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Abstract: The C—C coupling of two molecules of 1-methylbenzimidazole was effected by a neutral uranium
dibenzyl complex supported by a ferrocene 1,1’-diamide ligand. The transformation involves the C—H
activation of two heterocycles and the coupling of one 7?-N,C-imidazolyl fragment with a coordinated
1-methylbenzimidazole ligand. The solid-state structure of this product was studied by both single-crystal
and powder X-ray diffraction methods and confirms the formation of the biheterocyclic moiety. In solution,
the C—C coupling event was found to be reversible, as assessed by variable-temperature *H and 2H NMR
spectroscopy as well as DFT calculations and reactivity studies.

Introduction

The high Lewis acidity and large ionic radius of actinides
often determine unique reactivity for their complexes.* Aromatic
N-heterocycles represent interesting substrates both as synthetic
targets® as well as hydrodenitrogenation models.® Actinide
complexes engage in the functionalization as well as the
cleavage of these molecules.* For example, cyclopentadienyl
alkyl complexes of thorium have been shown to effect the ring-
opening of pyridine N-oxides® after an initial C—H activation
reaction.® It has also been reported that actinide complexes are
more reactive than analogous group 4 complexes toward
N-heterocycles, as shown by the fact that C—H activation occurs
with neutral dialkyl complexes as opposed to the alkyl cationic
complexes necessary for group 4.”° The involvement of f
electrons in covalent bonding can also be influential .*°~2° The
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combination of all these properties of uranium can lead to
unexpected reactivity behaviors for its organometalic com-
plex%?l’zs

We have been investigating the reactivity of group 32°32
and uranium alkyl®® complexes supported by a 1,1’-ferroce-
nylene-diamide ligand®**~* toward aromatic N-hetero-
cycles 21303137739 rgnjum adds a new level of complexity
since its ferrocene-diamide complexes have two akyl groups
that can both engage in reactions with the same substrate.
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Scheme 1. Reactions of 1-Methylimidazole Mediated by 1-(CH,Ph),
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Recently, we reported a novel C—H activation reaction by
(NN )U(CH,Ph),, 1-(CHPh), (NN¢ = fc(NSI'BuMey),, fc =
1,1’-ferrocenylene)® and showed that both benzyl ligands of
1-(CH,Ph), reacted with an sp?> C—H bond of 1-methylimid-
azole (mi) to give 2™-mi (Scheme 1).>* We have also shown
that, after the C—H activation events, an interesting cascade of
functionalization reactions can be thermally induced. Specifi-
cally, upon heating, 2™-mi undergoes C—C coupling to give
3™, ring-opening, and migratory insertion of the imidazole
ligands to lead, ultimately, to an isomeric mixture of 4A and
4B (Scheme 1). The products 4A and 4B feature three modified
imidazole fragments; the cascade of reactions leading to them
represents the first example of aromatic N-heterocycle cleavage
by actinide complexes where no oxygen atoms® or redox
processes™ are involved.

During our studies, we attempted to mimic the reactions of
1-methylimidazole and 1-(CH ,Ph), with 1-methylbenzimidazole
in order to determine whether similar results would be obtained.
A complex analogous to 3™, 3™ wasisolated and characterized
by single-crystal X-ray crystallography, providing support for
the mechanistic proposal presented in Scheme 1.2* To our
surprise, the solid-state structure of 3™ did not agree with the
solution structure as assessed by *H NMR spectroscopy; the
number of peaks observed was too low when compared to that
expected based on the asymmetry of the solid-state structure.
Herein, we report that the C—C coupling event resulting in the
formation of 3™ is reversible. This unexpected equilibrium was
characterized extensively by variable temperature *H and °H
NMR spectroscopy, X-ray powder diffraction, DFT calculations,
and reactivity studies. Reversible bond formation has been
invoked as the basis for developing switchable molecular
systems and the C—C bond formation involving heterocycles
has been recently identified as a fruitful area for exploration.***
In general, such a system switches between two states in
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response to an external stimulus; however, the results discussed
herein show that the two states may coexist in solution for 3m',

Results and Discussion

Synthesisand Solid-State Char acterization of Complexes. The
reaction between 1-(CH,Ph), and three equivalents of 1-methyI-
benzimidazole led to large red-brown crystals of 3™ from
concentrated hexanes at —35 °C in 88% yield (eq 1). Theinitial
interpretation of the *H NMR spectrum of 3™ indicated a Cy,-
symmetrical complex: peak integrations matched a compound
with two C—H activated 1-methylbenzimidazole ligands. A
similar situation was observed for the room-temperature *H
NMR spectrum of 2™-mi. However, the solid-state structure
of 3™ determined by X-ray crystallography illustrated a
different result (Figure 1): instead of two simple ortho-metalation
events, C—C coupling of two 1-methylbenzimidazole ligands
and dearomatization of one of rings had also occurred. Interest-
ingly, the solid-state structure of 2™-mi (Figure 1) is different
from that of 3™ even though the two complexes were
synthesized by analogous reactions. Although both crystal
structures were reported in a previous communication,? rep-
resentations and a discussion are included herein for ease of
reference.

There are two previously reported examples similar to 3™
one is a proposed (but uncharacterized) intermediate in the

Figure 1. Thermal-ellipsoid (50% probability) representation of 3™ (left)
and 2™-mi (right); H, solvent atoms, and ‘Bu methy! groups were removed
for clarity.
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reaction between Cp*,Y (?-N,C-pyridyl) and excess pyridine,** Q 30000+
the other is the coupling of pyridines or imidazoles by group 3 St
alkyl complexes supported by a 1,1’-ferrocenylene-diamide
ligand, from our group.®®=° In areport specific to uranium, the 10000 |
synthesis of Cp*UsO13(bipy), (Cp* = 1,2,4-'BusCsH,; bipy =
2,2 -bipyridine) from Cp*UCI,, KCs, and pyridine-N-oxide, was i ,
explained by proposing that two pyridy! radicals combined to 5 10 15 20 25 30
form 2,2’-bipyridine.*® To our knowledge, no imidazole C—C 20

coupling product has been previously isolated and characterized
either for a uranium or a transition metal complex prior to our
study.?* A complicated reaction, in which an N-heterocyclic
carbene was used as a precursor, led to arhodium complex with
astructure relatively similar to that of 3™, but a procedure for
the synthesis of this complex was not included, likely because
of the complex nature of the reaction from which it was
separated.*®

The comparison of metrical parameters for 3™ and 2M-mi
is informative. The complex 3™ features a short U—Ny
distance of 2.3891(39) A, corresponding to the bond between
uranium and the amide nitrogen of the desromatized heterocycle,
an intermediate U—N,, distance of 2.4372(39) A to the other
nitrogen donor of the biheterocyclic fragment, and a long
U—N distance of 2.5136(41) A to the 52-N,C-imidazolyl
ligand. Metrical parameters are also consistent with the dearo-
matization of one of the imidazole rings in 3™, For example,
the N—C distances in the heteroaromatic ring of the bihetero-
cyclic structure are 1.3323(59), 1.3984(61), 1.3609(60), and
1.3881(66) A, while in the desromatized ring they are 1.3870(64),
1.4593(62), 1.4137(67), and 1.4692(63) A, with the two longest
distances being to the sp3-carbon atom. The NCN angle of
104.95(40)° and the NCC angles of 109.29(39) and 114.47(41)°
around the sp-carbon atom also support the above structural
assignment. The distances involving the #?-N,C-imidazolyl
ligands are similar in 3™ (U—Cy, 2.4455(49) A: Ny—Cy,
1.3464(57) A; N—Cy, 1.3644(60) A; Ny—C, 1.4003(58) A;
C—C, 1.3998(64) A; N—C, 1.3925(60) A) and 2™-mi (U—Cy,
2.467(16) and 2.474(16) A; Ny—Cy, 1.362(20) and 1.381(28)
A; N—Cy, 1.422(19) and 1.454(23) A; Ny—C, 1.376(20) and
1.417(24) A; C—C, 1.322(23) and 1.238(28) A; N—C, 1.422(19)
and 1.325(25) A).

To ensure that the crystal chosen for the structure determi-
nation of 3™ was not merely an isolated example, a crystal
from a separate batch was also characterized by X-ray crystal-
lography and found to have the same structure. The unit cell of
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Figure 2. Powder X-ray diffraction data for compound 3™'. (Top)
Simulated pattern derived from single-crystal X-ray diffraction data.
(Bottom) Data collected from a microcrystalline sample.

Scheme 2. Proposed Solution Equilibrium for 2™-mi
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a crystal from a third batch was identical to the first two.
Furthermore, a powder X-ray diffraction study was conducted
on amicrocrystalline sample of 3™, The resulting pattern from
this experiment matched the simulated pattern derived from the
single-crystal X-ray data (Figure 2), indicating that, in the solid
state, the structure of compound 3™ is consistent with the
presence of two coupled imidazole rings.

Solution Structures. An investigation of the 'H NMR spectra
(CgDs, 25 °C) of 2M-mi and 3™ was undertaken to elucidate
the observation of symmetrical speciesin solution. In the room-
temperature 'H NMR spectra of 2™-mi or 3™, only one set of
peaks was observed for the t-butyl or methyl groups of the
ancillary ligand as well as for the two imidazole ligands. Small,
broad peaks were apparent in the spectrum of 2™-mi and were
attributed to the labile 1-methylimidazole fragment. In order to
support this assignment, an excess of 1-methylimidazole was
added to 2™-mi; the broad peaks proportionally increased in
intensity and the ligand peaks shifted, consistent with the
complex being involved in a coordination/dissociation equilib-
rium with 1-methylimidazole (Scheme 2 and Figure 3, left).

An analogous *H NMR spectrum (CgDs, 25 °C) was obtained
for 3™: peak integrations of the sharp signals matched a
compound with two ortho-metalated 1-methylbenzimidazole
ligands. In addition to the sharp signals, very broad signals were
also observed at ca. 10 — 25 ppm (Figure 3, right). It is proposed
that the broad resonances correspond to a coordinated 1-meth-
ylbenzimidazole ligand, asin 2™'-mbi, which engagesin afast
exchange with free 1-methylbenzimidazole at room temperature,
similar to what was observed for 2™-mi (Scheme 2). To find
support for this proposal, the reactions of 1-(CH,Ph), with
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Figure 3. (Left) *H NMR spectra (25 °C, 500 MHz, C¢Dg) of the reaction between 1-(CH,Ph), and 1-methylimidazole (top, 3 equivalents; bottom, 10
equivaents) consistent with the equilibrium shown in Scheme 2. (Right) *H NMR spectra (25 °C, 500 MHz, C¢Dg) of the reaction between 1-(CH,Ph), and
1-methylbenzimidazole (top, 3 equiv; bottom, 10 equiv) consistent with the equilibria shown in Scheme 3.

Scheme 3. Proposed Solution Equilibria for 3m
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1-methylbenzimidazole with 3 and 10 equivalents were inves-
tigated by *H NMR spectroscopy (Figure 3, right).

In order to reconcile the solution and the solid-state structures,
we propose that a reversible C—C coupling event, which
transforms 3™ into 2™°'-mbi, takes place (Scheme 3). This
hypothesis was initially probed by variable-temperature (VT)
H NMR spectroscopy studies. When a solution of isolated
crystals of 3™ was cooled from room temperature to ca. —90
°C, several new peaks became visible in the *H NMR spectra
(Figure 4, left). These new peaks are attributed to multiple
unsymmetrical species. These species may be 3™ (expected
to have a larger number of peaks than the symmetrical 2™
and/or different isomers of 2™-mbi (Scheme 3, see the
Supporting Information for other possible isomers), implying
that the equilibria shown in Scheme 3 shift toward the mixture
of 2"-mbi isomers and, possibly, 3™, as the temperature
decreases. Because the cleavage of the C—C bond between the
two coupled imidazole rings could give rise to different isomers
of 2™-mbi (formation of the U—C bond may occur on the same
time scale as rotation around different U—N bonds), more than
one isomer of 2™P-mbi may be present in solution. Therefore,
3Mbi could exist in solution in equilibrium with isomers of 2m°i-
mbi. Since all complexes involved are paramagnetic, it is not
possible to distinguish between 3™ and various 2™°-mbi

isomers, a fact that complicates the definitive identification of
all species present in solution.

Extended solution NMR spectroscopy studies provided further
support for the reversibility of the C—C coupling event.
Importantly, when 2™ was generated in situ from the reaction
between 1-(CH,Ph), and exactly two equivalents of 1-methyl-
benzimidazole and subjected to the same VT *H NMR analysis,
no new peaks became visible upon cooling (Figure 4, right).
This finding corroborates the hypothesis that with only two
equivalents of 1-methylbenzimidazole present, 2™ cannot
undergo the proposed equilibrium, which requires the presence
of an additional 1-methylbenzimidazole, and remains as 2™
in the cooled solution.

A similar analysis for the corresponding 1-methylimidazole
complex, 2™-mi, was not consistent with the presence of
multiple species in solution (Figure 5, left). Although some of
the peaks found at room temperature split and gave rise to new
peaks as the solution was cooled down, the integration of the
'H NMR spectrum at 213 K was consistent with the presence
of only one compound (see the Supporting Information for
integration data) that reflected the asymmetry of 2™-mi. Cooling
a toluene-dg solution of 2™ showed analogous results to those
obtained in the case of 2™, indicating that the C,,-symmetrical
species was preserved (Figure 5, right). To summarize, neither
of the 1-methylimidazole complexes, 2™ nor 2™-mi, behaves
like the coupled-mbi product, 3™, upon cooling.

2H NMR spectroscopy experiments were also undertaken in
order to gather additional information on the nature of the
equilibria proposed in Scheme 3. In an effort to distinguish the
different species present in solution (2™, 2™P-mbi, and/or 3™,
the two- (2™'-dg) and three-equivalent (3™'-dg) 1-methylben-
zimidazole products, as well as the two- (2™-dg) and three-
equivalent (2™-mi-dg) 1-methylimidazole products, al deuterium-
labeled at the methyl position, were studied by VT ?H NMR
spectroscopy. In the same fashion as the VT 'H NMR study,
2M-ds and 2™-mi-dy (Figure 6, top left and right) as well as
2mbidg (Figure 6, bottom left) showed no new peaks upon
cooling. On the other hand, several new peaks were observed
for the 1-methylbenzimidazole three-equivalent product, 3m'-
dy (Figure 6, bottom right). The eight peaks observed in the
—91 °C spectrum of 3™P'-dy are consistent with the presence of
two unsymmetrical species, which would each show three peaks,
one symmetrical species (2™'-ds, one peak, see Figure 6, bottom

J. AM. CHEM. SOC. m VOL. 132, NO. 22, 2010 7679
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Figure 4. Variable-temperature 'H NMR spectra of toluene-ds solutions of 3™ (left; note the appearance of several new peaks as the temperature is
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Figure 5. Variable-temperature *H NMR spectra of toluene-dg solutions of 2™-mi (left) and 2™ (right), showing only one region at selected temperatures;
note that both experiments are consistent with the presence of a single species in solution (see the Supporting Information for full spectra at all temperatures

and integration data).

left), and free 1-methylbenzimidazole. The two unsymmetrical
species could be 3™-dg and one of the isomers of 2™-mbi-dy
or two isomers of 2™-mbi-dy (the cleavage of the C—C bond
between the two coupled imidazole rings leading to these
isomers could occur on the same time scale as the rotation of
the coordinated 1-methylbenzimidazole ligand, as mentioned
earlier).

The presence of these peaks is consistent with the equilibria
depicted in Scheme 3 but, given the paramagnetic nature of the
species involved, they do not offer additional information with
respect to the identity of the species in solution. In principle,
solid-state *3C NMR spectroscopy could answer the question
whether compound 3™ exists only in the solid state or in
solution as well. However, the solid-state *C NMR spectrum
acquired for a sample of 3™ showed only very broad peaks*’
that covered the entire region in which the solution spectrum
showed peaks (see the Supporting Information).

Reactivity Studies. Reactivity studies offer direct support for
the bresking of the C—C bond in 3™ The reaction of
1-(CH,Ph), with 3™ in a 3:2 ratio afforded a new complex, 5
(eg 2). This reaction reached an equilibrium after 5 h, at which
time 1-(CH,Ph),, 3™ (or a species related to it), and 5 were

7680 J. AM. CHEM. SOC. m VOL. 132, NO. 22, 2010

present in 2, 16, and 82 mol %, respectively, as assessed by H
NMR spectroscopy. Although the chosen stoichiometry is
consistent with the formation of one equivalent of free mbi,
this was not detected by *H NMR spectroscopy, likely because
it is engaged in a dynamic process with a species related to
3™ (represented as 3™ in eq 2 for simplicity). The direct
synthesis of 5 from 1-(CH,Ph), and one equivalent of 1-me-
thylbenzimidazole yielded dark-red crystals from a concentrated
hexanes solution at —35 °C. X-ray crystallography revealed that
5 contains one benzyl and one #?N,C-imidazolyl ligand

(Figure 7).
(; \N/
WCHP
3(NNf°)u\ + 2(NN’°)U‘N 5(NN‘°)U / \N/\N 2
CHzPh
[14cHzPh),| \© @

+ PhCH;

2%

1 6% 82%

It is proposed that a comproportionation reaction takes place
between 1-(CH,Ph), and either 2™ or 2™-mbi, which are
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Figure 6. Variable-temperature 2H NMR spectra of Et,O solutions of 2™-d; (top left), 2™-mi-d, (top right), 2™%-dg (bottom left), and 3™'-dy (bottom right).

Note that new peaks appear upon cooling only for 3™'-d.

Figure 7. Thermal-ellipsoid (50% probability) representation of 5; H atoms
removed for clarity.

formed from 3™ in solution (Scheme 3). An anal ogous reaction
takes place between 1-(CH,Ph), and 2™-mi (see the Supporting
Information), lending further support to the reversibility of the
C—C bond formation event in 3M',

In order to determine the sequence of events that led to the
equilibrium shown in eq 2, the reaction of 1-(CH,Ph), with
3mbi in a 1:2 ratio was carried out (eq 3). The reaction mixture
was then cooled to —72 °C and monitored by *H NMR
spectroscopy. The resulting spectra matched those from the VT
'H NMR experiment performed with 2™ and not those from
the analogous experiment carried out with 3™, These results
show that 2™ was cleanly produced in this reaction, as depicted
in eq 3. Specifically, this experiment shows that (1) 3™

generated 2™-mbi in solution, (2) 2™'-mbi lost its coordinated
mbi, and (3) the free mbi then reacted and was C—H activated
by both benzyl ligands of 1-(CH.Ph), to form 2™\,

Finally, exactly one equivalent of 1-(CH,Ph), was added to
the 2™ produced in the above reaction. An equilibrium between
the reactants and 5 was reached after one hour at room
temperature (eq 4). This result shows that a comproportionation
reaction occurs between 2™ and 1-(CH,Ph),.

% s
% “m

wCHzPh
(NNfc)U + (NNfc)U ‘— (NN‘C)U / 4)
CHzPh /
5 @
1% 6% 83%
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Table 1. Comparison of Metrical Parameters from Calculated
(ADF) and X-ray Crystal Structures (Experimental Section) for
2™-mi and 3mP

Complex Parameter ADF Experimental
2" mi U-NI 2424 242K
\ U-N2 244 A 2414
N U-N3 2.68 A 261 A
( U-Cl1 245 A 2474
\ U-C2 244 A 247 A
N3 / N1-C1 135A 138 A
s NN N2-C2 135 A 136 A

fc i,.\n\\“‘“N1 » b

(NN | j U-Ng 230 A 228 A
\ Cq U-Ng 2324 232A
- NIUN2 119.0° 116.8°
NF3 N2UN3 164.8° 166.9°
\\/ N1UN3 76.0° 75.8°
NeUNie 129.0° 131.0°
3 U-NI 2384 239 A
U-N2 259 A 251 A
U-N3 2414 244 A
C1-C2 149 A 149 A
N~ U-C3 244 A 2.46 A
Ny ’\1_H N1-C1 145A 146 A
,CZ'N/ N2-C2 133 133A
(NNfc)U‘N'z N3-C3 1.36 A 1.35A
l\ U-Np, 224 A 226 A
N<C3 U-Ng 227 A 227 A
3 N— N1UN2 66.1° 66.2°
NIUN3 151.3° 158.6°
N2UN3 85.4° 93.5°
NeUNp, 125.6° 133.5°

DFT Calculations. DFT calculations were carried out with
ADF2008.01%87%° in order to understand why different com-
plexes were isolated in the reactions between 1-(CH,Ph), and
three equivalents of 1-methylimidazole versus 1-methylbenz-
imidazole. Calculations were performed on model compounds,
inwhich the tert-butylsilyl substituents of the amide donors were
replaced by methyl groups for economy. Geometry optimiza-
tions were carried out with relativistic corrections and the results
indicated that the models showed similar metrical parameters
to those obtained from the X-ray crystal structures for 2™-mi
and 3™ (Table 1).

Once the validity of the calculations was established, calcula-
tions were carried out on models of the 1-methylimidazole
analogue of 3™ and the 1-methylbenzimidazole analogue of
2™-mi. A comparison of the total bonding energies indicated
that the two isomers of 2M-mi-SiMe; considered were more
stable than 3™-SiM e; by 6.7 and 8.4 kcal/mol, while 3™-SiM e3
was more stable than both isomers of 2™'-mbi-SiMe; by 2.6
and 3.4 kcal/mol. The calculations therefore support our
experimental observations: 2™-mi is more stable than 3™ and
3mbi js more stable than 2™-mbi. The small energy difference
between 3™-SiM e; and the isomers of 2™-mbi-SiMe; is aso
consistent with the fact that both forms of the compound may
exist in solution.

The difference between the 1-methylimidazole and 1-meth-
ylbenzimidazole complexes can be visualized by inspecting the
space-filling models of 2™-mi and 3™ (Figure 8); it is likely
that the bulkiness of the three 1-methylbenzimidazole ligands
determines that 3™ is more stable than 2™-mbi because two
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metallics 1986, 5, 274.
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Figure 8. Space-filling models of 2™-mi (left) and 3™ (right).

of the ligands may come into close contact by the formation of
the C—C bond. The results of the DFT calculations and
experimental studies presented above indicate that the C—C
bond may be easily formed or broken in solution.

Conclusions

The product of the reaction between 1-(CH,Ph), and 1-me-
thylbenzimidazole, 3™ was investigated: besides double C—H
activation, a C—C coupling event took place in the uranium
coordination sphere. Variable-temperature *H and °H NMR
spectroscopy studies support the proposal that the coupling is
reversible in solution and isomers of 2™-mbi, which do not
contain a biheterocyclic fragment, are formed. Reactivity studies
agreed with the existence in solution of 2™-mbi. DFT
calculations indicated that 3™ was indeed more stable than the
analogue of 2™-mi, a situation reversed for 1-methylimidazole,
but the energy difference between the two types of complexes
is relatively small. Space-filling models for 2™-mi and 3™
helped to visualize that steric effects are likely responsible for
the formation of the weak C—C bond between the two imidazole
rings in 3™ in the solid state.

Experimental Section

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 purifica-
tion 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-(CH4Ph),,% 2m-mi,?* 3™ 2! 1-methyl-ds-imidazole,>* and 1-meth-
yl-ds-benzimidazole®® were prepared following published proce-
dures. The aromatic heterocycles were distilled or recrystallized
before use; all other materials were used as received. *H and 2H
NMR spectra were recorded on Bruker300 or Bruker500 spectrom-
eters at room temperature in CsDg unless otherwise specified
(Bruker300 and Bruker500 spectrometers are supported by the NSF
Grant CHE-9974928). Chemical shifts are reported with respect to
solvent residual peak, 7.16 ppm (CgDg). CHN anayses were
performed by UC Berkeley Micro-Mass facility, 8 Lewis Hall,
College of Chemistry, University of California, Berkeley, CA
94720.

Variable-Temperature (VT) NMR Experiments. Compounds
were either isolated or synthesized in a JYoung NMR tube
immediately prior to VT NMR experiments (see below). Samples
were dissolved in diethyl ether for 2H NMR experiments (CsDs
was used as an internal reference) or toluene-dg for *H NMR
experiments. Samples were cooled from room temperature to ca.
—85 °C in increments of 5 or 10 °C. Post-experiment, room-
temperature spectra were obtained to check for sample decomposi-
tion. Temperatures were calibrated with neat methanol.
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2™ In a JYoung NMR tube, 1-methylimidazole (0.2 mL of a
0.34 M toluene-dg solution, 2 equiv) was added to 1-(CH,Ph),
(0.0295 g dissolved in toluene-dg) and placed in a 70 °C bath. After
45 min, the product had cleanly formed and no starting material
remained, as determined by *H NMR spectroscopy.

2Mi-dg: In a JY oung NMR tube, 1-methyl-ds-imidazole (0.0051
g dissolved in diethyl ether, 2 equiv) was added to 1-(CH,Ph),
(0.0248 g dissolved in diethyl ether). After one night at room
temperature, the product had cleanly formed and no starting material
remained, as determined by 'H NMR spectroscopy.

2mbi: To a diethyl ether solution of 1-(CH,Ph), (0.1863 g) was
added a diethyl ether solution of 1-methylbenzimidazole (0.0570
g, 2 equiv). The reaction mixture was alowed to stir vigorously
overnight at room temperature, then volatiles were removed under
reduced pressure. The reaction was quantitative and the resulting
dried product was used for VT NMR experiments with no further
purification. Note: The dried solid isafilm and could not be isolated
in acrystalline or powder form; thus 2™ could not be characterized
by elemental analysis.

2™0i-dg: In a FYoung NMR tube, 1-methyl-ds-benzimidazole
(0.0078 g dissolved in diethyl ether, 2 equiv) was added to
1-(CH,Ph), (0.0250 g dissolved in diethyl ether). After one night
at room temperature, the product had cleanly formed and no starting
material remained, as determined by *H NMR spectroscopy.

2mi-mi-dg and 3™°-dy: Syntheses were performed in the same
manner as described previously for 2™-mi and 3™ %' using
1-methyl-ds-imidazole and 1-methyl-ds-benzimidazole. |solated
crystals were used in the VT NMR experiments.

Synthesisof 5. In aJY oung tube, 1-(CH,Ph), (0.0108 g in C¢Ds,
3 equiv) was added to 3™ (0.0090 g in CgDs, 2 equiv). The reaction
was monitored by *H NMR spectroscopy. After 5 h the reaction
had ceased, and three compounds could be distinguished: 5 (82%),
3mi (16%), and 1-(CH,Ph), (2%). In order to synthesize 5 directly,
1-methylbenzimidazole (0.0294 g, 1 equiv, in 2 mL toluene) was
added to a stirring toluene solution (2 mL) of 1-(CH,Ph), (0.1920
g, 0.223 mmol). The mixture was allowed to stir until the 'H NMR
spectrum of an aliquot of the reaction showed that it was complete
(8 h), at which time all three of the above-mentioned species were
present in the same percentages. The volatiles were removed under
reduced pressure, and the red-brown solids were dissolved in
hexanes, filtered through Celite, concentrated, and placed in a —35
°C freezer. Crystals formed after several days. Yield: 0.0771 g,
38%. Anal. (%) for Cs;HsFeN,SiU. Caled: C, 49.22; H, 5.81; N,
6.21. Found: C, 49.52; H, 5.97; N, 6.13.

X-ray Crystal Structure of 5. The X-ray data collections were
carried out on a Bruker AXS single crystal X-ray diffractometer
using Mo Ka 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, U.S.A.).%® 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 text file
for cif in Supporting Information.

X-ray quality crystals were obtained from a concentrated hexanes
solution placed in a —35 °C freezer in the glovebox. Inside the
glovebox, the crystals were coated with oil (STP Oil Treatment)
on amicroscope slide, which was brought outside the glovebox. A
methylclopentane solvent molecule was found in the unit cell. The
distance C1s—C5s was fixed to 1.54(1) A. A total of 42868
reflections (—22 < h < 22, =13 < k < 13, —40 < | < 39) were
collected at T = 100(2) K with 05 = 30.63°, of which 12160
were unique (R = 0.0369). The residual peak and hole electron
density were 1.05 and —0.82 e A3, respectively. The |east-squares
refinement converged normally with residuals of R; = 0.0308 and
GOF = 1.020. Crystal and refinement data for 5: formula
CusHasN4SioFeU, space group P2:/c, a = 16.538(3) A, b = 9.827(2)
A, c=27.945(6) A, p = 106.981(2)°, V = 4343.8(15) A3, Z = 4,
1 = 4.146 mm~?, F(000) = 1984, R; = 0.0440 and WR, = 0.0674
(based on al 12610 data, | > 20(1)).

DFT Calculations. The Amsterdam Density Functional (ADF)
package (version ADF2008.01)*®*° was used to do geometry
optimizations on Cartesian coordinates of the model compounds
specified in the text. For the uranium and iron atoms, standard
triple-¢ STA basis sets from the ADF database ZORA TZP were
employed with 1s-2p (Si), 1s-3p (Fe), and 1s-5d (U) electrons
treated as frozen cores. For al the other elements, standard double-¢
STA basis sets from the ADF database ZORA DZP were used,
with the 1s electrons treated as a frozen core for non-hydrogen
atoms. The local density approximation (LDA) by Becke—Perdew
was used together with the exchange and correlation corrections
that are employed by default by the ADF2008.01 program suite.
Calculations for al model compounds were carried out using the
spin-unrestricted, scalar spin—orbit relativistic formalism.
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