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ABSTRACT: Strongly donating scorpionate ligands support the study of high-valent transition metal chemistry; how-
ever, their use is frequently limited by oxidative degradation. To address this concern, we report the synthesis of a
tris(imidazol-5-ylidene)borate ligand featuring trifluoromethyl groups surrounding its coordination pocket. This lig-
and represents the first example of a chelating poly(imidazol-5-ylidene) mesoionic carbene ligand, a scaffold which is
expected to be extremely donating. The {NiNO}10 complex of this ligand, as well as that of a previously reported strongly
donating tris(imidazol-2-ylidene)borate, have been synthesized and characterized. This new ligand’s strong donor
properties, as measured by the vno of its {NiNO}1° complex and natural bonding orbital second-order perturbative en-
ergy analysis, are on par with those of the well-studied alkyl substituted tris(imidazol-2-ylidene)borates which are
known to effectively stabilize high-valent intermediates. The good donor properties of this ligand, despite the electron
withdrawing trifluoromethyl substituents, arise from the strongly donating imidazol-5-ylidene mesoionic carbene
arms. These donor properties, when combined with the robustness of trifluoromethyl groups towards oxidative de-
composition, suggest this ligand scaffold will be a useful platform in the study of oxidizing high-valent transition metal
species.
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The oxidative chemistry of high-valent transition metal in-

termediates, particularly those featuring metal-ligand multi-

ple bonds (e.g. oxos, nitrenes), is central in globally im-
portant transformations such as biological substrate oxida-
tion,'® synthetic C-H bond cleavage and functionaliza-
tion,”'® and water oxidation.'”?* This importance has
spurred an enormous amount of effort toward generating
model complexes or discrete intermediates for detailed char-
acterization and study. Despite the need for well-defined
model complexes, many useful ligand classes, such as phos-
phines, are better suited to stabilizing low-valent intermedi-
ates as opposed to high-valent, oxidizing species. In fact, re-
cent work has called out the need for more oxidatively stable
ligand scaffolds to advance our understanding of oxidizing
intermediates.?*2¢ There are many examples where oxida-
tive ligand degradation continues to be a challenge,?’ 3 with
intramolecular oxidation of pendant C—H bonds being a par-
ticularly common mode of degradation. 3+

Tripodal tris-carbene based scaffolds are a class of ligands
known to form oxidatively robust M—C bonds, promote low
coordination environments, and stabilize high oxidation
state compounds (Figure 1A).*™ The utility of these lig-
ands arises in part from their strong donating ability, as
measured by the N-O stretching frequency (vno) of their
four-coordinate {NiNO}'* complexes (Feltham-Enemark
notation).®*®! Our recent studies of Co-oxo complexes sup-
ported by tris(carbene)borate ligands have revealed ligand
oxidation = upon  generation of an  oxidizing
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Figure 1. (A) Tris(carbene)borate ligands, some of which have
been implemented in the stabilization and isolation of compounds
with high oxidation states. (B). A tris(imidazole-5-ylidene)borate
ligand, HB(“FmIm) -, with trifluoromethyl groups surrounding its
coordination pocket, introduced in this work.



[PhB(*4Im);Co'VO]"* intermediate, resulting in the hydrox-
ylation of an aliphatic C—H bond on a ligand arm.** This ob-
servation further underscores how preventing ligand C-H
oxidation is a major challenge in stabilizing highly oxidizing
intermediates.

One way to address this problem is utilizing fluorinated
ligands. Replacing oxidatively vulnerable C—H bonds with
inert C-F bonds eliminates oxidative ligand degradation
pathways, thus improving and sometimes promoting inter-
molecular reactivity.®>” We therefore envisioned installing
perfluoroalkyl groups at the B-positions surrounding the co-
ordination pocket in a tris(carbene)borate scaffold as a strat-
egy to support highly oxidizing intermediates. However,
these electron withdrawing groups should substantially de-
crease the donor strength of the ligand,® and so we targeted
fluorinated imidazol-5-ylidene donors (Figure 1B). These
carbenes, also known as mesoionic or abnormal N-heterocy-
clic carbenes (aNHCs),% are known to be better 6-donors
than the classic Arduengo-type imidazol-2-ylidenes.”7> We
hypothesized that functionalizing these more donating car-
benes with electron-withdrawing perfluoroalkyl groups
could facilitate a “Goldilocks” scenario in which an oxida-
tively stable ligand has donor strength comparable to the
well-studied tris(imidazol-2-ylidene)borates.

Herein we report the synthesis of such a ligand — a tripo-
dal, tris(imidazol-5-ylidene)borate with trifluoromethyl
groups at the [ carbon (4-position). This ligand,
HB(“*mIm); -, remains strongly donating despite the incor-
poration of oxidatively robust but electron withdrawing tri-
fluoromethyl groups. To assess the donor properties of the
ligand, we synthesized, characterized, and measured the N—
O stretching frequency (vno) of the corresponding {NiNO} 1
complex (1) of the ligand, alongside that of the strongly do-
nating tris(imidazol-2-ylidene)borate ligand PhB(‘Im);~
(2). We compare the vno of these complexes to those of pre-
viously analyzed {NiNO}'® complexes of tris(carbene)bo-
rate ligands.5®737% Additionally, we used density functional
theory (DFT) and natural bonding orbital (NBO) calcula-
tions to further analyze the donor properties in complexes 1,
2, PhB(‘®*Im);NiNO (3), and two theoretical complexes: the
imidazol-2-ylidene congener of 1 (Innc) and the non-fluori-
nated congener of 1 (1cus). We find that HB(“**mIm);™ has
a donor strength comparable to that of alkyl-substituted
tris(imidazol-2-ylidene)borate ligands, and computations
confirm that the electron-withdrawing effect of the trifluoro-
methyl groups is balanced by the innately strong donor
strength of the mesoionic carbenes. These results suggest
this platform is promising for the isolation of highly-oxi-
dized transition metal intermediates.

Results and Discussion

Synthesis and Characterization of [HB(FmImH);](OTf)>,
1, and 2

The trifluoromethylated ligand arm is synthesized using an
in situ generated trifluoromethylated iodoxy reagent follow-
ing a modified literature procedure.”® The proligand
[HB(“F3mImH);](OTf), is then assembled using standard
substitution chemistry with HBBr,*SMe, and TMSOTT, em-
ploying conditions similar to those previously used to syn-
thesize imidazolyl scorpionate proligands.” Assembly was
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Scheme 1. (A) Synthesis of [HB(°"mImH)3](OTf)2, (B) complex
1, and (C) complex 2.

verified by multinuclear NMR spectroscopy and elemental
analysis (Scheme 1A, see SI). NMR spectroscopy highlights
the compound’s trigonal symmetry, and its 'H NMR spec-
trum features a downfield resonance at & 7.88 ppm which
can be assigned to the comparatively acidic imidazolium
protons. The 'Jcy of this proton is 205 Hz, suggesting that
its corresponding tris(carbene)borate should be similarly do-
nating to PhB(*Im);~ (\Jen = 217 Hz, Figure S3 and
S 12).79,80

We then sought to metalate this new platform. We rea-
soned that a «* Ni nitrosyl complex would be a compelling
target; {NiNO}'° complexes have been isolated with a vari-
ety of ligand scaffolds, and the vno of these species can be
used to measure the donor strength of scorpionate ligands.®
Addition of LIHMDS (HMDS = hexamethyldisilazide) to a
chilled slurry of [HB(“F*mImH);](OTf), in THF results in an
orange-red solution. This deprotonated intermediate is tem-
perature sensitive; solutions warmed above —35 °C turn dark
reddish-brown. Similarly intense colors are observed with
alternative bases such as KHMDS or lithium diisopropyla-
mide (LDA), even at lower temperatures. The use of NaH
also leads to mixtures of products (i.e. with free imidazole
arm). The instability of this proposed deprotonated interme-
diate contrasts with previously reported tris(carbene)borates,
many of which are deprotonated with LDA and can be ob-
served by NMR at room temperature.**’>* Despite this in-
stability, [HB(“"*mImH); ](OTf), can be effectively depro-
tonated and metalated via a stepwise procedure. Addition of
2.5 equivalents of LIHMDS at —55 °C with stirring for one
hour is followed by addition to the {NiNO}'* synthon
Ni(NO)Br(PPhs), at room temperature and stirring for 4
hours. Subsequent addition of 1.5 equivalents of LIHMDS
at =55 °C and slow warming overnight results in the for-
mation of the desired metalated product HB(F*mIm);NiNO
as a red-orange solid in 20% yield (1, Scheme 1B). Addition
of 3 or more equivalents of LIHMDS at the outset of the re-
action, followed by transfer to Ni(NO)Br(PPhs),, results in a
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Figure 2. Crystal structures of complexes 1 and 2. Thermal ellip-
soids are shown at 50% probability. All H atoms besides that bound
to B are omitted for clarity. Additional disordered parts have been
omitted from the structure of 1; a structure displaying the disorder
is shown in Figure S26. Selected bond lengths (A) and angles (deg)
for 1: Ni(1)-N(1) 1.671(1); Ni(1)-C(3/23) 1.973(6);
Ni(1)-C(3/24) 1.973(6); Ni(1)-C(6/25) 1.987(8); N(1)— O(1)
1.14(2); C(3/23)-Ni(1)—-C(3/24) 94.5(3); C(3/23)-Ni(1)—C(6/25)
91.6(2); C(3/24)-Ni(1)-C(6/25) 91.6(2); Ni(1)-N(1)-O(1)
175(3). Selected bond lengths (A) and angles (deg) for 2:
Ni(1)-N(1) 1.657(3); Ni(1)—C(7) 1.997(3); Ni(1)—C(10) 1.993(3);
Ni(1)-C(13) 1.962(3); N(1)— O(1) 1.183(4); C(7)-Ni(1)—-C(10)
91.41(11); C(7)-Ni(1)-C(13) 93.46(11); C(10)-Ni(1)—C(13)
88.74(12); Ni(1)-N(1)-0O(1) 175.7(3).

product mixture with higher amounts of unreacted ligand
and a putative k>-product where only two of the ligand arms
are bound to Ni (Figure S6).

Complex 1 is stable at ambient temperature in the solid
state and in DMF solution, and it is also thermally stable up
to 65 °C in acetonitrile (Figure S11). It was characterized by
multinuclear NMR, single crystal X-ray diffraction (SXRD),
and high-resolution mass spectrometry (HRMS, see SI).
Trigonal symmetry is apparent in its NMR spectra (Figure
S7-9), and a downfield metal-bound carbene resonance is
observed at § 180.2 ppm in its '*C {'"H} NMR spectrum (Fig-
ure S8). The SXRD structure further supports the trigonal
symmetry of 1 and confirms the bound NO and
HB(“"*mIm);” ligands (Figure 2). The SXRD structure is po-
sitionally disordered in both the Ph groups and the NO lig-
and (Figure S26). This disorder affects the final refinement
precision and precludes detailed geometry comparisons.
Nevertheless, the results are of sufficient quality for connec-
tivity comparison between 1 and related complexes. We
speculate that the positional disorder of the NO ligand may
relate to a larger coordination pocket formed by the CF3
groups in 1.

We synthesized 1 in order to use its vno as a measure of
the donor strength of this new tris(imidazol-5-ylidene)borate
ligand. Concurrently, we also sought a comparison at the
limit of strongly donating tris(imidazol-2-ylidene)borates,
and thus also synthesized PhB(“‘Im);NiNO (2).”7 The
deprotonation of [PhB(*ImH);](OTf), with LDA occurs
smoothly at room temperature and addition of
Ni(NO)Br(PPhs), provides 2 as a maroon-red complex in
55% yield (Scheme 1C). Complex 2 was characterized by
multinuclear NMR, SXRD, gNMR, and HRMS (see SI). A
significantly downfield metal-bound carbene resonance is
observed at  198.7 ppm in the *C{'H} NMR spectrum (Fig-
ure S14). This carbene resonance is notably more downfield

than that observed for 1, a potential indicator that the donor
strength of PhB(A‘Im);~ may be greater than that of
HB(“®*mIm);~.”® The SXRD structure of 2 is of high quality
and confirms the presence of the PhB(*¢Im);™ ligand and the
NO moiety, which has an N-O bond length of 1.183(4) A
(Figure 2). This bond length, as well as the Ni-N-O bond
angle of 175.7(3)°, is comparable to that of other alkyl-sub-
stituted  tris(imidazol-2-ylidene)borate  {NiNO}!* com-
plexes.%073

IR Spectroscopy of Complexes 1 and 2

We then assessed the donor strengths of HB(“**mIm);~ and

PhB(*9Im);", via the vno of their respective complexes 1 and
2 with IR spectroscopy. The poor solubility of 1 in THF pre-
vented direct comparison of its vno to that of other reported
{NiNO}'® complexes of tris(carbene)borate ligands which
are reported in THF solutions.” Despite this, we measured
the vno of 1 and 2 in both the solid state and in a THF-
solvated film where a solid sample of the compound is
treated with a few drops of THF and allowed to evaporate
before recording the IR spectrum via an attenuated total re-
flectance (ATR) measurement. Using this method on 2 re-
sults in an identical vno to the value measured in a THF so-
lution within experimental error (Figure S25). We addition-
ally wanted a benchmark to previously reported {NiNO}!°
scorpionate complexes.” To this end, we also prepared a
sample of PhB(*®'Im);NiNO (3) in order to measure its vno
in the solid-state and as a THF-solvated film.*

The experimental solid state and THF-solvated film ono
data of 1, 2, and 3 are listed in Table 1. These values indicate
that PhB(*Im);~ (vno = 1693 cm™!) and PhB(*®*Im);~ (vno =
1695 cm™) are slightly stronger donors than HB(“*mIm);~
(vno = 1700 cm™) despite the highly-donating nature of the
latter’s mesoionic carbene donors. This is perhaps unsurpris-
ing due to the electron withdrawing nature of the trifluoro-
methyl substituents. However, we note that the donor
strength of HB(“"mIm);~ is commensurate to that of
PhB(*‘Im);~ and PhB(*®*Im);™ as evidenced by the narrow 8
cm™' range in their vno values. Interestingly, PhB(*Im);™ is
as donating as PhB(“Y“™?Im);~ (vno = 1693 cm™'), which is
the most donating alkyl-substituted tris(imidazol-2-yli-
dene)borate ligand reported in the literature to our
knowledge.”

Computational Evaluation and Analysis of Ligand Donor
Strengths

The experimental vno values discussed above suggest that
the electron withdrawing properties of the trifluoromethyl
groups in 1 modulate the extremely strong donor properties
that might be expected for the imidazol-5-ylidene donors. To
explore this relationship, we performed DFT calculations to
further understand the ligand donor properties of 1, 2, and 3,
as well as those of two theoretical complexes containing ei-
ther  N-trifluoromethylated imidazol-2-ylidene donors
(Inac) or methylated imidazol-5-ylidene carbene donors
(1cms). Geometry optimizations and frequency calculations
were performed using the Gaussian 16 software package,
with employment of the B3LYP functional, the 6-31G(d) ba-
sis set, and the Gaussian 16 default polarizable continuum



model (PCM) using the dielectric properties of THF.318 A
similar methodology was previously used for tris(car-
bene)borate-ligated {NiNO}!'° complexes.” The calculated
frequencies, listed in Table 1, agree with the experimental
THF-film frequencies. Importantly, the calculated vno for 1
is higher than that of 2 and 3, but still comparable in magni-
tude, in agreement with the experimental results.

We used these experimentally calibrated DFT calculations
to estimate the ono of the hypothetical complexes 1nuc and
1cns (see structures in Table 1). We hypothesized that 1nnc,
which differs from 1 by having imidazol-2-ylidene rather
than imidazol-5-ylidene donors, would have the largest vno
and weakest donation due the presence of electron with-
drawing N-trifluoromethyl substituents and the compara-
tively weaker sigma donation of imidazol-2-ylidenes com-
pared to mesoionic imidazol-5-ylidenes. Conversely, we hy-
pothesized that 1cms, the non-fluorinated congener of 1,
would have the lowest vno. Indeed, the calculated vno of
Innc and 1cns are the highest and lowest of the examined
set. We note that the predicted vno of 1nucis ~50 cm ™! higher
(weaker) than the next closest analogue (1), supporting the
importance of using imidazol-5-ylidene motifs to preserve
good donor properties. Overall, these frequency calculations
support our experimental findings that the additional

electron donation from imidazol-5-ylidene arms is balanced
out by the incorporation of trifluoromethyl groups.

We then performed an NBO analysis to examine if the do-
nor properties of HB(FmIm);~ arise from inductive weak-
ening of 6-donation, or if the trifluoromethyl substituents en-
gender significant metal-ligand n-backbonding. Specifi-
cally, we conducted a second order perturbative energy anal-
ysis on each of the optimized structures of the complexes in
Table 1. The analyses were carried out using the NBO6 pro-
gram included with the Gaussian 09 package.®>%¢ The anal-
yses allow us to estimate the strength of localized, secondary
bonding interactions between the carbene donors and the
NiNO center. Particularly, we examined the energies of in-
teraction between filled NBOs representative of the carbene
lone pair o-donors and nonbonding and antibonding orbitals
of the NiNO fragment, and between filled Ni-centered d-or-
bitals and the ©* orbital located on the carbene carbon (n*c.,
see SI). This approach is based on a previous investigation
evaluating backbonding in transition metal-NHC com-
plexes.?” The ligand arm-averaged summed energies of both
carbene-to-NiNO o-donation interactions and Ni-to-n*c. n-
backdonation interactions for all five complexes are listed in
Table 1.

As expected, we observe a negative correlation between c-
donation interaction energy and both the experimental and

Table 1. Experimental and theoretical vno values and NBO second-order perturbative bonding interaction energies of selected {NiNO} '
complexes. Note that a scaling factor of 0.9614 was applied to each calculated stretching frequency.

Experimental vono (cm!)

Calculated vno (cm™)
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calculated vno. Of the complexes featuring imidazol-2-yli-
dene donors, Inuc has the lowest o-donation interaction en-
ergy. This supports the previously reported finding that
changing the N-bound alkyl or aryl substituent on the
tris(imidazol-2-ylidene)borate framework has significant ef-
fects on overall ligand donor strength.”> Conversely, we note
the very large o-donation interaction energy calculated for
1cus, which is almost 8 kcal/mol greater than that calculated
for 2 and more than 30 kcal/mol greater than that calculated
for 1. This result coheres with prior reports that imidazol-5-
ylidene donors are much better 6-donors than imidazol-2-
ylidene donors.”" Furthermore, this result demonstrates
how the trifluoromethyl groups weaken the donor strength
of the mesoionic imidazol-5-ylidene donors. The m-back-
donation interaction energies for all the analyzed complexes
generally do not exhibit any meaningful correlation to ex-
perimental or calculated vno, suggesting that the observed
differences in donor strength primarily arise from inductive
changes to 6-donation.

Conclusions

We have designed, synthesized, and metalated the first ex-
ample of a tris(imidazol-5-ylidene)borate ligand. Further-
more, this ligand scaffold features an oxidatively robust,
fluorinated coordination pocket. The preparation of its
{NiNO}'® complex, as well as that of the PhB(*‘Im);™ lig-
and, allows evaluation of relative ligand donor strengths via
comparison of vno values. The relative ligand donor
strengths were also computationally explored with DFT cal-
culations and NBO analysis. These analyses reveal that the
incorporation of electron-withdrawing trifluoromethyl
groups results in a tris(imidazol-5-ylidene)borate ligand
with modulated donation on par with previously reported al-
kyl substituted imidazol-2-ylidene-based scaffolds. This ob-
servation, coupled with the marked success of tris(imidazol-
2-ylidene)borate ligands in the stabilization and isolation of
high-valent complexes featuring metal-ligand multiple
bonds, suggests that this new fluorinated ligand scaffold
holds promise for the support and isolation of highly reactive
intermediates that might otherwise oxidatively decompose.

Experimental Section
General Considerations.

All manipulations were performed under a dry nitrogen at-
mosphere using either standard Schlenk techniques or in an
mBraun Unilab Pro glovebox unless otherwise stated. All
chemicals were obtained from commercial sources and used
as received unless otherwise stated. Solvents were dried on
a solvent purification system from Pure Process Technolo-
gies before storing over 4 A molecular sieves under N». Tet-
rahydrofuran (THF) and diethyl ether (Et,O) were stirred
over NaK alloy and passed through a column of activated
alumina prior to storing over 4 A sieves under Na.
Ni(NO)Br(PPh3),, [PhB(*mH);](OTf),,
[PhB(*®*ImH);](OTf)2, and PhB(*®'Im);NiNO (3) were pre-
pared according to previously reported procedures.**00:77:88
'H, "B{'H}, BC{1H}, and "°F{'H} NMR spectra were rec-
orded on either a 400 MHz Bruker DRX spectrometer
equipped with a BBO probe or a 500 MHz Bruker Avance-

I1I-HD spectrometer equipped with a BBFO SmartProbe. 'H
and *C{'H} spectra were referenced to residual proteo-sol-
vent peaks.?’ '"B{'H} spectra were baseline corrected to re-
move the signal from the borosilicate tube. IR spectra were
recorded on either a Bruker Tensor II spectrometer with the
OPUS software suite as THF solutions in a KBr-walled so-
lution cell or a Bruker Alpha II spectrometer in a glovebox
with the OPUS software suite as solids or THF-solvated
films on a Platinum Diamond ATR module. Combustion
analysis was performed by Midwest Microlabs. High-reso-
lution mass spectra were collected on an Agilent 6224 Ac-
curate-Mass TOF GC/MS installed with an ESI/APCI ion
source.

Both complexes 1 and 2 provided relatively poor combus-
tion analysis. As such, we assayed the bulk purity of 2 with
gNMR rather than combustion analysis.”*** A 1,3,5-tri-
methoxybenzene (TMB) standard (58.5 pmol) was added to
solution of 2 in CD,Cl,. A single-scan 'H NMR spectrum
was then collected. The relative peak integrations of TMB
(0tmB = 6.06 and 3.75 ppm) and each compound proton were
recorded and used to determine the percent purity with the
formula below (» = number of protons giving rise to the in-
tegral, int = integral value, MW = molecular weight, m = ex-
act weight of sample). The value reported for 2 represents an
average of the percent purity as determined for each ligand
proton signal relative to both standard signals.

Nryp * ity * MWy * mpyg

P[%] = M
L%] Ny * intryg * MWryg * my

Computational Details.

N-O stretching frequency determination and second-order
perturbation energy analysis procedures were adapted from
literature reports.”>%” Geometry optimizations and frequency
calculations were performed in Gaussianl6, Revision A.03
using the B3LYP functional, the 6-31G(d) basis set, and the
Gaussian default polarizable continuum model with the die-
lectric constant of THF.#'-% Frequency calculations were
performed analytically. All minima were confirmed to have
zero imaginary frequencies. A scaling factor of 0.9614 was
applied to each calculated stretching frequency reported
above. Second-order perturbative NBO analysis was carried
out using the NBOG6 program included in Gaussian 09, Re-
vision D.01. The analyses were carried out on the Gaussian
16 optimized geometries from above, also using the B3LYP
functional and 6-31G(d) basis set. Additional computational
detail regarding the NBO analysis can be found in the Sup-
porting Information.

Crystallographic Details.

The diffraction data for 1 were measured at 100 K on a
XtalAB Synergy-S Dual Source Single Crystal X-ray Dif-
fractometer using PhotonJet-S Cu 50W Microfocus X-ray
source (A = 1.54184 A) and HyPix-6000HE Hybrid Photon
Counting detector. The diffraction data for 2 were measured
at 100 K on a XtalAB Synergy-S Dual Source Single Crystal
X-ray Diffractometer using PhotonJet-S Mo 50W Micro-
focus X-ray source (A=10.71073 A) and HyPix-6000HE Hy-
brid Photon Counting detector.



Data reduction and integration for both 1 and 2 were per-
formed with the CrysAlisPro 1.171.43.75a (Rigaku Oxford
Diffraction, 2023) software package, with numerical absorp-
tion correction based on Gaussian integration over a multi-
faceted crystal model and empirical absorption correction
using spherical harmonics, implemented in SCALE3
ABSPACK scaling algorithm. The structures were solved by
SHELXT (Version 2018/2)* and refined by a full-matrix
least-squares procedure using OLEX2 (XL refinement pro-
gram version 2018/3).9%%7
The precision of the X-ray analysis of 1 is limited due to the
weak crystal diffraction from heavy molecular disorder
within the crystal. We note that this was the best diffracting
sample out of numerous crystallization attempts. The disor-
der was possible to model, and the structure refinement was
performed with the use of geometric and displacement ellip-
soids restraints and constraints. Nevertheless, the results are
of sufficient quality for connectivity comparison between 1
and 2 and do not affect the general discussion of the com-
plexes. Additional crystallographic and refinement data can
be found in the Supporting Information.

Synthesis of 1-methyl-2-phenyl-1H-imidazole.

A 1 L round bottom flask was charged with 2-phenylim-
idazole (30 g, 210 mmol) and 600 mL of acetonitrile. The
mixture was cooled in an ice bath to 0 °C and stirred. NaH,
as a 60% dispersion in mineral oil (9.2 g, 230 mmol), was
washed with hexanes and then carefully added to the reac-
tion mixture. After all the hydride was incorporated and bub-
bling had ceased then a solution of methyl iodide (14.3 mL,
230 mmol) in 150 mL acetonitrile was added dropwise. The
reaction was stirred for 3 h and then concentrated via rotary
evaporation. The resulting crude product was washed with
aqueous NaOH (~1 M) and extracted three times with di-
ethyl ether. The combined organic layers were passed
through an alumina plug, washed with brine, dried with a
copious amount of anhydrous magnesium sulfate, and fil-
tered through alumina. The solution was dried to a yellow
solid (23 g, 70% yield) which was used without further pu-
rification. The spectral data for this compound matches a
previous literature report.”® 'H NMR (CDCls, 400 MHz): §
7.63 (2H, Ph-H), 7.44 (3H, Ph-H), 7.13 (1H, Imid-H), 6.97
(Imid-AH), 3.75 (3H, Me-H).

Synthesis of 5-trifluoromethyl-1-methyl-2-phenyl-1H-imid-
azole.

This procedure was modified from a literature proce-
dure.”® A 1 L Schlenk flask was charged with 1-methyl-2-
phenyl-1H-imidazole (12 g, 76 mmol), (diacetoxyiodo)ben-
zene (49 g, 150 mmol), cesium fluoride (35 g, 230 mmol),
and 600 mL acetonitrile. The mixture was heated to 70 °C
and stirred. A solution of (trimethylsilyl)trifluoromethane
(32 g, 230 mmol) in 100 mL acetonitrile was added drop-
wise. The reaction was allowed to cool to room temperature
and stirred overnight. Acetonitrile was removed by rotary
evaporation and the resulting crude product was washed
with saturated sodium bicarbonate and extracted three times
with dichloromethane. The combined organic layers were
washed with water, dried with anhydrous magnesium sul-
fate, and filtered through alumina. Dichloromethane was

removed by rotary evaporation and the crude material was
purified by column chromatography (500 mL of alumina,
15% ethyl acetate in hexanes). Fractions with large amounts
of impurities were discarded and the remaining eluent was
removed by rotary evaporation. The resulting crude product
was recrystallized from 15% ethyl acetate in hexanes to ob-
tain off-white crystals (5.1 g, 30% yield). The spectral data
for this compound matches a previous literature report.”® 'H
NMR (CDCls, 400 MHz): 6 7.62 (2H, Ph-H), 7.52 (4H, Ph-
H and Imid-H), 3.78 (3H, Me-H).

Synthesis of [HB(“FmImH);](OTf)>.

This procedure was based on literature procedures.” A 1
L Schlenk flask was charged with 5-trifluoromethyl-1-me-
thyl-2-phenyl-1H-imidazole (8.1 g, 36 mmol) and 200 mL
of toluene. While stirring, dibromoborane dimethylsulfide as
a 1.0 M solution in dichloromethane (11 mL, 11 mmol) was
added, resulting in a cloudy solution. This solution was
heated to 100 °C, which clarified the solution, and trime-
thylsilyl trifluoromethanesulfonate (5.5 mL, 25 mmol) was
added. The reaction was stirred for two nights at 100 °C. The
precipitate was filtered off and washed with diethyl ether,
then hot 1,2-dichloroethane, and then diethyl ether again.
The resulting white powder (8 g, 60% yield) was dried on a
high vacuum line until no dichloroethane was visible by 'H
NMR spectroscopy and characterized and used without fur-
ther purification. 'H NMR (CDsCN, 400 MHz): 5 7.86 (3H,
Imid-H), 6 7.60 (3H, Ph-H), 7.42 (6H, Ph-H), 6.86 (6H, Ph-
H), 3.62 (9H, Me-H). We do not observe a signal from the
B-H proton by 'H NMR spectroscopy. *C{'H} NMR
(CDsCN, 500 MHz): 6 151.7, 132.6, 129.7, 129.3, 125.1 (q,
J=4.2Hz), 124.4 (q, J=42.1 Hz), 121.5 (q, J = 268 Hz),
34.4 (q,J=1.8 Hz). 'B{'H} NMR (CDsCN, 400 MHz): & -
5.0 PF{'"H} NMR (CD;CN, 400 MHz): § -61.9 , -79.3. IR
(solid, cm™): 2610, 2550 (w, B-H). Anal. calcd for
C35H28BF15N50582: C 42.53, H 2.86, N 8.50. Found: C
42.29, H 2.88, N 8.43.

Synthesis of HB(“*mIm);NiNO (1).

A solution of LiIHMDS (87.5 mg, 0.52 mmol) in THF (2
mL) cooled to —55°C was added to a stirred slurry of
[HB(“F*mImH);](OTf), (204.7 mg, 0.207 mmol) in THF (8
mL) cooled to —55°C. The reaction was stirred at tempera-
ture for 1 h to yield a translucent, light orange solution. At
this point, the reaction was transferred to a chilled vial con-
taining Ni(NO)(Br)(PPh3), (143.8 mg, 0.207 mmol), and
then stirred at ambient temperature for 4 h. The reaction was
then cooled back down to —55°C, at which point a solution
of LIHMDS (52.5 mg, 0.31 mmol) in THF (2 mL) cooled to
—55°C was added to the reaction. The reaction was then al-
lowed to stir at ambient temperature for 16 h. The reaction
mixture was then concentrated to ~2 mL, chilled to —35°C,
and then filtered through a fine-fritted Buchner funnel. The
collected material was washed with ~ 15 mL of THF and
dried to give a red-orange solid (32 mg, 20% yield). Crystals
suitable for X-ray diffraction were grown from diffusion of
n-pentane to a dichloromethane solution of the complex at
ambient temperature. '"H NMR (CD;CN, 500 MHz): 6 7.35
(3H, Ph-H), 7.12 (6H, Ph-H), 6.93 (6H, Ph-H), 3.51 (9H,
Me-H). We do not observe a signal from the B-H proton by



'"H NMR spectroscopy. *C{'H} (DMF-d;, 500 MHz): ¢
180.2, 150.9, 130.5, 130.3, 129.0 (q, J = 35 Hz), 128.1,
125.4, 124.1 (q, J = 265 Hz), 32.8 (q, J = 2 Hz). 'B{'H}
NMR (DMF-d>, 500 MHz): 6 -8.03. YF{'H} (DMF-d;, 500
MHz); § 56.8. IR: (solid, cm™) 2573, 2562 (w, B-H), 1695
(s, N=O); (THF-solvated film, cm™") 2570, 2554 (w, B-H),
1700 (s, N-O). HRMS (ESI) m/z: [M]" caled for Cs3H-
2sBN7FoNiO: 774.1460; found, 774.1432. The poor solubil-
ity of this compound precluded characterization by qNMR,
but NMR spectroscopy supports the bulk purity of this com-
plex (see SI).

Synthesis of PhB(**Im);NiNO (2).

A solution of LDA (59 mg, 0.547 mmol) dissolved in THF
(2 mL) was added to a stirred slurry of PhB(A‘ImH);O0Tf,
(175 mg, 0.177 mmol) in THF (8 mL). The reaction was
stirred at ambient temperature for 1 h. At this point, the re-
action was transferred to a vial containing
Ni(NO)(Br)(PPhs)> (122 mg, 0.177 mmol), and the resulting
solution was stirred for 16 hours. The solution was pumped
down and triterated with pentane and then extracted with tol-
uene and filtered through Celite. The filtrate was dried under
vacuum and triterated with pentane. This solid was then
washed with ~10 mL of MeCN, dried, and then extracted
with DCM and filtered through Celite. Drying under vacuum
yielded a deep red solid (77.0 mg, 55% yield). Crystals suit-
able for X-ray diffraction were grown from diffusion of n-
pentane to a THF solution of the complex at ambient tem-
perature. 'H NMR (C¢Ds, 400 MHz): 6 8.05 (2H, Ph-H),
7.39 (2H, Ph-H), 7.35 (1H, Ph-H), 7.04 (3H, Im-H), 6.79
(3H, Im-H), 2.54 (18H, Ad-H), 2.09 (9H, Ad-H), 1.70 (18H,
Ad-H). BC{'H} (C¢Ds, 400 MHz): 6 198.7, 135.5, 128.2,
127.9, 127.4, 122.1, 116.3, 57.4, 43.0, 36.3, 30.5. 'B{'H}
NMR (C¢Ds, 400 MHz): 6 -1.63. IR: (solid, cm™") 1689 (s,
N-0); (THF, cm™) 1692 (s, N-O); (THF-solvated film, cm’
11693 cm! (s, N-O). gNMR ('H NMR, CDCl,, 500MHz,
with 1,3,5-trimethoxybenzene standard): 96%. HRMS (ESI)
m/z: [M]" caled for C4sHseBN7NiO: 778.4029; found,
778.4073.
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Synopsis: The donor properties of an newly synthesized tris(imidazol-5-ylidene)borate ligand are commensurate to those of
alkyl-substituted tris(imidazol-2-ylidene)borates, as indicated by the N—O infrared stretching frequency of each ligands respec-
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