0.082352
51 1 5.769031 0.53782 -0.385287 52 1 6.971309 | -2.500515 -1.093571
52 1 6.154152 | -3.156193 -0.983133 53 1 6.250184 | -2.756588 0.496868
53 1 5.477675 | -3.103826 0.649407 54 1 5.373053 -3.23987 -0.967664
54 1 4.468571 -3.617028 -0.714252 55 6 -5.328515 -0.964659 -0.519572
55 6 -4.8123 -1.274825 -0.484256 56 6 -5.464882 0.439702 -1.147407
56 6 -5.212797 0.145807 -0.936329 57 6 -5.205556 -2.010328 -1.649523
57 6 | -4.560998 | -2.140287 -1.737145 58 6 | -6.593544 | -1.265798 0.318341
58 6 | -5.977297 -1.88513 0.325776 59 1 -5.579174 1.224102 -0.389082
59 1 -5.432232 0.800702 -0.084106 60 1 -4.605143 0.695837 -1.778374
60 1 -4.427765 0.623935 -1.53234 61 1 -6.357143 0.480214 -1.786526
61 1 -6.121093 0.105581 -1.555705 62 1 -5.157576 | -3.034834 -1.262204
62 1 -4.317419 -3.178512 -1.479 63 1 -6.080251 -1.956294 -2.311389
63 1 -5.458458 -2.166125 -2.37252 64 1 -4.317892 -1.839874 -2.271062
64 1 -3.73911 -1.742458 -2.343802 65 1 -7.484853 -1.226774 -0.322065
65 1 -6.891396 -1.91687 -0.285041 66 1 -6.565572 | -2.264888 0.769569
66 1 -5.766014 -2.91339 0.644402 67 1 -6.742226 -0.535271 1.122648
67 1 -6.208639 -1.297144 1.222675
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Table A10. H,NN°MP*

Table A9. HZNNDMP Iltem Value Threshold | Converged?
Iltem Value Threshold | Converged? Maximum Force 0.000009 0.00045 YES
Maximum Force 0.000004 0.00045 YES RMS Force 0.000001 0.0003 YES
RMS Force 0.000001 0.0003 YES Maximum Displacement 0.001653 0.0018 YES
Maximum Displacement 0.001689 0.0018 YES RMS Displacement 0.000271 0.0012 YES
RMS Displacement | 0.000333 0.0012 YES Center Atomic Coordinates_(Angstroms)
Center Atomic Coordinates (Angstroms) Number Number X Y z
Number Number X Y z 1 26 | -0.046375 | -2.159735 -0.134818
1 26 0.015257 | -2.504856 -0.023971 2 14 4.189939 | -0.265132 0.059373
2 14 3.810162 0.047541 -0.154255 3 14 -3.197293 1.154666 0.689548
3 14 -2.770138 0.927754 0.836118 4 6 1.733191 -1.197519 -1.146332
4 6 1.48559 -1.373498 -1.010274 5 6 -0.72973 -1.089694 1.541812
) 6 | -0.502259 | -1.480618 1.679868 6 6 0.475247 | -1.028941 -1.826057
6 6 0.274726 -1.452292 -1.769367 7 6 1.870774 -2.607614 -0.906419
7 6 1.92235 -2.713847 -0.765689 8 6 -0.037919 -2.287877 1.905346
8 6 0.101094 [ -2.741037 1.995495 9 6 | -1.948169 | -1.448343 0.865477
9 6 -1.694952 -1.729499 0.928287 10 6 -0.037207 -2.317365 -2.173166
10 6 | -0.005201 -2.830824 -2.033469 11 6 0.825803 | -3.295435 -1.598782
11 6 1.015509 -3.611622 -1.417152 12 6 -0.747695 -3.389097 1.344271
12 6 | -0.693835 | -3.769491 1.411182 13 6 | -1.878412 | -2.866969 0.643847
13 6 -1.791153 -3.143119 0.73834 14 6 -4.894988 1.422699 -0.049124
14 6 | -4.301212 1.454271 -0.133345 15 6 | -6.033942 0.854276 0.556595
15 6 | -5.382094 2.113238 0.478659 16 6 | -7.306244 1.035956 0.015251
16 6 -6.502571 2.509251 -0.25499 17 6 -7.467766 1.797679 -1.144223
17 6 -6.567559 2.250614 -1.624672 18 6 -6.355388 2.374934 -1.758229
18 6 | -5.507661 1.596618 -2.256369 19 6 | -5.083258 2.187781 -1.215394
19 6 | -4.389929 1.207524 -1.517376 20 6 5.321763 | -1.339988 -0.989116
20 6 4.98644 -0.65162 -1.454769 21 6 4.705548 1.533775 0.059891
21 6 3.977753 1.922351 -0.017111 22 6 4.929645 2.20964 -1.156758
22 6 4.893335 2.646086 -0.801622 23 6 | -1.860389 2.128608 -0.212753
23 6 | -1.258185 1.887525 0.224336 24 6 4.007466 | -0.962536 1.798776
24 6 4.183916 -0.755612 1.515766 25 6 -3.145228 1.496488 2.537973
25 6 | -2.989793 1.234083 2.685631 26 6 5.316214 3.549327 -1.178194
26 6 5.01296 4.032859 -0.687949 27 6 5.493815 4.242175 0.021559
27 6 4.212411 4.730862 0.216938 28 6 5.282667 3.592193 1.23838
28 6 3.295081 4.035812 1.007831 29 6 4.891719 2.252335 1.25544
29 6 3.18445 2.649761 0.891447 30 7 2.558389 -0.20601 -0.726561
30 7 2.129235 | -0.194037 -0.615788 31 7 | -2.922088 | -0.615024 0.421432
31 7 | -2.623505 | -0.785558 0.475617 32 1 -0.437351 -0.086141 1.818969
32 1 -0.120077 | -0.510683 1.969868 33 1 0.051362 | -0.075426 -2.115788
33 1 -0.317443 | -0.605123 -2.093451 34 1 2.680305 | -3.077966 -0.365606
34 1 2.793129 | -3.003007 -0.19255 35 1 0.860872 | -2.340732 2.505358
35 1 1.00602 -2.88023 2.572656 36 1 -0.918843 -2.5092 -2.770429
36 1 -0.846169 | -3.209255 -2.600288 37 1 0.720973 | -4.369747 -1.674303
37 1 1.094473 -4.690871 -1.43034 38 1 -0.488877 -4.435784 1.434859
38 1 -0.507179 -4.834104 1.46472 39 1 -2.622186 -3.448793 0.113558
39 1 -2.580075 | -3.647675 0.19361 40 1 2.234729 0.726444 -0.96491
40 1 1.596692 0.640919 -0.828922 41 1 5.445223 | -0.926731 -1.996182
41 1 4.858631 -0.154242 -2.42282 42 1 -4.231543 2.649195 -1.709481
42 1 -3.573177 0.701206 -2.029231 43 1 -3.66801 -1.087489 -0.080396
43 1 -3.378643 | -1.195339 -0.060776 44 1 4.957923 | -2.368205 -1.0945
44 1 4.791515 -1.718941 -1.610756 45 1 4.97321 -0.966408 2.317862
45 1 5.233917 -0.60118 1.793538 46 1 -3.918605 0.934128 3.072422
46 1 -3.901555 0.758807 3.064485 47 1 -2.019231 3.20628 -0.088531
47 1 -1.338341 2.949478 0.486685 48 1 5.800709 5.284234 0.007254
48 1 4.302911 5.810397 0.306732 49 1 6.315908 | -1.389847 -0.529169
49 1 6.035682 -0.54843 -1.152312 50 1 5.425171 4.126936 2.173309
50 1 2.669203 4.573115 1.716061 51 1 -0.862412 1.903416 0.181934
51 1 -0.326153 1.506173 0.657483 52 1 -1.854615 1.914363 -1.287474
52 1 -1.171605 1.821837 -0.866739 53 1 3.306556 | -0.375191 2.402573
53 1 3.561693 | -0.325853 2.309165 54 1 3.650594 | -1.999163 1.782277
54 1 3.999938 | -1.836145 1.501745 55 1 -2.17963 1.244031 2.990599
55 1 -2.147159 0.812541 3.245956 56 1 -3.325097 2.562221 2.722857
56 1 -3.038555 2.304586 2.919839 57 1 4.735973 1.764899 2.214873
57 1 2.466353 2.127448 1.521281 58 1 4.810761 1.68513 -2.103429
58 1 5.524708 2.123218 -1.516274 59 1 5.486688 4.050168 -2.127158
59 1 5.729344 4.56757 -1.306695 60 1 -5.933344 0.266866 1.467552
60 1 -5.354943 2.320189 1.545953 61 1 -8.170832 0.590639 0.499514
61 1 -7.324964 3.016862 0.242931 62 1 -8.45862 1.943868 -1.565021
62 1 -7.439021 2.557035 -2.197646 63 1 -6.478245 2.971928 -2.657572
63 1 -5.551546 1.392353 -3.323302
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Table A12. H,NNN*

Table A11. HZNNNP Item Threshold | Converged?
Iltem Value Threshold | Converged? Maximum Force 0.000005 0.00045 YES
Maximum Force 0.000008 0.00045 YES RMS Force 0.000001 0.0003 YES
RMS Force 0.000002 0.0003 YES Maximum Displacement 0.00029 0.0018 YES
Maximum Displacement 0.000878 0.0018 YES RMS Displacement 0.000043 0.0012 YES
RMS Displacement | 0.000147 0.0012 YES Center Atomic Coordinates (Angstroms)
Center Atomic Coordinates (Angstroms) Number Number X Y z
Number Number X Y z 1 26 | -0.000058 0.000184 | -0.000384
1 26 | -0.436928 | -2.229002 0.088667 2 6 2.063716 -0.966578 | -0.167228
2 6 1.348235 -1.602774 -0.841217 3 6 -1.433768 1.054508 -1.12262
3 6 | -1.132983 -0.68329 1.263442 4 6 1.080807 -1.409826 | -1.119623
4 6 0.342657 -1.956718 -1.796581 5 6 1.433413 -1.054271 1.122075
5 6 1.561796 | -2.736229 0.00066 6 6 | -0.205811 1.784197 | -0.980625
6 6 | -0.894622 | -1.867456 2.037477 7 6 | -2.063768 0.966992 0.166847
7 6 -2.1316 -0.984952 0.28542 8 6 -0.010424 -2.006669 -0.406506
8 6 | -0.021226 | -3.324288 -1.577293 9 6 0.205502 -1.783953 0.979702
9 6 0.730824 | -3.805644 -0.467279 10 6 0.01043 2.007099 0.405505
10 6 -1.720769 -2.906395 1.521472 11 6 -1.080641 1.410369 1.11895
11 6 -2.465351 -2.368759 0.423409 12 7 3.279872 -0.467736 -0.45371
12 7 2.043778 -0.387395 -0.817198 13 1 -1.86925 0.737728 -2.060111
13 1 -0.666184 0.278987 1.419017 14 1 1.214803 -1.420608 -2.19416
14 1 -0.036108 | -1.309832 -2.578589 15 1 1.86865 -0.737584 2.059711
15 1 2.242362 -2.784843 0.839312 16 1 0.429433 2.105378 -1.795532
16 1 -0.206234 | -1.949436 2.868525 17 7 | -3.279853 0.468171 0.453664
17 7 -2.737486 -0.104085 -0.613788 18 1 -0.843143 -2.529839 -0.857474
18 1 -0.742548 -3.888534 -2.154485 19 1 -0.429936 -2.105238 1.794417
19 1 0.684716 | -4.801305 -0.045498 20 1 0.84327 2.530305 0.856209
20 1 -1.774284 -3.924114 1.885608 21 1 -1.214374 1.421267 2.193518
21 1 -3.186304 | -2.902578 -0.183743 22 1 3.516655 -0.357744 | -1.430655
22 1 1.493906 0.358956 -1.229434 23 6 5.785999 1.020677 -1.245784
23 1 -3.12475 | -0.598791 -1.408343 24 1 -3.516429 0.358312 1.430675
24 6 2.577517 2.984508 -0.527814 25 6 4.190022 0.133482 0.52129
25 6 2.711083 0.027727 0.41739 26 6 -4.190131 -0.133291 -0.521067
26 1 2.010261 0.110617 1.269906 27 6 -6.482331 -0.834016 -1.158589
27 1 3.428964 -0.75572 0.695144 28 1 3.856976 1.15507 0.763701
28 14 3.709785 1.6407 0.188544 29 1 -4.133785 0.459226 -1.44113
29 6 4.340215 2.180006 1.891191 30 6 -5.658499 -0.173691 -0.03575
30 6 5.157522 1.321333 -0.98474 31 6 -5.784974 -1.021442 1.246519
31 1 1.70744 3.162996 0.11645 32 6 -6.179936 1.253825 0.216084
32 1 2.20826 2.724009 -1.527539 33 1 4.133054 -0.458897 1.441399
33 1 3.113908 3.936351 -0.62384 34 1 -3.856759 -1.15471 -0.76374
34 1 4.801575 0.908957 -1.935485 35 6 5.658618 0.173198 0.036574
35 1 5.862905 0.599238 -0.555998 36 6 6.482245 0.833381 1.159646
36 1 5.714626 2.240832 -1.201311 37 6 6.179577 -1.254574 -0.214785
37 1 3.513404 2.375329 2.584598 38 1 -6.122404 1.862709 | -0.693775
38 1 4.935476 3.098441 1.820551 39 1 -5.611285 1.768215 0.99899
39 1 4.97746 1.410741 2.344172 40 1 -7.22802 1.226192 0.532669
40 6 | -2.042934 1.138779 -1.003106 41 1 -5.383809 -2.032028 1.102467
41 6 -1.765726 4.197257 -0.743755 42 1 -6.837483 -1.119946 1.531662
42 1 -0.954768 1.038336 -0.862554 43 1 -5.273954 -0.571066 2.108621
43 14 | -2.753245 2.694596 -0.135718 44 1 -6.14051 -1.855851 -1.362789
44 6 -4.566866 2.86301 -0.650873 45 1 -6.417894 -0.260849 -2.091076
45 6 | -2.634023 2.562889 1.747754 46 1 -7.538579 -0.887876 | -0.875276
46 1 -2.184415 1.281037 -2.083444 47 1 5.38514 2.031438 -1.102105
47 1 -1.594943 2.578732 2.097875 48 1 5.275229 0.570329 -2.108046
48 1 -3.092397 1.63618 2.110007 49 1 6.838679 1.118745 -1.530452
49 1 -3.1529 3.403063 2.226024 50 1 5.611048 -1.768862 -0.997845
50 1 -4.666507 3.006988 -1.733959 51 1 6.12139 -1.863267 0.695161
51 1 -5.045624 3.718253 -0.158983 52 1 7.227812 -1.227434 -0.530917
52 1 -5.129531 1.9623 -0.380267 53 1 6.140779 1.855404 1.363495
53 1 -1.842854 4.31674 -1.831614 54 1 7.538644 0.886726 0.876793
54 1 -0.700237 4.110024 -0.496993 55 1 6.417146 0.260424 2.092215
55 1 -2.132647 5.12427 -0.286449
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Table A13. H,NNX"t

Item Value Threshold | Converged?

Maximum Force 0.000003 0.00045 YES
RMS Force 0.000001 0.0003 YES
Maximum Displacement 0.001429 0.0018 YES
RMS Displacement 0.000209 0.0012 YES
Center Atomic Coordinates (Angstroms)
Number Number X Y z
1 26 0.17484 | -1.700704 0.294693
2 6 | -1.638517 | -1.178622 1.202008
3 6 0.883061 -1.047788 -1.534025
4 6 | -0.689914 | -0.108339 1.253396
) 6 | -1.046098 | -2.311801 1.842
6 6 | -0.184909 | -1.986097 -1.695918
7 6 1.943526 -1.69958 -0.828119
8 6 0.461229 | -0.566325 1.972321
9 6 0.245205 [ -1.930829 2.321199
10 6 0.203938 | -3.212515 -1.083462
11 6 1.506353 | -3.029764 -0.525438
12 7 | -2.924651 -1.175917 0.642401
13 1 0.894883 | -0.034591 -1.907399
14 1 -0.831274 0.878278 0.835996
15 1 -1.512834 | -3.282119 1.955897
16 1 -1.122759 | -1.787254 -2.199019
17 7 3.23142 | -1.243129 -0.540271
18 1 1.344622 0.018666 2.190455
19 1 0.934555 | -2.570572 2.856651
20 1 -0.381669 | -4.121409 -1.034343
21 1 2.083323 | -3.770112 0.015066
22 1 -3.172266 | -2.028933 0.159428
23 1 3.926761 -1.968143 -0.44281
24 6 | -3.668091 -0.055767 0.25555
25 6 -3.60495 1.162445 0.950879
26 6 | -4.397343 2.246546 0.561801
27 6 | -5.277391 2.102892 -0.516444
28 6 | -5.374465 0.890521 -1.210349
29 6 | -4.560124 | -0.174861 -0.824217
30 6 | -4.289561 3.564811 1.295114
31 6 -6.35872 0.730596 -2.346655
32 6 3.70328 0.061794 -0.415436
33 6 5.097492 0.266794 -0.419678
34 6 5.64002 1.541178 -0.284881
35 6 4.774361 2.637726 -0.147492
36 6 3.390159 2.460124 -0.137271
37 6 2.857864 1.169907 -0.264053
38 6 7.137439 1.748166 -0.305419
39 6 2.460302 3.645094 -0.00215
40 1 5.188732 3.638486 -0.045022
41 1 5.759458 | -0.590201 -0.535603
42 1 -5.898862 2.943807 -0.817202
43 1 -2.953856 1.255571 1.813968
44 1 1.785925 1.023136 -0.21096
45 1 -4.616045 | -1.118232 -1.365793
46 1 -6.457505 1.656675 -2.923526
47 1 -7.359017 0.474514 -1.972263
48 1 -6.05455 -0.06553 -3.034489
49 1 -4.044443 3.417267 2.352494
50 1 -5.225209 4.131156 1.239585
51 1 -3.500844 4.196349 0.864155
52 1 7.676499 0.796297 -0.262279
53 1 7.467268 2.360668 0.542195
54 1 7.45494 2.267737 -1.21881
55 1 2.99196 4.53145 0.358455
56 1 1.640555 3.436327 0.695214
57 1 2.003548 3.904495 -0.966517

Table A14. H,NNX"'*
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Item Value Threshold | Converged?

Maximum Force 0.000002 0.00045 YES
RMS Force 0 0.0003 YES
Maximum Displacement 0.001063 0.0018 YES
RMS Displacement 0.000116 0.0012 YES
Center Atomic Coordinates (Angstroms)
Number Number X Y z
1 26 -0.00287 | -1.152731 0.440605
2 6 | -1.989705 | -0.816052 1.484229
3 6 | -1.186697 0.359579 1.298664
4 6 | -1.131172 | -1.796454 2.090761
) 6 0.05301 0.177419 1.996773
6 6 0.087522 | -1.155903 2.487018
7 7 | -3.253736 -1.0447 1.054596
8 1 -1.511343 1.265853 0.808556
9 1 -1.413871 -2.81642 2.320372
10 1 0.818856 0.931219 2.123655
11 1 0.883391 -1.61601 3.057553
12 1 -3.587767 | -1.997936 1.123751
13 6 | -4.107807 | -0.131601 0.367199
14 6 | -4.271791 1.180395 0.821476
15 6 | -5.129272 2.053999 0.143187
16 6 | -5.830116 1.577542 -0.971527
17 6 | -5.698767 0.258316 -1.421922
18 6 | -4.819009 -0.59265 -0.744261
19 6 | -5.300646 3.481475 0.607218
20 6 | -6.501027 | -0.237081 -2.60185
21 1 -6.507543 2.248639 -1.495174
22 1 -3.76355 1.511296 1.722391
23 1 -4.689497 | -1.619127 -1.080891
24 1 -6.514482 0.499056 -3.412559
25 1 -7.544253 | -0.421303 -2.315935
26 1 -6.098901 -1.173525 -3.00039
27 1 -4.937286 3.619562 1.630137
28 1 -6.352016 3.785724 0.578165
29 1 -4.746563 4.17505 -0.038311
30 6 1.099187 | -0.508362 -1.241345
31 6 | -0.122826 | -1.166081 -1.605136
32 6 1.972258 | -1.475826 -0.641247
33 6 | -0.072831 -2.49507 -1.10775
34 6 1.176949 | -2.655564 -0.427242
35 1 1.365543 0.505294 -1.500746
36 1 -0.933289 | -0.711745 -2.159695
37 7 3.25991 -1.345863 -0.238751
38 1 -0.8329 | -3.257665 -1.214546
39 1 1.524865 | -3.560984 0.054821
40 1 3.714079 | -2.205105 0.044361
41 6 4.106451 -0.204456 -0.282039
42 6 5.469265 | -0.418708 -0.518598
43 6 6.362669 0.654011 -0.538873
44 6 5.862315 1.946099 -0.326345
45 6 4.505614 2.179241 -0.083974
46 6 3.627508 1.087965 -0.051088
47 6 7.835335 0.432688 -0.790173
48 6 3.993364 3.584141 0.132898
49 1 6.549856 2.788846 -0.343855
50 1 5.832467 | -1.428199 -0.698553
51 1 2.582276 1.252745 0.187737
52 1 8.062629 | -0.624264 -0.956277
53 1 8.436322 0.776198 0.060093
54 1 8.173978 0.991611 -1.67027
55 1 4.685985 4.171519 0.744268
56 1 3.017992 3.587576 0.630435
57 1 3.877735 4.112675 -0.822032




Table A16. H,NNMES*

Table A1 5- HZNNMES Item Value Threshold Converged?
Iltem Value Threshold | Converged? Maximum Force 0.000003 0.00045 YES
Maximum Force 0.000006 0.00045 YES RMS Force 0.000001 0.0003 YES
RMS Force 0.000001 0.0003 YES Maximum Displacement 0.001315 0.0018 YES
Maximum Displacement 0.001581 0.0018 YES RMS Displacement 0.000198 0.0012 YES
RMS Displacement | 0.000201 0.0012 YES Center Atomic Coordinates (Angstroms)
Center Atomic Coordinates (Angstroms) Number Number X Y z
Number Number X Y z 1 26 0.000207 -1.234137 0.003238
1 26 0.003598 | -1.887995 0.013432 2 6 2.037665 -1.225516 -1.029255
2 6 2.048496 | -1.567981 -0.309826 3 6 -1.207296 | -0.071833 1.27358
3 6 -1.182531 -0.595163 1.106795 4 6 1.207921 -0.079329 -1.273848
4 6 1.247121 -0.792593 -1.204704 5 6 1.215641 -2.376272 -1.281974
5 6 1.703121 -2.942016 -0.498369 6 6 -0.000002 | -0.507848 1.913886
6 6 | -0.433626 | -1.470178 1.96029 7 6 -2.037008 | -1.219747 1.036935
7 6 | -2.035478 | -1.394938 0.288241 8 6 0.001108 -0.519668 -1.912035
8 6 0.437649 -1.687539 -1.972101 9 6 0.005324 -1.941307 -1.91643
9 6 0.713084 | -3.015289 -1.525945 10 6 -0.003836 | -1.929418 1.927169
10 6 -0.79296 -2.812471 1.639908 11 6 -1.214411 -2.368666 1.296147
11 6 | -1.765344 -2.76616 0.591169 12 7 3.300558 -1.237225 -0.545876
12 7 3.053374 -1.091458 0.562334 13 1 -1.503366 0.953707 1.102565
13 1 -1.148272 0.485572 1.111329 14 1 1.503667 0.947336 -1.109108
14 1 1.281784 0.284988 -1.292798 15 1 1.521982 -3.405734 -1.143281
15 1 2.137642 -3.776002 0.037879 16 1 0.770296 0.142166 2.307
16 1 0.267943 | -1.159816 2.723717 17 7 -3.30056 -1.234929 0.555299
17 7 | -2.985358 | -0.947007 -0.654688 18 1 -0.769037 0.127701 -2.309745
18 1 -0.274672 | -1.404281 -2.735449 19 1 -0.756696 | -2.591671 -2.325302
19 1 0.252942 | -3.921765 -1.898067 20 1 0.75864 -2.576994 2.339601
20 1 -0.402203 -3.710474 2.100561 21 1 -1.520528 -3.399071 1.164119
21 1 -2.23885 -3.619099 0.119945 22 1 3.676511 -2.139169 -0.278443
22 1 2.916344 -1.367816 1.524987 23 1 4.656178 -1.795004 2.083841
23 1 3.365803 | -0.037358 3.304706 24 1 -4.351937 | -0.457096 -3.167356
24 1 -1.582709 2.400243 -2.245743 25 1 -3.676338 -2.138694 0.293865
25 1 -3.637603 | -1.689985 -0.879645 26 6 4.089247 -0.076215 -0.240877
26 6 3.654825 0.181724 0.406438 27 6 4.502022 0.786756 -1.273807
27 6 4.368005 0.485209 -0.775844 28 6 5.271691 1.902005 -0.923294
28 6 4.979122 1.737267 -0.886848 29 6 5.657501 2.16079 0.394734
29 6 4.943031 2.685923 0.13895 30 6 5.265908 1.253396 1.386159
30 6 4.272102 2.341315 1.314674 31 6 4.485735 0.133268 1.094375
31 6 3.621461 1.113831 1.466754 32 1 4.882947 1.049578 -3.374357
32 1 5.368317 | -0.260093 -2.529888 33 1 5.599012 2.574737 -1.712653
33 1 5.528235 1.964426 -1.799236 34 1 7.150201 3.190466 1.577808
34 1 5.893338 4.459192 0.9448 35 1 5.578263 1.4209 2.414384
35 1 4.243217 3.051786 2.139061 36 6 -4.09006 -0.076317 0.243198
36 6 | -3.649615 0.312246 -0.453892 37 6 -4.498834 0.795604 1.269253
37 6 | -4.843528 0.374625 0.290901 38 6 -5.262851 1.912778 0.910045
38 6 | -5.480544 1.609761 0.442968 39 6 -5.65091 2.161157 -0.408563
39 6 | -4.958794 2.781935 -0.112389 40 6 -5.257759 1.24785 -1.394794
40 6 | -3.771612 2.689949 -0.844189 41 6 -4.483637 0.126496 -1.094624
41 6 -3.11188 1.471901 -1.039876 42 1 -4.218816 -0.519768 2.969572
42 1 -5.797945 | -1.577703 0.158929 43 1 -5.581386 2.596416 1.693497
43 1 -6.401459 1.658024 1.021417 44 1 -6.463155 4.122193 0.020343
44 1 -6.214286 4.155575 0.999011 45 1 -5.562186 1.413859 -2.425772
45 1 -3.351403 3.589159 -1.290777 46 6 -6.503097 3.356911 -0.760337
46 6 | -5.673605 4.103938 0.047691 47 1 -6.181576 3.81369 -1.702435
47 1 -4.97317 4.945114 0.010717 48 1 -7.554374 3.067009 -0.884059
48 1 -6.410114 4.259475 -0.752323 49 6 -4.170731 0.545738 2.72278
49 6 | -5.430321 -0.870173 0.916172 50 1 -3.164963 0.893962 2.990574
50 1 -4.691519 -1.405444 1.523419 51 1 -4.877077 1.074916 3.368124
51 1 -6.279558 | -0.619091 1.558589 52 6 6.470318 3.384664 0.742185
52 6 5.599248 4.037579 -0.022584 53 1 7.066305 3.725248 -0.110009
53 1 6.496246 3.975578 -0.649019 54 1 5.819214 4.217194 1.039348
54 1 4.922815 4.760492 -0.499186 55 6 4.17719 0.523652 -2.725734
55 6 4.526366 -0.52809 -1.883489 56 1 4.228668 -0.543743 -2.963643
56 1 4.706153 | -1.527876 -1.473371 57 1 3.170794 0.866637 -2.997886
57 1 3.631864 | -0.603532 -2.51351 58 6 -4.107568 | -0.856367 -2.17941
58 6 | -1.868441 1.404435 -1.892672 59 1 -3.037958 | -1.096138 -2.166475
59 1 -1.022133 0.974711 -1.348894 60 1 -4.651038 -1.806075 -2.07547
60 1 -2.033378 0.763403 -2.767001 61 6 4.113572 -0.844501 2.185142
61 6 2.902496 0.797655 2.758407 62 1 4.361558 -0.440621 3.170302
62 1 2.916019 1.66078 3.43058 63 1 3.043768 -1.083662 2.177262
63 1 1.853847 0.528723 2.582731
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Table A17. Ferrocene (Ds;)

(Hartree/Particle)

Zero-point correction 0.17041
Thermal correction to Energy 0.178964
Thermal correction to Enthalpy 0.179908
Thermal correction to Gibbs Free Energy 0.135836

Sum of electronic and zero-point Energies

-1650.532812

Sum of electronic and thermal Energies

-1650.524258

Sum of electronic and thermal Enthalpies

-1650.523314

Sum of electronic and thermal Free Energies

-1650.567385

E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 112.302 36.069 92.757
Electronic 0 0 0
Translational 0.889 2.981 41.568
Rotational 0.889 2.981 29.231
Vibrational 110.524 30.107 21.958

Table A18. Ferrocene (Dsq)

(Hartree/Particle)

Zero-point correction 0.170408
Thermal correction to Energy 0.178068
Thermal correction to Enthalpy 0.179013
Thermal correction to Gibbs Free Energy 0.138112

Sum of electronic and zero-point Energies

-1650.532637

Sum of electronic and thermal Energies

-1650.524977

Sum of electronic and thermal Enthalpies

-1650.524033

Sum of electronic and thermal Free Energies

-1650.564933

E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 111.74 34.096 86.083
Electronic 0 0 0
Translational 0.889 2.981 41.568
Rotational 0.889 2.981 29.233
Vibrational 109.962 28.134 15.282

Table A19. Ferrocenium (Dsp)

(Hartree/Particle)

Zero-point correction 0.170944
Thermal correction to Energy 0.17882
Thermal correction to Enthalpy 0.179765
Thermal correction to Gibbs Free Energy 0.137519

Sum of electronic and zero-point Energies

-1650.278479

Sum of electronic and thermal Energies

-1650.270603

Sum of electronic and thermal Enthalpies

-1650.269658

Sum of electronic and thermal Free Energies

-1650.311904

E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 112.212 34.092 88.914
Electronic 0 0 1.377
Translational 0.889 2.981 41.568
Rotational 0.889 2.981 29.273
Vibrational 110.434 28.13 16.695
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Table A20. Ferrocenium (Ds4)

(Hartree/Particle)

Zero-point correction 0.170993
Thermal correction to Energy 0.179793
Thermal correction to Enthalpy 0.180737
Thermal correction to Gibbs Free Energy 0.134888

Sum of electronic and zero-point Energies

-1650.278557

Sum of electronic and thermal Energies

-1650.269758

Sum of electronic and thermal Enthalpies

-1650.268813

Sum of electronic and thermal Free Energies

-1650.314662

E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 112.822 36.073 96.496
Electronic 0 0 1.377
Translational 0.889 2.981 41.568
Rotational 0.889 2.981 29.273
Vibrational 111.044 30.111 24.278

Table A21. H,NN™®

(Hartree/Particle)

Zero-point correction 0.406451
Thermal correction to Energy 0.433839
Thermal correction to Enthalpy 0.434783
Thermal correction to Gibbs Free Energy 0.348179

Sum of electronic and zero-point Energies

-2578.388703

Sum of electronic and thermal Energies

-2578.361316

Sum of electronic and thermal Enthalpies

-2578.360371

Sum of electronic and thermal Free Energies

-2578.446976

E (Thermal) Ccv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 272.238 103.103 182.274
Electronic 0 0 0
Translational 0.889 2.981 43.537
Rotational 0.889 2.981 34.825
Vibrational 270.461 97.141 103.911

Table A22. H,NN™*

(Hartree/Particle)

Zero-point correction 0.408579
Thermal correction to Energy 0.435776
Thermal correction to Enthalpy 0.43672
Thermal correction to Gibbs Free Energy 0.349349
Sum of electronic and zero-point Energies -2578.20505

Sum of electronic and thermal Energies

-2578.177853

Sum of electronic and thermal Enthalpies

-2578.176909

Sum of electronic and thermal Free Energies -2578.26428
E (Thermal) Ccv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin

Total 273.453 102.012 183.888
Electronic 0 0 1.377
Translational 0.889 2.981 43.537
Rotational 0.889 2.981 35.013
Vibrational 271.676 96.051 103.96

57




Table A23. H,NN™S

(Hartree/Particle)

Zero-point correction 0.578025
Thermal correction to Energy 0.613154
Thermal correction to Enthalpy 0.614098
Thermal correction to Gibbs Free Energy 0.511583

Sum of electronic and zero-point Energies

-2814.078926

Sum of electronic and thermal Energies

-2814.043797

Sum of electronic and thermal Enthalpies

-2814.042852

Sum of electronic and thermal Free Energies

-2814.145368

E (Thermal) Ccv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 384.76 134.469 215.762
Electronic 0 0 0
Translational 0.889 2.981 44,163
Rotational 0.889 2.981 36.374
Vibrational 382.983 128.507 135.226

Table A24. H,NN®*

(Hartree/Particle)

Zero-point correction 0.579987
Thermal correction to Energy 0.615039
Thermal correction to Enthalpy 0.615983
Thermal correction to Gibbs Free Energy 0.512213

Sum of electronic and zero-point Energies

-2813.896824

Sum of electronic and thermal Energies

-2813.861773

Sum of electronic and thermal Enthalpies

-2813.860829

Sum of electronic and thermal Free Energies

-2813.964599

E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 385.943 133.612 218.403
Electronic 0 0 1.377
Translational 0.889 2.981 44.163
Rotational 0.889 2.981 36.523
Vibrational 384.165 127.651 136.339

Table A25. H,NN""P

(Hartree/Particle)

Zero-point correction 0.515093
Thermal correction to Energy 0.54839
Thermal correction to Enthalpy 0.549334
Thermal correction to Gibbs Free Energy 0.445632

Sum of electronic and zero-point Energies

-2961.746394

Sum of electronic and thermal Energies

-2961.713096

Sum of electronic and thermal Enthalpies

-2961.712152

Sum of electronic and thermal Free Energies

-2961.815854

E (Thermal) Ccv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 344.12 128.419 218.261
Electronic 0 0 0
Translational 0.889 2.981 44.419
Rotational 0.889 2.981 37.281
Vibrational 342.343 122.458 136.56
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Table A26. H,NN°"P*

(Hartree/Particle)

Zero-point correction

0.515093
Thermal correction to Energy 0.54839
Thermal correction to Enthalpy 0.549334
Thermal correction to Gibbs Free Energy 0.445632

Sum of electronic and zero-point Energies

-2961.746394

Sum of electronic and thermal Energies

-2961.713096

Sum of electronic and thermal Enthalpies

-2961.712152

Sum of electronic and thermal Free Energies

-2961.815854

E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin

Total 344.12 128.419 218.261
Electronic 0 0 0
Translational 0.889 2.981 44.419
Rotational 0.889 2.981 37.281
Vibrational 342.343 122.458 136.56
Table A27. H,NNW (Hartree/Particle)
Zero-point correction 0.486685
Thermal correction to Energy 0.511825
Thermal correction to Enthalpy 0.512769
Thermal correction to Gibbs Free Energy 0.430017

Sum of electronic and zero-point Energies

-2154.042272

Sum of electronic and thermal Energies

-2154.017133

Sum of electronic and thermal Enthalpies

-2154.016188

Sum of electronic and thermal Free Energies

-2154.09894
E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin

Total 321.175 99.245 174.166
Electronic 0 0 0
Translational 0.889 2.981 43.505
Rotational 0.889 2.981 35.083
Vibrational 319.397 93.283 95.579
Table A28. H,NNV* (Hartree/Particle)
Zero-point correction 0.487428
Thermal correction to Energy 0.51302
Thermal correction to Enthalpy 0.513964
Thermal correction to Gibbs Free Energy 0.428092

Sum of electronic and zero-point Energies

-2153.858911

Sum of electronic and thermal Energies

-2153.833319

Sum of electronic and thermal Enthalpies

-2153.832374

Sum of electronic and thermal Free Energies

-2153.918246

E (Thermal) Ccv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 321.925 99.926 180.732
Electronic 0 0 1.377
Translational 0.889 2.981 43.505
Rotational 0.889 2.981 35.19
Vibrational 320.147 93.964 100.661
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Table A29. H,NNXT (Hartree/Particle)
Zero-point correction 0.475629
Thermal correction to Energy 0.5039
Thermal correction to Enthalpy 0.504844
Thermal correction to Gibbs Free Energy 0.41238
Sum of electronic and zero-point Energies -2380.296941
Sum of electronic and thermal Energies -2380.26867
Sum of electronic and thermal Enthalpies -2380.267726
Sum of electronic and thermal Free Energies -2380.36019
E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 316.202 109.338 194.606
Electronic 0 0 0
Translational 0.889 2.981 44.025
Rotational 0.889 2.981 36.523
Vibrational 314.424 103.376 114.058
Table A30. H,NN® (Hartree/Particle)
Zero-point correction 0.476956
Thermal correction to Energy 0.505251
Thermal correction to Enthalpy 0.506195
Thermal correction to Gibbs Free Energy 0.411869
Sum of electronic and zero-point Energies -2380.107829
Sum of electronic and thermal Energies -2380.079533
Sum of electronic and thermal Enthalpies -2380.078589
Sum of electronic and thermal Free Energies -2380.172916
E (Thermal) cv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 317.05 108.708 198.526
Electronic 0 0 1.377
Translational 0.889 2.981 44.025
Rotational 0.889 2.981 36.643
Vibrational 315.272 102.746 116.481

Table A31. H,NNYE (Hartree/Particle)
Zero-point correction 0.531907
Thermal correction to Energy 0.562891
Thermal correction to Enthalpy 0.563836
Thermal correction to Gibbs Free Energy 0.46638
Sum of electronic and zero-point Energies -2458.862857
Sum of electronic and thermal Energies -2458.831873
Sum of electronic and thermal Enthalpies -2458.830928
Sum of electronic and thermal Free Energies -2458.928383
E (Thermal) Ccv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 353.22 120.116 205.112
Electronic 0 0 0
Translational 0.889 2.981 44.216
Rotational 0.889 2.981 36.791
Vibrational 351.442 114.154 124.104
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Table A32. H,NNVE>* (Hartree/Particle)
Zero-point correction 0.533041
Thermal correction to Energy 0.564147
Thermal correction to Enthalpy 0.565091
Thermal correction to Gibbs Free Energy 0.468084
Sum of electronic and zero-point Energies -2458.682108
Sum of electronic and thermal Energies -2458.651002
Sum of electronic and thermal Enthalpies -2458.650058
Sum of electronic and thermal Free Energies -2458.747065
E (Thermal) Ccv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 354.008 120.282 204.169
Electronic 0 0 1.377
Translational 0.889 2.981 44.216
Rotational 0.889 2.981 36.853
Vibrational 352.23 114.32 121.723

Calculation of oxidation potentials

As shown below, oxidation potential of ferrocene was determined using previously established

computational methods. %%
0 +
AGy;
lcsze] oxid, gas lcsze
g g
3 "
2 2
2 2
3 3
0 +
l szFe AGOXid, solv l szFe
solv - solv

[Cp2Fe]g and [CpzFe]gy

(1) E3F = -1650.70322176 Hartree

(2) Gge“(Sum of Electronic and Thermal Free Energies) = -1650.567385 Hartree
(3) E3¢E = -1650.70617147 Hartree

(

(

solv

4) ESCF = E3SF - ESCF = -0.00294971000017 Hartree

solv

5) AG[Cp,Fe]dy, =GEe "+ ESCF = -1650.57033471 Hartree

solv
Cp;Fe]} and [Cp,Fe]g,,
1) E3“F = -1650.44955020 Hartree

[
(
(2) Gge“(Sum of Electronic and Thermal Free Energies) = -1650.3170672 Hartree
(3) E3¢F = -1650.51192588 Hartree

(

(

solv

4) ESCF = E3SF, - ESCF = .0.062375680 Hartree

solv

5) AG[Cp,Fe]dd, =GES "+ ESCF = -1650.37944 Hartree

S
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AAG = AG[szFe]golv - AG[szl:‘e](s)(-)'-lv

AAG = (-1650.57033471) - (-1650.37944288) = -0.190891 Hartree = -119.78693 kcal/mol

AGgyy = —FE, (F is Faraday’s constant, -23.06 kcal/mol)

o AGY, _ o _ —119.78693432kcalmol™! _ o '
Ecate = -F Ecaic = 2306 kealmol-tv-1 5.19 V (absolute oxidation potential)

Esie = Egqe — 4.3V =0.89 V (vs SHE)

Experimental oxidation potential of ferrocene in THF with TBAPF, as the supporting
electrolyte was previously reported to be 0.56 V (vs SCE)? or 0.80 V (vs SHE). Therefore, our
calculation of the oxidation potential of ferrocene (0.89 V vs SHE) is in good agreement with

the experimental value.

Table A33. lonization potential of 1,1’-ferrocene diamines in the gas phase.

HF (au) lonization Potential .
Normalized
gaseous Neutral Oxidized E(Fe”) - E(Fe”
(Fe*) (Fe*") au kcal/mol ev ev
fc -1650.703 -1650.450 | 0.253 158.760 6.884 0.000
H,NN™S -2578.795 -2578.614 | 0.181 113.579 4.925 -1.959
H,NNT®S -2814.657 -2814.477 | 0.180 112.952 4.898 -1.986
H,NNPW -2962.261 -2962.082 0.179 112.324 4.871 -2.013
H,NNMES -2459.395 -2459.215 0.180 112.952 4.898 -1.986
Table A34. lonization potential of 1,1’-ferrocene diamines in THF.
HF (au) lonization Potential Normalized
solvated Neutral Oxidized E(Fe™) - E(Fe™
(Fe*") (Fe*") au kcal/mol ev
fc -1650.706 -1650.512 | 0.194 121.891 5.285 0.000
H,NN™S -2578.801 -2578.665 | 0.136 85.438 3.705 -1.580
H,NNT8s -2814.663 -2814.526 | 0.136 85.594 3.712 -1.573
H,NNPY -2962.270 -2962.132 | 0.138 86.287 3.742 -1.543
H,NNMES -2459.402 -2459.266 | 0.137 85.667 3.715 -1.570
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Table A35. Gibbs free energy of 1,1’-ferrocene diamines.

Neutral
E(SCF) AE (au) AGneutral (au) AG * AE
gaseous solvated au
fc -1650.703 -1650.706 -0.003 -1650.567 -1650.570
H,NN™> -2578.795 -2578.801 -0.006 -2578.447 -2578.453
H,NNTS -2814.657 -2814.663 -0.006 -2814.145 -2814.151
H,NNPYP -2962.261 -2962.270 -0.008 -2961.816 -2961.824
H,NNMES -2459.395 -2459.402 -0.007 -2458.928 -2458.936
Table A36. Gibbs free energy of 1,1’-ferrocenium diamines.
Oxidized
E(SCF) AE (au) AGoy (au) AG + AE
gaseous solvated au
fc -1650.44955 -1650.511926 | -0.06237568 -1650.317067 -1650.379443
H,NN™S| .2578.613628 | -2578.664944 | -0.05131598 -2578.26428 -2578.315596
H,NN'™S| -2814.476812 | -2814.526256 | -0.04944439 -2813.964599 -2814.014043
H,NN°""  .2962.082223 | -2962.132362 | -0.05013872 -2961.635812 -2961.685951
H,NNMES|  -2459.21515 -2459.265687 -0.0505379 -2458.747065 -2458.797603

Table A37. Redox potential of 1,1’-ferrocene diamines.

AAG Redox Potential
AGneutral - AGoxid E° = ('AG/F)
Absolute vs SHE
au kcal/mol v Y
fc -0.19089259 -119.7870092 5.194579755 0.894579755
H,NN™S -0.13732454 -86.1725221 3.736883005 -0.563116995
H,NNTB -0.13703267 -85.98937075 3.728940622 -0.571059378
H,NNPMP -0.13828508 -86.77527055 3.763021273 -0.536978727
H,NNMES -0.13822288 -86.73623943 3.761328683 -0.538671317
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CHAPTER 2

In Situ Generation of Uranium Alkyl Complexes
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2.1 INTRODUCTION

Tuning the electronic and steric properties of ancillary-ligand framework has
previously been shown to influence the reactivity of uranium complexes.”® As described in
Chapter 1, ferrocene-based ligands are redox active. Therefore, electronic changes at the
iron center can impart enhanced activity to the uranium center. Furthermore, even slight
adjustments of their structural motif can have profound effects on the reactivity. Previous
examples of such influence include novel C-H activation reactions by a uranium dibenzyl
complex supported by a ferrocene diamide, (NN™%)U(CH2Ph),, in which both benzyl ligands
engage an sp’ C-H bond of 1-methylimidazole.'® " In order to determine whether these
effects are unique to uranium complexes supported by ferrocene diamide ligands, synthesis of
analogous complexes supported by a tridentate, dianionic pyridine-based ligand was carried
out. Pyridine-based ligands have an extremely rigid core, which is believed to be responsible

for the exceptional thermal stability of their complexes. The electron density donation from
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the pyridyl nitrogen reduces the Lewis acidity of the metal center, resulting in greater
stability of the high oxidation state.'” Complexes of Ti(IV),”*™ Zr(Iv),"*" Ta(v),”® *
lanthanides?*** and Th(IV)'> % supported by pyridine-diamide ligands are known. A method
typically employed for the synthesis of actinide dialkyl complexes calls for two separate
steps. For example, thorium dialkyl complexes were synthesized from KCH;Ph or LiCH,SiMe;
and the respective thorium dichloride, (NN®)ThCl,(DME) was produced in the salt-metathesis
reaction between ThCl4(DME); and Li;[NN™]."> 2 The complex (NN™%)U(CH.Ph), was also
synthesized by the salt-metathesis reaction of KCH,Ph and (NN™*)UI,(THF), obtained directly
from Ul3(THF),*?® and [K(OEt;);]2[NN"].?’ Since UI3(THF)*? is a readily available starting
material and U-lI bonds are weaker and, therefore, easier to involve in salt-metathesis
reactions than U-Cl bonds, we decided to follow the same reaction protocol for the synthesis
of a (NN?)UI, starting material, even though the formation of the uranium(IV) complex would
require the disproportionation of the uranium(lll) complex Ul3(THF)4." % 2 3 This chapter
describes an in situ synthesis of a series of uranium dialkyl complexes supported by either one
dianionic bidentate 1,1’-ferrocene diamide (H,NN™® or H,NN™° where TMS = SiMe; and TBS =

SiMe,'Bu) or tridentate bis(2,6-diisopropylanilidomethyl)pyridine (H,NN™) ligand (Chart 2.1).

/SiMeztBu /SiMe3 | X
S T
Fe Fe NH HN
N Al
\SiMeztBu SiMe; Pr Pr
H,NNTBS HaNNTMS H2NNPY

Chart 2.1. 1,1’-ferrocene and pyridine diamines.
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2.2 DISCUSSION OF RESULTS
2.2.1 Uranium(lV) supported by a pyridine-based ligand

The reaction between Ul;(THF), and [K(OEt;),]o[NNP*] gave a mixture of products that
proved intractable. However, the reaction between UIl;(THF), and two equivalents of

[Li(OEt;);]o[NNP'] (Figure 2.1) led to the isolation of (NNP¥),U.

Ul3(THF), .,
¥ - (NNPY),U
1.5 [Li(OEt,),],(NNPY) 16 M 35%

Figure 2.1. Synthesis of (NN?),U.

Although (NNP),U was too insoluble in hydrocarbons or diethyl ether to allow its
purification, a single-crystal X-ray diffraction study confirmed the solid state structure of
(NNP),U (Figure 2.2). The average distance between uranium and the aniline nitrogen is 2.34
A, while that between uranium and the pyridine nitrogen atoms is 2.52 A. Moreover, the angle
defined by Namide-U-Namide is 128.6°, while the angle between all three nitrogen atoms (i.e.
Namide~Npy-Namide) is 105.4°. Finally, the ligands are rotated approximately 58° from one other

(dihedral angle defined as two planes formed by two aniline nitrogen atoms on each ligand).

Figure 2.2. Ball-and-stick representations of molecular structure of (NNP),U.
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Using only one equivalent of [Li(OEt;),];[NN?] did not result in a (NNP')Ul, complex.
Inspired by a report from the Hayton group on the synthesis of homoleptic uranium alkyl
complexes®' and encouraged by the fact that (NNP)Th(CH,SiMe;); was accessible from an in
situ reaction between “Cl,Th(CH,SiMes),” and H;NN?, the synthesis of uranium alkyl
complexes supported by NN? was achieved by generating but not isolating their alkyl
precursors. Thus, the reaction of Ul;(THF)4 and three equivalents of KCH,Ph, followed by the
addition of 0.75 equivalents of H,NN? at low temperatures, led to the formation of the

uranium(lV) dibenzyl complex, (NN?)U(CH,Ph), (Figure 2.3).

Ul;(THF),
+
0.75 HyNNP) — = (Npr)U»\ """""" Ph
. 2( ) m vph
N 62 %
3 KCH,Ph

Figure 2.3. Formation of (NNP)U(CH,Ph),.

The reaction was reproducible and allowed the isolation of (NN?)U(CH,Ph); in 54-62% yield
consistently. Complex (NNPY)U(CH,Ph), was characterized by elemental analysis, 'H NMR
spectroscopy, and X-ray crystallography (Figure 2.4). The distance between uranium and the
aniline nitrogen atoms is 2.24 A, while that between uranium and the pyridine nitrogen is
2.48 A. Moreover, the angle defined by Namide-U-Namige is slightly greater than that in (NNPY),U
(130.6° versus 128.6°), while the angle between all three nitrogen atoms is slightly smaller
than that in (NNP¥),U (103.88° versus 105.4°). As shown in Figure 2.4, one phenyl ring lies
above the pyridine ring of the ligand backbone. It is, however, displaced by approximately 1.0

A, precluding any n-m interaction. The distance between the centers of each ring is 3.79 A.
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Figure 2.4. Ball-and-stick representation of molecular structure of (NN?)U(CH,Ph),.

By changing the stoichiometry and employing two equivalents of KCH,Ph in a reaction
with Ul3(THF)4 and 0.75 equivalents of H,NN?, a new product, (NN?)UI(CH,Ph), was obtained
(Figure 2.5), along with trans-1,2-diphenylethylene (trans-stilbene). The reaction was also
reproducible and occurred consistently in 68-76% yield. As shown in Figure 2.6, NN”, iodide,
and benzyl ligands form a distorted square pyramid around the uranium center. Both
diisopropylaniline substituents point downwards, leaving |I' greatly exposed to attack. The
angle defined by iodide, uranium, and pyridine nitrogen atoms is 96.7°. The distance between
uranium and iodide is slightly shorter than that in uranium diiodide complexes supported by
ferrocene diamide ligands (3.03 A%’ versus 3.04 A). The distance between uranium and aniline
nitrogen atoms is 2.22 A, while that between uranium and the pyridine nitrogen is 2.48 A.

Finally, the Namige-U-Namige angle is 128.9°, while Namige-Npy-Namide 15 102.4°.

Ul;(THF), ol
+ THF / Et,0 (Npr)U\,Ph
0.75 Ha(NNPY) 75 to 25 °C +
76 % Ph
+ ° —/
2 KCH,Ph PH

Figure 2.5. Formation of (NNPY)UI(CH,Ph).
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Figure 2.6. Ball-and-stick representations of molecular structure of (NN?)UI(CH,Ph).

Cyclic voltammetry of (NNP)UI(CH.Ph) reveals two oxidation events at -0.23 V and
0.38 V, in addition to two irreversible reduction processes at -2.24 V and -2.54 V (Figure 2.7),

all which were assigned to uranium-based processes.

40
30

20
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-20

-30

-40

-50 T T T T T T T T T "
1.5 1 0.5 0 -0.5 -1 -1.5 -2 -2.5 -3 -3.5

Potential (V vs Fc%¥)
Figure 2.7. Cyclic voltammogram of (NNP)UI(CH,Ph) in THF and TBAPF, at 200 mV/s, with Pt wire, glassy carbon
disk, and silver wire as working, counter, and reference electrodes, respectively.

We propose that U(CH,Ph)s;(THF), or UI(CH,Ph),(THF),, generated in situ in the
reactions shown in Figures 2.3 and 2.5, respectively, reacts with H,NN? when the
disproportionation to the uranium(lV) product occurs; the disproportionation of either species
to uranium(IV) complexes and uranium(0) before the reaction with H,NN? is also possible. The
formation of (NNPY)UI(CH.Ph) is especially noteworthy since our attempts to generate the

analogous (NN™*)UI(CH,Ph) from (NN™%)UI,(THF) and one equivalent of KCH,Ph or by
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comproportionation from (NN™*)UI(THF) and (NN™°)U(CH.Ph), does not lead to the

analogous mixed ligand system.

2.2.2 Uranium(lV) supported by a ferrocene-based ligand

Encouraged by the formation of (NNP)U(CH,Ph), and (NNP*)UI(CH,Ph), we decided to
explore the reaction scope of the in situ generation of uranium alkyl complexes. To that end,
similar reaction conditions as those presented in Figure 2.4 were used in order to generate
(NN™%)U(CH,Ph);, where NN™ = fc(NSiMe;); (Chart 2.1). Although we had observed the
formation of (NN™)UI,(THF) from Ul;(THF)s; and [K(OEt;),]o,[NN™] previously, the reaction
was not reproducible thus prompting us to employ the tert-butyldimethyl variant, NN™° =
fc(NSi‘BuMe,),.

The reaction between UI5(THF), and three equivalents of KCH;Ph, followed by the

addition of 0.75 equivalents of H,NN™°

at low temperatures, led to the formation of
(NN™%)U(CH,Ph); (Scheme 2.1), in 51-77% vyield, obtained again consistently and
reproducibly. Furthermore, the same reaction conditions could be applied to the synthesis of
(NN™%)U(CH,SiMes); in 60-80% yield (Scheme 2.1), circumventing the need to isolate a halide
starting material. The complexes (NN™%)U(CH,Ph); and (NN'®°)U(CH,'Bu),, previously
reported,”” and (NN™%)U(CH,SiMe;), were also synthesized by the present method (Scheme
2.1) in better yields than those recorded for their syntheses from (NN'®*)UI,(THF) (84% vs.
52% for (NN"*)U(CHPh);, 54% vs. 27% for (NN™)U(CH,'Bu),, and 87% for

(NN™®%)U(CH,SiMes),. Attempts to isolate the mixed alkyl-iodide uranium complexes

supported by ferrocene diamide ligands were unsuccessful using the present method.
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2.3 CONCLUSION

("~ UI3(THF),
+
THF / Et,0 S"uPh
0.75 H,(NNTMSy . (NNTMS
2( ) -78 °C to 25 °C ( )U\,ph
* 77 %
3 KCH,Ph
UI3(THF)4
+
THF / Et,0 "mph
0.75 Hy(NNTBS) — """ . (NNTBS)y
-78 °C to 25 °C \—Ph
* 84 %
3 KCH,Ph
Ul3(THF)4
+
THF / Et,0 SmSiMe
0.75 Hy(NNT™S) — " _(NNTMS)y >3
-78 °C to 25 °C N—SiMe;
* 80 %
\_ 3 KCstiMe3
( Ul3(THF),
+
THF / Et,0 SmnSiMe
0.75 H,(NNTBS) 42>(NNTBS)U . 3
-78 °C to 25 °C \N—SiMe;
* 87 %
\_ 3 KCstiME3
(" UI5(THF),
+
THF / Et,0 SRy
0.75 H,(NNTBS)y = . (NNTBS
2 ) -78 °C to 25 °C ( )U\,tBu
* 54 %
3 LiCH,'Bu

Scheme 2.1. Formation of uranium dialkyl complexes supported by ferrocene diamide ligands.

In conclusion, a general method for the synthesis of uranium(lV) alkyl complexes has
been presented. This one-pot procedure starts from a readily available uranium precursor,
UI5(THF)4, and bypasses the need to isolate halide or homoleptic-alkyl uranium starting
materials. The products of all reactions were uranium(lV) complexes, presumably formed by
the disproportionation of uranium(lll) intermediates. Both potassium benzyl and lithium alkyl

reagents were employed and the ancillary ligands targeted included pyridine and ferrocene-
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based diamides. We are currently in the process of extending the present procedure to the

formation of other uranium alkyl complexes.

2.4 APPENDIX B

2.4.1 Synthesis

General Considerations. All experiments were performed under a dry nitrogen atmosphere
using standard Schlenk techniques or an MBraun inert-gas glove box. Solvents were purified
using a two-column solid- state purification system by the method of Grubbs® and transferred
to the glove box without exposure to air. NMR solvents were obtained from Cambridge Isotope
Laboratories, degassed, and stored over activated molecular sieves prior to use. Uranium
turnings were purchased from Argonne National Laboratories. LiCH,SiMes; was purchased from
Acros as an n-pentane solution (1 M), which was filtered through Celite; the volatiles were
removed to leave a white solid, which was used without further purification. Compounds
Ul3(THF)4, %% LiCH,CMes,® H,NNT3* H,NN™° 3> KCH,Ph,* 2,6-bis(chloromethyl)pyridine,*’
(NN™%)U(CH,Ph), and (NN™)U(CH,'Bu),”® were prepared following published procedures.
Syntheses of H,NNP' and [Li(OEt;);].[NN™]"* were slightly modified from reported procedures.
nBuLi was purchased from Alfa Aesar as a hexanes solution (2.88 M); all other chemicals were
purchased and used as received. '"H NMR spectra were recorded on Bruker300 or Bruker500
spectrometers at room temperature in C¢D¢ unless otherwise specified. Chemical shifts are
reported with respect to solvent residual peak, 7.16 ppm (C¢D¢). CHN analyses were
performed by UC Berkeley Micro-Mass facility, 8 Lewis Hall, College of Chemistry, University

of California, Berkeley, CA 94720.

Synthesis of H,NNPY. A cold THF solution of 2,6-diisopropylaniline (1.4615 g, 7.986 mmol) was
added to a stirring THF solution of 2,6-bis(chloromethyl)pyridine (0.6605 g, 3.803 mmol) at -
78 °C. The mixture was warmed to room temperature and stirred for 19 h. The reaction was
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quenched with a saturated solution of Na,CO; and extracted into diethyl ether three times.
The fractions were combined and dried with MgS0,. Volatiles were removed under reduced
pressure and a small amount of hexanes was added to the resulting dark yellow oil to yield a
sticky white precipitate, which was collected on a medium-porosity frit and dried. The off-
white solid was dissolved in diethyl ether, filtered through alumina, and crystallized at room
temperature by slow evaporation. Yellow needle crystals formed in a 91% yield (1.58 g, 3.461

mmol).

Synthesis of [Li(OEt;).]o.[NNP]. In a 20-mL scintillation vial charged with a stir bar, H,NN?
(0.2140 g, 0.467 mmol) was dissolved in toluene, and then cooled for 30 min. To this white
suspension, a cold hexanes solution of nBuLi (35 mL, 0.2360 g, 0.981 mmol) was added slowly
and the resulting dark-orange mixture was stirred at room temperature for 10 min. The
volatiles were removed under reduced pressure and the orange gel was washed with cold
hexanes. The yellow solid was collected on a medium-porosity frit, washed with a small

amount of cold hexanes, and dried. Yield: 90% (0.1930 g, 0.4203 mmol).

Synthesis of (NN”),U. A 5-mL THF solution of [Li(OEt;),].[NN"] (0.1420 g, 0.3 mmol) was
added to a THF solution of Ul5(THF)4 (0.3670 g, 0.4 mmol). The mixture was stirred for 16 h,
filtered through Celite, and dried. The crude product was extracted into toluene, the solution
was filtered through Celite and dried; the extraction was repeated one more time. After
washing with hexanes, the brown-yellow product was dissolved in Et;O, the solution was
filtered through Celite, and set to crystallize at -35 °C. Large, black icosahedra formed after
48 h. The mother liquor was decanted and the crystals were dried. Further recrystallization
attempts were unsuccessful due to the compound’s insolubility in organic solvents. Yield
(based on [Li(OEt;);]:[NN']): 49% (169 mg, 0.147 mmol). Note: The vields of the following

compounds were calculated with respect to their proligands.
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Synthesis of (NNPY)U(CH2Ph),. In a 20-mL scintillation vial, Ul;(THF), (0.6262 g, 0.691 mmol)
was dissolved in 6 mL of THF and cooled to -78 °C for 1 h. KCH,Ph (0.2700 g, 2.074 mmol) was
added to the cold dark-purple solution and stirred until it warmed to room temperature. A
cold diethyl ether solution of H,NN (0.2360 g, 0.518 mmol) was added the reaction mixture,
which was then allowed to stir at room temperature for 3 h. The final mixture was filtered
through Celite, washed with toluene, and dried. The product was extracted into toluene, the
solution was filtered through Celite and dried; the extraction was repeated one more time.
After washing with hexanes, the product was extracted into diethyl ether, filtered through
Celite, and set to crystallize at -35 °C. Large, red needles formed overnight that were

recrystallized one more time. Yield: 62% (282 mg, 0.322 mmol).

Synthesis of (NNPY)UI(CH,Ph). In a 20-mL scintillation vial, Ul3(THF), (0.403 g, 0.444 mmol)
was dissolved in approximately 4 mL of THF and cooled to -78 °C for 1 h. KCH,Ph (0.1290 g,
0.933 mmol) was added to the dark-purple solution and stirred until it warmed to room
temperature. A cold diethyl ether solution of H,NNP¥ (0.1526 g, 0.3330 mmol) was added the
final reaction mixture, which was allowed to stir at room temperature for 3 h. The final
mixture was filtered through Celite, washed with toluene, and dried. The product was
extracted into toluene, the solution was filtered through Celite and dried; the extraction was
repeated one more time. After washing with hexanes, the product was extracted into diethyl
ether, filtered through Celite, and set to crystallize at -35 °C. Small, pale-orange crystals

formed overnight and were recrystallized one more time. Yield: 76% (231 mg, 0.253 mmol).

Synthesis of (NN™°)U(CH,Ph),. A THF solution of Ul;(THF), (0.5183 g, 0.5720 mmol) was
cooled to -78 °C for 1 h and KCH,Ph (0.2401 g, 1.830 mmol) was added to this slurry. The
mixture was allowed to stir at -78 °C for 1 h, at which point a cold diethyl ether solution of

H,NN™ (0.1547 g, 0.4291 mmol) was added drop wise. After an additional hour of stirring at -
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40 °C, the volatiles were removed under reduced pressure and the resulting solid was
dissolved in toluene, filtered through Celite, and dried. The dark red solid was extracted into
hexanes, filtered through Celite, and set to crystallize at -35 °C. Dark-red needle crystals

formed after 1 d. Yield: 77% (257 mg, 0.330 mmol).

Synthesis of (NN™%)U(CH,SiMe;),. A THF solution of Ul3(THF)4 (0.5136 g, 0.5670 mmol) was
cooled to -78 °C for 1.5 h and LiCH,SiMe; (0.1698 g, 1.814 mmol) was added to this slurry. The
mixture was allowed to stir at -78 °C for 1 h, at which point a cold diethyl ether solution of
H,NN™° (0.1523 g, 0.4250 mmol) was added drop wise. After an additional hour of stirring at -
40 °C, the volatiles were removed under reduced pressure and the resulting solid was
dissolved in toluene, filtered through Celite, and dried. The yellow-brown solid was washed
with hexanes, extracted into diethyl ether, filtered through Celite, and set to crystallize at -

35 °C. Large, brown, hexagonal crystals formed after 2 d. Yield: 80% (262 mg, 0.340 mmol).

Synthesis of (NN"™%)U(CH;SiMes),. A THF solution of Ul3(THF), (0.2110 g, 0.2328 mmol) was
cooled to -78 °C for 1.5 h and LiCH,SiMe; (0.0695 g, 0.7450 mmol) was added to this slurry.
The mixture was allowed to stir at -78 °C for 1 h, at which point a cold diethyl ether solution
of H,NN™® (0.0776 g, 0.1746 mmol) was added dropwise. After an additional hour of stirring at
-40 °C, the volatiles were removed under reduced pressure and the resulting solid was
dissolved in toluene, filtered through Celite, and dried. The yellow-brown solid was washed
with hexanes, extracted into diethyl ether, filtered through Celite, and set to crystallize at -

35 °C. Large, brown, hexagonal crystals formed after 2 d. Yield: 87% (130 mg, 0.152 mmol).
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2.4.2 Elemental analysis

(NNP),U
Because of its limited solubility, (NNP¥),U could not be obtained analytically pure.

(NNPY)U(CH,Ph),

C4sHssN5U, 876 g/mol

Calculated: 61.70 %C, 6.33 %H, 4.80 %N
Found: 61.89 %C, 6.15 %H, 4.79 %N

(NNPY)UI(CH,Ph)

CsgHasIN;U, 911 g/mol

Calculated: 50.06 %C, 5.31 %H, 4.61 %N
Found: 50.96 %C, 5.42 %H, 4.27 %N

(NN™)U(CH,Ph),

C5oHaoFeN,Si,U, 779 g/mol

Calculated: 46.27 %C, 5.18 %H, 3.60 %N
Found: 45.92 %C, 5.19 %H, 3.50 %N

(NN™U) (CH.SiMes);

C,,H.gFeN,SiU, 771 g/mol

Calculated: 37.39 %C, 6.28 %H, 3.63 %H
Found: 37.28 %C, 6.10 %H, 3.16 %N

(NN™%)U(CH,SiMe3),

C;3oHeoFeN,Si U, 855 g/mol

Calculated: 42.14 %C, 7.07 %H, 3.28 %N
Found: 42.22 %C, 6.92 %H, 3.16 %N
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2.4.3 "H NMR spectroscopy

[rel]

97.9738

35.2269
— 25.7530
— 21.0827
— -11.3069

15

- A J J‘\'L J .

41110
8.1300
48.0125
4.1469
2.0000

‘ 130 : ‘ ‘ slo ‘ ' sjo ‘ ‘ 4‘0 T 20 ‘ I ‘ 0 I ‘ ‘ -zlo ‘ ‘ 4|o |,lppm]
Figure B1. H NMR spectrum (300 MHz, 25 °C, C¢D¢) of (NNP¥),U; & (ppm): 97.97 (s, 2H, aromatic-CH), 35.22 (s, 4H,
aromatic-CH, NCH,, or CH(CHs),), 25.57 (s, 4H, aromatic-CH, NCH,, or CH(CHs),), 21.53 (s, 24H, CH(CHs),), 3.47 (s,

2H, aromatic-CH), -5.27 (s, 1H, CsH5N), -11.30 (s, 4H, aromatic-CH, NCH,, or CH(CHs),).
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Figure B2. "H NMR (500 MHz, C¢Dg) of (NNP)U(CH,Ph),; 6 (ppm): 70.91 (s, 2H, aromatic-CH or CH,), 63.29 (s, 2H,
aromatic-CH or CH,), 43.18 (s, 2H, aromatic-CH or CH,), 25.82 (s, 2H, aromatic-CH or CH,), 19.26 (s, 6H,
CH(CHs),), 16.72 (s, 2H, aromatic-CH or CH,), 13.12 (s, 6H, CH(CHs);), 3.38 (s, 6H, CH(CHs),), 1.34 (s, 2H,
aromatic-CH or CH,), -3.67 (s, 6H, CH(CHs),), -6.91 (s, 2H, aromatic-CH or CH,), -9.97 (s, 2H, aromatic-CH or CH,),
-11.38 (s, 1H, p-NCsH5 or p-C¢Hs), -21.00 (s, 2H, aromatic-CH or CH;), -66.24 (s, 2H, aromatic-CH or CH,), -111.21
(s, 2H, aromatic-CH or CH,;). Note: U-CH; protons are likely not observed.
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Figure B3.

"H NMR (500 MHz, C¢D¢) of (NNPY)UI(CH,Ph); 3 (ppm): 100.68 (s, 2H, aromatic-CH or CH,), 96.38 (s, 2H,

aromatic-CH or CH,), 71.58 (s, 2H, aromatic-CH or CH,), 37.91 (s, 2H, aromatic-CH or CH,), 28.61 (s, 6H,

CH(CHs),),

21.92 (s, 1H, p-NCsHs3, p-C¢Hs, or p-C¢Hs), 21.68 (s, 1H, p-NCsH;3, p-C¢H3, or p-C¢Hs), 16.17 (s, 6H,

CH(CHs),), 1.38 (s, 2H, aromatic-CH or CH,), 0.79 (s, 6H, CH(CHs);), -1.54 (s, 1H, p-NCsHs, p-C¢Hs, or p-C¢Hs), -5.98
(s, 2H, aromatic-CH or CH,), -6.54 (s, 2H, aromatic-CH or CH,), -8.58 (s, 2H, aromatic-CH or CH,), -16.13 (s, 1H, p-
NCsHs, p-C¢Hs, or p-C¢Hs), -16.76 (s, 6H, CH(CHs),), -41.88 (s, 2H, aromatic-CH or CH,).
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Figure B4. 'H NMR (300 MHz, C¢D¢) of (NN™S)U(CH,Ph),; 3 (ppm): 47.86 (s, 18H, Si(CHs)s), -8.21 (s, 4H, CsH, or

C6H5), -11.92 (S, 2H, p'C6H5), -17.19 (S, 4H, C5H4 or C6H5), -17.75 (S, 4H, C5H4 or C6H5), -34.49 (S, 4H, C5H4 or C(,H5).
Note: U-CH, protons (black dot) are likely not observed.
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Figure B5. 'H NMR (300 MHz, C,D¢) of (NN™S)U(CH,SiMes),; & (ppm): 64.04 (s, 18H, SiC(CHs)s), -21.84 (s, 4H,
CsHy), -30.40 (s, 18H, Si(CHs)3), -43.38 (s, 4H, CsH4). Note: U-CH, protons (black dot) are likely not observed.
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Figure B6. 'H NMR (300 MHz, cf,D6 of (NNTBS)U(CHZSIMe3)2, (ppm): 64.53 (s, 12H, Si(CHs),), 40.27 (s, 18H,
SiC(CHs)3), -22.22 (s, 4H, CsH,), -32.83 (s, 18H, Si(CHs);), -44.34 (s, 4H, CsH4). Note: U-CH; protons (black dot) are
likely not observed.
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Figure B7. 'H NMR spectra showing that addition of 1.5 equivalents of K(CH,Ph) results in formation of
(NN™%)UI,(THF) and 3.2 equivalents of it results in (NNT®%)U(CH,Ph),. More importantly, no formation of
(NN™%)UI(CH,Ph) is observed upon addition of 2.1 equivalents of K(CH,Ph); instead, a mixture of (NN"®%)Ul,(THF)
and (NN™%)U(CH,Ph), is apparent.

2.4.4. Crystal structures

Figure B8. Crystal data for (NNP),U (hydrogen and solvent atoms were omitted for clarity), formula
CeaHgNU-0.8(C4H14), monoclinic, space group C2/c, a = 19.828(2) A, b = 22.158(2) A, c = 14.7466(16) A, B =
108.964(1)°, V = 6127.3(11) A%, Z = 4, p = 2.693 mm™', F(000) = 2496, T = 100(2) K, 30847 measured reflections,
9054 unique (Rine = 0.0281), Ry = 0.0255, wR;, = 0.0651 for I > 2s(I).
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Figure B9. Crystal data for (NNPY)U(CH,Ph), (hydrogen and solvent atoms were omitted for clarity), formula
C4sHssN3U-OC4Hqo, triclinic, space group PT, a = 10.5281(10) A, b = 12.7043(12) A, ¢ = 17.9213(16) A, B =
105.205(1)°, V = 2213.0(4) A%, Z = 2, y = 3.705 mm™", F(000) = 960, T = 100(2) K, 22255 measured reflections, 12383
unique (Rj,; = 0.0196), Ry = 0.0313, wR; = 0.0806 for I > 2s(l).

Figure B10. Crystal data for (NNPY)UI(CH,Ph) (hydrogen and solvent atoms were omitted for clarity), formula
C3gH4sN31U-C7Hs, monoclinic, space group P2,/c, a=11.3927(15), b = 13.9847(19), c = 25.077(3), B = 95.235(2)°, V =
3978.7(9) A7 =4, p = 4.890 mm™, F(000) = 1956, T = 100(2) K, 26600 measured reflections, 6513 unique (Ri, =
0.0829), Ry = 0.0397, wR, = 0.0769 for I > 2s(l).
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CHAPTER 3

Reactions of Aromatic Heterocycles with Uranium Alkyl Complexes
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3.1 INTRODUCTION

Since the 1950s, activation of strong, localized bonds, particularly C-H, C-N, and C-O,

by transition metals has been studied intensively." ? In the last two decades, the reactivity of

f-block elements has been increasingly studied because of the unique chemical behavior of

their complexes and potential to catalyze a wide range of transformations.*® Our group has

been interested in the reactivity of metal-carbon bonds toward aromatic heterocycles

because these substrates are relevant to hydrodenitrogenation processes and are important

components of natural products and pharmaceuticals.” ”'® Complexes with d’f" metal-carbon

bonds show diverse reactivity toward aromatic heterocycles, from functionalization to ring

opening.” " Early transition metal, lanthanide, and actinide alkyl or hydride complexes

often react with these substrates to produce ortho-metalated complexes that show

subsequent reactivity.” ** Although less commonly, alkyl ligands of df" metal complexes

will undergo a 1,3-alkyl migration when they are transferred to the coordinated aromatic N-

heterocycle. %’
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Scheme 3.1. Reactions of 1-methylimidazole mediated by 1-(CH,Ph),.
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We have been investigating the reactivity of group 3?7 and uranium dialkyl*’
complexes supported by a 1,1’-ferrocenylene-diamide ligand**** toward aromatic N-
heterocycles.?® *>* In particular, the uranium dibenzyl reactivity has held our attention since
(NN )U(CH;Ph),, 1-(CH,Ph); (NN = fc(NSi'BuMe;),, fc = 1,1’-ferrocenylene),” has two alkyl
groups that can both engage in reactions with the same substrate. For example, we recently
reported a novel C-H activation by 1-(CH;Ph); showing that both benzyl ligands react with an
sp?-C-H bond of 1-methylimidazole (mi) to give 2™-mi (Scheme 3.1).*>** In addition to this
double C-H activation, an interesting cascade of functionalization reactions could be
thermally induced. Specifically, upon heating, 2™-mi underwent C-C coupling to give 3™ and
ring opening followed by the migratory insertion of imidazolyl ligands, ultimately leading to
an isomeric mixture of 4A and 4B (Scheme 3.1).%> This cascade of reactions represents the
first example of aromatic N-heterocycle cleavage by actinide complexes where no oxygen
atoms® or redox processes*' are involved. We decided to investigate the generality of this
reactivity behavior; herein, we report the reactions of 1-(CH,Ph), with other aromatic
heterocycles. Substrates analogous to imidazole, such as benzoxazole and benzothiazole, as

well as pyridine substrates were studied.
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3.2 DISCUSSION OF RESULTS

Reactions between 1-(CH,Ph), and one equivalent of pyridine or picoline (Scheme 2)
led to the corresponding ortho-metalated products ((NN™)U(CH,Ph)(n?-N,C-pyridyl), 5%, or
(NN™)U(CH;Ph)(6-Me-n?-N,C-pyridyl), 57), with one benzyl group engaging in C-H activation.
These reactions are analogous to the formation of the imidazolyl complexes
(NN™)U(CH,Ph)(n?-N,C-1-methylimidazolyl), 5™ and (NN™)U(CH,Ph)(n?-N,C-1-
methylbenzimidazolyl), 5™, from 1-(CH,Ph), and one equivalent of 1-methylimidazole (mi)
or 1-methylbenzimidazole (mbi), respectively.®® Similar observations were made by the
Kiplinger group when starting from Cp*AnR; (An = Th, U; R = Ph, CH,Ph)"® * 2! and by
Dormond et al.” and the Scott group' using cyclometalated-amide thorium and/or uranium
complexes and pyridine substrates. The reaction of 1-(CH;Ph), with pyridine was three times

faster than the analogous reaction of Cp*,UMe,.?'

Scheme 3.2. Reactions of 1-(CH,Ph), with pyridine and 2-picoline.

N
| AN
f \\\\\CHZPh / f \\\\\\\CHZPh
NNf)u’ > (NNfe)U:
( ) \CH pn - toluene ( )
2 25°C, 16 h N7
1-(CH,Ph), 90% 5Py =
N. R
| b CH,Ph
 WCHPh - f Nlls
NNfe)U. > (NNf)U.
( ) \CH Ph - toluene ( ) \N Me
2 25°C, 16 h %
1-(CH,Ph), 66% spic]  \a

Although two isomers are possible for the pyridyl complexes 57 and 5P, only one was
observed. For 5, the isomer featuring the methyl group and the nitrogen donor of the
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picolyl ligand pointing toward the benzyl ligand is analogous to the isomer reported by the
Kiplinger group for the metallocene complex.? However, the other isomer was isolated for 57"

(Figure 3.1).

Figure 3.1. Thermal-ellipsoid (50% probability) representation of 57¥ (left) and 5P (right). Hydrogen atoms were
removed for clarity.

The solid-state structures of the newly synthesized n?-N,C-pyridyl complexes are not
unusual and compare well to those of analogous uranium complexes. For example, the U-N,,
distances of 2.3700(40) A in 57¥ and 2.3932(25) A in 57, although relatively short, are in the
range exhibited by other pyridyl complexes. A similar situation is encountered for the U-C,,
distances of 2.4059(46) A in 57 and 2.3967(30) A in 5P."* %213 The X-ray crystal structures
also reveal an n’-coordination of the benzyl ligands with U-C distances of 2.5076(52) A (U-
C33) and 2.8433(48) A (U-C22) in 5" and 2.5215(30) A (U-C17) and 2.8558(30) A (U-C18) in 5°¢
and UCC angles of 87.60(30)° in 5*¥ and 87.52(18)° in 5°.

The reaction between 5" (het = pyridyl, 6-picolyl, 1-methylimidazolyl, and 1-
methylbenzimidazolyl) and excess pyridine produced mixtures that proved intractable. We
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also observed the formation of complex mixtures when the reactions of group 3 alkyl
complexes and pyridine were conducted. Based on the comparison of the 'H NMR spectra of
these reaction mixtures with those of reactions with other aromatic N-heterocycles that led
to one major product, we proposed that multiple and competitive pathways occur with
pyridine.?”> 2% 3638 Although such an assertion is difficult to transfer to the case of uranium
because of the paramagnetism of the species involved, the reactions described below attest

to the possibility that a similar situation is likely for this element as well.

Z N\
f ,/i:\/\\\\\\\: | 7 fey 3 CH2Ph
VTR > o\ =
(NN )Uv—N/ hexanes (NN )U\H
/ 25°C, 15 h =N
N 79% \
S
5mbi 6™Pl.qn(CH,Ph)

Figure 3.2. Reaction between 5™ and quinoline.

5™ with quinoline was

The reaction of one of the uranium benzyl complexes,
investigated in order to determine whether this substrate undergoes C-H activation, as
observed with a scandium benzyl supported by the same ferrocene-diamide ligand,* or alkyl
transfer, as observed with isoquinoline and group 3 benzyl complexes.” Consequently, when

5™ was mixed with quinoline in hexanes at room temperature for 15 hours, no toluene

formation was observed (Figure 3.2).
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Figure 3.3. Thermal-ellipsoid (35% probability) representation of 6'“bi-qn(CH2Ph). Irrelevant hydrogen atoms and
silyl groups were removed for clarity.

The isolation and characterization of the major product, 6™-qn(CH,Ph), by X-ray
crystallography indicated that an alkyl transfer occurred from uranium to the 2-position of
quinoline (Figure 3.3). Metrical parameters are consistent with the dearomatization of the
pyridine ring. For example, the C-C distances are 1.412(14), 1.447(18), 1.333(17), and
1.487(14) A, with the longest distance to the sp3-carbon atom. Also, the U-N distance to the
dearomatized pyridine ring, 2.3034(64) A, is only 0.08 A longer than the U-N distances
(2.2196(66) and 2.2342(69) A) to the ferrocene-diamide ligand. The NCC angles of 113.01(92)
and 111.05(73)° and the CCC angle of 110.77(76)° around the sp’-carbon atom are in
agreement with the above structural assignment. The dearomatized quinoline ligand
coordinates in an approximate k*-NCC fashion, as evidenced by the U-C21 and U-C29
distances 2.9594(88) and 3.0432(91) A, respectively, which are similar to the distances
between uranium and the ipso-carbon atoms of the ferrocene-diamide ligand (2.8810(78) and
2.8896(80) A). The solid-state structure also confirms the presence of the imidazolyl ligand,

which retained its nz-coordination: the U-Nnpi distance of 2.4135(82) A and the U-C,; distance
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of 2.4295(86) A are similar to the analogous distances of 2.3708(24) and 2.4811(27) A,

respectively, in 5™".%

Scheme 3.3. Reactions of uranium n?-N,C-pyridyl complexes with benzoxazole and benzothiazole with proposed
mechanism.

E
CH,Ph N/> E N
(NNfeyy 2 — (NN \wCH2Ph
\N toluene \N
25°C
R R
R=H: 5'°y_ R=H, E=0:9"-boz
R = Me: 5P R = Me, E = S: 9Fi®.ptz
A
c—c E> alkyl
coupling N/ migration
Y
E
PhH,C . PhH,C
E ring-opening 2 N
(NNfC)U< H > (NNfc)U\/ A\
N N
R R

R=H, E=0:7%-boz
R =Me, E = S: 7P'°-btz

R=H, E=0:8-boz
R = Me, E = S: 8P'°-ptz

The alkyl transfer observed with quinoline is reminiscent of the last step proposed to
occur during the transformation of 2™-mi to 4A and 4B, with the difference that in the
former case the migratory insertion takes place with an sp?>-C-U and not an sp*-C-U bound
ligand (Scheme 3.1). We decided to determine whether the C-C coupling and heterocycle
ring-opening reactions would be observed for other aromatic heterocycles as well. The
reaction between 5P and benzoxazole or between 5P° and benzothiazole, substrates

analogous to imidazoles, led to products reminiscent of 4A and 4B. We propose that reactions
10



involving similar steps as those described in Scheme 3.1 take place in the present cases as
well (Scheme 3.3): the coordination of benzoxazole or benzothiazole is followed by coupling
to the pyridyl ligand and the dearomatization of the diheteroatom ring (7”-boz or 77-btz).
This intermediate undergoes ring opening to form 8”-boz or 8”-btz. The imine functionality
is still reactive and engages the benzyl ligand in a migratory insertion to form the final

product, 9”¥-boz or 9 -btz.

Figure 3.4. Thermal-ellipsoid (50% probability) representation of 9P-btz. Irrelevant hydrogen atoms and t-butyl-
methyl groups were removed for clarity.

The products 9”¥-boz and 9P“-btz were both characterized by X-ray crystallography
(Figure 3.4); however, the structure of 9"Y-boz showed a high degree of thermal disorder and
is only included in the Appendix to display the atom connectivity. The complex 9"-btz
features metrical parameters consistent with the structure proposed in Scheme 3.3. For
example, the U-Namiqe distance of 2.3534(36) Ais longer by ca. 0.1 A than the U-N¢ distances
of 2.2406(36) and 2.2421(38) A. The U-S distance of 2.6914(12) A is in the range reported for
other uranium-thiolate distances.*** The other distances also support the above structural
assignment. For example, the Namice-C distances are 1.4665(55) and 1.5074(63) A, and the NCC

and CCC angles around C6 are 110.85(38), 112.05(36), and 110.54(38)".

10



sy
J Oz 3
'/\\\\\\\\ N N

NNfe)uU NNfe)u N
(NN™) / N/ ELO (NN'€)
25°C,15h N CH,Ph
N =~
90%
N—_

Figure 3.5. Reaction between 5™ and benzoxazole.

The reaction observed between 5” and benzoxazole or between 5P and benzothiazole
was extended to 5™ and benzoxazole. The isolation of 9™-boz in 90% attests to the
generality of the reaction sequences proposed to occur for these transformations. The
complex 9™'-boz was characterized by 'H NMR spectroscopy and elemental analysis; a

comparison of its 'H NMR spectrum with those of 9”-boz and 9P-btz showed analogous

features.
Ph
H
©:O> HN Ph
6 o) N
3NNUL o (NN'°)U"‘°&\\O\© + Ph{N\lUf ° i }Ph
N, ) ~— A Sh !
CH,Ph \0 N o o N
1-(CH,Ph
[11] /Si‘BuMez [12]
N
| \
Fe U =[U]
NHSi'‘BuMe,

Figure 3.6. Reaction between 1-(CH,Ph); and two equivalents of benzoxazole.

The reaction between 1-(CH,Ph); and two equivalents of benzoxazole was also carried
out. Although the conditions were modified numerous times in an attempt to favor the
formation of a single product, all reactions consistently led to mixtures that proved difficult

to separate and reproduce. However, the structures of two products 11 and 12 (Figure 3.6),
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containing ring-opened oxazoles, were determined by single-crystal X-ray diffraction (Figures

3.7 and 3.8). Unfortunately, these products were difficult to purify for full characterization.

Figure 3.7. Thermal-ellipsoid (50% probability) representation of 11. Hydrogen atoms and silyl groups were
removed for clarity.

Figure 3.8. Thermal-ellipsoid (50% probability) representation of 12. Only the monomeric unit is represented;
hydrogen and solvent atoms were removed for clarity.
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Scheme 3.4. Reaction of 1-(CH,Ph), with benzoxazole and proposed mechanism.
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In order to explain the formation of 11, we propose that an initial benzyl transfer to a
coordinated benzoxazole determines its ring opening and the formation of an imine group
(11-boz(CH,Ph)), which is susceptible to another benzyl migration upon formation of 11-
boz(CH,Ph),, an intermediate, containing an amide functionality that may coordinate to the
uranium center. The polarization of the newly formed U-N bond may lead to the
deprotonation of another benzoxazole molecule, which is likely coordinated to the uranium
center. Deprotonation of oxazoles is known to induce ring opening and formation of

isonitriles*® 4

thus validating the formation of 11. The route to 12 is likely more complicated
and but must involve a C-H activation step since one of the benzyl groups is not part of the

product. Furthermore, even though the ferrocene ligand is still chelating through a weak
10



interaction between uranium and one of the cyclopentadienyl carbon atoms, one of the

ferrocene amides is protonated and dissociated.

3.3 CONCLUSIONS

We have shown that uranium alkyl complexes mediate various reactions with aromatic
N-heterocycles. The reactions between the uranium dibenzyl complex 1-(CH,Ph), and one
equivalent of pyridine or 2-picoline led to the formation of alkyl-n?-N,C-pyridyl complexes
through C-H activation. These benzyl-pyridyl complexes transfer the benzyl ligand to
quinoline and engage in complex reactions with benzoxazole or benzothiazole. The reaction
sequences proposed to explain the formation of the final products are reminiscent of the
transformation of the uranium bis(n?>-N,C-imidazolyl) complex 2™ into 4A and 4B. The
intimate reaction steps are based on C-C coupling, heterocycle ring opening, and alkyl
transfer. The reactions reported herein add to the list of reactions observed for uranium alkyl
complexes with aromatic N-heterocycles, a statement of the rich reactivity behavior of these

complexes when they are supported by ferrocene-diamide ligands.

3.4 APPENDIX C

3.4.1 Synthesis

General Considerations. All experiments were performed under a dry nitrogen atmosphere
using standard Schlenk techniques or an MBraun inert-gas glovebox. Solvents were purified
using a two-column solid-state purification system by the method of Grubbs* and transferred
to the glovebox without exposure to air. NMR solvents were obtained from Cambridge Isotope
Laboratories, degassed, and stored over activated molecular sieves prior to use. Uranium
turnings were purchased from Argonne National Laboratories. Compounds 1-(CH,Ph);*' and

5mb133 were prepared following published procedures. The aromatic heterocycles were distilled
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or recrystallized before use; all other materials were used as received. '"H NMR spectra were
recorded on Bruker300 or Bruker500 spectrometers (supported by the NSF grant CHE-9974928)
at room temperature in C¢D¢ unless otherwise specified. Chemical shifts are reported with
respect to solvent residual peak, 7.16 ppm (C¢Ds). CHN analyses were performed by UC
Berkeley Micro-Mass facility, 8 Lewis Hall, College of Chemistry, University of California,

Berkeley, CA 94720.

Synthesis of 5. Pyridine (0.0264 g in ~3 mL toluene, 2 equiv) was added dropwise to a
stirring toluene solution (5 mL) of 1-(CH;Ph); (0.1441 g, 0.167 mmol) in a 20-mL scintillation
vial and allowed to stir vigorously at room temperature for 16 h. The solvent was removed
under reduced pressure and the dried product was extracted with hexanes and filtered
through Celite. The filtrate was dried under reduced pressure and the above
extraction/filtration procedure was repeated. The filtrate was concentrated and placed into
a -35 °C freezer. Crystals formed overnight. The mother liquor was decanted and placed back
into the freezer. Two additional crops of crystals were obtained in this manner. Yield: 0.1257

g, 89%.

Synthesis of 5. 2-picoline (2 mL of 0.116 M solution in hexanes, 0.232 mmol, 2 equiv) was
added dropwise to a stirring solution of 1-(CH,Ph); (100 mg in 5 mL hexanes, 0.116 mmol) in a
12-mL Schlenk tube. The reaction mixture was stirred at room temperature for 30 h. The
solvent was removed under reduced pressure and the dried product was extracted in hexanes,

filtered through Celite, concentrated, and placed into a -35 °C freezer. Yield: 66%.

Synthesis of 6™-qn(CH,Ph). Quinoline (13.5 mg, 0.1 mmol) was dissolved in 2 mL of hexanes
and slowly added to a stirring hexanes solution of 5™ (89.9 mg, 0.1 mmol). The reaction
mixture was stirred at room temperature for 15 h, filtered through Celite, and dried. Yield

(crude): 79%. The brown-yellow oil was redissolved in fresh hexanes, passed through Celite,
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and stored at -35 °C as a highly concentrated solution. Brown block crystals suitable for X-ray

structure analysis formed after 3 d.

Synthesis of 9”¥-boz. A 2-mL benzene solution of benzoxazole (13 mg, 0.11 mmol) was slowly
added to a 2-mL benzene solution of 5”¥ (43 mg, 0.051 mmol). The reaction mixture was
stirred at room temperature for 12 h. The volatiles were removed under reduced pressure and
the resulting dark-red powder was dissolved in diethyl ether, filtered through Celite,

concentrated, and stored at -35 °C. X-ray quality crystals formed overnight. Yield: 61%.

Synthesis of 9P “-btz. A 2-mL pentane solution of benzothiazole (72.7 mg, 0.522 mmol) was
slowly added to a 2-mL n-pentane solution of 5P (347 mg, 0.401 mmol). The reaction mixture
was left at room temperature without stirring. The pink precipitate that formed after 10 h
was separated, dried, dissolved in diethyl ether, filtered through Celite, and stored at -35 °C.

Yield: 54%. X-ray quality crystals formed overnight.

Synthesis of 9™-boz. Benzoxazole (7.9 mg, 0.066 mmol) was dissolved in 2 mL of diethyl
ether and added to a 2-mL diethyl ether solution of 5™ (58.6 mg, 0.065 mmol). The reaction
mixture was stirred at room temperature for 15 h. The volatiles were removed under reduced
pressure and the dried product was extracted with hexanes, filtered through Celite, and dried
again. Yield (crude): 90%. The pale-orange powder was dissolved in fresh hexanes, passed
through Celite, and stored at -35 °C. Clumps of dark-red needles embedded in salmon-pink

powder formed after 48 h. The product is stable in solution at room temperature indefinitely.

Synthesis of 11 and 12. A hexanes solution (10 mL) of 1-(CH;Ph); (94.7 mg, 0.11 mmol) was
cooled to -78 °C for 30 min. Solid benzoxazole (14 mg, 0.11 mmol) that was kept at -35 °C was
added and the reaction mixture was allowed to stir at room temperature overnight. Volatiles

were removed under reduced pressure and a pentane solution of the resulting red solid was
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filtered through Celite. Yellow clusters of 11 and red blocks of 12 co-crystallized from a
dilute diethyl ether solution. All attempts to separate and fully characterize the two products

were not successful.

3.4.2 Elemental analysis

9"Y-boz
5pY C41H55F€N40512U, 970 g/mol
Cs4H49FeNsSi;U, g/mol Calculated: 50.77 %C, 5.72 %H, 5.78 %N
Calculated: 48.05 %C, 5.81 %H, 4.94 %N Found: 50.53 %C, 5.73 %H, 5.53 %N
Found: 47.68 %C, 5.81 %H, 4.93 %N .
. 9P'-btz
5Pl C42H57F€N4SSizU[(C7Hg)1/3], 1030 g/mol
CssHs(FeNsSi;U, g/mol Calculated: 51.64 %C, 5.83 %H, 5.44 %N
Calculated: 48.66 %C, 5.95 %H, 4.86 %N Found: 51.66 %C, 5.78 %H, 5.63 %N
Found: 48.46 %C, 6.04 %H, 4.77 %N .
. 9™hoz
6™'-qn(CH,Ph) Ca4Hs7FeNs0Si,U, 1021 g/mol
C46HsoFeNsSi;U, 1032 g/mol Calculated: 51.71 %C, 5.62 %H, 6.85 %N
Calculated: 53.51 %C, 5.78 %H, 6.79 %N Found: 52.01 %C, 5.70 %H, 6.57 %N
Found: 53.18 %C, 5.43 %H, 6.39 %N
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3.4.3 "H NMR spectroscopy
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Figure C1. 'H NMR (C¢Ds, 500 MHz, 25°C)
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CsH,4, aromatic-CH, or NCsHs), -6.44 (d, 2H, CH,Ph), -10.22 (s, 3H, NCCHs), -19.09, -20.78, and -41.10 (d, 1H each,
CsH,4, aromatic-CH, or NCsH3), -12.63, -13.59, -15.12, -17.82, -18.02, -27.40, -40.29, and -51.89 (s, 1H each, CsH,,
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Figure C6. "H NMR (C¢D¢, 500 MHz, 25°C) of 6™'-qn(CH,Ph); & (ppm): 41.40, 41.13, 37.68, 34.37 (s, 3H each,
SiCH3), 27.12, 26.50 (s, 9H each, SiC(CHs)3), 2.20 (t, 2H, CH,Ph), 1.86, -2.06, -16.99, -65.57 (t, 1H each, CsH,,
aromatic-CH, or NCsHs), 4.17, 0.69, -4.08, -4.20, -5.19, -14.80, -23.62 (d, 1H each, CsH,4, aromatic-CH, or NCsHs), -
3.94, -3.98, -12.42, -14.16, -14.63, -14.70, -16.12, -19.03, -26.57, -32.52, -42.23, -82.59 (s, 1H each, CsH,,
aromatic-CH, or NCsHs), -20.39 (s, 3H, NCCHs).
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3.4.4 X-ray crystallography

X-ray quality crystals were obtained from various concentrated solutions stored at -35
°C in the glove box. Inside the glove box, the crystals were coated with oil (STP Oil
Treatment) on a microscope slide, which was brought outside the glove box. The X-ray data
collections were carried out on a Bruker AXS single crystal X-ray diffractometer using MoKa
radiation and a SMART APEX CCD detector. The data was reduced by SAINTPLUS and an
empirical absorption correction was applied using the package SADABS. The structures were
solved and refined using SHELXTL (Bruker 1998, SMART, SAINT, XPREP AND SHELXTL, Bruker
AXS Inc., Madison, Wisconsin, USA). All atoms were refined anisotropically and hydrogen
atoms were placed in calculated positions unless specified otherwise. Tables with atomic
coordinates and equivalent isotropic displacement parameters, with all the bond lengths and

angles, and with anisotropic displacement parameters are listed in the CIFs.

Figure C7. Crystal data for 5. X-ray quality crystals were obtained from a concentrated Et,0 solution. A total of
8332 reflections (-13 < h <13, -15 < k < 15, -23 < [ < 23) was collected at T = 100(2) K with 2gna.x = 56.24°, of which
6737 were unique (Ri; = 0.0406). The residual peak and hole electron density were 1.47 and -2.35 eA™. The least-
squares refinement converged normally with residuals of Ry = 0.0593 and GOF = 1.043. Crystal and refinement data
for 5”Y: formula C34H49N3Si,FeU, space group P, a = 9.8710(16), b = 11.7017(19), ¢ = 17.624(3), a = 76.825(2), B =
74.133(2), y = 65.740(2)°, V = 1769.7(5) A%, Z = 2, p = 5.07 mm’", F(000) = 840, R; = 0.0412 and wR; = 0.0759 (based
on all 8332 data, I > 2s(l)).
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Figure C8. Crystal data for 5P, X-ray quality crystals were obtained from a concentrated hexanes solution. A total
of 9077 reflections (-13 < h < 13, -15 < k < 15, -24 < [ < 24) was collected at T = 100(2) K with 2qmax = 57.43°, of
which 8169 were unique (Rin = 0.0221). The residual peak and hole electron density were 1.44 and -0.81 eA™. The
least-squares refinement converged normally with residuals of Ry = 0.0253 and GOF = 1.021. Crystal and
refinement data for 5P: formula C3sHs;N3Si,FeU, space group P, a = 9.805(4), b = 11.590(5), ¢ = 18.359(8), a =
73.400(4), B = 87.716(4), Y = 66.498(4)°, V = 1826.9(13) A%, Z = 2, py = 4.92 mm', F(000) = 856, R, = 0.0299 and wR,
= 0.0555 (based on all 9077 data, I > 2s(1)).

Figure C9. Crystal data for 9P'-btz. X-ray quality crystals were obtained from a concentrated n-pentane solution.
A total of 41865 reflections (-32 < h < 33, -24 < k < 24, -31 < [ < 32) was collected at T = 100(2) K with gmax =
30.77°, of which 12252 were unique (R;jx = 0.0361). The residual peak and hole electron density were 3.00 and -
2.61 eA>. The least-squares refinement converged normally with residuals of R; = 0.0408 and GOF = 1.034. Crystal
and refinement data for 9P-btz: formula C4,Hs¢N,Si;FeSU, space group C2/c, a = 23.049(2), b = 17.1069(16), ¢ =
22.439(2), B = 109.840(1)°, V = 8322.7(14) A*, Z = 8, p = 4.377 mm™", F(000) = 3984, R, = 0.0599 and wR, = 0.1052
(based on all 12252 data, I > 2s(1)).

11



Figure C10. Crystal data for 6'“bi-qn(CH2Ph). X-ray quality crystals were obtained from a concentrated hexanes
solution. A total of 81489 reflections (-25 < h < 25, -26 < k < 25, -31 < [ < 31) was collected at T = 100(2) K with
QJmax = 28.33°, of which 11284 were unique (Ri,: = 0.1686). The residual peak and hole electron density were 2.31
and -2.16 eA™. The least-squares refinement converged normally with residuals of Ry = 0.0628 and GOF = 1.028.
Crystal and refinement data for 6”‘b'-qn(CH2Ph): formula C4Hs9NsSi;FeU, space group Pbca, a = 19.096(5), b
19.896(6), ¢ = 23.964(7), B = 90°, V = 9105(4) A}, Z = 8, p = 3.961 mm"', F(000) = 4128, R, = 0.1363 and wWR,
0.1492 (based on all 11284 data, I > 2s(l)).
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CHAPTER 4

Redox Processes of 1,1’-Diamidoferrocene Uranium(lV) Complexes
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4.1 INTRODUCTION

To appreciate, understand, and ultimately regulate the reactivity of a given

organometallic system, it is necessary to study the basic principles behind electron transfer.

In this respect, electrochemical methods are tools of utmost importance. This chapter details

an investigation conducted using cyclic voltammetry and discusses oxidation and reduction

processes in uranium diiodide, bis(aryloxide), dibenzyl, bis(amide) and mixed aryloxide-iodide

complexes supported by one 1,1’-diamidoferrocene ligand (Chart 4.1).
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Chart 4.1. Four classes of 1,1’-diamidoferrocene uranium complexes analyzed by cyclic voltammetry.

4.2 DISCUSSION OF RESULTS

Most voltammetric measurements were conducted in tetrahydrofuran (THF) with
tetraisopropylammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TPABArf) as the
supporting electrolyte. In some experiments, dichloromethane (DCM), trifluorotoluene (TFT),
and diethyl ether (Et;0) were wused as solvents, while sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate  (NaBAr"), tetrabutylammonium iodide (TBAI), and
tetrabutylammonium hexafluorophosphate (TBAPF,) served as electrolytes. 'H NMR spectra of
all complexes were taken before and after each experiment in order to verify that no
decomposition occurred in due course. When possible, electrochemical behavior of each
compound was studied in various media to aid interpretation of data. A 2-mm platinum disk,
3-mm glassy carbon disk, and 0.25-mm silver wire were used as working, counter, and
reference electrodes, respectively. Moreover, all redox potential values are mentioned with
respect to that of ferrocene. The following discussion is divided according to the class of
compounds and describes anodic and cathodic events separately except in cases when the

two processes appear to be interdependent. When comparing two or more types of systems
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reported herein, we refer to the data obtained under same conditions (i.e. electrolyte,

solvent, and scan rates are equivalent).

4.2.1 Uranium Diiodide Complexes, (NN®)UI(THF)

Full electrochemical profiles of (NN?)UI,(THF) complexes are shown in Figure 4.1. The
voltammograms of uranium diiodide complexes supported by silylamido ferrocene derivatives
are intricate, displaying reduction of uranium and oxidation of iron centers. The overall

profile of (NNME

JUI(THF) is unremarkable, exhibiting reversible reduction and oxidation
events at -2.06 V and 0 V, respectively. Therefore, further discussion of its electrochemical

behavior is unwarranted.

(NNMES)UI,(THF)

(NNOMP)Uo(THF)

(NNTBS)UI5(THF)

Current

(NN™MS)UL, (THF)

THF, TPABAr*

3 2 1 0 -1 2 -3 -4 5
Potential (V vs Fc%*)
Figure 4.1. Cyclic voltammograms of (NN®)UI,(THF) complexes.

As expected, the reduction potential of uranium in all four derivatives decreases (i.e.
becomes less negative) with more electron withdrawing groups on the ferrocene Cp rings. In
other words, uranium is easiest to reduce when it is supported by a ferrocene ligand bearing
mesitylamido groups and hardest to reduce when supported by a ligand bearing silylamido
substituents. Values for the latter complexes range between -2.2 V and -2.4 V. Similar
electronic effects have been reported for a series of methyl-substituted titanocene and

zirconocene dichloride complexes.” To further put these potential values into perspective,
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the reduction of uranium occurs at -1 V when it is supported by four iodide ligands (Figure
4.2). Similarly, this potential increases when two iodides are replaced with two
pentamethylcyclopentadienyl ligands or one bis[2-(diisopropylphosphino)-4-
methylphenyl]amido ligand (PNP), in which case the reduction of uranium occurs at -1.95 V°
and -2.19 V,° respectively. When two iodides are instead replaced with one dianionic 1,1’-
ferrocene diamide ligand, the reduction potential increases even more. This suggests that
1,1’-ferrocene diamines donate more electron density than the cyclopentadienyl ligand, and
are thus more suitable for stabilizing high-valent than low-valent uranium centers.” ’
Therefore, the overall trend in the difficulty of uranium(lV) reduction follows the order
Ul4(Et;0); < (CsMes);UCL, < (PNP)UCL; < (NNR)UI,(THF). Because they exhibit the most complex
cathodic profiles, the following discussion will focus on the underlying mechanisms of the
reductive events in (NN™)UI,(THF) and (NN"*)Ul,(THF).

As shown in Figure 4.2, uranium diiodide supported by the NN™® ligand exhibits a
single reduction event (wave A) and is considerably more difficult to reduce than the parent
complex, Ul4(Et,0),. The difference in the chemical properties of the coordinated THF and
Et,0 solvent molecules® is not expected to have a significant effect on the electron density on
uranium, and in turn, its reduction potential. Accordingly, the only structural distinction
between Ul4(Et,0), and (NN™)UI,(THF) lies in the replacement of two iodide ligands with
one dianionic ferrocene diamide. This modification of the local environment around the
uranium center results in an increased reduction potential (-0.97 V before versus -2.4 V
after), thus suggesting that coordination of diamidoferrocene increases the electron density

on uranium.
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Ul, (OEt;), (NN™S)UI,(THF)
400 mV/s

400 mV/s

Et,O, TPABArF C B THF, TPABArf
1 4 - 2 3 4 0 0.5 1 1.5 2 2.5 3 3.5 -4

Potential (V vs Fc%+*) Potential (V vs Fc%+)

Figure 4.2. Reduction of Ul4(Et,0), (left) and (NN™)UI,(THF) (right). For clarity, the height of 50 mV/s scans was
scaled by a factor of 0.5 and 3 in Ul4(Et,0); and (NN™)UI,(THF), respectively.

Furthermore, two poorly resolved waves (B and C in Figure 4.2), whose relative
intensities depend on the scan rate, are revealed on the reverse scan. At slow scan rates, the
first re-oxidation (wave B) generates less current than the subsequent event (wave C). When
the scan rate is increased, however, the first re-oxidation wave becomes larger. These
observations are consistent with a mechanism involving a chemically coupled redox process.
More specifically, reduction of (NN™*)UI,(THF), represented by A in Figure 4.2, is proposed
to first generate [(NN™®)UI,(THF)]". This anion can be observed if the rate of measurement is
high and it is oxidized back to the neutral complex. This re-oxidation is represented by the
wave labeled B in Figure 4.2. However, if the potential is applied slowly, the anion has
enough time to transform into a species that itself undergoes oxidation at a more positive
potential. That event is represented by the wave labeled C in Figure 4.2 and is also barely
observed when the potential is scanned 400 mV/s, suggesting that even higher scan rates are
necessary to avoid the anion’s transformation. Similar mechanisms have previously been
proposed for the reduction of bis(cyclopentadienyl) dichloride complexes of uranium and
group IV transition metals.” *"’

Scheme 4.1 shows the proposed mechanism of reduction of (NN™)UI,(THF) at high
and low scan rates. The former simply involves an exchange of one electron between the
working electrode and (NN™%)UI,(THF). The latter case, however, is proposed to involve a

chemical transformation of the reduction product, [(NN™%)UI,(THF)], whereby one iodide
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ligand dissociates to generate the neutral trivalent uranium iodide, (NN™)UI(THF). When the
potential is reversed, this species is oxidized to the tetravalent uranium iodide cation,
[(NN™)UI(THF)]*, which then coordinates the iodide ligand that initially dissociated as a
result of reduction. We emphasize that it is unclear whether dissociation/association of
iodide occurs concertedly or step-wise. Finally, because the voltammetric measurements
were conducted in THF, coordination of THF is expected to be involved in the redox
equilibrium at all times. Finally, we note that dissociation of 1,1’-ferrocene diamine (instead
of iodide ligand) is also likely because our attempts to reduce (NN™$)UI,(THF) with KCg in

toluene have resulted in formation of (NN™),U.

Scheme 4.1. Proposed mechanism of (NN™%)Ul,(THF) reduction; At very high scan rates, wave B is dominant, but
at low scan rates, a chemical transformation takes place and wave C dominates.
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Compared to (NN™¥)UI,(THF), the reduction process for (NN™*)Ul,(THF) adds another
layer of complexity. In order to elucidate the underlying mechanism, we conducted cyclic
voltammetry experiments in various media because the appearance of the reduction process

depends on both the solvent and the supporting electrolyte used.
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When the measurement is conducted in a THF solution of TPABAr", two poorly resolved
reduction events (A and B in Figure 4.3) are revealed at -2.40 and -2.70 V regardless of the
magnitude of scan rate employed. The separation between the two events is 300 mV. In a THF
solution of NaBAr", however, only one reduction event (A in Figure 4.3) occurs at -2.4 V. This
observation is expected. Changing the supporting electrolyte from TPABAr" to NaBAr
increases ion pairing between the anionic reduction products and the electrolyte cation, thus
lowering the separation between two peak potentials (A and B) in a multi-electron process. A
similar voltammetric response has been described for a tetraferrocenyl(nickel dithiolene)
complex.' In both cases, reversing the potential sweep reveals two oxidative events between

-1.5V and -2.0 V (Figure 4.3, waves C and D for TPABAr" and waves B and C for NaBAr").

TPABArf NaBArf A
B
A
400 mV/s 400 mV/s
D C THF C B THF
-1 1.5 2 2.5 3 3.5 <05 -1 1.5 2 2.5 3 3.5
Potential (V vs Fc%*) Potential (V vs Fc%+)

Figure 4.3. Reduction of (NNT®%)UI,(THF) in THF with TPABAr" (left) and NaBAr" (right). For clarity, the plot on the
left corresponding to 50 mV/s was scaled by a factor of 2.

As shown in Figure 4.4, conducting the measurement in a THF solution of TBAPF,
reveals two reduction processes (A and B) at -2.52 V and -2.97 V. However, on scan reversal,
the resolution of these waves decreases (C and D). This can be attributed to the greater ion
pairing between the Lewis acidic uranium center and the smaller, more strongly coordinating
hexafluorophosphate anion. Lastly, conducting cyclic voltammetry measurements in a THF
solution of TBAI unveils one reduction event (wave A in Figure 4.4) at approximately -1.95 V

regardless of the magnitude of scan rate employed. On scan reversal, only one re-oxidation
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(wave B) is observed. The separation between the peak potentials is considerably large,

however. While such behavior may be due to inherently slow electron transfer at the working

19

electrode, ” it is more likely a consequence of the highly resistive medium employed (i.e.

TBAI is not completely soluble in THF).

B
3 A
400 mV/s c 1000 mV/s
B THF, TBAI D THF, TBAPF¢

1 1.5 2 2.5 3 35 4 4.5 5 0 -1 -2 -3 -4 -5
Figure 4.4. Reduction of (NN™%)UI,(THF) in THF solutions of tetrabutylammonium iodide (left) and
tetrabutylammonium hexafluorophosphate (right).

With four different measurement conditions in hand, a mechanism involving cleavage
of uranium-iodide bonds is proposed for the reduction of (NN™*)Ul,(THF). Such a proposal
finds support in the observed chemical reversibility of the reduction when excess iodide (in
the form of TBAI) is used. When a less coordinating non-halide anion is used in the supporting
electrolyte, dissociation of one or both iodide ligands is therefore inevitable. This is further
supported by the appearance of small waves corresponding to oxidation of iodide at -0.5 V
and -0.7 V. Moreover, depending on the scan direction, a crucial change is observed in this
potential region. For example, as shown in Figure 4.5, when the potential is scanned
oxidatively (i.e. positive direction), the current generated at -0.5 V and -0.7 V during the
initial cycle is lower than that generated during subsequent cycles (i.e. after uranium is
reduced). On the other hand, if the potential is first scanned reductively (i.e. negative
direction), the generated current remains the same during all cycles because the reduction of

uranium occurs before the scan reaches the potential required for iodide oxidation.
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€ THF, NaBArf THF, NaBArfF
10 mV/s 10 mV/s

-0’.5 1 =15 -2 -2'.5 -3 -0'.5 ~‘1 ,1'_5 Z -Z‘.S -3
Potential (V vs Fc%*) Potential (V vs Fc%*)
Figure 4.5. Oxidative and reductive potential scans in THF solution of (NN"®%)Ul,(THF).

Because a single THF molecule is coordinated to the uranium center in solid state,? its
role in the reduction process is warranted. In order to determine the extent of its
involvement, we measured the current response to the applied negative potential in a non-
coordinating solvent with low donating strength. As shown in Figure 4.6, two waves (A and B)
are observed at -1.8 and -2.2 V in a dichloromethane solution of TPABAr‘. The former
disappears when approximately 0.1 mL of THF is added, proving that, in the absence of THF,
the first electron transfer from the working electrode to (NN™*)UI,(THF) is accompanied by
an irreversible dissociation of THF from the uranium center. Similar behavior is observed in

(NN®")UI,(THF) when the experiment is conducted in diethyl ether (see Appendix D).

DCM B
A
TPABArF
100 mV/s
-Ol. 5 1 -1l. 5 2 -2'.5

Potential (V vs Fc%+*)
Figure 4.6. Reduction of (NN™)UI,(THF) in DCM before and after addition of THF.
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Taken together, these experiments bring to light a redox mechanism that is slightly
different from that taking place with (NN™*)UI(THF). Scheme 4.2 unveils the proposed
mechanism for the reduction of (NN™)Ul,(THF). The first step is analogous to that proposed
for (NN™*)UI(THF). First, an electron is transferred from the working electrode to the
uranium center, generating [(NN™*)UI(THF)]". This is represented by the wave labeled A in
Figure 4.3. The THF molecule dissociates, leaving a coordinately unsaturated trivalent
uranium center in the form [(NN™*)UI,]’, which undergoes dimerization to form a dinuclear
complex whereby two tetravalent uranium centers, coordinated to one iodide and 1,1’-
ferrocene diamide, are bridged by two iodide ligands. The wave labeled B in Figure 4.3
represents the reduction of this dimer, yielding a mixed-valent anionic species [(NN"®*)IUI),]’,
from which one terminal iodide on each uranium dissociates, leaving two coordinately

unsaturated U*" centers each supported by H,NN™®

and bridged by two iodide ligands.
Subsequent oxidation of one U** center in this neutral dinuclear complex, [(NN™*)UI],, is
represented by the wave labeled C in Figure 4.3. In the resulting mixed-valent species
undergoes uranium-iodide bond formation when an iodide ligand in the vicinity coordinates to
U*. Either simultaneously or subsequently, a THF molecule coordinates to the trivalent
uranium center. The resulting asymmetric dinuclear species decomposes into (NN"*)UI(THF)
and (NN™%)Ul,, both of which form the original 1,1’-diamidoferrocene uranium diiodide
complex via different pathways. Specifically, oxidation (wave D in Figure 4.3) of
(NN™®)UI(THF) generates a cationic tetravalent uranium complex, which coordinates an
iodide ligand to form the original 1,1’-diamidoferrocene uranium diiodide complex. The other
component, namely (NN™%)Ul,, merely coordinates a THF molecule to produce the same
result. We emphasize that more thorough investigations are required in order to distinguish

between concerted and step-wise pathways of electrochemical (i.e. electron transfer) and

chemical (i.e. ligand dissociation, dimerization, bond formation) reactions.
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Scheme 4.2. Proposed mechanism of reduction of uranium in (NN"®%)Ul,(THF).
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The unremarkable anodic profile of (NN"&

)UI(THF) reveals one reversible oxidation at
approximately 0 V (Figure 4.1). Complexes bearing silylamido substituents on the ferrocene
ligand exhibit a similar, albeit a quasi-reversible, oxidative event approximately 0 V. In
contrast to (NNY®)UI,(THF), their anodic profiles feature an additional oxidation event
between 0.70 V and 0.90 V. Moreover, two relatively small waves are observed at
approximately -0.40 V (Figure 4.1) and are likely due to oxidation of the dissociated iodide

21,22
dy

ligan as discussed previously.

We attribute the first principal anodic event at 0 V to oxidation of iron on the basis

that trivalent iron is more stable than pentavalent uranium, whose existence is seldom

23-25

reported in literature as a result of its susceptibility to disproportionation and overall

notorious lack of stability.?® This assignment is also made by comparison to uranium dihalide
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complexes supported by pentamethylcyclopentadienyl ligands, which do not undergo
uranium-based oxidation processes within the electrochemical window limited by oxidation of
the supporting medium. Finally, this assighment is consistent with the greater difficulty of
iron oxidation relative to that in ferrocene diamines. In the latter, the oxidation potential is
shifted to more negative values due to the electron-donating nitrogen substituents. Naturally,
the extent of electron donation to iron decreases in uranium complexes because charge
density is divided between two metals. Consequently, the iron center becomes more difficult
to oxidize.

We ascribe the anodic event observed between 0.5 V and 1.0 V to oxidation of
uranium. Our reasoning is based on the observation that electron-donation ability of
ferrocene-based ligands is strong enough to destabilize the trivalent state (i.e. more negative
reduction potential values) and at the same time, stabilize the pentavalent state of uranium
(i.e. less positive oxidation potential values). The wave representing this oxidation exhibits a
non-Nernstian shape (Figure 4.7). Regardless of the scan rate, no current is generated on
reversal of the potential sweep, indicating that the lifetime of this doubly oxidized species
(i.e. Fe*"U™) is expectedly small on the voltammetric time scale. Finally, assignment of this
oxidative event has precedent. Morris, et al. reported that tetravalent
pentamethylcyclopentadienyl uranium complexes bearing strongly electron-donating nitrogen
ligands, such as imides, hydrazonates, and ketimides, display distinct uranium-based
oxidation events at similar values.’

Because it exhibit the most intricate electrochemical profile, the following discussion
will focus on the underlying mechanism of the anodic events in (NN")UI,(THF). Applying
positive potential to (NN®™)UI,(THF) complexes in a THF solution of TPABAr reveals two
small events, which we attribute to a two-electron oxidation of the dissociated iodide

ligands.”"” % %> 2 These then are followed by two successive oxidations at 0 V and 0.8 V (A and
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B in Figure 4.7) attributed to iron and uranium, respectively. The electrochemical behavior
represented by this process depends on the switching potential. If the applied potential is
switched immediately after iron is oxidized (between waves A and B in Figure 4.7), the event
appears quasi-reversible as judged by the cathodic peak current (wave D in Figure 4.7).
However, when the potential is swept an extra 400 mV in the same direction, a second,
totally irreversible oxidation is evident (wave B in Figure 4.7). This in turn affects the first
principal wave D as is apparent from the increase in the current generated during the reverse

scan (labeled D’ in Figure 4.7).

(NNPMP)ULL(THF) |, E

THF, TPABArF
100 mV/s

.............................................................

2 1.5 1 0.5 0 -0.5 -1 -1.5 -2 -2.5 -3 -3.5 -4
Potential (V vs Fc%¥)

Figure 4.7. Effect of anodic switching potential on reduction of (NN°"’)Ul,(THF).

We propose the following mechanism to account for our observations (Scheme 4.3).

First, ligand-based oxidation generates a cationic [Fe’"U*

] complex (wave A in Figure 4.7),
which is stable enough to be observed at high scan rates if the potential is switched before
the second oxidation occurs. At more positive potentials, a uranium-based oxidation

generates an unstable [Fe*'U*

] dication (wave B in Figure 4.7). The pentavalent oxidation
state of uranium is stabilized by the ferrocene ligands bearing electron-donating substituents.
In particular, as shown in Figure 4.1, this oxidation event is most reversible for NN™ and

least reversible for NN™ analogues. In fact, this oxidation state is not accessible at all for the
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complex with least electron-donating groups on the nitrogen substituent on ferrocene (i.e.
mesityl) as deemed by the absence of a second oxidation wave in its voltammogram.

Because no current is generated when the potential is switched (wave C in Figure
4.7), we further postulate that the [Fe**U*"] dication rapidly undergoes disproportionation or
a secondary chemical reaction. Disproportionation is expected to generate a hexavalent

uranium species and the cationic [Fe**U*

] complex at the electrode (Scheme 4.3), while the
secondary chemical reaction could form a product whose reduction potential coincides with
that of the [Fe**U*] cation. Either process would account for the extra current generated on

the reverse sweep at 0 V (wave D’ in Figure 4.7)

Scheme 4.3. Postulated mechanism for oxidation of (NN®)UI,(THF).
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On the basis of previous studies as well as our own, we cautiously propose that the

[Fe*"'U"'] dication most likely undergoes disproportionation to regenerate the [Fe**U*

] cation
and an even less stable hexavalent uranium species. The former is evident from the increased
current at its formal reduction potential (wave D’ in Figure 4.7), while effect of the latter is
revealed at the principal reductive event at -2.18 V (wave E). Specifically, the reduction

potential peaks at more negative values, suggesting that the rate of electron transfer from

the working electrode decreases. Such a lower rate constant, in turn, is indicative of a low
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concentration of U* at the electrode surface relative to when the second oxidation was not

induced (i.e. potential was switched before second oxidation could take place).? 3% 33

4.2.2 Uranium Bis(Aryloxide) Complexes, (NN?)U(OAr);

Unlike its diiodide analogue, uranium bis(aryloxide) supported by one H,NN°"" ligand
features two clean redox events (Figure 4.8). Reduction of uranium is reversible and occurs
at a slightly more negative potential (-2.4 V) than that in (NN®?)UI,(THF) measured in the
same medium (-2.2 V). In other words, the reduction of uranium becomes more difficult when
I” is replaced by ArO". This is consistent with the electronic nature of iodide and aryloxide
ligands.*” Similar effects have been observed with a series of titanium complexes upon
sequential substitution of aryloxide with chloride ligands.” Moreover, because the aryloxide
ligands are less likely to dissociate and undergo side reactions, the reduction of uranium is

both chemically and electrochemically reversible.

THF, TPABArF THF, TPABArF
100 mV/s 100 mV/s
0.3 0 -0.3 -0.6 -0.9 -1.2 -1.5 1 -1'.5 2 25 3 -3'.5 -'4
Potential (V vs Fc%+) Potential (V vs Fc%+)
Figure 4.8. Comparison of uranium oxidation (left) and reduction (right) in (NN®?)UI,(THF) and (NN"")U(OAr),.

As shown in Figure 4.8, (NN°W

JU(OAr); exhibits a single reversible anodic event -0.07
V. On the basis of oxidation product stability, we attribute this event to oxidation of iron.
Additionally, there is no change in the magnitude of the oxidation potential on going from

(NN®*)UI,(THF) to (NN"™)U(OAr),. Accordingly, this wave cannot correspond to oxidation of

uranium, which would be expected to form the pentavalent species at more positive
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potentials. Moreover, addition of iodine to a THF solution of (NN""")U(OAr), reveals a broad
band in the visible-near IR region characteristic of charge transfer from Cp ligand to Fe®" (see
Appendix D for details).

Relative to H,NN®"P) the iron center in (NN")U(OAr), is harder to oxidize by
approximately 700 mV. The simplest explanation for this observation again is connected to
the relative distribution of electrons that the amine substituents donate. That is, the electron
density that helped to stabilize the positive charge on iron in the free oxidized ligand, is now
shared between two metal centers in (NN®’)U(OAr),. Such distribution, therefore, lowers the
electron density on iron, making it harder to oxidize (oxidation potential is more positive). At
the same time, the electron density on uranium increases, making it harder to reduce.
Indeed, the reduction potential of unsupported tetravalent uranium, Ul4(Et;0),, is more than

1V lower than that of uranium(lV) supported by diamidoferrocene ligands.

4.2.3 Uranium dibenzyl complexes, (NN?)U(CH,Ph),

Electrochemical measurements of uranium dibenzyl complexes supported by
diamidoferrocene ligands were conducted in trifluorotoluene and diethyl ether separately
with TPABAr as the supporting electrolyte. Although tetravalent uranium alkyl complexes
have been shown to activate carbon-fluorine bonds of perfluorocarbons,** we note that 'H
NMR spectra of all (NN?)U(CH,Ph),; complexes after electrochemical experiments were
conducted showed no decomposition. It is therefore safe to conclude that neutral tetravalent
uranium dibenzyl complexes do not react with perfluorinated substrates.

Attempts to conduct voltammetric experiments in other solvents capable of dissolving
both the supporting electrolyte and uranium dibenzyl complexes have been unsuccessful.
Specifically, the former is insoluble in toluene and hydrocarbons, while the latter decomposes
in coordinating solvents such as THF. Experiments conducted in diethyl ether exhibit anodic

waves that could not be interpreted. The coordination ability of diethyl ether is the most
135



likely culprit because similar voltammetric behavior is observed upon addition of THF during
the measurements in trifluorotoluene.

As shown in Figure 4.9, (NN™)U(CH,Ph);, (NN™*)U(CH,Ph),;, and (NN°")U(CH,Ph),
exhibit one reduction event between -2.7 V and -3.0 V. No current is generated on the
reverse scan, suggesting that the reduction products are unstable on the measurement time
scale and are consumed by chemical reactions. Increasing the scan rate reveals no change in
the overall wave shapes, suggesting that the half-lives of these follow-up reactions are
considerably lower than the duration of the scan.® *® Furthermore, in accordance with the
observations noted for uranium diiodide complexes supported by 1,1’-ferrocenediamide
ligands, dibenzyl analogues require greater reduction potentials than those supported by
pentamethylcyclopentadienyl ligands. In fact, uranium in (CsMes)U(CH;Ph); undergoes

reduction at -1.95 V.’

(NNPMP)U(CH,,Ph),

(NNTBS)U(CH,Ph), j

(NN™S)U(CH,Ph),

TFT, TPABArf
50 mV/s

0.5 0 -0.5 -1 -1.5 -2 -2.5 -3

Potential (V vs Fc%*)
Figure 4.9. Cyclic voltammograms of (NN?)U(CH,Ph),.

The overall electrochemical profiles of (NN®)U(CH,Ph), complexes are dependent on

the direction and switching of the applied potential. The following discussion focuses on the
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electrochemical behavior of (NN™%)U(CH;Ph),. Moreover, we use previous studies of dialkyl

complexes of group IV metal and actinides,*”* diarylalkanes,*"*

as well as alkyl and aryl
halides,* “*" to propose the most likely redox mechanism.

Scanning in the negative direction, uranium is reduced at approximately -2.85 V (wave
A in Figure 4.10). Reversing the scan direction then generates two small oxidative events at
-2.32 V (wave B in Figure 4.10) and -1.68 V (wave C in Figure 4.10) on the reverse sweep. As
shown in Scheme 4.4, we propose that electron transfer from the working electrode to
(NN™%)U(CH,Ph), generates a radical anion, [(NN™)U(CH,Ph),]’, which undergoes uranium-
carbon bond cleavage. Either simultaneously or sequentially, elimination of a benzyl radical
yields a trivalent uranium benzyl dianion, which in turn, is expected be a strong enough
reductant to cleave a carbon-fluorine bond of trifluorotoluene in an overall two-electron
process. That is, the first electron transfer from uranium generates a trifluorotoluene radical
anion, which undergoes fragmentation to a neutral difluorotoluene radical and a fluoride
anion. The latter forms a bond with the uranium center and reduces the former to an anion,
which is in turn subject to protonolysis. The postulated redox mechanism is plausible because
reduction of trifluorotoluene has been reported to occur at -3.0 V versus ferrocene in non-
aqueous media.’® >® In fact, in our hands, the electrochemical window of trifluorotoluene with
TPABAr™ as the supporting electrolyte was +0.50 V to -3.0 V. Moreover, such reactivity with
perfluorocarbons finds precedent in low-valent metal alkyl complexes of early transition
metals,>*® lanthanide® and actinides.** >

Depending on the rate of reduction, in principle, the benzyl radical can be further
reduced or oxidized or undergo radical-radical coupling.”® The benzyl radical will be further

reduced if its reduction potential is more positive than that of (NN®)U(CH,Ph),. This can

occur either at the electrode or by the anionic uranium(lll) benzyl species.®®®® The resulting
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anion is both sufficiently basic to undergo protonation and generate toluene® and

nucleophilic enough to react with the electrolyte cation.®

1,2-diphenylethane
(NNTMS)U(CH2Ph)2

TFT, TPABArf

...................................................

Potential (V vs Fc%*)
Figure 4.10. Reduction and oxidation of (NN™®%)U(CH,Ph), and reduction of of 1,2-diphenylethane.

Scheme 4.4. Proposed mechanism for reduction of (NN?)U(CH,Ph),.
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Because it is stable enough on voltammetric time scale, the benzyl radical

7

can also dimerize to form 1,2-diphenylethane,®” whose own redox behavior can trigger a

variety of other reactions. As shown in Figure 4.10, comparison of the electrochemical
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profile of (NN™)U(CH,Ph), with that of 1,2-diphenylethane under the same conditions shows
that the benzyl radical does indeed undergo radical-radical coupling. Consequently, this
allows us to attribute the anodic event at -2.32 V to 1,2-diphenylethane (wave B in Figure
4.10).

Exact assignment of the anodic event observed at -1.68 V (wave C in Figure 4.10),
however, is more difficult. It is clearly due to an electroactive species formed as a result of
reduction at -2.99 V. Although this oxidation (wave C in Figure 4.11) is inherently
irreversible, it is also affected by the positive switching potential. It can be seen from Figure
4.11 that increasing the positive potential (to wave D in Figure 4.11) generates a reductive

event at approximately -2.03 V (wave E in Figure 4.11) on the reverse scan.

A
E A
C B E F
C
D 3 D
2
2
—> 7 —
Cycle 1 Cycle 1
1 2 3 0 0.5 1 1:5 2 2:5 3 3.5
Potential (V vs Fc%*) Potential (V vs Fc%*)

Figure 4.11. Effect of switching potential on reduction (left) and oxidation (right) of (NN™%)U(CH,Ph), in TFT with
TPABAr" as the supporting electrolyte.

The first oxidation process in (NN™*)U(CH,Ph), occurs at approximately -0.72 V (wave
D in Figure 4.11). On the reverse scan, two reductive events at -2.03 V and -2.36 V are
observed (E and F in Figure 4.11). The latter is attributed to reduction of 1,2-diphenylethane

(bibenzyl) that generates a radical anion, which can undergo dimerization,
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disproportionation, fragmentation, or protonation.®® Bibenzyl formation is a clear indication
that oxidation of uranium dialkyl complexes proceeds via a radical mechanism.

As shown in Figure 4.12, adding a drop of THF to the TFT solution of (NN™%)U(CH,Ph),
and TPABAr® slightly shifts the oxidation potential to more positive values and a third
oxidation event becomes apparent at approximately 0 V. Interestingly, we also observe
splitting of this wave when the potential is applied at a very low scan rate (Figure 4.12). This

is consistent with two successive, irreversible, one-electron processes (wave D in Figure

4.11).
3
2 ' ™~
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‘<3’ 0
‘a:'; 1
- TFT
o -2 10 mV/s
-3 \_o 0.5 1 '“?/'
4 TPABArF
50 mV/s
-5 T T T T T d
2 1 0 1 2 -3 -4

Potential (V vs Fc%+)
Figure 4.12. Oxidation of (NN™®%)U(CH,Ph), in TFT before and after addition of THF.

Taken together, these results enable us to propose a mechanism involving oxidatively
induced reductive elimination of both alkyl ligands. Scheme 4.5 shows the proposed
mechanism involving initial oxidation of iron, equilibration of redox states (i.e. [Fe*'U*'] =
[Fe"U*]) concomitant with or followed by dissociation of a benzyl radical, and coordination
of THF before the second electron is removed from a uranium-based orbital.

We propose that the splitting of the first oxidation wave at very low scan rates in
presence of THF is due to oxidation of the benzyl radical immediately upon metal-carbon
cleavage. The resulting benzyl cation is more reactive than the triphenylmethyl radical,®® 7

and is expected to react with fluoro-substituted tetraarylborate electrolyte anion. Indeed, at
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low scan rates and in presence of THF, the cathodic event corresponding to reduction of
bibenzyl is not observed. This attests to the critical role of coordinating solvent in the
oxidative pathway and fate of uranium dibenzyl complexes. Further oxidation of the resulting
uranium benzyl cation at approximately 0 V generates a uranium alkyl dication, from which a
second benzyl radical is ejected. Coordination of THF is stabilizing enough to allow isolation

of a dicationic Fe?*-U* species as a tetraphenylborate salt (Figure 4.13).

Scheme 4.5. Proposed mechanistic pathway for oxidation of (NN?)U(CH,Ph), complexes.

-e ‘CHzPh

FeNNU(CH2Ph), [FeNNU(CHzPh)D) [FeNNU(CHzPh)]* —> [FeNNU(CH:Ph)]"*
Fe(ll) - U(IV) Fe(lll) - U(IV) Fe(lll) - U(I) Fe(ll) - UQIV)

‘L/\THF

[FeNNU(CH,Ph)(THF)]*
Fe(ll) - UQIV)

l/\-e

[FeNNU(THF)]?* [Fe"NU(CHPh)(THF)]*

FeNNU(THF),]2*
[ € ( )2] Fe(ll) - U(V)

Fe(ll) - U(IV) Fe(ll) - U(Iv)

THF *CH2Ph

Figure 4.13. Ball-and-stick representation of [(NN""")U(THF);][BPh,], molecular structure. For clarity, hydrogen
atoms and CH; units of THF ligands are not shown.
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4.2.4 Uranium bis(amide) complexes, (NN} )U(NPh;),

At a glance, the overall electrochemical profile of uranium bis(amide) complexes
supported by ferrocene-based ligands appears simple (Figure 4.14). (NN™)U(NPh,); and
(NN®)U(NPh); undergo one oxidation and one reduction event at -0.20 and -2.40 V,

respectively. The latter is assigned to reduction of uranium.

(NNTBS)U(NPh2)2
(NNPMP)U(NPh2)2
THF, TPABArF
50 mV/s
1 0 A 2 3 4

Potential (V vs Fc%*)
Figure 4.14. Cyclic voltammograms of (NN"®*)U(NPh,), and (NN®*")U(NPh,),.

When the rate of applied potential is varied, it quickly becomes obvious that the
oxidative process is marked by something more than a simple electron transfer at the
electrode. As shown in Figure 4.15 for (NN"’)U(NPh;,),, when the direction of the potential
is reversed after oxidation is achieved (wave A in Figure 4.15), the peak potential (wave B in
Figure 4.15) increases with scan rate. This is characteristic of an “EC” mechanism, whereby
electron transfer is coupled to a chemical reaction and gain or loss of an electron activates
the complex towards bond cleavage.”' In case of (NN°")U(NPh),, the oxidative event
appears fully reversible when the potential is scanned at 1000 mV but totally irreversible at
10 mV. In other words, with 1000 mV/s, the chemical reaction that destroys the generated
cation can essential be outrun. Similar electrochemical behavior has been observed in

tricyclopentadienyl uranium chloride. The authors of the study proposed that oxidation of
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(MeCps3)UCL results in a cationic pentavalent uranium species, [(MeCp);UCL]", which undergoes
disproportionation, regenerating (MeCp;)UCl with simultaneous formation of [(MeCp);UCL]*".

A crucial difference between the behavior of (MeCps)UCL and (NN° P )U(NPh,), exists,
however. In the present case, when the potential is slowly scanned over two or more cycles, a
new reduction event becomes apparent at -2 V (wave C in Figure 4.15). Whereas
simultaneous disproportionation of [(MeCp;)UCL]" regenerates the neutral complex, the
chemical reaction coupled to the oxidation of (NN®"")U(NPh,), generates a species that itself
is redox active and slightly easier to reduce than the original complex. Moreover, as shown in

Figure 4.16, reduction of the generated species is reversible.

C
10 mV/s 2
10
—>
B —>
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-10
A

THF, TPABArF
THF, TPABArf 100 mV/s

1 0.5 0 -0.5 -1 -1.5 -2 -2.5 -3 0 -1 -2 -3
Potential (V vs Fc*) Potential (V vs Fc%*)
Figure 4.15. Scan rate effect on oxidation of (NN°’)U(NPh,), and cathodic evidence of coupled chemical
reaction.
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Figure 4.16. Reversible redox chemistry of species formed from decomposition of oxidation product.

Since the irreversible behavior of the main oxidation event does not appear to affect
the reduction of uranium, we propose that it is iron-based. Furthermore, when the potential

is scanned to more positive values, two additional irreversible oxidations are observed (D and
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E in Figure 4.17). As shown in Figure 4.17, the reduction event disappears completely as a
result of these oxidations. Therefore, we propose that the second and third oxidation events
are uranium based (U* > U > U®). This assignment is plausible because in the present
case, uranium is coordinated to four amide ligands (NN"" and NPh_), which are strong enough

electron donors to allow access to its high oxidation states.

Cycle 1

THF, TPABArf

--------------------

Potential (V vs Fc%+)
Figure 4.17. Successive one-electron oxidations of uranium in (NN"*")U(NPh,),.
4.2.5 Uranium aryloxide iodide complexes, (NN?)UI(OAr)

Cyclic voltammograms of mixed aryloxide iodide uranium complexes supported by
H,NN™* and H,NN"® ligands feature one uranium-based reductive event at approximately -2.2
V (Figure 4.18). Within the smallest potential range required for complete electron transfer,
the reduction of uranium is electrochemically reversible. However, as shown in Figure 4.19
for (NN™*)UI(OAr), applying more negative potential results in both a loss of current on the

reverse sweep as well as appearance of waves corresponding to oxidation of iodide.
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Figure 4.18. Cyclic voltammograms of (NN"®*)UI(OAr) and (NN"55)UI(OAr).
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Figure 4.19. Effect of scan rate and negative switching potential on oxidation and reduction of (NN"%)UI(OAr),
respectively.

100 mV/s <«

These observations are characteristic of an electrochemical mechanism in which the
electron transfer at the electrode is reversible but subsequently coupled to an irreversible
chemical reaction. More specifically, addition of an electron only activates the uranium-
iodide bond. This is in contrast to the behavior observed for (NN"®*)Ul,(THF), in which the
uranium-iodide bond is reversibly cleaved upon reduction. When enough potential is applied
to rupture that bond, however, the subsequent chemical reaction is faster than re-oxidation
at the electrode and the resulting “(NN™)UOAr” species instantly decomposes in THF. The

proposed mechanism is shown in Scheme 4.4.
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Scheme 4.6. Proposed mechanism for reduction of (NN?)UIOAr.
I_
| |
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In contrast to their reduction, the oxidation of (NN®)UIOAr occurs at different
potentials. Specifically, the NN™° and NNY® analogues are oxidized at 0 V and -0.14 V,
respectively. This process operates by a basic electron transfer mechanism, in which the
reversibility of the electron transfer is greatest at slow scan rates and is dependent on the
rate of diffusion to and from the electrode.”" As shown in Figure 4.19, the separation of peak
potentials increases with scan rate, signifying slow kinetics. At 100 mV/s, the forward and
reverse electron transfers occurs almost concurrently (i.e. reversible), while at 700 mV/s, the
process becomes quasi-reversible. Finally, as shown in Figure 4.20, applying potential beyond
what is required for oxidation results in dissociation of the aryloxide anion or radical and
decomposition of the generated cationic [(NN™*)UI(OAr)]*. Although this oxidation event is
most likely iron-based, further measurements need to be conducted in order to confidently

determine which metal is involved in the oxidation process.

(NNTES)UI(OAr)

Current
Current

\ﬁ) Cycle 1 (NNTBS)UI(OAr)
2 1 0 a 2

2 1 0 -1 -2 -3
Potential (V vs Fc%*) Potential (V vs Fc%+)

Figure 4.20. Effect of positive switching potential on oxidation in (NNT®%)UI(OAr) and its decomposition via
dissociation of "OAr.
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4.3 CONCLUSIONS

In conclusion, using cyclic voltammetry, redox chemistry of various 1,1’-
ferrocenediamido uranium complexes was brought to light. Specifically, uranium
bis(aryloxide) derivatives show simple electrochemical behavior with reversible iron oxidation
and uranium reduction events. Uranium diiodides are shown to be susceptible to reversible
uranium-iodide bond cleavage upon reduction and postulated to undergo disproportionation
upon oxidation. lodide dissociation also occurs upon reduction of mixed aryloxide-iodide
uranium complexes but is irreversible. Uranium dibenzyl complexes undergo irreversible
oxidation and reduction events and are prone to loss of benzyl radicals. Coordinating solvent
molecules stabilize the resulting cationic species. Finally, a chemical reaction is observed to
accompany oxidation of iron in the electron-rich uranium bis(amide) complexes, which can
also undergo two successive but irreversible one-electron uranium-based oxidations at more

positive potentials.

4.4 APPENDIX D

4.4.1 Synthesis

General Considerations. All experiments were performed under a dry nitrogen atmosphere
using standard Schlenk techniques or an MBraun inert-gas glove box. Solvents were purified
using a two-column solid-state purification system by the method of Grubbs’® and transferred
to the glovebox without exposure to air. NMR solvents were obtained from Cambridge Isotope
Laboratories, degassed, and stored over activated molecular sieves prior to use. 'H and "*C
NMR spectra were recorded on Bruker300 or Bruker500 spectrometers at room temperature in
CesDs or CDCl3. Chemical shifts are reported with respect to solvent residual peaks, 7.16 ppm
(C¢De) or 7.26 (CDCl3). Cyclic voltammetry measurements were conducted on a CH

Instruments CHI630D potentiostat using a 2-mm platinum disk as the working electrode, 3-mm
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glassy carbon disk as the counter electrode, and 0.25-mm silver wire as the pseudo-reference
electrode. CHN analyses were performed on an Exeter Analytical, Inc. CE-440 Elemental
Analyzer. Me,PhSiCl, Et;N, KH, 2,6-di-tert-butylphenol, [BusN][I], and nBulLi were purchased
from Alfa Aesar and used as received. [BusN][PF¢], [EtsNH]Br, and NaBPh, were purchased
from Sigma Aldrich and recrystallized from THF before use. H,NN™° 73 H,NN™® 7* and
H,NNYE 7> KCH,Ph,”® LiNPh,,”” TPABAr",”® Ul4(1,4-dioxane),,” Ul4(Et;0),,% (NN™)UI,(THF),”
(NN®%)U(CH,Ph),,”® and (NN™®%)U(CH,Ph),*® were synthesized following previously published

procedures.

Synthesis of potassium 2,6-di-tert-butylphenoxide (KOAr). A hexanes solution of 2,6-di-
tert-butylphenol was filtered through alumina and stored at -35 °C for 24 h. Pale yellow-green
crystals (85 mg, 0.41 mmol, 1 equiv) were dissolved in Et,0 and cooled for 15 min. Solid
KCH2Ph (53 mg, 0.41 mmol, 1 equiv) was added to the stirring solution of the phenol and the
reaction mixture was allowed to stir at room temperature for 90 min. The initially bright
orange gradually faded to a very light pink color. The resulting suspension was filtered
through a medium-porosity frit, and the light pink solid was washed with fresh Et,0 and dried.

Yield: 98 mg, 97%.

Synthesis of potassium diphenylamide (KNPh;). In a 20 mL scintillation vial, solid KH (85.2
mg, 2.1 mmol, 1.2 equiv) was added to a cold diethyl ether solution of HNPh; (302.8 mg, 1.8
mmol, 1 equiv). After the white suspension was allowed to stir for 10 min, it was placed at -
40 °C to allow the precipitate to settle. The solvent was decanted, after which the solid was

washed with cold diethyl ether and dried under reduced pressure. Yield: 320.7 mg, 86 %.

Synthesis of [Et;NH][BPh,]. A saturated ethanol solution of [Et;NH]Br (677 mg, 3.6 mmol, 1.1
equiv) was added to an ethanol solution of NaBPh, (1.07 g, 3.3 mmol, 1 equiv). White powder
precipitated immediately but the solution was allowed to stir at room temperature for 90
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min. The solid was collected onto a medium-porosity frit, washed with a mixture of ethanol

and water, and then thoroughly dried under reduced pressure. Yield: 1.18 g, 85 %.

Synthesis of (NN°P)UI,(THF). A slurry of [K(OEt;),]:[NN°] (95 mg, 0.013 mmol, 0.9 equiv) in
THF was added to a frozen THF solution of Ul4(1,4-dioxane); (137 mg, 0.015 mmol, 1 equiv).
The reaction mixture was allowed to stir at room temperature for 1 h. It was then filtered
through Celite. The crude product was dried, dissolved in toluene, filtered through Celite,
and dried. Yield: 133 mg, 85 %. (NN°)UI,(THF) is insoluble in hexanes, n-pentane, diethyl

ether, slightly soluble in toluene, and completely soluble in THF and DCM.

Synthesis of (NNYE%)UI,(THF). A slurry of [K(OEt;),],NN"** (420 mg, 0.610 mmol, 0.9 equiv) in
THF was added to a frozen THF solution of Ul4(1,4-dioxane), (636 mg, 0.677 mmol, 1 equiv).
The reaction mixture was allowed to stir at room temperature for 2 h. The solution was
filtered through a medium-porosity frit. The pale yellow solid remaining on the frit was
washed with hexanes, diethyl ether, and toluene, and then dried under reduced pressure.
Yield: 562 mg, 82%. (NN"¥)UI,(THF) is sparingly soluble in THF and halogenated solvents. It

turns dark orange when dissolved in CH,Cl; or CDCls.

Synthesis of (NN )U(CH.Ph),. A toluene slurry of KCH,Ph (42.7 mg, 0.33 mmol, 2.1 equiv)
was added to a cold toluene solution of (NN°)UI(THF) (163.9 mg, 0.16 mmol, 1 equiv).
After 75 min of stirring at room temperature, the solution was filtered through Celite and
toluene was removed under reduced pressure. The product was extracted into hexanes. Yield:
128.6 mg, 89%. (NN®")U(CH,Ph), is soluble in all common organic solvents. Its stability in THF

and halogenated solvents was untested.

Synthesis of [(NN"")U(THF);][BPh],. Solid [Et;NH][BPh,] (52.8 mg, 0.13 mmol, 1 equiv) was

added to a toluene solution of (NN"™)U(CH.Ph); (117.9 mg, 0.13 mmol, 1 equiv). The
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reaction mixture was stirred at room temperature for 2 h, filtered through Celite, and dried
under reduced pressure. The crude solid was washed with diethyl ether and the product
extracted into THF. Crystals formed from a dilute solution at room temperature after several

hours. Yield: trace.

Synthesis of (NN®*")U(OAr),. A THF solution of KOAr (73 mg, 0.3 mmol, 1.5 equiv) was added
to a THF solution of (NN?)UI,(THF) (207.9 mg, 0.2 mmol, 1 equiv). The clear dark orange
solution became cloudy while stirring at room temperature. After 1 h, the reaction mixture
was filtered through Celite, the crude solid washed with hexanes, and extracted into diethyl

ether. Yield: 180.4 mg, 51%. Dark red crystals formed from Et,;0 at -40 °C.

Synthesis of (NN™*)U(OAr),. A THF solution of KOAr (60 mg, 0.24 mmol, 1.5 equiv) was
added to a cold THF solution of (NN™%)UI,(THF) (146.6 mg, 0.16 mmol, 1 equiv). While
stirring at room temperature, the reaction mixture became increasingly cloudy. It was
filtered through Celite after 3 h, and then dried. The product was extracted into hexanes and

filtered through Celite twice. Yield: 128.8 mg, 79%.

Synthesis of (NN"*)UIOAr. (NN™%)UI,(THF) (165 mg, 0.16 mmol, 1 equiv) was dissolved in
THF and solid KOAr (45 mg, 0.19 mmol, 1.5 equiv) was added. The solution became cloudy
after 15 minutes of stirring at room temperature. The mixture was filtered through Celite
after an additional 45 minutes and dried under reduced pressure. The product was extracted
into hexanes, filtered through Celite, and dried. Yield = 155 mg, 94 0%. Dark red rectangular
crystals formed at -40 °C after 1 h. Upon addition of one equivalent of KCH,Ph, formation of

(NN"®%)U(OAr)(CH,Ph)®' was detected by "H NMR.

Synthesis of (NN®*)U(NPh;),. At room temperature, a THF solution of LiNPh, (14.2 mg, 0.07

mmol, 2 equiv) was slowly added to a stirring THF solution of (NN"®*)Ul,(THF) (37.3 mg, 0.03

150



mmol, 1 equiv). The reaction mixture was allowed to stir at room temperature. After 30 min,
the solvent was removed under reduced pressure to yield red-brown oil. The product was
extracted into hexanes, filtered, and dried. Finally, it was washed with cold n-pentane, and
dried. Yield: 33.2 mg, 98 %. (NN"™)U(NPh,); is soluble in hexanes and n-pentane, but soluble

in diethyl ether, toluene, and THF.

Synthesis of (NN°)U(NPh;),. At room temperature, a THF solution of KNPh, (56 mg, 0.27
mmol, 2.1 equiv) was added to a stirring THF solution of (NN°")UI,(THF) (134.6 mg, 0.13
mmol, 1 equiv). After several seconds, white solid precipitated. After stirring for 15 min, the
reaction mixture was filtered through Celite and dried under reduced pressure. The crude
solid was washed with hexanes and the product extracted into diethyl ether. The dark yellow
solution was concentrated and store at -40 °C. Dark block crystals formed after 12 h. Yield =
74.4 mg, 54%. (NN™)U(NPh,); is insoluble in hexanes and n-pentane, but soluble in diethyl
ether, toluene, and THF. Neither its solubility nor stability in halogenated solvents was

determined.

4.4.2 Elemental analysis

(NN®")U(CH.Ph), (NNT®%)UI(OATr)

C40H44F€N2512U, 903 g/mol C3(,H59N25]20|F€U, 1013 g/mol

Calculated: 53.21 %C, 4.91 %H, 3.10 %N Calculated: 42.69 %C, 5.87 %H, 2.77 %N
Found: 52.90 %C, 4.83 %H, 3.16 %N Found: 43.15 %C, 5.86 %H, 2.72 %N
(NN*")U(OAr), (NN®%)U(NPh,),

C54H72F€N202$izu, 1131 g/mol C4(,H58FGN4512U, 1017 g/mol

Calculated: 57.34 %C, 6.42 %H, 2.48 %N Calculated: 54.32 %C, 5.75 %H, 5.51 %N
Found: 57.30 %C, 6.29 %H, 2.63 %N Found: 54.89 %C, 5.72 %H, 5.46 %N
(NN™)U(OAr),

C44H68FGN2025i2U, 1007 g/mol
Calculated: 52.88 %C, 6.40 %H, 4.68 %N
Found: 52.48 %C, 6.81 %H, 2.78 %N
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4.4.3 "H NMR spectroscopy
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Figure D1. 'H NMR spectrum (300 MHz, CDCLs) of (NN**")UI,(THF); 3, ppm: 55.7 (s, 12H,p-mSi(CH3)z), 51.9 (s, 4H, -
Si(CeHs)), 13.6 (s, 4H, -Si(CeHs)), 11.1 (s, 2H, -Si(CeHs)), -19.2 (s, 4H, CpH), -26.0 (s, 4H, -OC4Hg), -39.4 (s, 4H,

CpH), -68.9 (s, 4H, -OC4Hz).
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Figure D2. "H NMR spectrum (300 MHz, CDCl;) of (NN"E%)UI,(THF); &, ppm: 42.07 (s, 4H, Me;CcH,), 41.86 (s, 12H,
ortho-(CH;);CeH,), 24.07 (s, 6H, para-(CHs)3C¢Hy), -0.6 (s, 4H, -OC4Hs), -6.3 (s, 4H, -OC4Hsg), -19.14 (s, 4H, CpH), -
38.57 (s, 4H, CpH).
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Figure D3. 'H NMR spectrum (300 MHz, C4D¢) of (NN°™)U(CH,Ph),; 3, ppm: 47.2 (s, 12H, -Si(CHs);), 39.9 (s, 4H, -
Si(CeHs)), 14.2 (s, 4H, -Si(C¢Hs)), 11.8 (s, 2H, -Si(C4Hs)), -8.2 (s, 4H), -12.0 (s, 2H, -CH,(CeHs)), -17.3 (s, 4H), -

17.6 (s, 4H), -34.3 (s, 4H).
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Figure D4. "H NMR spectrum (300 MHz, C¢Ds) of (NN°M)U(OAr)y; 3, ppm: 23.8 (d, 4H,
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Si(CH3)2), 13.3 (t, 4H, -Si(C¢Hs)), 11.9 (t, 2H, -Si(CeHs)), 3.9 (t, 2H, -OPhH), 3.4 (s, 4H, -OPhH), -2.7 (b, 36H, -

OPhC(CHs)3), -13.5 (s, 4H, CpH), -21.2 (s, 4H, CpH).
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Figure D5. 'H NMR spectrum (300 MHz, CeDe) of (NN™S)U(OAr); &, ppm: 21.1 (s, 18H,
OPhH), 2.8 (s, 4H,-OPhH), -2.4 (s, 36H, -OPhC(CHs)3), -13.2 (s, 4H, CpH),
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Figure D7. "H NMR spectrum (300 MHz, C,D¢) of (NN™*)U(NPh,),; &, ppm: 43.8 (s, 12H, -Si(CHs),), 33.7 (s, 18H, -
SiC(CHs)3), -3.1 (s, 4H), -5.2 (s, 8H), -18.7 (s, 4H), -28.7 (s, 8H), -37.3 (s, 4H).

4.4.4 Cyclic voltammetry
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Figure D8. CV of a 2.8 mM THF solution of (NN™)Ul,(THF) with TPABAr as the supporting electrolyte.
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Figure D9. CV of a 3.6 mM THF solution of (NNT®)UI,(THF) with TPABAT" as the supporting electrolyte.
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Figure D10. CV of a 1.2 mM THF solution of (NN®")UI,(THF) with TPABAr as the supporting electrolyte.
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Figure D11. CV of a 1.8 mM Et,0 solution of (NN®"’)UI,(THF) with TPABAr" as the supporting electrolyte: effect of
switching potential (left) and addition of THF (right).
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Figure D12. CV of a 2.8 mM THF solution of (NN"¥)UI,(THF) with TPABAr" as the supporting electrolyte.
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Figure D13. CV of a 6.7 mM THF solution of (NN"¥%)UI(OAr) with TPABAr" as the supporting electrolyte.
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Figure D14. Comparison of (NN¥¥%)UI(OAr) and (NN"¥)UI,(THF) voltammograms.
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Figure D15. CV of a 3.4 mM THF solution of (NNT®*)UI(OAr) with TPABAr® as the supporting electrolyte.
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Figure D15. CV of a 2 mM THF solution of (NN®*")U(NPh,), with TPABAr' as the supporting electrolyte.
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Figure D16. CV of a 3.6 mM THF solution of (NNTB)U(NPh,), with TPABAr" as the supporting electrolyte.

30
25
20
15

10

Current (uA)

- Va5 250 mV/s
100 mV/s
-15
b 50 mV/s
-20 T T T T T T T "
0.5 0 -0.5 -1 -1.5 -2 -2.5 -3 -3.5

Potential (V vs Fc%+)
Figure D17. CV of a 4 mM TFT solution of (NN®"")U(CH,Ph), with TPABAr" as the supporting electrolyte.
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Figure D18. CV of a 5.5 mM TFT solution of (NN™%)U(CH,Ph), with TPABAr" as the supporting electrolyte.
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Figure D19. CV of a 1.7 mM TFT solution of (NN®?)U(CH,Ph), with TPABAr" as the supporting electrolyte.

4.4.5 UV-Vis-NIR spectra
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Figure D20. UV-Vis and NIR spectra of (NN™)UI,(THF) in THF (0.53 mM and 19 mM, respectively).
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Figure D21. UV-Vis and NIR spectra of (NNT%)UI,(THF) in THF (0.38 mM and 2.6 mM, respectively).
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Figure D22. UV-Vis and NIR spectra of (NN®"")Ul,(THF) in THF (0.67 mM and 12.2 mM, respectively).
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Figure D23. UV-Vis and NIR spectra of (NN*¥)Ul,(THF) in THF (0.60 mM and 9.3 mM).
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Figure D24. UV-Vis and NIR spectra of (NN\P)UI,(THF) in THF (0.40 mM and 9.0 mM, respectively).
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Figure D25. IR and NIR spectra (15.9 mM) of (NN™)U(CH,Ph), in toluene.
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Figure D26. IR and NIR spectra (23.4 mM) of (NN"®%)Ul,(CH,Ph), in toluene.
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Figure D27. IR and NIR spectra (22.7 mM) of (NN®*")Ul,(CH,Ph); in toluene.
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Figure D28. NIR spectrum of (NNN°)UI,(CH,Ph), in toluene (16.5 mM).
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Figure D29. UV-Vis-NIR spectrum of (NN®*)U(OAr), in THF (0.65 mM) (left) and in situ oxidation with I, (right).
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4.4.6 X-ray crystallography

Figure D30. Crystal data for [(NNP)U(THF);][BPh,],, formula CggHosB,FeN,0,5i,U; space group P2(1)/c; V =
8242.37 A%; a = 23.407(9) A, b = 14.759(2) A, c = 25.202(9) A; B = 108.80(5)°. For clarity, CH, units of each THF ring
have been omitted in the bottom two depictions.

Figure D31. Crystal data for (NN®"")U(CH,Ph),, formula C4HFeN,Si;U; space group P-1; V = 1795.08 A% a =
9.881(2) A, b = 11.904(9) A, c = 17.141(4) A; a = 69.95(8)°, B = 75.04(5)°, Y = 74.61(7)°
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4.4.7 Density Functional Theory

Figure D32. Ball-and-stick representations of calculated geometry of (NN™S)UI,(THF). For clarity, silyl
substituents were removed in the top right and bottom two figures. Hydrogen atoms are not shown. Level of
theory: uB3LYP; basis sets and effective core potentials: ECP60MWB_ANO for U, ECP28MDF_VDZ for I, and 6-31G*
for Fe, Si, O, N, C, and H atoms.
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Figure D33. Calculated IR spectrum of (NN™5)UI,(THF) in gas phase.
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w
Figure D34. Ball-and-stick representations of calculated geometry of (NN™)UI(THF). For clarity, silyl
substituents were removed in the top right and bottom two figures. Hydrogen atoms are not shown. Level of
theory: uB3LYP; basis sets and effective core potentials: ECP78MWB for U, MWB46 for |, ECP10MDF for Fe, and 6-
31G for Si, O, N, C, and H atoms.
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Figure D35. Calculated IR spectrum of (NNT®%)UI,(THF) in gas phase.
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Figure D36. Ball-and-stick representations of calculated geometry of (NNYE%)Ul,. For clarity, hydrogen atoms are
not shown. Level of theory: uB3LYP; basis sets and effective core potentials: ECP78MWB for U, MWB46 for I,
ECP10MDF for Fe, and 6-31G for Si, O, N, C, and H atoms.
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Figure D37. Calculated IR spectrum of (NN*¥)UL, in gas phase.
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Table D1. (NN™)Ul,(THF) Value Threshold Converged?
Maximum Force 0.000015 0.00045 YES
RMS Force 0.000003 0.0003 YES
Maximum Displacement 0.001659 0.0018 YES
RMS Displacement 0.000251 0.0012 YES
Center Atomic Atomic Coordinates (Angstrom)
No. No. Type X Y Z
1 92 0 0.23166 -0.298596 0.060216
2 53 0 -0.072319 -1.296083 -2.905529
3 53 0 2.847638 -1.956442 0.399294
4 26 0 -2.193312 1.991546 -0.131877
5 14 0 2.702789 2.435639 -0.690487
6 14 0 -2.391516 -2.848298 0.601459
7 8 0 0.498916 0.343083 2.458235
8 7 0 1.014753 1.778952 -0.406104
9 7 0 -1.791999 -1.117154 0.578064
10 6 0 -0.756583 3.57748 0.068726
11 1 0 -0.407831 3.933242 1.025192
12 6 0 -1.861596 4.076286 -0.681734
13 1 0 -2.51105 4.887029 -0.387684
14 6 0 -1.831048 3.472853 -2.003847
15 1 0 -2.542846 3.668335 -2.792348
16 6 0 -0.802497 2.538538 -2.03773
17 1 0 -0.556113 1.860033 -2.84102
18 6 0 -0.14418 2.530091 -0.725487
19 6 0 -2.962075 0.767331 1.83568
20 1 0 -2.449765 0.636502 2.776136
21 6 0 -3.941064 1.705277 1.522404
22 1 0 -4.330633 2.471193 2.177389
23 6 0 -4.321168 1.527446 0.13109
24 1 0 -5.111602 2.067716 -0.36694
25 6 0 -3.621835 0.402545 -0.388052
26 1 0 -3.743165 -0.057264 -1.356173
27 6 0 -2.676368 -0.01462 0.6334
28 6 0 3.538448 1.489186 -2.118705
29 1 0 2.926288 1.535888 -3.025219
30 1 0 3.686656 0.434774 -1.865745
31 1 0 4.518963 1.928649 -2.339134
32 6 0 2.509348 4.284955 -1.136885
33 1 0 2.030214 4.846817 -0.329045
34 1 0 1.905437 4.408922 -2.041394
35 1 0 3.498533 4.720557 -1.321176
36 6 0 3.724427 2.24526 0.915564
37 1 0 3.719798 1.207124 1.263608
38 1 0 3.334354 2.88959 1.711866
39 1 0 4.766716 2.530824 0.729521
40 6 0 -3.526428 -3.174785 -0.897597
41 1 0 -2.993488 -2.959588 -1.829427
42 1 0 -4.429087 -2.556643 -0.856934
43 1 0 -3.834201 -4.227245 -0.911716
44 6 0 -3.351908 -3.069297 2.241129
45 1 0 -4.154768 -2.329128 2.324912
46 1 0 -2.684165 -2.951381 3.101432
47 1 0 -3.800417 -4.068664 2.288712
48 6 0 -0.862471 -3.986124 0.550912
49 1 0 -0.16117 -3.783839 1.367435
50 1 0 -0.322254 -3.904708 -0.397855
51 1 0 -1.194621 -5.026716 0.651963
52 6 0 0.346218 1.71728 3.022433
53 1 0 -0.620953 2.09415 2.689875
54 1 0 1.146613 2.326402 2.595528
55 6 0 0.47491 1.537928 4.536359
56 1 0 0.875457 2.432745 5.021535
57 1 0 -0.501035 1.318012 4.985116
58 6 0 1.416302 0.318589 4.671047
59 1 0 1.328759 -0.173941 5.64355
60 1 0 2.459895 0.623714 4.536501
61 6 0 0.976558 -0.593744 3.525976
62 1 0 1.77479 -1.192482 3.086817
63 1 0 0.127837 -1.231009 3.792833
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Table D2. (NN"™)Ul,(THF) Value Threshold | Converged?
Maximum Force 0.000429 0.00045 YES
RMS Force 0.000065 0.0003 YES
Maximum Displacement 0.000741 0.0018 YES
RMS Displacement 0.000157 0.0012 YES
Center Atomic Atomic Coordinates (Angstrom)
No. No. Type X Y z
1 92 0 -0.11461 -0.31471 -0.069938
2 53 0 0.060553 -0.250035 -3.164258
3 53 0 -0.298771 -3.410029 0.075274
4 26 0 0.464595 3.0164 0.181237
5 14 0 3.646751 -0.656686 0.86367
6 14 0 -3.8815 0.763474 0.07313
7 8 0 -0.396683 -0.418665 2.438817
8 7 0 2.070538 0.207426 0.512026
9 7 0 -2.055581 0.911616 0.176206
10 6 0 2.081943 2.579401 1.464349
11 1 0 2.016095 2.331219 2.510776
12 6 0 2.240673 3.888212 0.909091
13 1 0 2.293657 4.810979 1.464493
14 6 0 2.311899 3.763317 -0.519603
15 1 0 2.422196 4.576093 -1.219415
16 6 0 2.206043 2.38011 -0.853937
17 1 0 2.236695 1.951622 -1.842332
18 6 0 2.101804 1.618496 0.380645
19 6 0 -1.336497 3.106361 1.280358
20 1 0 -1.46908 2.816408 2.309625
21 6 0 -0.995918 4.40801 0.801273
22 1 0 -0.799924 5.277071 1.408795
23 6 0 -0.951011 4.359872 -0.634081
24 1 0 -0.710903 5.185748 -1.284403
25 6 0 -1.266252 3.032444 -1.048746
26 1 0 -1.33529 2.672285 -2.062127
27 6 0 -1.548858 2.237886 0.136666
28 6 0 4.504525 0.222195 2.343835
29 1 0 3.923089 0.109559 3.266114
30 1 0 4.639542 1.2913 2.154294
31 1 0 5.492215 -0.22148 2.516463
32 6 0 3.309083 -2.473793 1.342311
33 1 0 2.831136 -3.034135 0.535468
34 1 0 2.673133 -2.560108 2.226334
35 1 0 4.266126 -2.955408 1.573303
36 6 0 -4.466278 2.011184 -1.260939
37 1 0 -4.105405 1.728996 -2.255563
38 1 0 -4.099619 3.018543 -1.041102
39 1 0 -5.560909 2.046303 -1.288255
40 6 0 -4.666169 1.319599 1.739404
41 1 0 -4.258753 2.291606 2.039344
42 1 0 -4.490489 0.604982 2.549453
43 1 0 -5.749933 1.433488 1.620225
44 6 0 0.664949 -0.835939 3.395437
45 1 0 1.564747 -0.295269 3.111801
46 1 0 0.819704 -1.913011 3.279614
47 6 0 0.087119 -0.483771 4.763252
48 1 0 0.554345 -1.058387 5.568076
49 1 0 0.225932 0.582098 4.978228
50 6 0 -1.411661 -0.817587 4.588461
51 1 0 -2.046686 -0.289996 5.305923
52 1 0 -1.575371 -1.892768 4.718822
53 6 0 -1.715271 -0.397309 3.143181
54 1 0 -2.379574 -1.084037 2.620245
55 1 0 -2.098292 0.619022 3.058035
56 6 0 -4.508564 -1.027178 -0.400568
57 6 0 -3.84558 -1.51055 -1.710527
58 6 0 -4.256427 -2.055215 0.726761
59 6 0 -6.041844 -0.922598 -0.628218
60 1 0 -4.014267 -0.810914 -2.537265
61 1 0 -2.764215 -1.644414 -1.606341
62 1 0 -4.260779 -2.484563 -2.006036
63 1 0 -4.73104 -1.751213 1.668663
64 1 0 -4.682017 -3.028742 0.443981
65 1 0 -3.188989 -2.2214 0.904294
66 1 0 -6.441504 -1.917291 -0.87105
67 1 0 -6.569981 -0.56621 0.264965
68 1 0 -6.289053 -0.256708 -1.462447
69 6 0 4.855264 -0.63357 -0.679777
70 6 0 4.098224 -1.09578 -1.945253
71 6 0 5.449669 0.777414 -0.905469
72 6 0 6.023592 -1.615822 -0.401817
73 1 0 3.684633 -2.105062 -1.826854
74 1 0 3.26822 -0.428623 -2.196986
75 1 0 4.781474 -1.119781 -2.806788
76 1 0 6.034697 1.114004 -0.040404
77 1 0 6.126127 0.760264 -1.772918
78 1 0 4.676 1.526216 -1.102155
79 1 0 6.739538 -1.579463 -1.235675
80 1 0 6.574395 -1.358338 0.51253
81 1 0 5.677136 -2.651476 -0.313355




Table D3. (NNY55)UI,(THF) Value Threshold | Converged?
Maximum Force 0.000004 0.00045 YES
RMS Force 0.000001 0.0003 YES
Maximum Displacement 0.000901 0.0018 YES
RMS Displacement 0.000117 0.0012 YES

Center Atomic Atomic Coordinates (Angstroms)

No. No. Type X Y z

1 92 0 0.002454 -0.346697 0.074346
2 53 0 -0.120256 -2.307971 2.436739
3 53 0 0.210102 -2.642171 -1.943399
4 26 0 0.007381 3.374281 0.092381
5 7 0 -1.982301 0.707562 0.275278
6 7 0 1.85012 0.860084 -0.382502
7 6 0 -2.178722 3.26102 0.200861
8 1 0 -2.849689 3.356842 -0.638269
9 6 0 -1.708471 4.324019 1.037293
10 1 0 -1.935022 5.372917 0.925475
11 6 0 -0.864906 3.738492 2.033405
12 1 0 -0.389579 4.258374 2.850134
13 6 0 -0.979075 2.295361 1.927808
14 1 0 -0.577212 1.578229 2.629997
15 6 0 -1.818224 1.99875 0.827071
16 6 0 0.887292 2.736307 -1.808036
17 1 0 0.416904 2.140276 -2.574859
18 6 0 1.021537 4.179079 -1.826377
19 1 0 0.566419 4.836524 -2.551532
20 6 0 1.861455 4.559618 -0.76602
21 1 0 2.138459 5.568961 -0.500997
22 6 0 2.198959 3.375536 -0.017733
23 1 0 2.868903 3.335796 0.82634
24 6 0 1.698743 2.228777 -0.740068
25 6 0 3.186779 0.318658 -0.227114
26 6 0 3.910844 -0.043027 -1.392037
27 6 0 3.75864 0.157128 1.055991
28 6 0 5.18997 -0.589091 -1.243972
29 6 0 5.046405 -0.396642 1.147965
30 6 0 5.773195 -0.785028 0.017715
31 1 0 5.742496 -0.87136 -2.136073
32 1 0 5.488749 -0.520965 2.132823
33 6 0 -3.288059 0.24734 -0.135779
34 6 0 -3.621019 0.161437 -1.506894
35 6 0 -4.229367 -0.117958 0.860949
36 6 0 -4.896916 -0.309803 -1.856914
37 6 0 -5.486089 -0.581233 0.457692
38 6 0 -5.838468 -0.693979 -0.896369
39 1 0 -5.156125 -0.373679 -2.910264
40 1 0 -6.205049 -0.8667 1.220947
41 6 0 -7.193944 -1.229287 -1.299867
42 6 0 -3.893034 -0.023779 2.330811
43 6 0 -2.663923 0.560139 -2.609381
44 6 0 3.323421 0.152709 -2.769459
45 6 0 3.049385 0.560733 2.332005
46 6 0 7.142872 -1.412542 0.147928
47 1 0 -7.994378 -0.796567 -0.688689
48 1 0 -7.413767 -1.011625 -2.349764
49 1 0 -7.242603 -2.318896 -1.17209
50 1 0 -4.726337 -0.387506 2.938763
51 1 0 -3.008765 -0.6216 2.580359
52 1 0 -3.678288 1.007819 2.633996
53 1 0 -3.219533 0.907535 -3.486731
54 1 0 -1.990085 1.36348 -2.296027
55 1 0 -2.043965 -0.286588 -2.932761
56 1 0 3.146761 1.213148 -2.985459
57 1 0 3.998133 -0.241287 -3.534754
58 1 0 2.362326 -0.364438 -2.870504
59 1 0 2.328437 1.366074 2.168667
60 1 0 2.50173 -0.281195 2.774903
61 1 0 3.776582 0.899932 3.077458
62 1 0 7.084219 -2.5068 0.073625
63 1 0 7.818009 -1.070159 -0.644229
64 1 0 7.602302 -1.174159 1.112538
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Table D4. (NN™5)UI,(THF)

(Hartree/Particle)

Zero-point_correction= 0.506651
Thermal correction to Energy= 0.546398
Thermal correction to Enthalpy= 0.547342
Thermal correction to Gibbs Free Energy= 0.428775

Sum of electronic and zero-point Energies=

-1743.070993

Sum of electronic and thermal Energies=

-1743.031246

Sum of electronic and thermal Enthalpies=

-1743.030301

Sum of electronic and thermal Free Energies= -1743.148868
E (Thermal) Ccv S
KCal/Mol Cal/Mol-K Cal/Mol-K
Total 342.87 139.387 249.545
Electronic 0 (0] 2.183
Translational 0.889 2.981 46.34
Rotational 0.889 2.981 37.638
Vibrational 341.092 133.425 163.384

Table D5. (NN™®)UI,(THF)

(Hartree/Particle)

Zero-point_correction= 0.680841
Thermal correction to Energy= 0.727401
Thermal correction to Enthalpy= 0.728345
Thermal correction to Gibbs Free Energy= 0.596591

Sum of electronic and zero-point Energies=

-1978.698304

Sum of electronic and thermal Energies=

-1978.651743

Sum of electronic and thermal Enthalpies=

-1978.650799

Sum of electronic and thermal Free Energies= -1978.782553
E (Thermal) Ccv S
KCal/Mol Cal/Mol-K Cal/Mol-K
Total 456.451 169.251 277.3
Electronic 0 (0] 2.183
Translational 0.889 2.981 46.6
Rotational 0.889 2.981 38.373
Vibrational 454.674 163.29 190.144

Table D6. (NN"¥)Ul,(THF)

(Hartree/Particle)

Zero-point_correction= 0.510417
Thermal correction to Energy= 0.547957
Thermal correction to Enthalpy= 0.548901
Thermal correction to Gibbs Free Energy= 0.432716

Sum of electronic and zero-point Energies=

-1391.201471

Sum of electronic and thermal Energies=

-1391.163931

Sum of electronic and thermal Enthalpies=

-1391.162986

Sum of electronic and thermal Free Energies= -1391.279172
E (Thermal) Ccv S
KCal/Mol Cal/Mol-K Cal/Mol-K
Total 343.848 135.03 244.533
Electronic 0 (0] 2.183
Translational 0.889 2.981 46.404
Rotational 0.889 2.981 38.271
Vibrational 342.071 129.068 157.676
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CHAPTER 5

Electronic Communication in Bis(1,1’-Diamidoferrocene) Uranium
Complexes

TABLE OF CONTENTS

TR T 10 e 11T o o 176
5.2 DiscusSion Of resUItS ...cciiiiiiiiiiiinneeeiiiiiiieiiiiiiiennsssssssssssssccsssssssscenssssans 178
o 0 A B A (=Tt o Tl 1 =110 15 Y 178
5.2.2 Decomposition of oxidized compleXes .....cvvvriiiiiiiiiiiiiiiiiiiiiiiiniianannn. 184
5.2.3 Structural featUreS .....ueeieiiiiiiiiii ittt eeeeeeeaeeeeeaaanns 186
5.2.4 Vibrational SPeCtrOSCOPY «.vvettrtrreteeeeiiieeeeereeeeaaaannnnnnnereeeesseenns 190
5.2.5 EleCtroniC SPECIIOSCOPY «uuuuuiieeiiiettettttttettiiieeeeeaeeeeeeeeeessnnnnnnnnnnns 193
o BN Y TIt= T (T ] o 1 1= Y 212
o TG T 0 T od 1T 1= o T o -3 226
R 1Y o T 7= 2 T 1 G 227
o T T Y] 1 13 £ 227
5.4.2 Elemental @analysis. .ccuuueuuiiiiieiiiietieteitttettiiiiieeeeeeeeeeeeeeessnnnnnnnnnnns 232
5.4.3 TH NMR SPEOCEIA.«vueveneneeineineeeneenee et ea e e eaeen e eaeeneeneaeaeeneenes 233
5.4.4 Crystal StrUCTUIES. .. .ueettt ettt ettt ettt eeeeeeaeannnnneeeeaeeeeenns 235
5.4.5 Cyclic VOltammMOgGIramsS.....veeettrrteeeeeiriiiieeeeeeeeeeaanannnnnnnereeeeseeenns 237
5.4.6 Differential pulse voltammoOgrams. ... ..uuuueeerrtiiirtrreiaiiiiiiiieeeeeeeanns 239
5.4.7 ChronOamMPEIrOGIamMS .. uuueeteetterreeeeeannnnnneeeeeeesssseeeessnnnnnnnnneeeessseens 241
o T I B 1] 0T ot o - NS 246
o TR 30 U AV VA [ ot o - 249
o TR 3 L0 N 2 =t o - W 252
5.4.11 Magnetic susceptibility PlotS ..cvveeeii i e e e 254
T TN = =] = o ot = 271

5.1 INTRODUCTION

The diverse features of mixed valence complexes have intrigued researchers seeking

new materials, as well as those interested in understanding the basis of physical properties,

in fields ranging from geological and environmental' to biological®** and medicinal®®

chemistry. The synthesis of such compounds dates back to the preparation of Prussian blue in

1704,%" which in itself holds properties used by artists and doctors alike.' Perhaps the most

extensively studied mixed valence complex, however, is the Creutz-Taube ion.”* This
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(" and an

pyrazine-bridged diruthenium pentaammine system has served as both a theoretica
experimental’” model of the correlation between electronic structure and the extent of
electron delocalization.

The resurgence of interest brought on by the discovery of the Creutz-Taube ion in the
late 1960’s is evident from the growing number of complexes containing both strong and weak
interactions between two metal centers."® Today, examples of interaction between two
transition metals are essentially countless.”*” In contrast, mixed valence complexes involving
f-block elements are still relatively rare even though one of the earliest examples dates back
to 1915 when the blue color of a mixed oxide of cerium and uranium was described as
resulting from the “oscillating” change in oxidation state.®® Examples of electronic
communication involving lanthanides include Fe-Yb,** and -Nd,* Re-Yb* and -Lu,” Rh- and
Pd-Nd,* Ru-Lu,* Ln-Y,* and -Ga.*® Similar examples with actinides include U-Re,*  *® -Ga** *°
-Mn,*" and -Fe® as well as Th-Ru,>* ** -Ni,*>>” and -Pt.>®

In the last five years, our group has contributed to this field by studying synergistic
effects that result from the interaction of iron-based ligands with metals in various oxidation
states. More specifically, we have shown that 1,1’-ferrocene diamine ligands are capable of
influencing bonding and enhancing reactivity of transition metals, lanthanides, and
actinides.”® The study described in this chapter was borne out of our desire to control such
reactivity. We have systematically analyzed the properties of several tetravalent uranium
complexes supported by 1,1’-ferrocene diamine ligands (Chart 5.1) using electronic and

vibrational spectroscopy, electrochemistry and magnetism, as well as computational

methodology.
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(@T\N\ /N/—© SiMes => NNTMS

I'_-e2+ U4+ ||'-92+ SiMeztBU = NNTBS
SiMe,Ph —> NNDMP

@T/N N\© 2,4,6-MeCeH, > NNMES

Chart 5.1. Uranium bis(1,1’-diamidoferrocene) complexes.

5.2 DISCUSSION OF RESULTS

The following discussion focuses on uranium complexes supported by two 1,1’-
ferrocene diamide ligands. This section begins with a qualitative and quantitative
examination of the electrochemical properties of title complexes. A discussion of chemical
oxidation (Figure 5.1), isolation of the corresponding products, and a description of
structural features are followed by a detailed analysis of spectroscopic and magnetic
properties of both neutral and oxidized complexes. In order to gain a better understanding of
(NN®),U complexes, each section draws upon the behavior of iron and uranium precursors as

well as complexes bearing one 1,1’-ferrocene diamide ligand.

FeZt U% Fel* = Fel* U% Fed* = Fed* U* Fed
Figure 5.1. Oxidation of (NN®),U complexes.

5.2.1 Electrochemistry

One of the easiest methods used to investigate the existence of electronic
communication between two redox-active centers is cyclic voltammetry. Before attempting
to determine the presence and the extent of uranium-mediated electronic communication

between two iron centers, we investigated the electrochemical properties of the
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corresponding pro-ligands. Their electrochemical profiles feature one chemically reversible
redox event corresponding to oxidation of Fe?" to Fe®'. As a result of the electron-donating
nature of amine groups, 1,1’-ferrocene diamines are expected to have lower oxidation
potentials than the parent ferrocene. Shafir et al. have previously reported a 600-mV
decrease in the oxidation potential of iron upon functionalization of both Cp rings with NH,.%’
We have observed that the extent of this shift quickly tapers off. That is, the difference in
oxidation potential of iron is essentially negligible across the series of amino substituents on
all four pro-ligands employed in our research. Nevertheless, we show that the influence each
one imparts on tetravalent uranium is indeed unique.

To probe the electrochemical behavior of the corresponding (NN®),U compounds,
voltammetric and chronoamperometric experiments were carried out in various electrolyte
media using a standard three-electrode cell. The former employed a 2-mm platinum disk as
the working electrode. A 25-uym platinum disk microelectrode was used for the latter to
observe the steady-state behavior and determine the number of electrons involved in each
oxidation event. Due to solubility or stability factors, the scope of solvents was mostly limited
to THF and dichloromethane. The former is strongly coordinating, whereas the latter is a low-
donor solvent. The conducting media included both traditional electrolyte anions, such as
halide, hexafluorophosphate and tetrafluoroborate salts, as well as more weakly coordinating
ones, such as salts of tetrakis[3,5-bis(trifluoromethyl)phenyl]borate anions.

In principle, (NN?),U complexes can undergo several redox events (Figure 5.2). More
specifically, uranium can be reduced to U** or oxidized to U, while each iron center can be
oxidized to Fe¥. If the interaction between the iron centers is strong, two redox events will
be observed. Moreover, it is possible to determine the strength of this interaction by
measuring the extent of potential difference. In other words, large separation between the

two iron-based oxidation waves can be correlated to the thermodynamic stability of a
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completely delocalized mixed valence system. It should be noted however, that factors such
as ion pairing, solvation, as well as structural changes brought on by applied potential, affect
the separation between the two waves. It is therefore important to survey a variety of
conditions during electrochemical measurements.®® The premise of using supporting
electrolytes containing a weakly coordinating anion, for example, was to investigate the
oxidative behavior of (NN®),U compounds without the interference of ion pairing interactions
between the corresponding cationic species and the supporting electrolyte anion, which tend

to be strongest in lower-polarity solvents.®’

2+ - 2+
{Fe2+ Fe2+ Fe2+ FeZ+ {Fe3+u4+Fe3+

T 1 T

+ 0
{Fe2+U5+Fe2+

+
~— |FeZ*U#Fe2*|— Fe2*U4*Fe3*

l

FeZ*U3*Fe3*

Figure 5.2. Possible redox events in (NN®),U complexes; experimentally observed pathways are highlighted.

At least two redox events are observed for all (NNf),U complexes. Reduction
potentials vary from -2.3 V to -3.0 V in TPABAr" (Figure 5.3) and -2.83 V to -3.64 V in TBAPF,
(Figure 5.4). At negative potentials, the observed event is assigned to reduction of uranium,
which in a weakly coordinating medium, is quasi-reversible for (NN™%),U and (NN*¥),U but
chemically irreversible for (NN™),U and (NN°"),U. In contrast, the reduction process in
solutions of a traditional electrolyte is chemically reversible for all species. These results
suggest that in TPABAr", NN™° and NN"™" ligands are not capable of stabilizing the increase in
electron density on uranium. It is therefore important to emphasize the magnitude of
influence that electrolytes can have on electrochemical processes. By using a smaller
electrolyte anion (i.e. PF, instead of BAr") to maximize competitive ion pairing with

electrolyte cation, as well as a less coordinating electrolyte cation (i.e. TBA" instead of TPA")
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to minimize ion pairing with the anionic uranium complex, the reduction process becomes
reversible.”®®

Similarly, oxidation potentials vary from -0.27 V to -0.86 V in TPABAr" and -0.56 V to -
0.79 V in TBAPF,. An additional one-electron oxidative event is revealed at more positive
potential for (NN™°),U and is better resolved in a THF solution of TBAPFs. It is unclear
whether this wave corresponds to oxidation of the second iron center or uranium itself, or
whether it is merely due to oxidation of a product resulting from nucleophilic attack of the
mixed-valence species.

The first anodic events are attributed to oxidation of iron. If one envisions a donor-
acceptor interaction between iron and uranium, the only remarkable observation is the
positive shift in potential when two H,NN"® or H,NN™* ligands coordinate to uranium. As
previously noted, relative to the parent ferrocene, the iron center becomes easier to oxidize
with amino substituents on the cyclopentadienyl rings (i.e. E{; becomes more negative).
Moreover, the nature of substituents makes no significant difference in the oxidation
potential. However, upon coordination to another -U(NN®) moiety, the iron center in
(NN),U and (NN™3),U becomes slightly harder to oxidize relative to the corresponding pro-
ligands. This effect then implies that in (NN*¥%),U and (NN™°),U, uranium withdraws electron
density from the iron center, which in turn signifies iron’s perturbation by and an interaction

with the uranium center.

Table 5.1. Oxidation of iron before and after coordination to uranium

OXIDATION Eq/2 (V vs F%') AE (V)
(THF/ TBAPFy) H,NNR (NNF),U
(NNT®%),U -0.69 -0.72 -0.03
(NN™%),U -0.73 -0.64 +0.09
(NNPMPy, U -0.70 -0.79 -0.09
(NNME5y,U -0.72 -0.56 +0.16
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Figure 5.3. Cyclic voltammetry of (NN®),U complexes in THF solutions of TBAPF, at 100 mV/s using a 2-mm
platinum disk as the working electrode.
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Figure 5.4. Cyclic voltammetry of (NN®),U complexes in THF solutions of TPABAr" at 100 mV/s using a 2-mm
platinum disk as the working electrode.

We initially hypothesized that the first oxidation event may be a two-electron process.
So in order to induce two well-resolved one-electron processes, we used an electrolyte with a
weakly coordinated anion.”® 7" 8 8% g rprisingly, the only improvement in the measurements
was a decrease in uncompensated resistance (Figure 5.4). In order to then determine the
number of electrons consumed in each oxidative event, a combination of transient and steady
state methods were employed.®®" Chronoamperometric measurements of (NN"™%),U in THF

with TBAPF, and TPABArf indicate that both oxidations are one-electron processes.
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Measurements of (NN™),U in THF with TPABAr" reveal that the oxidation is also a one-
electron event. In the same type of medium, quantifying the electrons involved in oxidation
of (NNY®),U was impeded by the presence of a small oxidative wave slightly overlapping the
main event. The magnitude of the potential required to induce that small wave matches the
oxidation potential of free ligand. However, '"H NMR spectrum of the cell solution after each
measurement showed no corresponding shifts. Furthermore, dissociation of the ligand induced
by oxidation of iron can be ruled out because the small wave is observed at more negative
potentials (i.e. it occurs before the main event). Curiously, the current generated by the
minor oxidation event is considerably smaller when the experiment was conducted in a THF
solution of TBAPF, in which case a one-electron process was revealed (see Appendix E).

In contrast, analogous measurements of (NN**?

)2U in two different cell media (namely,
THF solutions of TBAPF, and TPABAr’) reveal that the sole oxidation event is actually a two-
electron process. To obtain more substantial evidence, we conducted electrochemical
measurements of (NN°),U under a variety of conditions and found that using a
tetraalkylammonium halide as the supporting electrolyte in a non-coordinating solvent
exposes this phenomenon more clearly. Differential pulse voltammetry (DPV) measurements
of (NN®™),U in a dichloromethane solution of TBABr clearly show two oxidation events

(Figure 5.5). This is indeed a significant piece of evidence for a simultaneous transfer of two

electrons and is consistent with crystallographic results (vide infra).

1 0.1
-0.4

-0.9

Current (uA)
Current (nA)

5 2.4

% 2.9
1 0.5 0 -0.5 Bl 1.5 2 1 0.5 0 -0.5 - 1.5 2

Potential (V vs Fc%+) Potential (V vs Fc%+)
Figure 5.5. Differential pulse voltammetry of (NN®"),U in DCM solution of TBABr at 100 mV/s using a 2-mm (left)
platinum disk and a 25-pym (right) as the working electrodes.
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5.2.2 Chemical Oxidation of (NN?),U Complexes and Decomposition of Oxidized Products

Our attempts to grow single crystals of the oxidation products led us to the
observation that only [(NN™*%),U][Is] is stable (Figure 5.6). For example, allowing the
reaction mixture to stir for 15 min, collecting the resulting powder by filtration onto a
medium-porosity frit, then merely washing with it copious amounts of a hydrocarbon solvent
resulted in analytically pure triiodide salts. Elemental analysis confirmed the formation of
[(NN™®),U1[151, [(NN"#),U][15]1, [(NN™%),U][I5], and [(NN®""),U][I51]. However, subsequently
dissolving the powder in THF or dichloromethane decomposes the products. For example, the
color of [(NN*),U][I5] changes from black to orange after several minutes in solution. This
decomposition is faster in THF than DCM and unsurprisingly, it is accelerated at higher
temperature. The color alone is characteristic of the neutral species and this is supported by
'"H NMR spectroscopy. Compiled spectra in Figure 5.9 show that the neutral species is
regenerated.

Unlike [(NN"&),U][I5], singly oxidized (NN™%),U and doubly oxidized (NN°*"),U are
relatively stable in DCM, but decompose in THF at room temperature after several minutes.
However, their decomposition does not lead to regeneration of the neutral compounds. 'H
NMR spectra of the decomposition products clearly show formation of new species (Figures
5.7-5.9). Crystallographic evidence reveals decomposition of [(NN™®),U][l;] to the analogous

tetraiodoferrate salt, [(NN™),U][Fel,] and [(NN""),U][151] to [(NN°""),U][l5ls].
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5.2.3 Structural Features

Direct examination of the structural features of neutral, monooxidized, and dioxidized
complexes can offer insight into the potential interaction between iron and uranium centers.
Many coordination modes of substituted ferrocene derivatives have been revealed.’”® The
types of deformation in disubstituted ferrocene ligands that can influence the interaction
between iron and uranium include twists and tilts of Cp rings relative to one other, as well as
displacement of the substituents from the plane defined by each Cp ring.” For example, it
has been suggested that greater torsion angles between the Cp rings (Figure 5.10) may
enforce weak metal-metal interactions in closed-bridging complexes supported by 1,1’-
bis(diphenyphosphino)ferrocene ligands.”® Likewise, theoretical treatments of interannular-
bridged metallocenes have suggested that tilting of the Cp rings may change the energy of
non-bonding orbitals on the iron center, redistribute the electron density around it, and by
97-100

influencing the extent of back-donation, bring about an increase in its Lewis basicity.

Moreover, others have proposed that ring-tilting in mixed-valence biferrocenium systems

101-104

leads to greater electron-transfer rates.

Figure 5.10. Twisting (defined by the NC-CN dihedral angle) and tilting (defined by C-Fe-C angle).

For neutral (NN®),U complexes (Figure 5.11), it can be seen that as the torsion angle
(twist) between Cp rings increases, the distance between iron and uranium decreases (Figure
5.12). For example, (NN"¥),U contains two structurally distinct ferrocene moieties. The

ligand whose Cp rings are twisted by only 2.1° relative to each other features an iron-uranium
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distance of 3.5 A. In the ligand with rings twisted by 8.0°, the iron-uranium distance is 3.4 A.
This effect is also evident across the ligand series. For example, average torsion angles of
22.7° and 37.2° in (NN™%),U and (NN™°),U correlate with average iron-uranium distances of
3.3 A and 3.2 A, respectively. Like (NN"¥),U, the torsion of Cp rings in (NN°"),U is very
small. Moreover, the rings in both ferrocene backbones are perfectly eclipsed. As a result, the
distance between iron and uranium is long.

Similarly, greater tilting of the Cp rings leads to a shorter iron-uranium distance
(Figure 5.12). For example, the average iron-uranium distances of 3.5 A and 3.5 A in
(NN"2),U and (NN°™),U accompany slight increase in tilt angles of 115.6° and 117.0°,
respectively while shorter iron-uranium distances in (NN™%),U and (NN™°),U accompany

greater tilt angles of 120.8° and 121.9°, respectively.

(NNTMS)ZU* (NNTBS)ZU* (NNDMP)ZU (NNMES)ZU

Figure 5.11. Ball-and-stick representation of molecular structures of (NN®),U complexes. For clarity, hydrogen
atoms and two silyl substituents were removed. (NN™%),U and (NN™°),U were from reference *.

Table 5.2. Relevant structural parameters of (NN®),U complexes.

(NNTMS)ZU (NNTBS)ZU (NNDMP)ZU (NNMES)ZU
Tilt (°) 120.8 121.9 117.0 115.6
Twist (°) 22.7 37.2 1.4 5.1
Fe-U-Fe (°) 178.3 1771 178.5 135.2
Fe-U (A) 3.33 3.21 3.51 3.47
Fe-Fe (A) 6.65 6.42 7.02 6.41
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Figure 5.12. Correlation of iron-uranium distance with ring twisting and tilting.

In order to accommodate further decrease of this distance upon oxidation, both

TBS
N

angular distortions expand even more. For example, when (N )2U is oxidized, the Cp rings

twist and tilt relative to each other even more, and in turn, push the iron center closer to

TBS
N

uranium. That is, the average iron-uranium distance in (N );U decreases by 0.26 A upon

oxidation. These structural parameters are consistent with previous studies of geometrical

105199 and support the existence of a weak direct

distortions in multinuclear iron complexes,
interaction between iron and uranium. More importantly, no significant difference in iron-
uranium distance is observed between ferrocene and ferrocenium moieties in
[(NN™),U][BPh,] (Figure 5.13), further supporting its valence-delocalized nature.

N™%),U bears an iron halide counteranion, whose

As shown in Figure 5.14, oxidized (N
metal-ligand bond lengths are consistent with a high-spin Fe*" center (Table 5.3)."" This is
also consistent with the chronoamperometric data described previously and serves as
evidence that the oxidation of (NN™),U is a one-electron event. Within the cation, the
metal-metal distances are slightly longer, while both angular distortions are greater than
those in [(NN'®),U][BPh,]. These structural parameters are consistent with spectral data,

which show that mixed-valence [(NN™®),U][Fel,] exhibits weaker electronic communication

between the ferrocene and ferrocenium moieties (vide infra).
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Interestingly, while both iron-uranium distances, as well as the corresponding tilt
angles, in the doubly oxidized [(NN®"),U][lsls] (Figure 5.15) are essentially identical,
considerable difference is observed in the torsion angles. Specifically, both Fe®" centers are

2.95 A away from uranium, but the twisting in each pair of Cp rings differs by 7.1°.

[(NN™),U]* [(NNT®),U]* [(NNPY?),UT>

Figure 5.13. Ball-and-stick representation of molecular structure of oxidized (NN®),U complexes. For clarity,
anions, hydrogen atoms, and two silyl substituents were removed. [(NN"°),U]* was taken from reference *.
)

Figure 5.14. Ball-and-stick representation of molecular structure of [(NN™%),U][Fel,]. For clarity, hydrogen atoms
and two silyl substituents were removed.

Table 5.3. Metal-ligand bond lengths in [Fel,] and [Fel,]*. *From reference '*°.

Fe-l (A)* Coordination
Fel, 288.0(0) Octahedral
Rb,Fel, 263.3(6) Tetrahedral
(Et4N),Fel, 263.3(8) Tetrahedral
Fe(THF)¢(FelsTHF), | 260.0(4) | Distorted Tetrahedral
Et;NFel, (1) 253.1(3) Tetrahedral
Et,;NFel, (1) 254.0(3) Tetrahedral
[(NN™),U][Fel,] | 254.3(5) Tetrahedral




Figure 5.15. Ball-and-stick representation of molecular structure of [(NN°?),U][l5ls]. For clarity, hydrogen atoms
and two silyl substituents were removed.

Table 5.4. Relevant structural parameters of oxidized (NN?),U complexes.

[(NNTMS)ZU]+ [(NNTBS)ZU]+ [(NNDMP)ZU]2+
Tilt (°) 124.7 126.6 126.9
Twist (°) | 29.4 [ 27.4 [ 39.4 | 41.7 | 31.4 | 38,5
Fe-U-Fe (°) | 177.8 178.6 179.1
Fe-U (A) 3.04 2.95 2.95
Fe-Fe (A) 6.07 5.89 5.90

5.2.4 Vibrational Spectroscopy

In order to gain further insight into the electronic structures, we analyzed the infrared
spectra of both the neutral and oxidized complexes. For sake of comparison, the spectra were
compared with those of uranium supported by a single ferrocene-based ligand. Finally, we
relied on DFT calculations of the pro-ligands described in Chapter 1 to facilitate the
interpretation of the fundamental vibrational modes. Previous studies on ferrocene and
ferrocenium derivatives have found that energy of the perpendicular C-H bending on both Cp
rings is most sensitive to the oxidation state of iron. For instance, the band corresponding to
this vibrational mode shifts to higher energy upon oxidation of ferrocene.""" Therefore, we
studied the IR spectra of each complex before and after oxidation.

The most obvious difference between IR spectra of 1,1’-ferrocene diamines and those
of uranium complexes is the disappearance of a strong band at approximately 1500 cm™,
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which corresponds to the ring C-N stretching (Figure 5.16). The vibrational spectrum of
(NN*),U is drastically different from the other three (NN®),U complexes. It displays more
peaks, which are broader and less intense than those observed in other neutral (NN¥),U
complexes. These results are expected considering the symmetry differences of the two types
of compounds. Due to the complexity and poor resolution of the IR spectra, no further

discussion will be devoted to the vibrational modes of the mesityl analogues.

[(NN™),UT*

(NNTES),U /2

[(NNTBS),U]*

(NNPWP), U M / ' \{ [(NNPWP),U2*
X2
M [(NNMES)ZU]+

/2

% Transmittance
% Transmittance

1 6I00 1 4IOO 1 2I00 1 OIOO 8(I)0 600 400 1 6IOO 14IOO 1 ZIOO 1 OIOO 800 600 400
Wavenumber (cm-') Wavenumber (cm)
Figure 5.16. IR spectra of neutral (left) and oxidized (right) (NN®),U complexes.

Neutral (NN™%),U and (NN™),U are virtually identical. The only apparent difference is
in the strong band located at approximately 800cm™. In (NN™%),U, this band appears to be
split while in (NN™%),U, it is merely shifted to a slightly higher frequency. The IR spectrum of
(NN®™P),U resembles that of (NN™),U, with an additional band at 1034 cm™, which likely
corresponds to the C-C stretch of the phenyl rings. It is unlikely that the strong band at 800
cm™ arises from the aforementioned perpendicular C-H bending. To facilitate the assignment
of this band, we performed geometry optimization and frequency calculation of
(NN®*)UI(THF) and compared the resulting IR spectrum to that measured experimentally.
Although slightly, but systematically shifted, the former is in good agreement with
experimental results (Figure 5.17). According to our calculations, the perpendicular C-H

bending in (NN™*)UI(THF) gives rise to a weak band at approximately 840 cm™. In our hands,
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the same vibration in the parent ferrocene is observed at 820 cm™. This shift to higher energy
upon coordination to a Ul, moiety is expected and is consistent with our cyclic voltammetry
data, which show that the oxidation potential of iron in (NN™°)Ul,(THF) is comparable to that
in ferrocene (i.e. electron density on the iron center is similar). As described in the previous
section, however, the oxidation potential of iron in (NN®),U complexes is comparable to that
in the related pro-ligands. Accordingly, if the perpendicular C-H bending is indeed diagnostic
of the oxidation state of iron, it is expected to give rise to bands of similar energy before and

after two ferrocene diamide ligands coordinate to uranium (i.e. 700-800 cm™).

experimental

calculated

% Transmittance

(NNTES)UI,(THF)

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

1450 1300 1150 1000 850 700 550 400
Wavenumber (cm)

Figure 5.17. Experimental (THF) and calculated (gas phase) IR spectra of (NNT®%)Uly(THF).

Figure 5.18 shows the IR spectra of freshly oxidized complexes supported by
bis(silyl)diamidoferrocene ligands. All three spectra are broader than their neutral
counterparts. The band at approximately 800 cm™ is nearly identical in [(NN™),U]* and
[(NN™),U]* with a shoulder revealed at lower energy. Doubly oxidized (NN°"?),U complex, on
the other hand, shows two poorly resolved bands. That no shift in energy of this band occurs
upon oxidation is further evidence against its assignment as perpendicular C-H bending.
Nonetheless, this spectral feature does appear to be dependent on the extent of iron
oxidation (Figure 5.19). It would not be unreasonable to imagine then that the intense band

in oxidized (NN™%),U and (NN™°),U complexes corresponds to various stretching and bending
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modes involving methyl C-H bonds on the amino substituents of the ferrocenium moiety
(Fe*), while the shoulder at lower energy corresponds to that of the ferrocene ligand (Fe®").
Accordingly, the symmetric splitting of the band observed in the doubly oxidized (NN°Y),uU
species is likely due to vibrational modes involving methyl C-H bonds of two ferrocenium
ligands. These observations are consistent with the electronic absorption findings and give

further validity to the two-electron oxidation hypothesis.
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Figure 5.18. IR spectra of neutral and oxidized (NN®),U complexes in dichloromethane.

5.2.5 Electronic Absorption Spectroscopy

Electronic absorption spectroscopy has been used extensively to study both homo- and
hetero- polynuclear systems in which two or more metal centers have different oxidation
states.''?""® Absorption bands observed in spectra of organoactinide complexes originate from
three types of electronic transitions. Intraconfigurational f = f transitions are Leporte
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forbidden and are manifested as weak bands in the near-IR region.""*'?? Spectral features
arising from these transitions are expected to remain roughly constant upon changing the
ligand environment around the uranium center. In contrast, interconfigurational f > d
transitions are allowed and thus give rise to intense absorption bands at high energy.'”
Spectra of organoactinide systems also feature absorption bands originating from charge
transfer between the metal center and its ligands. Like f - d transitions, charge transfer
bands are observed at high energy but are typically more intense.''?” Moreover, the energy
of charge transfer bands is affected by both the nature of the ligand and the oxidation state
of the metal, as well as the distance between them.'? In principle, absorption bands of the
uranium systems presented herein may also originate from electronic transitions based on one
or both iron centers as well as their interaction with either amino substituents or uranium. In
order to deduce their origin, we compared both positions and intensities of these bands to
those of corresponding pro-ligands, Et;0 and THF adducts of uranium tetraiodide and
triiodide, respectively, as well as uranium diiodide, dibenzyl, and bis(aryloxide) complexes
supported by a single diamidoferrocene ligand. In addition to facilitating our understanding of
uranium-mediated electronic communication between iron centers, absorption spectra of
oxidized compounds were crucial to the characterization of complexes that failed to
appropriately crystallize. Moreover, low temperature measurements of dichloromethane

solutions of oxidized species aided in confirming the results of elemental analysis.

5.2.5.1 UV-Vis spectroscopy

The absorption spectrum of ferrocene contains two broad bands in the UV-Vis region.
The band centered at 324 nm corresponds to a combination of a forbidden electronic
transition involving some 3d character and intramolecular charge transfer, while the band

centered at 439 nm (¢ = 96 M'cm™) corresponds to a relatively pure d > d transition

194



(forbidden e, > aiq transition).””® ™" Additionally, the ligand-to-metal charge transfer band of
ferrocene is centered at 200 nm,"% '3

Similarly, absorption spectra of the pro-ligands (Figure 5.20) show one band centered
between 447 nm and 452 nm (¢ = 180-450 M'cm™). The negligible shift to longer wavelengths
is expected because the origin of this transition involves orbitals of pure metal character and
thus should be relatively insensitive to substitution on the Cp rings.”® "* The intensity of
these formally forbidden transitions, however, is greater than that observed for the parent
ferrocene. Finally, as a result of the electron-donating ability of diamido substituents, charge
transfer from substituted cyclopentadienyl ligands to Fe?" likely gives rise to absorption bands
at wavelengths shorter than the solvent cutoff.

When the pro-ligands are oxidized with iodine, two intense bands at 380 nm (¢ = 3000-
5000 M'cm™) and 450 nm (g = 3600-6200 M 'cm™) as well as a broad band at approximately
849 nm (¢ = 854 M'cm™") are observed. The high energy bands are assigned to spin-allowed
d->d transitions, while the broad band at lower energy is assigned to a ligand > metal charge
transfer transition characteristic of Fe®" complexes.™? In the parent ferrocenium cation, this
band is observed at 617 nm, and has been reported to shift upon substitution of the Cp
rings.”* In the present case, the observed red shift can be explained on the basis of electron-
donating ability of amino substituents and is in agreement with the electrochemical results
described in the previous section. It is also important to note that no significant difference in
transition energy is observed between the four ligands. This, too, is consistent with cyclic
voltammetry data, which reveal a negligible change in oxidation potential across the ligand
series.

Electronic transitions in the THF adduct of uranium triiodide give rise to a more
complex spectrum, with bands at 340 nm (¢ = 1057 M'cm™), 493 nm (g = 1557 M'cm™), 501

nm (¢ = 1654 M'cm™), and 578-644 nm (¢ = 951-1239 M'cm"), which have previously been

195



assigned as Leporte-allowed f > d transitions within the uranium core.”® " In contrast,
absorption spectra of the dioxane and diethyl ether adducts of uranium tetraiodide, Ul4(1,4-
dioxane),"*® and Ul4(Et;0),,"’ possess several features between 310 nm and 400 nm (& = 2140-
6670 M'cm™") that correspond to metal-based transitions, as well as a weaker band at 498 nm

(¢ = 1130 M'ecm™), which has been previously attributed to iodide = uranium charge

transfer.'3°14
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Figure 5.19. UV-Vis spectra of neutral (top left) and oxidized (top right) H,NN® in DCM, U* and U*" precursors
(bottom left) in diethyl ether and THF, respectively (bottom left), and (NN®)UI,(THF) complexes in THF (bottom
right).

A solvent-insensitive absorption band at approximately 400 nm is observed when two
iodides are replaced with a single dianionic 1,1’-ferrocene diamide ligand in the

(NN®)UI,(THF) series. The extinction coefficient values (1140-1870 M'cm™) preclude d > d

transitions within the iron center as its origin. Moreover, charge transfer between both metals
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and diamidoferrocene ligands can be ruled out because the energy of the transition is nearly
constant across the ligand series (Figure 5.20).
Based on previously reported electronic absorption spectra of tetravalent uranium

Complexes,m’ 118, 137, 143-147

it is likely that this band arises from either 5f > 6éd transitions
within the uranium core or iodide>uranium charge transfer. Although the former are
typically weaker than the latter, accurate assignment of spectral features is difficult because
both transitions require high energy and give rise to broad bands of vibronic nature,'** 12 148
Because charge transfer is mainly a function of a given ligand, accepting it as the
origin of the band at 400 nm demands an explanation for the energy increase observed on
changing the ligand field from I to [NNf]* (assuming the 496 nm band in Ul4(Et,0), was
correctly assigned and is indeed due to iodide - uranium charge transfer). As already
mentioned, two additional factors influence the energy of charge transfer: oxidation state of
the metal center and its distance from the ligand in question. The former can be used to
explain the energy shift from 496 nm in Ul4(Et,0); to 400 nm in (NN®)UI,(THF). If charge

transfer is viewed as an internal redox event'®

in which the uranium center is reduced by
iodide, then the observed increase in energy of the transition is rationalized on the basis of
uranium’s relative electron affinity.'” According to our cyclic voltammetry measurements,
uranium is more electron rich in (NNR)UIZ complexes than in Ul4(Et;0),. That is, its reduction
potential is greater by approximately 1 V, and in turn, its electron affinity is lower.
Consequently, in (NN?)UI,, more energy is required to excite an electron into one of uranium-
based orbitals.

Evidence against charge transfer assignment, on the other hand, is two-fold. First,
energy of the bands corresponding to charge transfer is known to shift with solvent

polarity.™ In this case, however, the band’s energy is insensitive to the solvent used in data

acquisition. The second argument against charge transfer assighment stems from the distance
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between uranium and iodide ligands. If, indeed, the band at 400 nm arises from ligand-to-
metal charge transfer, then it follows that the distance between uranium and iodide ligands
should be shorter in (NNR)UIZ than that in Ul4(Et;0),. The expected decrease in bond length is
based on the notion that removing an electron from an iodide ligand requires more energy

when it is closer to, and thus, more covalently bound to uranium.'

However,
crystallographic evidence shows that this, in fact, is not the case. The average uranium-iodide
distance in Ul4(Et;0); and (NN™%)UI,, for example, is 2.96 A and 3.35 A, respectively.
Accordingly, iodide-uranium charge transfer band is then expected to shift to lower energy.
To this end, we are inclined to attribute the band at 400 nm to 5f - 6d transitions within the
uranium core.

As shown in Figure 5.21, absorption spectra of all neutral (NN®),U complexes feature
one broad, solvent-independent absorption band in the UV-Vis region with an extinction
coefficient characteristic of tetravalent uranium complexes.”™” """>* Neutral (NN™°),U and
(NN®""),U exhibit nearly identical spectra with most intense bands at 401 nm (€ = 1276 M'cm’

") and 405 nm (¢ = 1175 M'cm™), respectively, while (NN™*

)2U gives rise to a related band at
434 nm (¢ = 1810 M'cm™). The electronic transition in the arylamidoferrocene derivative,
(NN¥),U, has a maximum absorption at slightly lower energy (445 nm, € = 2299 M'cm™).

Both the energy and the intensity of this transition then, follow the order: (NN"*),U -~
(NN™),U > (NN™%),U > (NNYE%),U. The energy values are similar to those of d > d transitions
in pro-ligands, but the intensity of these bands is too high to be of similar origin. Moreover,
because the band position is different for each ligand, f > d transitions within the uranium
core can also be ruled out. Finally, attributing these bands to Cp > Fe charge transfer is not
merited considering that the corresponding transition in ferrocene itself is observed at 200

nm. According to the first oxidation potential values obtained with cyclic voltammetry, iron

in all four (NN®),U complexes is more electron-rich than that in ferrocene. Accordingly,
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charge transfer from Cp ligands to Fe is expected to require greater energy and thus give rise

to absorption bands at wavelengths shorter than 200 nm.
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Figure 5.20. UV-Vis spectra of neutral (NN®),U complexes in DCM.

To this end, it is more likely that the bands in the UV region are due to charge transfer
from the Cp amido ligands to the uranium center. To illustrate, the observed trend (i.e.
(NN®"P),U ~ (NN™),U > (NN™),U > (NNY¥),U) implies that more energy is required to excite
an electron from a ligand to a uranium-based orbital in (NN™%),U than (NN“£%),U. This, in
turn, suggests that the electron affinity of uranium follows the reverse order. Specifically,
uranium has a lower electron affinity in (NN™%),U than (NN"¥),U. This is indeed consistent
with our cyclic voltammetry studies, which reveal that the reduction potential of uranium
follows a trend similar to the energy of the absorption bands.

Oxidation of (NN®),U complexes occurs instantaneously with a mild oxidant. Addition
of iodine (1.5 and 4.0 equivalents) changes the color of (NN),U solutions from yellow or
orange to black. The color of 1,1’-ferrocenium diamines, on the other hand, varies from teal
in H;NN™%* to bright green in H,NN®™P*_ As shown in Figure 5.21, two very intense bands at
295 nm and 363 nm appear upon addition of iodine. Undoubtedly, both bands are due to the

triiodide counter anion and have previously been assigned to splitting of o = ¢* transitions by
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the spin-orbit coupling.” ' The presence of these characteristic bands suggests that

oxidation products contain at least one triiodide anion."”’
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Figure 5.21. UV-Vis spectra of neutral (NN®),U complexes upon addition of I, in DCM; yellow trace represents
neutral compound after exposure to air but before addition of oxidant.

Oxidation of (NN®),U complexes is reproducible on a large scale. As shown in Figure
5.22, absorption spectra of the isolated black powders show identical band energies observed
during in situ measurements, allowing the calculation of their extinction coefficients.
Specifically, absorption bands at 295 nm and 363 nm have molar absorptivity values of
approximately 51000 and 32000 M'cm™, respectively. Elemental analysis of each precipitate
confirms the formation of triiodide salts and is consistent with chronoamperometric data. For
the NN® analogue however, elemental analysis, in combination with electrochemical results
described previously, supports formation and isolation of a [l;I]* salt. This explains the
appearance of absorption bands characteristic of [I5]. We note that the electronic transitions
of I are not observed because they occur at higher energies (195 nm and 226 nm),"® which
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are outside of the solvent window used (i.e. wavelength cutoff of dichloromethane is 230

nm). Upon further addition of the oxidant, a band at 500 nm that corresponds to |, becomes

apparent.
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Figure 5.22. UV-Vis spectra of isolated [(NN®),U][I,] compounds in dichloromethane.

All complexes undergo exchange with [BPh,]" or [BArF]’, which give rise to different

electronic structures. As shown in Figure 5.23, for [(NN™®),U][BPh,] and [(NN™®),U][BPh,],

two bands appear at 322 nm (g = 5500 M'cm™ and 10660 M 'cm™, respectively) and 390 nm (e

= 3514 M'cm™ and 6500 M'cm™, respectively). Even though they are common to both species,

it is unlikely that any of these bands correspond to the anion because the electronic

transitions occurring within tetraphenylborate give rise to bands at higher energies.

159, 160

Moreover, both bands are observed in both [lsl5]* salt of (NN),U (Figure 5.24). Both are

also evident in the spectrum of [(NN"®),U][BPh4], but they are broader and more poorly

resolved.
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Figure 5.23. UV-Vis spectra of oxidized [(NN®),U] complexes in DCM.
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Figure 5.24. UV-Vis spectra of [(NN"%),U][BPh,] and [(NN"?),U][I5I5] in DCM.

5.2.5.2 Near IR spectroscopy
We compared the near IR spectra of neutral (NN®);U complexes to those of

mono(diamidoferrocene) uranium diiodide and dibenzyl complexes (Figure 5.25), which are
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characterized by absorption bands of low intensity (¢ = 20-80 M'cm™). Near IR spectra of
(NN®)UI,(THF) complexes reveal several sharp bands. Specifically, the spectra of complexes
bearing silylamido groups on the ferrocene ligands are nearly identical and feature four bands
at approximately 950 nm, 1020 nm, 1110 nm, and 1230 nm. Near IR spectra of

(NN®)U(CH2Ph),, on the other hand, show a broad band centered at approximately 1080 nm.

% ® (NN™S)U(CH2Ph),
e (NNT™S)UL,(THF) —; “ (NNTBS)U(CH2Ph);
E (NNTES)UL,(THF) 9 (NNPMP)U(CH;Ph);
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Figure 5.25. NIR spectra of (NN®)UI,(THF) in THF (left) and (NN®)U(CH,Ph), (right) in toluene.

For neutral (NN®),U complexes (Figure 5.26), the absorption bands in the near IR
region are not consistent across the series. Due to ligand field effects on electronic
transitions within the uranium core, the observed difference in the spectra is taken as
evidence of covalent interactions between 1,1’-ferrocene diamide ligands and uranium.™" As
expected, the bands are weaker than those observed in the UV-Vis region. The molar
absorptivity of the most prominent bands in this region is nevertheless greater than typically

observed for f = f transitions.'? 162164
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Figure 5.26. NIR spectra of neutral (NN?),U complexes in dichloromethane (left) and comparison of (NN*%),U in
dichloromethane and (NN™%)U(CH,Ph), in toluene (right).

Nearly identical features are observed for (NN™),U and (NN"™"),U, suggesting that
these complexes have similar electronic structures. Interestingly, the most intense band in
(NN"%),U is much weaker than those observed in analogous complexes with ligands bearing

silylamino substituents. The overall spectrum of (NN™&

).U then likely arises from pure
electronic transitions within the uranium core. In fact, the apparently uncanny resemblance
to the near IR profile of (NN™*)U(CH,Ph), (Figure 5.26) supports this assignment.

Finally, the spectrum of (NN™),U contains a greater number of bands, which are more
narrow and intense (€ = 210 M'cm™) than those found in other (NN®),U complexes. Previous
studies have suggested that unusually large intensities are a direct result of an intensity-
stealing mechanism, whereby coupling of forbidden f->f and allowed charge transfer
transitions or electronic states of similar energy increases the intensity of the former.'¢* '
Therefore, the large intensity of these bands likely reflects greater ligand-field splitting of
f>f orbitals and thus a stronger metal-ligand interaction. Nonetheless, no conclusion
regarding the extent of iron-uranium interaction in neutral (NN?),U complexes can be made
from the observed near IR spectra.

Upon oxidation (Figure 5.27), near IR spectra of the (NNf),U complexes change

drastically and feature a broad band between 600 and 1600 nm with a molar absorptivity (¢ =
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750-2000 M'cm™) characteristic of intervalence charge transfer transitions.'* > However, on
closer inspection, it becomes clear that these spectra are indeed multifaceted.
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Figure 5.27. Isolated oxidized (NN®),U complexes in dichloromethane. For [(NN™%),U]*, [(NN""),U]*, and
[(NN™E%),U7*, molar absorptivity was calculated assuming tetraiodoferrate counteranions.

When iodine is added to a dilute DCM solution of (NN™),U, a broad, multifaceted
band appears in the visible and near IR regions (Figure 5.28). This product can be isolated as
a black powder and is shown by elemental analysis to be [(NN™%),U][Is]. Upon closer
inspection, it becomes obvious that the band centered at 850 nm corresponds to a charge
transfer transition from trimethylsilylamido-substituted Cp ligands to Fe** (compare red and
purple traces in Figure 5.28). The broad, unresolved band between 950 and 1200 nm, then,
can be attributed to inter-valence charge transfer between Fe?* and Fe®*. The same type of

electronic structure is observed in the spectrum of an isolated (NN

).La complex (Figure
5.29), whose crystal structure reveals two distinct Fe-U distances (3.45 and 3.76 A)."

A gradual transformation of the visible and near IR regions occurs with time and upon
further addition of iodine. Our attempts to obtain structural information from X-ray

diffraction analysis were met with a surprising result. Recrystallization from a mixture of

dichloromethane and pentane at -40 °C yielded a tetraiodoferrate salt of the mixed-valence

" Work by Kevin Miller.
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(NN™3),U complex, whose visible/near IR spectrum features a poorly resolved band (686 nm,
€ = 4003 M'cm™) characteristic of spin-forbidden transitions within tetraiodoferrate.'® As

shown in Figure 5.28, this band is also observed after decomposition of the oxidized

proligand, H,NN™*,

| [ [H,NNT#S] 1] (NNT),U
o, +0.15eql,
o ---- decomposed [H,NN™][1] +0.60 eql,
+0.90 eq |

Absorbance

500 600 700 800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm)

Figure 5.28. In situ oxidation of (NN™°),U monitored by visible-near IR spectroscopy compared with oxidized free
ligand.
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Figure 5.29. Comparison of visible-near IR spectra of [(NN™),U]* with (a) oxidized free ligand and neutral
(NN™5),U and (b) mixed-valence (NN'),La.

Spectral deconvolution (Figure 5.30) of the isolated oxidized complex,
[(NN™%),U][Fel4], shows an intense band centered at 487 nm (g = 5670 M'cm™), as well as
two weaker bands at 712 nm (€ = 1775 M'cm™) and 880 nm (¢ = 923 M'cm™). A broad inter-

valence charge transfer band is centered at 944 nm (¢ = 890 M'cm™"). The extent of this
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2

charge transfer can be approximated by the interaction parameter, a“, as previously

71172 and Hush.'”* '"* More specifically, a® is directly proportional to the

established by Marcus
intensity and half-width of the intervalence charge transfer band, but inversely proportional
to its energy as well as the distance between the two iron centers (see Appendix E for
details). Accordingly, using the value of the extinction coefficient obtained by spectral

deconvolution, the interaction parameter is calculated to be 0.15, which implies weak

electronic interaction between Fe?* and Fe**.
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Figure 5.30. Deconvolution of [(NN™®),U][Fel,]; yellow trace represents the best fit.

For the analogous (NN™°),U derivative, formation of [(NN™®),U][ls] is again evident in
the visible/near IR region. The spectrum obtained in situ immediately upon addition of one
equivalent of iodine (Figure 5.31) is nearly identical to that of the isolated, analytically pure
trijodide salt. For both [(NN™),U][ls] and [(NN"®),U][BPh4], a near IR band is centered at
the same wavelength as that observed in the oxidized form of the corresponding 1,1’-
ferrocenium diamine. In addition to an intense band at 523 nm (¢ = 4570 M'cm™),
deconvolution of the visible and near IR regions into Gaussian shaped bands (Figure 5.32)
revealed two overlapping bands are centered at 855 nm (¢ = 1200 M'cm™) and 978 nm (¢ =

1100 M'cm™). The former is assigned to ligand-to-metal charge transfer within the
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ferrocenium moiety, while the latter corresponds to inter-valence charge transfer between
Fe? and Fe®. The mixing coefficient, a, was calculated to be 0.156, which implies that there
is a weak interaction between the ferrocene and ferrocenium moieties in [(NN™*%),U]* (Class
”)-175

Both [(NN™*),U]* and [(NN™®),U]* mixed-valence complexes can then be classified as
valence detrapped. However, the communication between ferrocene and ferrocenium
moieties is weak. Figure 5.33 shows the extent of communication in (NN™%),U and (NN™),U

relative to that in Prussian blue, biferrocene picrate, and the Creutz-Taube ion.
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Figure 5.31. Visible and near IR spectra of neutral (NN™%),U (green), isolated [H,NN™*][I] (red), (NN®%),U
oxidized in situ (x2, purple) and isolated [(NN®%),U][l5] (black).
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Figure 5.32. Deconvolution of [(NN™%),U][I5]; yellow trace represents the best fit.
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Figure 5.33. Comparison of mixing parameters for various mixed valence complexes; *From reference 7.

Analogous oxidation of (NNME

)2U also resulted in formation of an analytically pure
trijodide salt, [(NN**),U][I5], which decomposes readily in THF and DCM. As shown in Figure
5.34, its visible/near IR spectrum shows an intense band at approximately 690 nm (g = 2600
M'cm™) and a much broader one between 1000 and 1600 nm (¢ = 660 M'cm™"). The energy, as
well as the intensity of the latter, is nearly identical to the band observed when the oxidized
H,NN™® proligand and its uranium congener decompose in solution. Therefore, the band at
695 nm'””> "8 likely corresponds to electronic transitions within [Fel,]” which along with other
large anions, is known to stabilize ferrocenium cations.'””'® The numerous tetrahaloferrate
salts of ferrocenium derivatives that have been reported previously further support this

assumption.' The band at lower energy is assigned to inter-valence charge transfer. Its weak

intensity is likely a result of longer metal-metal distances and smaller Fe-U-Fe angles

TBS 185-188
N

compared to the NN™ analogue, which implies that the electron transfer in (NN*%),U is
less efficient than in (NN"%),U."® Moreover, its width (a convolution of many individual
bands) can be attributed to the lower symmetry of the system. Finally, a best curve fit

(Figure 5.35) is produced with a third peak at 822 nm (¢ = 650 M'cm™"), which corresponds to
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ligand-to-metal charge transfer within the ferrocenium moiety. Calculation of the mixing

parameter is not feasible because the distance between Fe?* and Fe®* is unknown.
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Figure 5.34. Visible and near IR spectra of neutral (NN*),U (green), isolated [NNY**][I5] (red), and isolated
[(NN™%),U][I5] (purple); the band at 690 nm may correspond to [Fels]".
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Figure 5.35. Deconvolution of [(NN"&%),U][l5].
Finally, when one equivalent of iodine is added to a dilute DCM solution of (NN"""),U,
a broad band between 790 and 880 nm becomes apparent (Figure 5.36). The band centered
at approximately 870 nm arises from charge transfer between Cp ligands and Fe®. It is also

observed in oxidation of H,NN® and (NN°)U(OAr),. Because calculation of extinction
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coefficients would produce imprecise values, it is not clear whether this band corresponds to

oxidation of one or both iron centers.
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Figure 5.36. In situ oxidation of (NN°’),U and isolated [(NN"""),U]** (top); Spectral deconvolution for oxidized
(NNP*P),U species formed on addition of 0.67 (bottom left) and 2.66 (bottom right) equivalents of I,.

As shown in Figure 5.36, a best fit of the initial spectral curve reveals three bands in
the visible and near IR regions. A weak but broad band between 900 and 1300 nm is also
exposed and may be due to intervalence charge transfer between Fe?" and Fe®' in the
postulated singly oxidized species. Upon further addition of the iodine, the oxidation product
decomposes and a band centered at 695 nm emerges (Figure 5.36). It is likely that this band

is due to the tetraiodoferrate anion.
Our attempts to obtain a UV-Vis-NIR spectrum of [(NN°""),U][l51] or [(NN""?),U][lsls]

were met with little success. Instead, the spectrum of isolated species revealed a shoulder at
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approximately 850 nm that is attributed to electronic transitions within the ferrocenium
moieties. The presence of an intense band at 700 nm shows that the doubly oxidized
(NN ),U does indeed decompose in solution and is consistent with the 'H NMR study
described previously. This band is also observed in the spectrum of singly oxidized (NN™),U
and (NNY®),U analogues, prompting us to assign the product of this decomposition as
[(NN"");U][Fel.],.

Finally, Figure 5.37 shows the spectral deconvolution of isolated doubly oxidized
(NN°™P),U. Best fit of the spectrum was found with two intense absorption bands centered at
approximately 694 nm (¢ = 4313 M'cm™) and 754 nm (¢ = 2387 M'cm™), as well as a broad
band at 826 nm (¢ = 2377 M'cm™). Consistent with oxidation of both iron centers, no

intervalence charge transfer band is observed.
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Figure 5.37. Best Gaussian fit of isolated doubly oxidized (NN°Y?),U.
5.2.6 Magnetism
In order to obtain more evidence that supports the existence of interaction between
two iron centers through uranium, magnetic behavior of neutral and oxidized (NN¥),U

complexes was investigated as a function of applied magnetic field and temperature. For the

sake of comparison, the following discussion will refer to the magnetic properties of both iron
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and uranium precursors, as well as a uranium diiodide supported by one 1,1’-ferrocene
diamide ligand. Magnetic behavior of oxidized 1,1’-ferrocene diamines was described in
Chapter 1, while that of uranium species is presented here.

In general, because of repulsion and spin-orbit coupling between unpaired electrons,
the magnetic behavior of uranium and other heavy elements is best described using the total
angular momentum.'® In contrast, magnetic properties of iron and other light elements can
be approximated by only considering the spin component.'"

For neutral (NN®),U complexes, no contribution from 1,1’-ferrocene diamide ligands is
expected. This is based on the assumption that both iron centers are low spin and thus, have
no unpaired electrons. This assumption is valid because, to the best of our knowledge, no
ligand has been shown to impose a weak field around Fe’" in ferrocene derivatives.'”
Therefore, the sole contribution defining the magnetic properties is expected to be from the
tetravalent uranium center. This contribution will vary depending on the extent of ligand
field splitting. For example, ground state of a free U* ion with 5f* configuration is *Hs4, whose
degeneracy is removed by a low symmetry ligand field and thus split into nine ligand field
levels.” Assuming that these unpaired electrons are not magnetically coupled, the magnetic
moment, Herr, Of neutral (NN®),U complexes is expected to be close to that of the free U* ion.

194

Theoretically, this value (3.58 pB) is derived from total angular momentum ™ (Equation 5.1),

U =8J(d+1) 61

where J=L+S, and g, is the Landé splitting factor, which denotes the energy difference
between the split atomic orbitals created by an external magnetic field.'” For the 5f* ground
state, the total angular momentum, J=4, will split into nine singlets when the crystal field

symmetry is lower than tetragonal.' It is important to note that the above equation holds
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better for lanthanides, but not actinides, which exhibit greater crystal-field splitting of the
ground state than what is predicted by the Boltzmann distribution. '

In addition to the uranium component, the magnetic properties of oxidized (NN®),U
complexes will be defined by contributions from one or two Fe®* centers as well. The
magnitude of this particular component will depend on the spin state of Fe’*, as well as
potential interactions between the spins within the molecule. Theoretically, the magnetic
moment of low-spin Fe*" is 1.73 pB, while that of high-spin Fe** is 5.92 pB."*® Assuming that all
unpaired electrons are non-interacting, the possible magnetic moment of singly oxidized

2 U*, and Fe*" ions) will have a lower limit of 4.56 uB, when both

(NN®),U complexes (with Fe
Fe’ and Fe®* centers are low-spin. The upper limit, on the other hand, is obtained if both Fe"
and Fe*" centers are high spin, in which case the magnetic moment would be 14.40 pB.
Neither of these values takes into account any contributions from the counter anion.
Similarly, for doubly oxidized (NN®),U complexes, the magnetic moment is expected to be
even higher due to the presence of two Fe®" centers. The lower and upper limits for the
magnetic moment are expected to be 6.29 pB and 15.42 pB, respectively. It is important to
note that direct assignment of oxidation states based on these values is invalid because no
spin interactions are taken into account.

For magnetically isolated spins, magnetization is expected to reach saturation when
the applied magnetic field is much greater than thermal energy, kT."”” Moreover, increase in
magnetization is much faster for ferromagnetic than paramagnetic systems.'”” At 298 K,
magnetization field dependence of neutral (NN™%),U, and (NN"),U complexes is nearly
linear (Figure 5.38). Parallel alignment of the spins with the field is not possible up to 9000

Oe. Such field dependence is a result of either large zero-field splitting,'®

competing
magnetic interactions,' or strong magnetocrystalline anisotropy.’® The latter prevents spins

within the sample from completely aligning with the external field, in which case
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magnetization would become saturated and reach a constant value. This behavior is expected
for lanthanide and actinide systems because of large spin-orbit coupling and stems from the

' Similar

energy difference that accompanies various orientations of electron density.?
responses have also been observed in single crystal magnetization studies of metallocenium
salts of nickel bisdichalcogenate anions, in which the magnetic field was applied
perpendicular to intermolecular chains formed by alternating anion and cation moieties
exhibiting antiferromagnetic interactions.?%>?*

Magnetization field dependence of (NN™®),U, on the other hand, deviates slightly
from linearity at low field and a slight hysteresis is apparent at 298 K. Saturation is not
possible even at 9000 Oe. Such behavior is characteristic of ferrimagnetic ordering.’”> When a

low magnetic field is applied to (NN°*

).U at 298 K, magnetization quickly increases and a
parallel alignment with the field is achieved at approximately 1500 Oe. Such a response to an
external field is characteristic of ferrimagnetic interactions.'” However, application of a
greater magnetic field (~1500-3500 Oe) causes a slight shift in the direction of the moment,
which again changes above 4000 Oe. Similar behavior has been observed with charge transfer

2 and is characteristic of metamagnetic

salts based on decamethylferrocenium salts,
materials.””® Furthermore, as shown in Figure 5.38, (NN°Y),U exhibits hysteresis, which
suggests that it is weakly ferromagnetic at room temperature and low magnetic field. Like
that of the other three derivatives, magnetization field dependence in (NN®*"),U changes

drastically when temperature decreases. As shown in Figure 5.38, saturation is no longer

achieved at low magnetic fields.
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Figure 5.38. Magnetization field dependence of neutral and oxidized (NN®),U co
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At 298 K, singly oxidized [(NN™%),U][l5] exhibits smaller anisotropy than the neutral
congeners (Figure 5.38). At low magnetic fields, the magnetization of [(NN™®),U][l;]
parallels that of (NN™%),U. However, above 1500 Oe, its magnetization begins to saturate.
[(NN™#),U][15] shows similar behavior but fails to reach saturation even at 9000 Oe. In
contrast, magnetization of [(NN"™*),U][ls] increases rapidly when small external fields are
applied and saturation is reached at 2000 Oe. At this point, the magnetization reaches a
maximum of 0.01 emu/g. This is considerably different from the magnetization of neutral
species, which exhibits perfectly linear dependence on the applied magnetic field. The
narrow hysteresis observed at room temperature is characteristic of ferrimagnetic ordering.
Finally, the doubly oxidized [(NN°"?),U][l;ls] complex exhibits metamagnetic behavior. At low
fields, magnetization increases rapidly, tapers off around 1500 Oe then begins to increase
more rapidly above 3500 Oe. At low temperature, both singly and doubly oxidized complexes
show a highly linear dependence on magnetic field, characteristic of antiferromagnetic
ordering.

Temperature dependence of magnetic susceptibility of neutral (NN¥),U was measured
at various magnetic fields from 5 K to 298 K. Assuming that the iron center in both ferrocene
diamide ligands is low-spin, only the unpaired electrons on uranium should contribute to the
magnetic behavior of neutral (NN®),U complexes. At high temperature, thermal energy is
greater than any magnetic interactions, so as expected, plots of reciprocal susceptibility as a
function of temperature (Figure 5.39) reveal that between 150 K and 298 K, all four (NN®),U

complexes follow the Curie-Weiss law, represented by

C

X = T—_H (5.2)
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where X defines molar susceptibility, T is temperature, C is the Curie constant in units of emu
K mol” and 8 is the Weiss constant in units of K. The latter is proportional to the strength of
magnetic interactions and can be obtained from the linear extrapolation of the reciprocal
susceptibility data at high temperature.”’’”” The Weiss constant has a nonzero value when no
interaction between unpaired spins exists. Furthermore, positive values of 0 signify
ferromagnetic interactions, while negative 0 values are characteristic of antiferromagnetic
coupling.

%1 Ul4(1,4-dioxane),
1200 (NNTMS)ZU
1000 [ (NN™*),U

800 (NNDMF)ZU
600 | (NN"=%),U

400

X' (G mol emu")

200

0 5I0 1 (IJO 1 5IO Z(I)O 2.:')0 3(IJO
Temperature (K)
Figure 5.39. X,,"'(T) of Ul4(1,4-dioxane), and neutral (NN®),U complexes.

Like its uranium precursor, (NN™%),U exhibits strong antiferromagnetic coupling,
which decreases with applied magnetic field (6 = -46.7 K at 1500 G and -37.5 K at 5000 G).

Interactions in (NNME

).U are antiferromagnetic at low field (6 = -15 K) but ferromagnetic
when its susceptibility is measured at a high field (6 = +19.2 K). Similarly, (NN"™*),U exhibits
ferromagnetic interactions that increase with applied magnetic field (6 = +8.9 K at 1500 G
and +36.7 K at 5000 G). Finally, (NN®"),U shows strong ferromagnetic coupling (6 = +78.7 K),
which is consistent with the observed magnetization hysteresis loop. The origin of such

coupling may be interactions between neighboring uranium centers. For example, as shown in

Figure 5.40, individual molecules of (NN™%),U, (NN°"),U, and (NN*¥%),U form similar crystal-
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packing arrangements (at 100 K), whereby inter-chain ferromagnetic coupling may be

envisioned to take place.

(NNTMS)ZU (NNTBS)ZU (NNDMP)ZU (NNMES)ZU

Figure 5.40. Crystal packing (3x3 unit cell) of neutral (NN®),U complexes viewed along the b axis.

Below 150 K, all neutral (NN®);U complexes deviate from the Curie-Weiss law.
Antiferromagnetic interactions dominate at low temperature in both (NN°"),U and (NN"¥),U.
(NN™3),U and (NN™3),U, on the other hand, exhibit more complex behavior that is likely due
to a phase transition.?%®

As shown in Figure 5.41, molar susceptibility temperature product, X,T, of the
tetravalent uranium precursor, Uls(1,4-dioxane),, is 0.92 emu K mol™ (2.68 pg). This is less
than the predicted high temperature value of 1.60 emu K mol™ (3.58 pg) for a *H4 uranium
jon."® In other words, not all nine (2J+1) ligand-field states/sublevels are populated,
suggesting that the energy difference between them is actually greater than the thermal
energy required to populate the upper sublevels at 298 K. Much lower values of X,T have
previously been reported for tetravalent uranium complexes.'® '* Also shown in Figure 5.41
is the X,T plot for a uranium diiodide complex supported by one 1,1’-ferrocene diamide
ligand. Its susceptibility temperature product (1.11 emu K mol™) is slightly higher than that
observed for the uranium tetraiodide dioxane adduct. This suggests that more ligand-field
states are populated and thus involved in the contribution to its magnetic properties.'”

As shown in Figure 5.42, replacing both iodide ligands with 1,1’-ferrocene diamide

ligands does not uniformly affect the observed magnetic contribution of uranium. For
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example, below 298 K, both (NN™%),U and (NN*¥),U behave similarly to their precursor. Both
possess smaller high-temperature magnetic moments (0.69 emu K mol™ or 2.32 pg and 0.56
emu K mol™ or 2.09 pg, respectively). The magnetic moment of the latter, however, appears

to be field-dependent, yielding a greater value when a lower magnetic field (1500 G) is

applied.
1
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Figure 5.41. X,T of uranium tetraiodide precursor and mono(1,1’-ferrocene diamido) uranium diiodide complex at
5000 G.

High-temperature X, T, and thus the magnetic moment, of (NN™*),U is even lower,
suggesting that the ligand field splitting of the uranium ion is greater than that in Ul4(1,4-
dioxane); and that fewer states are populated at 298 K. A previous report from our group has
established the existence of a donor-acceptor interaction between iron and uranium centers
through direct orbital overlap,® so it is possible that the low magnetic moment observed for
(NN™),U originates from antiparallel coupling between the 5f electrons on uranium and those
donated by the iron centers. As the temperature is lowered, X,T increases gradually and
reaches a maximum at 144 K (0.38 emu K mol™ or 1.74 pg). Such behavior is characteristic of

209211 35 was deduced from the reciprocal susceptibility plot.

weak ferromagnetic coupling,
Further decrease in temperature results in a relatively steep decrease in X,,T, suggesting that

antiferromagnetic interactions become dominant below 144 K.
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Similar, but more pronounced, behavior is observed for (NN®"),U. The representative
XmT plot in Figure 5.42 provides a clear indication that ferrimagnetic interactions dominate
above 92 K, at which point the magnetic moment reaches a maximum of 0.57 emu K mol™
(2.14 pg). This is consistent with our interpretation of magnetization field dependence data.
Moreover, below 92 K, the magnetic moment decreases more rapidly to reach a minimum of
0.42 emu K mol™" (1.84 pg). Astonishingly, this value is identical to that measured at high

temperature (NN

)2U, which is significantly lower than predicted for a complex containing a
tetravalent uranium center. Further study is needed to determine the origin of such unique

temperature dependence in (NN**"),U.
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Figure 5.42. X,,T of neutral (NN®),U complexes at 5000 G.

Table 5.5. Weiss (0) and Curie (C) constants and magnetic moments (i) of neutral (NN®),U complexes.
H 0 o H
(Oe) (K) | (emuKmol) | (up)

1500 | -46.70 0.82 2.57
5000 | -37.56 0.78 2.50
1500 | +8.94 0.25 1.43
5000 | +36.67 0.30 1.55
(NN°MPy,u | 3000 | +78.70 0.33 1.62
1500 | -15.17 0.94 2.76
5000 | +19.22 0.52 2.05

(NN™),u

(NN™),U

(NNMES)ZU
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Temperature dependence of magnetic susceptibility of oxidized (NN®),U was also
measured from 5 K to 298 K at various magnetic fields (Figure 5.43). In addition to two
unpaired electrons on uranium, the magnetic behavior of oxidized complexes should also have
a contribution from Fe®" (one or two unpaired electrons if one or both iron centers are
oxidized, respectively).

As shown in Figure 5.43, when 500 G is applied to [(NN™%),U][Is], the Curie-Weiss law
is obeyed, with the Weiss constant of -143.3 K signifying a presence of strong
antiferromagnetic interactions. Expectedly, application of greater magnetic fields results in
weaker magnetic ordering of the spins as indicated by the increasing Weiss constant (at 1500
G, 0 = -102.9 K). In fact, when 5000 G is applied, the inverse molar susceptibility plot shows
weak ferromagnetic coupling (at 5000 G, 6 = +11.3 K). Similar behavior is observed for both
[(NN™),U][15] and [(NN™),U][1s], albeit the antiferromagnetic interactions in the latter are
somewhat stronger (Table 5.6).

Clearly then, the value of the magnetic moment depends on the applied magnetic
field. For non-interacting spins, this value is expected to consist of contributions from both
U* and Fe® centers. At 298 K and 1500 G, the magnetic moment of [(NN™%),U][15] is 4.68 ps.
Assuming the contribution of the former is the same as that in the neutral analog (p = 2.57 g
at 298 K in 1500 G), the contribution of Fe** then is 2.11 pg. Similarly, at 298 K and 1500 G,
the magnetic moment of [(NN"%),U][I5] is 3.48 ps. Again assuming that the contribution of U*
is the same as that in the neutral species (p = 1.43 pg at 298 K in 1500 G), the contribution
from Fe®* of 2.05 pp is extracted. The same treatment of the NN"¥ analogue reveals the
contributing moment from the ferrocenium ligand to be 1.95 pg. All three contributions are
very close to the predicted spin-only value for a trivalent iron center with one unpaired

electron (1.73 pg).

222



N N w w
=1 a o a
S =] S =]

1 (G mol emu-?)

"E100

X

50

— [(NN™),U][l5]

X, T (emu G mol'* K)

200

150

100

X! (G mol emu-')

50

500

450

400

350

300

250

200

150

X, -1 (G mol emu-?)

100

50

50

100 150 200

Temperature (K)
[(NN¥&5),U][1s]

250

5000 G

300

X,,T (emu G mol-' K)

50

1(I)O 1I50 2(I)O
Temperature (K)

— [(NNP*),U][1s1]

250

300

Temperature (K)

<
2000G ¢
1500G 5
3
£
g
|_
£
b4
1500 G
A

— [(NN™$);U][I5]

1500 G
5000 G
SIO 160 1 _;)0 Z(IJO 2.’;0 360
Temperature (K)
5
[(NNMES),U][Is]
4
3
2 1500 G
1 5000 G
0 T T T T T ]
0 50 100 150 200 250 300
Temperature (K)
——  [(NNPMP), U][I3]
1500 G

0 50 100 150 200 250 300
Temperature (K)

Figure 5.43. X,,"' and X, T of oxidized (NN®),U complexes at various magnetic fields.
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Table 5.6. Weiss (8) and Curie (C) constants and magnetic moments (u) of oxidized (NN®),U complexes. *From
Reference 64.

H 0 C H
(G or Oe) (K) (emu Kmol') | (ug)

500 | -143.35 4.86 6.26

[(NN™%),U1[15] 1500 | -102.92 2.71 4.68
5000 | +11.28 0.87 2.65
[(NN™%),U][Fel4] 1500 | +18.42 6.46 7.22

1500 | -203.94 1.50 3.48
5000 | -115.12 1.19 3.10

[(NN™);U][1]

[(NN™®),U][BPh,]* 5000 | +47.78 0.78 2.50
500 | -174.91 2.77 4.73
[(NN®*"),UT[151] 1500 | +53.52 0.70 2.37

4000 | +46.01 0.65 2.28
“[(NN"™P),U][Fel4]” 1500 | -23.14 7.50 7.78
500 | -177.05 5.08 6.40

[(NN"&),U][15] 1500 | -53.39 2.74 4.70
5000 | +22.97 1.39 3.35

Magnetic susceptibility measurements of the singly oxidized [(NN™®

)2U][Fel4] complex
reveal a magnetic moment of 7.22 pg at 298 K and 1500 G. This is significantly higher than
what is measured for the triiodide salt in the same conditions (4.68 pg) and reflecting the
presence of another magnetic center. It has been shown previously that the Fe®" in
tetraiodoferrate anion has a high spin ®Ss,, configuration,”'? so the predicted spin-only value
of its magnetic moment is 5.92 pg. Applying the same subtraction method as described above,
this value is much higher than the remainder pertaining to the combination of contributions
from ferrocenium and ferrate Fe®" centers. That is, after subtracting 2.57 pg due to U* in the
neutral species, a magnetic moment of 4.65 pg remains even before a low-spin ferrocenium
iron is taken into account. This deviation is presumably either a consequence of strong
antiferromagnetic coupling involving [Fels]” that expectedly decreases the overall magnetic

moment (from 2.57+1.73+5.92=10.22 pg) or the anion’s Fe*" is of low-spin itself, in which case

its contribution to the overall magnetic moment would be 1.73 pg. Indeed, if the latter was
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true, the predicted magnetic moment of [(NN™°),U][Fel,] would be 6.03 pg (2.57+1.73+1.73
Hg), which is close to the experimentally determined value of 7.22 .

Magnetic susceptibility of the doubly oxidized [(NN®™"),U][Isl]] before and after
decomposition was also measured. The composition of both samples was determined by
elemental analysis. Before decomposition, elemental analysis confirmed the purity of
[(NN®"P),U][I51], which exhibits strong antiferromagnetic coupling (8 = -174.9 K) when a low
magnetic field is applied (Figure 5.43). Increasing the external magnetic field to 1500 G,
however, reveals significant ferromagnetic coupling (6 = +53.5 K), which does not change
drastically upon further increase of the field. For example, at 4000 G, the Weiss constant
decreases to only +46.0 K. This is consistent with the magnetization field dependence data.
Moreover, the observed magnetic moment varies from 4.15 pg at 298 K and 500 G to 2.01 pg at
298 K and 4000 G. Both values are significantly lower than expected for U* and two low-spin
Fe¥ centers (5.08-7.04 pg; lower limit is derived from using the magnetic moment of 1.62 pg
in neutral species, while the upper limit is obtained by using the theoretical value of 3.58 pg
for uranium).

Magnetization field dependence [(NN°™"),U][I;I] after decomposition at 298 K is nearly
linear. Unlike behavior of both neutral and freshly oxidized parent compounds, high
magnetocrystalline anisotropy is evident and the magnetization does not saturate. The field
dependence of the magnetic moment at 298 K is asymptotic. For example, room-temperature
magnetic moment is 9.20 pg at 250 G and 6.43 pg at 9000 G. Both values are much higher than
that observed before decomposition, which suggests formation of new magnetic centers.
Furthermore, as determined from temperature-dependence measurements (Figure 5.43),
antiferromagnetic coupling (6 = -23.4 K) is predominant. The corresponding magnetic moment
(7.78 pg at 298 K and 1500 G) is consistent with that calculated from magnetization field

dependence (7.41 at 298 K and 1500 G). It is likely that the decomposition of the doubly
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oxidized [(NN°™),U][l;1] involves formation of iodo- or chloro ferrate salts'®* 2"*?" and that

the measured magnetic susceptibility is that of a mixture of complexes.

5.3 CONCLUSIONS

Using nuclear magnetic resonance, electrochemistry, optical and vibrational
spectroscopy, as well as crystallography and magnetometry, the present Chapter describes
our investigation of four uranium bis(1,1’-diamidoferrocene) complexes. Altogether, these
data show the following:

(1) Ligands bearing a bulky tert-butyl group on the silylamido substituents impose
greater torsion and tilt angles at the ferrocene backbone, creating shorter distances between
uranium and iron centers, and in turn, enhancing their interaction. In addition to a single one-
electron reduction of uranium, electrochemical data reveal two one-electron anodic
processes, the first of which we attribute to oxidation of one iron center. Indeed, chemical
oxidation of (NN™*),U generates a tetravalent uranium center supported by both ferrocene
and ferrocenium diamide ligands. This cationic complex can be isolated as a triiodide and
tetraphenylborate salt, and is shown by 'H NMR data to be stable in solution at room
temperature indefinitely. Electronic absorption spectra of these mono-oxidized complexes
show an intense band ascribed to charge transfer between Fe?* and Fe®" moieties. The two
ligands are structurally indistinguishable, corroborating the valence delocalized nature of
[(NNT%*),U7T".

(2) Although they strictly enforce a staggered conformation of the Cp rings in the free
ligand, mesitylamido substituents create considerably less torsion strain when the ligands
coordinate to uranium, resulting in greater iron-uranium distances. In the neutral (NN%£%),U
complex, the iron centers are structurally distinct. More remarkably, even though the

TBS
N

distance between them is smaller than that in the neutral (N )2U complex, the intensity
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and position of the intervalence charge transfer band observed upon oxidation indicate that
[(NNME%),U7]* is valence trapped. This is attributed to the non-linear path of travel (as defined
by the Fe-U-Fe angle), which provides support for the notion that the uranium center is
directly involved in mediation of electron transfer between ferrocene and ferrocenium
ligands.

(3) The anomaly in this study is the uranium complex supported by two ferrocene
diamide ligands bearing dimethylphenylsilyl substituents. As confirmed by voltammetric and
amperometric methods, (NN®"),U undergoes a two-electron oxidation, whose product does
not exhibit an intervalence charge transfer band in the near IR. Because the electronic
factors of the proligand are nearly identical to those of H,NN™®° H,NN™° and H,NNY& it is
likely that the observed behavior of the neutral uranium complex is simply a determined by

its structure, which is revealed to contain unusually high symmetry.

5.4 APPENDIX E
5.4.1 Synthesis
General Considerations. All experiments were performed under a dry nitrogen atmosphere
using standard Schlenk techniques or an MBraun inert-gas glove box. Solvents were purified

218 and transferred

using a two-column solid-state purification system by the method of Grubbs
to the glove box without exposure to air. NMR solvents were obtained from Cambridge Isotope
Laboratories, degassed, and stored over activated molecular sieves prior to use. 'H and "C
NMR spectra were recorded on Bruker300 or Bruker500 spectrometers (supported by the NSF
grant CHE-9974928) at room temperature in C¢Ds or CDCl;. Chemical shifts are reported with
respect to solvent residual peaks, 7.16 ppm (C¢Ds) or 7.26 (CDCl;). Cyclic voltammetry

measurements were conducted on a CH Instruments CHI630D potentiostat using a 2-mm

platinum disk as the working electrode, a 3-mm glassy carbon disk as the counter electrode,
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and a 25-pm silver wire as the pseudo-reference electrode. UV-Vis spectra were recorded on
a Varian Carey 5000 spectrophotometer from 230 to 1600 nm using matched 1-cm quartz
cells; all spectra were obtained using a solvent reference blank in a cuvette with an air-free
Teflon adapter. IR spectra were recorded on a JASCO FTIR420 spectrophotometer from 4000
to 400 cm™ using a sealed liquid cell from International Crystals Laboratory with a 1-mm path
length and KBr windows. CHN analyses were performed on an Exeter Analytical, Inc. CE-440
Elemental Analyzer. Magnetic susceptibility measurements were conducted on a Quantum
Design MPMS XL superconducting quantum interference device (SQUID) magnetometer.
Spectra deconvolution was performed using the computer program IgorPro.
Dimethylphenylsilyl chloride, triethylamine, and n-butyllithium were purchased from
Alfa Aesar and used as received. lodine (I;) was also purchased from Alfa Aesar and purified
by sublimation before use. Tetrabutylammonium hexafluorophosphate (TBAPF¢) and
tetrabutylammonium bromide (TBABr) were purchased from Sigma Aldrich and recrystallized
from THF before use. Tetraisopropylammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

l.,”"" and

(TPABArf) was prepared following the procedure reported by Thomson, et a
recrystallized from diethyl ether and THF before use. Potassium benzyl (KBz) was synthesized
following a previously published procedure.?® Shafir, et al. reported the synthesis of 1,1’-
ferrocene diamine (H;NN™),%” H,NN™* ligand,”" and H,NN"® ligand,” while Siemling, et al.
reported the synthesis of H,NN™ ligand.”? H,NN™ ligand®, (NN™*)Ul,(THF),®*
(NN™*)U(CH,Ph);,®> and (NN™)U(CH,Ph),, as well as neutral and oxidized (NN™),U®*
complexes were previously prepared in our group. Monreal, et al. reported the synthesis of

Ul4(1,4-dioxane),,"®

which greatly facilitated this study because all uranium complexes
presently discussed can be prepared in high yield and in a relatively short period of time

starting with this precursor.
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Synthesis of [K2(OEt;);JNN°™_ Solid KCH,Ph (169 mg, 1.3 mmol) was added to a thawing 10-
mL diethyl ether solution of H,NN"* (298 mg, 0.62 mmol). The reaction mixture was stirred
at room temperature for 4 h. The resulting brick red precipitate was collected on a medium-

porosity frit, washed with pentane, and dried under reduced pressure. Yield: 331 mg, 96 %.

Synthesis of [K(OEt;),JNN*, Solid KCH,Ph (358 mg, 2.75 mmol) was added to a thawing 30-
mL diethyl ether solution of H,NN"® (592 mg, 1.31 mmol). The reaction mixture was stirred at
room temperature for 2 h. The resulting dark red precipitate was collected on a medium-

porosity frit, washed with hexanes, and dried under reduced pressure. Yield: 773 mg, 87 %.

Synthesis of (NN®™"),U. A cold THF solution of [Ky(OEt;);JNN"" (510 mg, 0.72 mmol) was
slowly added to a thawing THF solution of Uls(dioxane); (378 mg, 0.41 mmol). After stirring
at room temperature for 3 h, the reaction mixture was filtered through Celite and dried
under reduced pressure. The crude product was dissolved in toluene, again filtered through
Celite, and dried under reduced pressure. This process was repeated two more times. The
final filtrate was concentrated and placed at -40 °C. Dark red-brown crystals formed after
several days. Yield: 279 mg, 57 %. (NN°),U is insoluble in hexanes and diethyl ether,
sparingly soluble in toluene and benzene, and soluble in tetrahydrofuran, dichloromethane,

and chloroform.

Synthesis of (NN*¥),U. A cold THF solution of [K(OEtz),JNN¥&* (1.20 mg, 1.92 mmol) was
slowly added to a thawing THF solution of Uly(dioxane); (935 mg, 1.01 mmol). After stirring
at room temperature for 3 h, the reaction mixture was filtered through Celite and dried
under reduced pressure. The crude product was dissolved in toluene, again filtered through
Celite, and dried. Pentane was added to the resulting dark orange film and the mixture was
stirred at room temperature until powder formed. The orange powder was then collected on

a medium-porosity frit and washed with diethyl ether. It was then dissolved in toluene and
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placed at -40 °C. Dark orange crystals formed after 24 h. Yield: 621 mg, 62 %. (NN*),U is
insoluble in hexanes and diethyl ether, and soluble in toluene, benzene, tetrahydrofuran,

dichloromethane, and chloroform.

Synthesis of [(NN™®),U][Is] and [(NN™®),U][Fel,]. In a 20-mL scintillation vial, a diethyl
ether solution of iodine (4.5 mL of 0.08 M, 0.37 mmol) was added dropwise to a cold diethyl
ether solution of (NN™®),U (304 mg, 0.32 mmol). Black precipitate formed immediately. After
the reaction mixture was allowed to stir at room temperature for 1 h, the powder was
collected onto a medium-porosity frit, washed with diethyl ether, and dried under reduced
pressure. Yield: 281 mg, 66 %. [(NN™®),U][I] is insoluble in hexanes, pentane, diethyl ether,
toluene, benzene, and trifluorotoluene. Although soluble in tetrahydrofuran,
dichloromethane, and chloroform, [(NN™%),U][l;] readily decomposes after 30 min even at -
40 °C. Recrystallization from dichloromethane vyields black needle «crystals of
[(NN™%),U][Fels]. Finally, [(NN™%),U][Is] can be reduced back to (NN™),U by addition of

potassium graphite in tetrahydrofuran.

Synthesis of [(NN"™%),U][I5]. In a 50-mL round bottom flask, a diethyl ether solution of iodine
(6.3 mL of 0.08 M, 0.51 mmol) was added dropwise to a cold diethyl ether solution of
(NN™3),U (501 mg, 0.45 mmol). After the reaction mixture was allowed to stir at room
temperature for 40 min, the black powder was collected onto a medium-porosity frit, washed
with diethyl ether, and dried under reduced pressure. Yield: 615 mg, 92 %. [(NN™),U][l5] is
insoluble in hexanes, pentane, diethyl ether, toluene, benzene, and trifluorotoluene but
soluble in tetrahydrofuran, dichloromethane, and chloroform. It is stable in solution at room

temperature.

Synthesis of [(NN""),U][I51] and [(NN""),U][lsls]. In a 20-mL scintillation vial, a diethyl ether
solution of iodine (0.81 mL of 0.05 M, 0.04 mmol) was added dropwise to a cold diethyl ether
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solution of (NN®"),U (42 mg, 0.03 mmol). Black precipitate formed immediately. After the
reaction mixture was allowed to stir at room temperature for 20 min, the powder was
collected onto a medium-porosity frit, washed with diethyl ether, and dried under reduced
pressure. Yield: 45 mg, 75 %. [(NN°),U][151] is insoluble in hexanes, pentane, diethyl ether,
toluene, and benzene. Like [(NN™%),U][l5], it is soluble in tetrahydrofuran, dichloromethane,
and chloroform, but it decomposes in solution even at -40 °C. Recrystallization from

concentrated dichloromethane at -40 °C yields black crystals of [(NN?"),U][I;l5] after 15 min.

Synthesis of [(NN£%),U][I5]. In a 50-mL round bottom flask, a diethyl ether solution of iodine
(6.8 mL of 0.05 M, 0.34 mmol) was added dropwise to a cold diethyl ether solution of
(NN"%),U (334 mg, 0.29 mmol). After the reaction mixture was allowed to stir at room
temperature for 40 min, the black powder was collected onto a medium-porosity frit, washed
with diethyl ether and toluene, and dried under reduced pressure. Yield: 384 mg, 86 %.
[(NNMES)ZU][I3] is insoluble in hexanes, pentane, diethyl ether, toluene, and benzene, but
soluble in tetrahydrofuran, dichloromethane, and chloroform. Unlike the NN°" and NN™%
analogues, [(NN*¥#),U][1s] decomposes in solution to the neutral species after several hours at

room temperature.
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5.4.2 Elemental analysis

(NNTMS)ZU
C32H52Fe2N4Si4U (955 g/mol)

Calculated: 40.25 %C, 5.49 %H, 5.87 %N
Found: 40.80 %C, 5.58 %H, 5.53 %N

(NN%),U
C44H76Fe2N4Si4U (1 123 g/mol)

Calculated: 47.05 %C, 6.82 %H, 4.99 %N
Found: 46.71 %C, 6.62 %H, 4.97 %N

(NNDMP)ZU
C52H60Fe2N4Si4U (1203 g/mol)

Calculated: 51.91 %C, 5.03 %H, 4.66 %N
Found: 51.61 %C, 5.05 %H, 4.70 %N

(NNMES)ZU
C5(,H60FezN4U (1 139 g/mol)

Calculated: 59.06 %C, 5.31 %H, 4.92 %N
Found: 58.52 %C, 5.45 %H, 4.80 %N
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[(NN™%),U1[l5]
C32H52Fe2I3N4Si4U (1 336 g/mol)

Calculated: 28.78 %C, 3.92 %H, 4.20 %N
Found: 29.11 %C, 3.51 %H, 3.88 %N

[(NNT®);U][15]
C44H76Fe2I3N4Si4U (1 504 g/mol)

Calculated: 35.14 %C, 5.09 %H, 3.73 %N
Found: 35.35 %C, 4.90 %H, 3.35 %N

[(NN"*P),UT[I51]
C52H60Fe2I4N4Si4U (1711 g/mol)

Calculated: 36.51 %C, 3.54 %H, 3.28 %N
Found: 35.74 %C, 3.44 %H, 3.02 %N

[(NNY),U1[15]
C5(,H60Fezl3N4U (1 520 g/mol)

Calculated: 44.26 %C, 3.98 %H, 3.69 %N
Found: 44.55 %C, 4.06 %H, 3.22 %N



5.4.3 "H and "*C NMR spectroscopy

Figure E1. 'H NMR (300 MHz, 25 °
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5.4.4 Crystallography

Figure E7. Crystal data for (NN®?),U, formula Cs,HgoFe;N4SisU; space group P-4; V = 4907.48 A%; a = 19.5647(10) A,
b = 19.5647(10) A, c = 12.8207(10) A; B = 90.00°.
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Figure E8. Crystal data for (NN*E),U, formula CsgHeoFe;N4U; space group C2/c; V = 10716.9 A; a = 38.797(4) A, b
= 11.7313(12) A, ¢ = 23.559(2)A; B = 91.886(1)°.

Figure E9. Crystal data for [(NN™®),U][Fel,], formula Cs;Hs,Fesl4N,Si,UCH,Cl,; space group P2;/n; V = 5145.54 A3;
a=19.082(14) A, b = 14.866(11) A, c = 19.240(14) A; B = 109.477(7)°. [Fel4] anion is not included.
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Figure E10. Crystal data for [(NN),U][I5l5], formula Cs;HeoFesN4SisUls; space group P24/n; V = 5604.26 A%; a =
13.143(2) A, b = 23.147(4) A, c = 19.050(3) A; B = 104.752(2)°. [l5] and [I5]‘ anions are not included for clarity.

5.4.5 Cyclic voltammetry
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Figure E11. Cyclic voltammogram of (NN™5),U with TBAPF, supporting electrolyte.
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Figure E16. Cyclic voltammogram of (NNY&),U.

5.4.6 Differential pulse voltammetry
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Figure E17. Differential pulse voltammogram of (N

N™5),U with TPABAr® supporting electrolyte.
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Figure E18. Differential pulse voltammogram of (N
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Figure E20. Differential pulse voltammogram of (NN°),U with TBABr supporting electrolyte.
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Figure E21. Differential pulse voltammogram of (NN™E5),U with TPABAr" supporting electrolyte.

5.4.7 Chronoamperometry

,'=M —kt™ - kv” . _ nFACVD -1/2 1/2
Jat === ~k =k

where
i = current in uA
n = number of electrons
F = Faraday constant in C mol’’
A = area of electrode surface in cm?
C = analyte concentration in mM
D = diffusion coefficient in cm? s’
t = time in seconds
v = scan rate in mV/s

Plotting i as a function of v”* yields a straight line with slope k. Using

n, (k)G)(C,)

n.  (k)(,)I(C,)

ny = number of electrons transferred during oxidation of (NN?),U

ng. = number of electrons transferred during oxidation of ferrocene

ky = slope measured with a 3-mm electrode for (NNR),U

ks = slope measured a 3-mm electrode for ferrocene

ix = steady state current measured with a 25-um electrode for (NNF),U

ifc = steady state current measured with a 25-um electrode for ferrocene
C, = concentration of (NN®),U

Cs. = concentration of ferrocene

where
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Table E1. Chronoamperometry in THF solutions of TPABAr'.

C kx i Trial Electrons
THF, TPABAr®
(mM) | (uAs"?) | nA 1 2 3 |avg | £ |n
(NN™),U 1.76 | 4.35 |-4.04|0.82|0.83|0.76 | 0.80 | 0.04 | 1
(NN™%,U,1 | 0.94 | 3.64 |-3.44|1.27|1.29|1.18|1.25|0.06 | 1
(NN™%,U,2 | 0.94 | 4.04 |-479|1.12|1.14|1.04|1.10|0.05 | 1
(NN°*P),u 2.85 | 11.71 |-7.44|1.99|2.03|1.84|1.96 |0.10| 2
Table E2. Chronoamperometry in THF solutions of TBAPF.
THF, TBAPF, C kx i Trial Electrons
(mM) | (UAS"?) | nA 1 2 3 |avg | £ |n
(NN™%),U, 1 | 5.17 | -13.85 | -14.11 | 0.81 | 0.82 | 0.75 | 0.79 | 0.04 | 1
(NN™%),U, 2 | 5.17 | -16.21 | -16.28 | 0.96 | 0.98 | 0.89 | 0.93 | 0.05 | 1
(NN°*P),u 0.64 | 3.30 | -2.21 |2.38(2.42|2.20(2.31]0.12 |2
(NN"5),U 3.20 | 9.52 -7.48 | 1.171.19 | 1.08 | 1.13 | 0.06 | 1
Time (s)
0 10 20 30 40 50
0 . . . ) .
.5.
< .10+
2
) 0 " ———
[ o _
[J] R
c 15 bt
3 s
v (NN™),U 3
20 THF, TPABArF :
3 mm Pt disk “
v uPotential (’35\,5 Fco+) ! "

Figure E22. Chronoamperogram of (NN™°),U measured with a 3-mm Pt working electrode.
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Figure E24. Chronoamperogram

of (NN™3),U measured with a 3-mm Pt working electrode.
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Figure E25. Chronoamperogram of (NN"™%),U measured with a 25-um Pt working electrode.
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Figure E26. Chronoamperogram of (N )2U measured with a 3-mm Pt working electrode.
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Figure E27. Chronoamperogram of (NN"™%),U measured with a 25-um Pt working electrode.
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Figure E28. Chronoamperogram of (N )2U measured with a 3-mm Pt working electrode.
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Figure E31. Chronoamperogram of (NN°’),U measured with a 25-um Pt working electrode.
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Figure E32. Chronoamperogram of (NN*¥%),U measured with a 3-mm Pt working electrode
Time (s)
0 10 20 30 40 50 60 70 80 90 100
-0.20V -0.60V
= N ~
E 05
g ;
s 2 s
= <
[ c 2
5 8
o - 3 2.5
3
(NN"=5),U
50 1 . —
THF’ TBAPFG 0 -0.2 -0.4 -0.6 -0.8 -1
Potential (V vs Fc%*)
25 um Pt disk

-60 -

Figure E33. Chronoamperogram of (NN*%),U measured with a 25-um Pt working electrode.

5.4.8 IR spectroscopy
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Figure E34. IR spectrum of (NN™5),U in dichloromethane.
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Figure E37. IR spectrum of (NN*%),U in dichloromethane.
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Figure E38. IR spectrum of [(NN™%),U][l5] in dichloromethane.
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Figure E39. IR spectrum of [(NN®%),U][l;] in dichloromethane.
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Figure E40. IR spectrum of [(NN"""),U][151] in dichloromethane.
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Figure E41. IR spectrum of [(N
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)2U][15] in dichloromethane.

5.4.9 UV-Vis spectroscopy
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Figure E42. UV-Vis spectrum of (NN™®),U (0.02 mM) in dichloromethane.
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Figure E43. UV-Vis spectrum of (NN™%),U (0.07 mM) in dichloromethane.
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Figure E44. UV-Vis spectrum of (NN°"?),U (0.17 mM) in dichloromethane.
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Figure E45. UV-Vis spectrum of (NN"£%),U (0.06 mM) in dichloromethane.
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Figure E46. UV-Vis spectrum of [(NN™),U][I5] (0.022 mM) in dichloromethane.
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Figure E47. UV-Vis spectrum of [(NN™%),U][I5] (1.1 mM) in dichloromethane.
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Figure E48. UV-Vis spectrum of [(NN°’),U][l51] (0.016 mM) and decomposed [(NN°™),U][I;] in dichloromethane.
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Figure E49. UV-Vis spectrum of [(NN"5),U][l5] (0.015 mM) in dichloromethane.
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5.4.10 NIR spectroscopy
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Figure E50. NIR spectrum of (NN™®),U (5.4 mM) in dichloromethane.

800 900 1000

—
S 200
£
(9]
=
N d
>, 150
=
2
hd
o
5 100
w
0o
<
| .
K 50
)
=

0

800 900 1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)
Figure E51. NIR spectrum of (NN™%),U (4.6 mM) in dichloromethane.
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Figure E52. NIR spectrum of (NN"?),U (6.2 mM) in dichloromethane.
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Figure E53. NIR spectrum of (NN¥£%),U (9.9 mM) in dichloromethane.
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Figure E54. NIR spectrum of [(NN™%),U][l5] (1.9 mM) in dichloromethane.
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Figure E55. NIR spectrum of [(NN™%),U][l5] (1.1 mM) in dichloromethane.

253



8000

7000

6000

5000

4000

3000

2000

1000

Molar Absorptivity (M-'cm™)

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)
Figure E56. NIR spectrum of “[(NN°™?),U][Fels],” or “[(NN°MP),U][(Fel4)(1)]” in dichloromethane.
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Figure E57. NIR spectrum of [(NN*&),U][I5] (3.0 mM) in dichloromethane.

5.4.11 Magnetometry
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Figure E58. Magnetization field dependence of Ul4(1,4-dioxane),.
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Figure E59. Magnetization field dependence of (NN™®%)Ul(THF).
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Figure E60. Magnetization field dependence of (NN™),U.
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Figure E61. Magnetization field dependence of (NN"%%),U.
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Figure E62. Magnetization field dependence of (NN?*"),u.
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Figure E63. Magnetization field dependence of (NN*¥),U.
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Figure E66. Magnetization field dependence of [(NN™®%),U][l5].
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Figure E69. Magnetic moment field dependence of neutral (NN?),U complexes.
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Figure E71. Magnetic moment field dependence of [(NNM"),U][I51] and [(NNE%),U][I5].
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Figure E72. Inverse molar susceptibility temperature dependence of Ul4(1,4-dioxane),.
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Figure E73. Inverse molar susceptibility temperature dependence of (NN"™%)Ul,(THF).
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Figure E74. Inverse molar susceptibility temperature dependence of (NN™),U.
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Figure E75. Inverse molar susceptibility temperature dependence of [(NN"%),U][l5].
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