WILEY . vcH

Carbodicarbene-Stibenium lon-Mediated Functionalization of

C(sp?®)—-H and C(sp)-H Bonds

Levi Warring,? Karl S. Westendorff,®° Marc T. Bennett,” Kijeong Nam," Brennan M. Stewart,” Diane
A. Dickie,”! Christopher Paolucci,*® T. Brent Gunnoe,*™ Robert J. Gilliard*?!

[a] Levi Warring, Karl Westendorff, Prof. Robert J. Gilliard
Department of Chemistry
Massachusetts Institute of Technology
77 Massachusetts Avenue, Cambridge, MA 02139, USA
E-mail: gilliard@mit.edu

[b] Marc T. Bennett, Brennan M. Stewart, Dr. Diane A. Dickie, Prof. T. Brent Gunnoe

Department of Chemistry
University of Virginia
409 McCormick Road, Charlottesville, VA 22904, USA.
[c] Karl Westendorff, Kijeong Nam, Prof. Christopher Paolucci
Department of Chemical Engineering
University of Virginia
385 McCormick Road, Charlottesville, VA 22904, USA.

Supporting information for this article is given via a link at the end of the document.

Abstract: Main-group element-mediated C—H activation remains
experimentally challenging, and the development of clear concepts
and design principles have been limited by the increased reactivity of
relevant complexes, especially for the heavier elements. Herein, we
report that the stibenium ion [(P*CDC)Sb][NTf]s (1) (*CDC = bis-
pyridyl carbodicarbene; NTf. = bis(trifluoromethanesulfonyl)imide)
reacts with acetonitrile in the presence of the base 2,6-di-tert-
butylpyridine to enable C(sp®)-H bond breaking to generate the stiba-
methylene nitrile complex [(?CDC)Sb(CH2CN)][NTf]2 (2). Kinetic
analyses were performed to elucidate the rate dependence for all the
substrates involved in the reaction. Computational studies suggest
that C—H activation proceeds via a mechanism in which acetonitrile
first coordinates to the Sb center through the nitrogen atom in a «'
fashion, thereby weakening the C-H bond which can then be
deprotonated by base in solution. Further, we show that 1 reacts with
terminal alkynes in the presence of 2,6-di-tert-butylpyridine to enable
C(sp)-H bond breaking to form stiba-alkynyl adducts of the type
[(**CDC)Sb(CCR)][NTf2]2 (3a-f).
specificity for the activation of the terminal C(sp)-H bond even across

Compound 1 shows excellent

alkynes with diverse functionality. The resulting stiba-methylene nitrile
and stiba-alkynyl adducts react with elemental iodine (I2) to produce
iodoacetonitrile and iodoalkynes, while regenerating an Sb trication.

Introduction

Targeted C—H bond activation is an invaluable tool used to insert
carbon-carbon and carbon-heteroatom bonds in the synthesis of
pharmaceuticals, natural products, and other high-value
chemicals.[ In contrast to transition-metal-mediated C-H

activation, fewer examples of C—H bond breaking by main-group
element complexes are known. This is in part due to inherent
differences in the frontier molecular orbitals at play for bonding as
well as their relative energies.?? These differences in bonding are
exacerbated for the heavier main-group elements, which have a
decreased propensity for hybridization due to a mismatch in the
size of the valence orbitals.?! As a result, low-coordinate and low-
oxidation state heavy main-group compounds are often reactive,
making redox reactions significantly more challenging and difficult
to control. Because of these challenges, our understanding of how
to design main-group compounds to target C—H activation and
functionalization is limited. Nonetheless, access to main-group
compounds using uniquely crafted ligand and design strategies
has enabled bond activations that were once reserved for their
transition metal counterparts.3 4

One strategy that has been employed to construct main-
group compounds that facilitate bond functionalization is to
prepare highly Lewis acidic molecules for which a key step in the
reaction is coordination of a substrate to the main-group element
center.® Use of frustrated Lewis pairs (FLPs) has also been
shown to be an effective means to activate many different types
of bonds.!®! There are few examples of C—H bond breaking using
highly Lewis acidic phosphenium ions,[”l and C—H bond breaking
mediated by antimony and bismuth ions is even less common.5®
8 Despite this, the enhanced Lewis acidity of stibenium and
bismuthenium ions compared to their lighter congeners makes
them attractive targets to mediate bond activation.! We have
found carbones to be excellent ligands that permit the stabilization
of main-group Lewis acids.['” In contrast to singlet carbenes,!"!
carbones are capable of acting as two- or four-electron donors via



the two lone pairs of electrons at the central C(0) atom.['? A
special feature of carbones is that the additional electron density
at carbon may manifest as a m-symmetric lone pair or participate
in a donor-acceptor bond with a Lewis acidic partner. While its
preference for employing one or both lone pairs depends on the
identity of the main-group element and its orbital arrangements,
both bonding situations typically result in increased stability
compared to the analogous carbene complexes.[10a 100, 108l \yg
hypothesized that the electronic flexibility and enhanced stability
provided by the carbones would be useful for the design of heavy
main-group element complexes for C—H bond breaking.

Herein, we report carbodicarbene-stibenium ion-enabled
functionalization of the C—H bonds of acetonitrile and terminal
alkynes (Figure 1). This work exploits the reactivity of frustrated
Lewis pairs, whereby the Lewis superacidic stibenium ion enables
C(sp®-H and C(sp)-H deprotonation in the presence of a
sterically encumbered base to form stiba-methylene nitrile and
stiba-alkynyl adducts. In addition, we demonstrate the sequential
reactivity of these adducts with elemental iodine to generate
iodoacetonitrile and iodoalkynes. The reactions presented herein
are among the first examples of a carbone-main-group element-
mediated intermolecular bond functionalization.® 13!
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Figure 1. Carbodicarbene-stibenium ion-promoted C—H bond functionalization
of acetonitrile and terminal alkynes and the subsequent functionalization of the
resulting adducts with elemental iodine.

Results and Discussion

We selected the stibenium ion 1 as a compound of interest for
potential C—H bond activation due to its high Gutmann-Beckett
acceptor number (109) and Lewis superacidity, which is greater
than its bismuth analog.l"®1 Other reports have observed greater
Lewis acidity for Sb compounds.!"! While screening for reactivity
with arene substrates, we discovered that 1 reacts with CD3sCN in
the presence of 2,6-di-tert-butylpyridine. Then, we reacted 1 with
protio-acetonitrile (MeCN) and 2,6-di-tert-butylpyridine in 1,2-
difluorobenzene (oDFB) at 95 °C (Scheme 1). After heating
overnight (16 h), a yellow precipitate formed. The solid was
collected to afford compound 2 in 73% isolated yield. The '"H NMR
spectrum of 2 shows two doublet resonances at 2.84 and 2.73
ppm (2Jun ~ 17 Hz) corresponding to the diasterotopic methylene
protons. The protons ortho to the pyridyl nitrogen atoms are
shifted upfield (8.80 ppm) from 1 (8.98 ppm) in CDsCN, and the
N-methyl protons become inequivalent. The C NMR spectrum
shows the methylene (13.3 ppm) and nitrile carbon (119.6 ppm)
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resonances are shifted downfield from protio-acetonitrile (1.8 and
118.3 ppm).["¥ The selection of 2,6-di-tert-butylpyridine as the
base is important to achieve the formation of 2. Namely, an
organic base was selected that would be unlikely to coordinate to
the Lewis acidic Sb atom but could deprotonate an Sb-activated
C-H bond in a manner consistent with FLP-type chemistry.['®!
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Scheme 1. Sb trication 1 activates MeCN to yield the Sb-cyanomethyl dication
2 in the presence of external base.

Single crystals of 2 suitable for X-ray diffraction studies were
grown from a concentrated solution of oDFB (Figure 2). The
carboneG_Sh bond length is 2.114(4) A, which is slightly elongated
compared to 1 (2.071(8) A)."1 The C28-Sb1 bond length of
2.209(4) A is slightly longer than the sum of covalent radii for a
C-Sb single bond (R(C-Sb) = 2.15 A).'" In contrast to 1, weak
coordination of the triflimide anions to Sb is not observed in the
solid-state structure. To the best of our knowledge, compound 2
represents the first structurally characterized example of a stiba-
methylene nitrile adduct.

Figure 2. Molecular structure of 2. Triflimide anions, disordered positions, and
PCDC hydrogen atoms omitted for clarity. Thermal ellipsoids set at 30%
probability. Bond lengths (A) and angles (°): C1-Sb1: 2.114(4), C28-Sb1:
2.209(4), C28-C29: 1.438(6), C29-N7: 1.127(9), C1-Sb1-C28: 96.19(16),
Sb1-C28-C29: 112.5(3).'8

To gain insight into the mechanism for the reactivity of 1 with
MeCN, a concentration versus time profile of the reaction of 1 with
MeCN and 2,6-di-tert-butylpyridine was collected in 1,1,2,2-
tetrachloroethane-dz (TCE-d2) (Figure 3a). Plotting the natural log
of product (i.e., 2) concentration versus time results in an initial
linear dependence (Figure S2), while the natural log of starting
material concentration versus time maintains linearity (Figure 3b).
Figure S2 shows the concentration of product 2 measured by 'H
NMR spectroscopy reaches a maximum at ~6 mM after 12 hours
while ~8 mM of
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Figure 3. (a) Product concentration versus time and (b) natural log of concentration versus profiles for the reaction of 1 with MeCN in the presence of 2,6-di-tert-
butylpyridine time. Reaction conditions: 0.4 mL TCE-d2, 9 mM 1, 20 equiv (relative to 1) of MeCN, 10 equiv of 2,6-di-tert-butylpyridine. The data are based on a

minimum of three replicate measurements with standard deviations shown.

starting material is consumed after 20 hours. The discrepancy
between the consumption of 1 and formation of 2 is attributed to
the partial solubility of the product in TCE-d2. The linearity of the
concentration of 1 versus time suggests that the reaction is first
order with respect to the Sb trication.

Next, we conducted order studies on both the MeCN
substrate and the 2,6-di-fert-butylpyridine base to better
understand their role in the observed reactivity of 1. The kinetic
orders for acetonitrile and 2,6-di-tert-butylpyridine were
determined by measuring the initial rates for the formation of
product 2 (Figure 4). The initial rates obtained via 'H NMR
spectral monitoring vary linearly with acetonitrile concentration in
the range 15 mM < [MeCN] < 360 mM. In the initial rates regime,
the concentration versus time data are well-fit to linear
regressions, and consistent rates are obtained when measuring
the concentrations of 1 and 2, suggesting that the solubility of 2 is
not likely an issue at early reaction time points. A plot of log(kobs)
versus log[MeCN] (Figure 4a) gives a slope of 1.2(1), indicating
that the reaction is likely first-order with respect to acetonitrile.
Similarly, 'H NMR spectral monitoring of 2,6-di-tert-butylpyridine
concentration dependent studies in the range 3 mM < [2,6-di-tert-
butylpyridine] < 360 mM gives linear regressions in the initial rate
regime (Figure 4b). The logarithmic plot obtained gives a slope of
0.48(3). We attribute the slope of less-than-one to be a factor of
labile coordination of the base to Sb, which likely impedes

acetonitrile coordination at higher concentrations of 2,6-di-tert-
butylpyridine, thus slowing the reaction rate.

To gain further insight into the reaction mechanism, we
performed the reaction of 1 with MeCN or CD3CN and 2,6-di-tert-
butylpyridine in a 1:20:20 (1:MeCN/CD3CN:base) molar mixture.
After 90 minutes, a kn/ko (the ratio of the rate of reaction of protic-
acetonitrile and deuterated-acetonitrile) of 6.1(7) was determined
via '"H NMR spectroscopy (Figure 4c). The ku/kp of 6.1(7) reflects
a large primary kinetic isotope effect (KIE).

Given the preceding kinetic data, we considered two
possible mechanisms for C-H activation and used density
functional theory (DFT) calculations to evaluate the more
favorable pathway. All calculations used the BP86 level of theory
with GD3(BJ) empirical dispersion corrections, the def2-TZVPP
basis set and its associated pseudopotentials for Sb, and the 6-
31G(d,p) basis set for all other atoms. In the following calculations,
we excluded all [NTf2]" anions and balanced the charge on
cationic Sb complexes with a uniform compensating background
charge. Solvation free energies were calculated via the
conductor-like polarizable continuum model (CPCM) model for
tetrachloroethene as an approximation for the experimentally
used 1,1,2,2-tetrachloroethane-d2. Further computational details
and rationale for our choice of functional, basis set, and solvation
model are discussed in the Supporting Information.

We considered two pathways, analogous to those found in
transition metal chemistry, which result in net C—H activation of
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Figure 4. Acetonitrile (a) and 2,6-di-tert-butylpyridine (b) concentration dependence on rate of formation of 2. Reaction conditions: 0.4 mL TCE-d2, 100 °C, 9 mM 1,
10 or x equivalents (relative to 1) of MeCN, 10 or x equivalents of 2,6-di-tert-butylpyridine, and (c¢) Kinetic isotope effect for the reaction of compound 1 with
MeCN/CD3sCN and base. Reaction conditions: 0.4 mL TCE-d2, 9 mM 1, 20 equivalents (relative to 1) of MeCN or MeCN-ds, 20 equivalents of 2,6-di-tert-butylpyridine.
The data are based on a minimum of three replicate measurements with standard deviations shown.
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Figure 5. Two possible pathways resulting in net C—H activation of acetonitrile with complex 1. In pathway A, the Sb complex coordinates acetonitrile in a ' fashion,
after which it is deprotonated by base and isomerizes to form complex 2. In pathway B, the Sb complex directly activates the acetonitrilie C-H bond and base

deprotonates the resulting Sb complex to form complex 2.

the MeCN bond across the Sb center. In pathway A, MeCN is
bound to complex 1 in a k' fashion, after which 2,6-di-tert-
butylpyridine deprotonates the MeCN ligand and the carbanion
ligand isomerizes to form complex 2 (Figure 5). In pathway B, a
MeCN C—-H bond is directly coordinated by complex 1, after which

the Sb—H complex is deprotonated by 2,6-di-tert-butylpyridine to
form complex 2 (Figure 5).

Pathway A shows that k' coordination of MeCN to complex
1 (Figure 5, inset) has a binding free energy of —53 kJ/mol relative
to dissociated complex 1 and MeCN, and coordination of 2,6-di-
tert-butylpyridine has a reaction energy of —33 kJ/mol. '"H NMR
spectroscopic analysis of a TCE-d2 solution of 1 and MeCN shows
that the resonance corresponding to MeCN is shifted slightly
downfield from its expected chemical shift, indicating potential



coordination of the nitrile to Sb (Figure S45). Conversely, a
solution of 1 and 2,6-di-tert-butylpyridine reveals no notable
changes in chemical shift, suggesting that there is substantial
steric repulsion between the molecules. Subsequent
deprotonation of the k' bound MeCN ligand has a reaction energy
of —65 kJ/mol, and isomerization of the carbanion to form complex
2 has a barrier of 91 kJ/mol and a reaction energy of —1 kJ/mol.
In contrast to the low barriers computed in pathway A, pathway B
had a concerted C—H activation barrier of +301 kJ/mol and a
reaction energy of +150 kJ/mol relative to the dissociated Sb
complex and MeCN. Subsequent deprotonation of the Sb
complex by 2,6-di-tert-butylpyridine has a reaction energy of —267
kJ/mol. Though these calculations suggest that pathway A is
favored due to its lower calculated barrier, the unknown explicit
solvent structure around the active site, the many possible proton
donor/acceptor species in the rate-determining step (RDS), and
the potential non-adiabaticity of the protonation/deprotonation
step prevent the unambiguous identification of the RDS via the
calculations employed here.!"® Therefore, to determine whether
the deprotonation step was rate-controlling in the observed
reaction, we experimentally measured the reaction with another
organic base of a different strength. Using lutidine, which is a
stronger Lewis base than the original 2,6-di-tert-butylpyridine,°!
the reaction proceeds instantaneously at room temperature.
Moreover, use of the sterically comparable but stronger Lewis
base 2,4,6-tri-tert-butylpyridine leads to > 90% conversion to 2
after 2 hours (at 100 °C), which is approximately ten times faster
than using 2,6-di-tert-butylpyridine. These results suggest that
deprotonation of 1 is likely the rate-controlling step in the reaction
sequence. Given that direct C—H activation, a step that does not
depend on the base strength, is the rate-determining step in
pathway B, pathway A is most consistent with these results.

Rate law derivations for pathway A (see Supporting
Information, pages S41-42) agree with the 1 and MeCN
concentration order studies as well as the base concentration
order experiments assuming that base competitively binds to 1 in
solution with MeCN, as suggested by the computations. Further,
the RDS of the reaction involves a proton transfer, in agreement
with the experimentally observed KIE. While these data are also
consistent with a mechanism that follows pathway B where the
RDS is deprotonation of the Sb center, the barrier to
deprotonation would have to exceed 154 kJ/mol relative to the
activated Sb MeCN complex and free base, which would prevent
the reaction from proceeding rapidly at room temperature with
lutidine as the base. The combined experimental and
computational data suggest that the C(sp®)-H activation of MeCN
is driven by the acidity of the MeCN C—H bond upon coordination
to Sb and the acceptor base.

With this understanding, we attempted to react 1 with two
terminal alkynes. We posited that the alkyne moiety could
coordinate to the Lewis acidic antimony center, enabling
deprotonation of the more acidic C-H bonds at the terminal
position (relative to acetonitrile). Compound 1 reacts with
(trimethylsilyl)acetylene or phenylacetylene in the presence of
2,6-di-tert-butylpyridine in oDFB to form the stiba-alkynyl adducts
3a and 3b in excellent yields (Scheme 2). Similar to the reaction
of 1 with MeCN, two N-methyl resonances are observed after
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Scheme 2. Reaction of 1 with terminal alkynes and base to afford stibaalkynyl
dications 3a-f. Isolated yields are shown.

the reaction of 1 with the terminal alkynes, indicating a loss of
chemical equivalency from the starting complex. 'H NMR
spectroscopy analysis of 3a shows a singlet resonance at —0.34
ppm in CDsCN corresponding to the trimethylsilyl protons, which
is shifted upfield from the unreacted alkyne (0.19 ppm). Further,
the 'H-°Si HMQC spectrum of 3a shows a broad singlet
resonance at —17.3 ppm, indicating a singular Si environment
corresponding to the alkynyl adduct. Given the quantitative
conversion of compound 1 to 3a and 3b, we expanded the scope
of terminal alkynes to test for tolerance of more diverse functional
groups. Addition of 1 to a solution of 2 equivalents of both the
terminal alkyne and 2,6-di-tert-butylpyridine leads to nearly
quantitative conversion to the stiba-alkynyl adducts 3c-f based on
analysis by 'H NMR spectroscopy. Reaction progress was
monitored by the formation of resonances corresponding to
protonated base, which forms in an equimolar ratio to the stiba-
alkynyl adducts (see Supporting Information). The formation of
compounds 3c and 3f was also monitored using 'F NMR
spectroscopy (singlet resonances at —111.5 ppm and —63.7 ppm,
respectively). Despite significant effort, attempts to isolate single
crystals of 3a-f were unsuccessful.?"!

We observed that 2 reacts with |2 to form iodoacetonitrile
and the proposed Sb trication 4 in full conversion by 'H NMR
spectroscopic analysis (Scheme 3). Notably, 'H NMR
spectroscopy shows the loss of the two doublets corresponding
to the methylene protons at 2.84 and 2.73 ppm and the
appearance of a new singlet resonance at 3.64 ppm in CD3sCN
that corresponds to iodoacetonitrile. Additionally, the *C NMR
spectrum shows the methylene carbon resonance is shifted
significantly upfield from 13.3 ppm to —29.8 ppm. The inequivalent
N-methyl groups from 2 become equivalent upon formation of
compound 4, which presumably contains two [NTf2]~ anions and
one [I]” anion.
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Given the versatility of haloalkynes as synthetic building
blocks,??! we also demonstrated the reactivity of the stiba-alkynyl
adducts 3a-f with 2 to form 1-iodo-alkynes while also generating
the Sb trication 4 (Scheme 4). The addition of |2 to compound 3a
leads to full conversion to 4 and 1-iodo-2-(trimethylsilyl)acetylene
by 'H NMR spectroscopic analysis. There is a downfield shift in
the 'TH NMR spectrum for the trimethylsilyl protons from —0.34
ppm to 0.15 ppm in CD3CN. Concomitantly, the two singlet N-
methyl proton resonances at 3.35 and 3.21 ppm for 3a become
equivalent upon addition of Iz, indicating loss of the alkynyl moiety
from Sb and formation of 4. Compounds 3b-f react in the same
manner as 3a with Iz, generating 4 and their respective 1-iodo-
alkyne. The formation of 1-iodoalkynes was confirmed by high-
resolution mass spectrometry and 'H NMR spectroscopy.
lodination of terminal alkynes has traditionally been achieved
using late transition metal catalysts, strong bases, or by using
organolithium reagents, which can limit the functional group
diversity of the alkyne (23]

N
N N
d jc—s\b ﬁ» g jc:s%p + I—R
\N 3 \N /
S \ B N
oL oL
4

Scheme 4. Synthesis of iodoalkynes from Sb-alkynyl dications.

Conclusion

We demonstrate the C—H functionalization of acetonitrile and
terminal alkynes using a carbodicarbene-stibenium ion. The
Lewis superacidic stibenium trication reacts with acetonitrile in the
presence of 2,6-di-tert-butylpyridine to form a stiba-methylene
nitrile adduct, and both mechanistic and computational studies
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support a mechanism where acetonitrile first coordinates to the
Sb center in a k' fashion, thereby increasing the acidity of its C—
H bonds which can then be subsequently deprotonated. The
resulting stiba-methylene nitrile adduct is susceptible to reactivity
with electrophilic substrates. We also show that the stibenium
trication enables the functionalization of the C(sp)-H bond in
terminal alkynes to form stiba-alkynyl adducts that readily react
with iodine to form iodo-alkynes in quantitative conversion. We
demonstrate a wide range of functional group tolerance for the
iodination of terminal alkynes. This work represents some of the
first reactivity studies of carbone-heavy group 15 element cations,
which we hope to expand on in future reports.
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A Lewis acidic carbodicarbene-stibenium ion mediates C(sp®)-H and C(sp)-H bond breaking of acetonitrile and terminal alkynes in
the presence of an organic base. The resulting adducts can be reacted with elemental iodine to functionalize these C—H bonds in

stoichiometric fashion.
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