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Herein, we report the synthesis and catalytic application of a new N,N’-
dineopentyl-1,2-phenylenediamine-based bismuthenium cation (3).
3 has been synthesized via the treatment of chlorobismuthane LBiCl
[L = 1,2-CgH4{N(CH,tBu)},] (2) with AgSbFe, and was further used as a
robust catalyst for the cyanosilylation of ketones under mild reaction
conditions. Experimental studies and DFT calculations were performed
to understand the mechanistic pathway.

The unique role of precious transition metals in homogeneous
catalysis has been well-known for years. However, there is a
pressing demand for sustainable alternatives for precious transi-
tion metals because of their toxicity, cost, and limited abundance.
Recent years have witnessed a surge in surrogating transition
metals by more earth-abundant and cost-effective main group
elements.* One of the desirable classes of the p-block catalysts is
Lewis-acidic cationic compounds of the pnictogen family, known
for their versatile electrophilic nature and ease of synthesis.?
Among the group 15 elements, bismuth has gained significant
popularity in recent years due to its capability to access redox
cycles.* Given our interest in this area,™® we were interested in
synthesizing Bi(um) cations and utilizing them in catalysis.
Although there are a few low-coordinate bismuthenium ions
available in the literature,” no catalysis is explored with them.
Recently, we have used stibenium cations as an efficient cyano-
silylation catalyst, which is a well-established organic transforma-
tion of carbonyl moieties to the cyanohydrin product.® Several
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main group compounds have been utilized as catalysts in the
cyanosilylation of carbonyls,'? but there are only three reports on
compounds with group 15 elements.>®°

Surprisingly, only one Bi-based compound (Bi-siloxane) has
been utilized for the cyanosilylation reaction to date, which has
minimal reactivity as a catalyst.” Hence, the potential of bis-
muthenium cations remains unexplored as the catalysts for the
cyanosilylation of carbonyls. In this work, we have mainly focused
on synthesizing a donor-free mono-cationic bismuthenium com-
pound with an N,N’-dineopentyl-1,2-phenylenediamine ligand (3)
and employed it in the cyanosilylation of ketones for the first
time. Compound 3 shows excellent catalytic efficiency with a high
TON, superseding the analogous stibenium cation. Our results
are discussed below.

The lithiated salt of N,N'-dineopentyl-1,2-phenylenediamine
(1) was treated with one equiv. of BiCl; in an Et,O/THF mixture
at —70 °C, which afforded the desired compound 2 (Scheme 1).
The formation of compound 2 was confirmed by NMR spectro-
scopic studies and single crystal X-ray diffraction studies. 2
crystallizes in the monoclinic space group P1 (see ESIt Fig.
S1a). To generate the target bismuthenium cation (3), we treated
compound 2 with 1 equiv. of AgSbF, in DCM, which afforded 3
as a reddish-purple colored solid in ~66% yield. Routine
analytical techniques and single crystal X-ray diffraction studies
are used to establish the chemical composition of 3. The '°F
NMR spectrum exhibits a peak at —169.42 ppm, corresponding
to the SbFs anionic moiety. 3 crystallizes in the monoclinic
space group C2/c. The molecular structure of 3 (Fig. 1) unveils
the presence of a Bi(i) cationic center along with a discrete SbFs
anionic counterpart. The Bi-N bond distances in 3 are found to
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Scheme 1 Syntheses of complexes 2-3.
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Fig. 1 The molecular structure of 3 with anisotropic displacement para-
meters is depicted at the 50% probability level. Hydrogen atoms are not
shown for clarity. Selected bond lengths (A) for 3: Bil-N1 2.117(2), Bil—
N2 2.163(2), Bil-F6 6.066(2). Selected bond angles (°) for 3: N1-Bil-N2
77.79(6), Bi-N1-C1 114.69, Bil-N2-C2 112.91.

be 2.117(2) and 2.163(2) A, which are comparable to those
reported for the bis[N,N’,N'-tris(trimethylsilyl)hydrazino]-
bismuthenium cation (2.150(2), 2.115(2) A) by Schulz and
coworkers,”? but are longer than that of [Bi(NON)Ar][AIC,]
(2.113(12), 2.111(12) A) by Coles and coworkers.” The N-Bi-N
bond angle of 3 is observed to be 77.79(8)°, which is found to be
much smaller than those reported for bismuthenium cations
mentioned above (100.28(5)° and 111.9(1)°, respectively).””?
The molecular structure of 3 reveals that the bismuth center
displays an intermolecular n-arene interaction in #* fashion,
leading to n-stacked dimers that are antiparallel to each other
(see ESL,t Fig. S1b). The cationic Bi(u) center in 3 also displays two
long contacts with the fluorine atoms of SbFs anions. The Bi. - -F
interactions in 3 display bond distances of 2.848 and 2.973 A,
which are similar to those reported for the carbodicarbene stabi-
lized bismuthenium ion (2.904(2) A) by Gilliard and coworkers.*°
We have also recorded the UV-Vis absorption spectra for the
compounds 2 and 3 (see ESI,} Fig. S7) and corroborated it with
the TD-DFT calculation [B3LYP-D3/lanl2dz(Bi), 6-311+G(d,p) for
lighter atoms]. The theoretical calculation reveals that the absorp-
tion peaks around ~500 nm for both of them are mainly due to
the m-electron charge transfer from the aromatic ring to the vacant
p-orbital of the bismuth atom (see ESI,T Fig. S8, Table S4) (Fig. 2).

Furthermore to estimate the Lewis acidity of 2 and 3, we
followed the Gutmann-Beckett method"' and recorded the *'p
NMR spectra of 2 and 3 in the presence of OPEt;. For compound

HOMO HOMO-1 HOMO-1 HOMO

Fig. 2 Frontier molecular orbitals of 2 and 3 [B3LYP-D3/lanl2dz(Bi), 6-
311+G(d,p) for lighter atoms].
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Fig. 3 Stacked *P NMR spectra of 2—3 in the presence of EtsPO in CDCls
(Gutmann-Beckett method).

2, the *'P NMR spectrum shows a peak at § 52.25 ppm; while in
the case of compound 3, it is observed at § 59.65 ppm (Fig. 3). It
is evident from the chemical shifts of the *'P NMR spectra that 3
is more Lewis acidic than 2. With this information in hand, we
explored the catalytic application of 3 for the cyanosilylation of
carbonyl compounds (Scheme 2), which has been a lucrative
catalytic reaction for the main group catalysts.'” The optimization
of the reaction conditions was performed using acetophenone as
the model substrate in the presence of 3 as a catalyst. We carried
out a brief screening of the catalyst loading, temperature, and
time for cyanosilylation of acetophenone using 1.2 equivalent
TMSCN to get the best conversion of the product. A 0.1 mol% of
the catalyst loading in 15 min led to product formation in 99%
yield (entry 3, Table S3, ESIt), which is the most suitable reaction
condition for further substrate scope. With these optimization
conditions, we began to explore the catalytic efficiency of 3 on
various substrates of ketones (Chart 1).

We started with the derivatives of acetophenone. Both
electron-donating and electron-withdrawing group-substituted
acetophenone derivatives underwent cyanosilylation to form the
corresponding cyanohydrin product in moderate to good yields
(Chart 1). Along with the aromatic ketones, the aliphatic ketones
also showed good product conversion under the same reaction
conditions. Chart 1 delineates the scope of ketones we have
studied in this work. The commonly available aromatic ketones
with electron-donating groups like 4-methylacetophenone (5b),
and 3,4-dimethylacetophenone (5c), as well as with electron-
withdrawing groups like bromoacetophenone (5e-5f) gave excel-
lent product conversion. We employed 2-acetylfuran (5k) and 2-
acetylbenzofuran (51), and in both cases, we observed an excel-
lent product conversion. Since the cyanosilylation of aliphatic
ketones is more challenging, we focused on the aliphatic
ketones after the substrate scope study of the aromatic ketones.

T™S
0 Cat3 (0.1 mol%) 0~
)J\ + TMSCN ————>
R R r.t. neat, 15 mins R R
4 s CN

Scheme 2 Cyanosilylation of ketones.
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Chart 1 Substrate scope for cyanosilylation of ketones using catalyst 3.
Reaction conditions: ketones (0.25 mmol), TMSCN (0.38 mmol, 1.5 equiv.),
neat reaction at room temperature. The catalyst loading is 0.1 mol%.
Reaction time: 15 min. Yield (%) determined by 'H NMR spectroscopy
using mesitylene as an internal standard.

It is important to note that there are only a few reports on the
cyanosilylation of aliphatic ketones with the main group
catalysts."® Interestingly, all the aliphatic ketones e.g. dihexyl
ketone (5r), diethyl ketone (5s), and 3-methylbutanone (5t) along
with the cyclic ketones (cyclopentanone (5p) and cyclohexanone
(5q)) afforded their corresponding cyanohydrin products in
good to excellent yield. The cyanosilylation of benzophenone
(5m) and benzoresorcinol (5n) also gave a good product yield
percentage. The TON and TOF for this reaction (TON = 990;
TOF = 66 min~ ') were found to be much higher than those
reported for the group-15 compounds, stibenium cation (TON =
99; TOF = 3.3 min~")® and bismuth-siloxane (TON = 82.5; TOF =
5.5 min '),” reflecting the better catalytic performance of 3.
We have also investigated the kinetic study of our cyanosilyla-
tion reaction for which we have calculated the initial rates k¢ of
the reaction from the product versus time plot (see ESL, T Fig. S51a
and S52a) followed by the plot of log;o(kobs) versus logiox (x =
varying conc. of acetophenone and TMSCN) from which we
determined the order of the reaction. For acetophenone, the
order of the reaction was found to be 0.241 (see ESL T Fig. S51b),
which indicates the fractional order of the reaction."? In the case
of TMSCN, the order is found to be 0.564 (see ESL Fig. S52b),
representing that TMSCN plays a significant role in the cyanosi-
lylation of ketones in the presence of the catalyst.'* We have also
performed the experiments to get the Arrhenius plot [In(k) vs. 1/T
(T = temperature)] and calculated the activation energy from the
slope of the plot (Fig. S52c and d, ESIf). The activation energy is
found to be 26.54 kcal mol ", significantly lower than that of the
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theoretical results (31.3 kcal mol ') but in line with the experi-
mental conditions.® This energy difference is presumably due to
the approximation used in DFT calculation (see ESIf for the
details).

We further performed the solution-state NMR studies to
understand the mechanistic pathway of the cyanosilylation
reaction catalyzed by 3. The 'H, *C, and *°Si NMR spectra of the
1:1 stoichiometric reaction of the catalyst and TMSCN were
recorded to study the changes. The *°Si NMR spectrum of the
reaction mixture exhibits a new peak at é 7.33 ppm, which is
downfield shifted as compared to the pure TMSCN (o
—11.31 ppm) (Fig. S57, ESIT). The "H NMR spectrum also shows
a new peak at 6 0.05 ppm along with some residual TMSCN (¢
0.21 ppm), confirming the formation of an intermediate spe-
cies. In the **C NMR spectrum, we observed the appearance of a
new peak at § 2.00 ppm (-CHj3), which differs from that of the
free TMSCN (6 —2.26 ppm) (see Fig. S53-S55, ESIf). The
IR spectrum of the reaction mixture showed a new peak at
v =1603 cm™ ' (Fig. S56, ESIT), which confirms the lowering in
the stretching frequency of the CN bond of TMSCN upon
coordination with the cationic Bi(m) center of 3.

Theoretical studies were performed to gain insight into the
mechanistic pathway and support our experimental data (M06-
2X/lanl2dz(Bi), 6-311+G(d,p) for lighter atoms). A model catalyst
3m, where CH,tBu groups are replaced by the methyl groups,
was used for the density functional theory (DFT) calculation
(see ESIt for the details). It is proposed that the first step of the
mechanistic cycle is the coordination of TMSCN to the bismuth
center (Fig. 4). The lone pair of the nitrogen atom of TMSCN is
donated to the vacant p-orbital of the cationic bismuth center,
resulting in the formation of INT15,, (Bi-N distance 2.611 A, EST+
Fig. S64). Upon addition of the substrate acetophenone, a four-
membered transition state TS;y, is formed, where the oxygen
atom of the substrate coordinates with the silicon center of
-SiMe; of TMSCN, and the carbon atom of the cyanide group
attaches to the carbonyl carbon of acetophenone. The interaction
between the Bi center and TMSCN is stronger in TSs,, than
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Fig. 4 Proposed catalytic cycle for cyanosilylation of acetophenone using
model catalyst 3m.
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INT13,,, as revealed by the lowering of the Bi-N distance (Bi-N
distance 2.420 A). Finally, in the next step, rearrangement takes
place to form INT2;,,, where the -SiMe; moiety gets transferred
to the oxygen atom of the substrate, and the -CN group forms a
bond with the carbonyl carbon of the substrate. In INT23,, the
anchoring of the catalyst becomes much weaker, as reflected by
the Bi-N bond distance of 2.769 A, which is much longer than
those in TS;y, and INT1;3,,. The final product dissociates from
INT2;,,, with the regeneration of the catalyst (3m).

In summary, we have synthesized a donor-free mono-cationic
bismuth compound (3) and utilized it as a catalyst for the
cyanosilylation of ketones. Compound 3 displays excellent catalytic
activity toward the cyanosilylation of ketones with the TON and
TOF of 990 and 66 min ', which is much higher than the
previously reported stibenium cation and bismuth-siloxane. These
new findings pave the way for exploring p-block cations as
sustainable catalysts in several important organic transformations.
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