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ABSTRACT: A cyclic alkyl(amino) carbene (cAAC)
stabilized dimer [(cAAC)Si(P-Tip)], (2) (Tip = 2,4,6-
triisopropylphenyl) is reported. 2 can be considered as a
dimer of the heavier ketenimine (R,C=C=N-R)
analogue. The dark-red rod-shaped crystals of 2 were
synthesized by reduction of the precursor, cAAC-
dichlorosilylene-stabilized phosphinidene (cAAC)SiCl,—
P-Tip with sodium napthalenide. The crystals of 2 are
storable at room temperature for several months and stable
up to 215 °C under an inert atmosphere. X-ray single-
crystal diffraction revealed that 2 contains a cyclic
nonplanar four-membered SiPSiP ring. Magnetic suscept-
ibility measurements confirmed the singlet spin ground
state of 2. Cyclic voltammetry of 2 showed a quasi-
reversible one-electron reduction indicating the formation
of the corresponding radical anion 2°7, which was further
characterized by EPR measurements in solution. The
electronic structure and bonding of 2 and 2°~ were studied
by theoretical calculations. The experimentally obtained
data are in good agreement with the calculated values.
C arbenes are shown as efficient ligands in numerous areas of
chemistry." In this context, stable N-hetero cyclic carbenes
(NHC) are the most extensively utilized ligands due to their earl
discovery in 1991 and relatively easy available synthesis routes."
NHC:s are recognized as strong o-donors due to the presence of
two o-withdrawing and 7-donating nitrogen atoms bonded to the
carbene carbon atom. As a result, they are employed as suitable
donors for the stabilization of several unstable species such as
Si,,* (SiCl),,** SiCl,,*® Sil*,* and even some radicals.>* NHCs
can also stabilize P,** and P,0, units.>® On the contrary, low-
coordinate phosphorus—silicon species stabilized by carbenes are
only rarely studied until now.*”® The very weak m-accepting
property of NHCs”® can be greatly increased when one of the o-
withdrawing and 7-donating nitrogen atoms in NHC is replaced
by a o-donating quaternary carbon atom.”® This modified
carbene, called the cyclic alkyl(amino) carbene (cAAC), was first
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reported in 2005.”° It has been observed so far that the electronic
properties of analogous compounds containing NHC and cAAC
are profoundly different.>*® Further reports show that the nature
of the bond (coordinate bond vs electron-sharing single bond™
and donor—acceptor bond vs double bond)®™* between silicon
and carbene carbon can dramatically change depending on the
coordination geometry, electron accumulation, and formal
oxidation state of the silicon atom.>” NHCs and cAACs are
genuinely different from each other, since the HOMO—LUMO
energy gap is smaller for the latter one. This often plays a crucial
role on the isolation of the final products in silicon chemistry.*™"°
NHC and cAAC both provide strong o-donations, while cAAC
additionally utilizes its #-acceptance property to synergistically
strengthen the Si—C ¢ bond.”

Keeping these pivotal differences in mind, cAAC-dichlor-
osilylene stabilized phosphinidene (cAAC)SiCl,—P-Tip (1) was
employed under two-electron reduction to produce (cAAC)Si=
P-Tip. This monomeric species could be considered as the
heavier ketenimine (R,C=C=N-R) analogue with P and Si
atoms instead of N and C atoms, respectively.”'' However, a
dimer [(cAAC)Si(P-Tip)], (2) is isolated instead of the
expected monomer (cAAC)Si=P-Tip. Herein, we report on
the synthesis, characterization, magnetic susceptibility, CV, and
DFT calculations of 2.

The precursor (cAAC)SiCl,—~P-Tip (1)° was dissolved in
THEF, and the resulting dark-blue solution was then cooled to
—78 °C. A freshly prepared dark-green THF solution of 2.4 equiv
sodium napthalenide (NaC,,Hg) was separately cooled to 0 °C
and added to the flask containing 1. A dark-purple-red solution
was immediately obtained. The temperature of this solution was
slowly raised to room temperature over 30 min under vigorous
stirring. The stirring was continued for another 3.5 h to obtain a
dark-brick-red solution of [(cAAC)Si(P-Tip)], (2) (Scheme 1).
The solvent was removed in vacuo and the residue was extracted
with n-hexane. The concentrated n-hexane solution was stored at
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Scheme 1. Synthesis Route of [(cAAC)Si(P-Tip)], (2) of 2 was recorded in n-hexane, which shows broad absorption
bands (455, 524 nm; see SI for details).

@ Tlp@ Compound 2 crystallizes in the monoclinic space group P2,/n.
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—32 °C for 3 days to obtain dark-red rods of 2 in 61% yield,
which were separated by filtration and dried in vacuo.

The formation of 2 proceeds via dimerization of the initially
formed intermediate species 1’ (Cy-cAAC stabilized heavier
analogue of ketenimine; (Cy-cAAC)Si=P-Tip, (1'); Scheme 1).
This could be attributed to the formation of the dark-purple-red
color of the reaction solution at the initial stage. The UV—vis Figure 1. Crystal structure of 2. Hydrogen atoms and selected isopropyl
spectrum of the purple-red colored reaction solution was groups of carbenes are omitted for clarity. Selected experi{nental
immediately recorded, which showed strong bands at 461 and [calculaied at the M06-2X/SVP level of theory] bond lengths [A], and
534 nm. After 20—30 min this band disappeared and a new band angles [*]. Si1—C1 1.812(2) [1.816], Si2-C31 1.812(2) [1.819), C1—

e . N1 1.389(3) [1.365], C31—N2 1.390(3) [1.364], P1-Sil 2.2655(7)
was observed at 524 nm (see SI). The in situ formation of the [2.279], P1-Si2 2.2953(8) [2.310], P2—Si2 2.2691(8) [2.281], P2—Sil

monomeric intermediate (Cy-cAAC)Si=P-Tip (1") was further 2.2898(8) [2.312]; Sil—P1—Si2 79.21(3) [79.3], Si2—P2—Sil 79.25(3)
investigated by detailed NMR measurements in solution (see SI). [79.3], P1-Sil—P2 86.79(3) [86.3], P2—Si2—P1 86.57(3) [86.2], N1—
The immediately recorded *'P NMR spectrum of the dark- C1-C2 108.89(17) [109.3], N2—C31—C32 108.67(17) [109.3], Sil—

purple reaction solution in THF-dg shows a sharp highly P1-Si2-P2 38.83(4) [39.3].
deshielded singlet (309.6 ppm) flanked by a pair of *Si satellites

(Jsi_p = 163 Hz). The *’Si NMR spectrum of the same solution shows the formation of a cyclic nonplanar four-membered Si,P,
exhibited a doublet at 288.3 ppm (]Si—P =163 HZ), which is even ring supporting the formation of (Cy-CAAC)Si:P-Tip as an
more downfield shifted, when compared with the so far reported intermediate species (1’) which finally underwent a [2 + 2]-

most deshielded *?Si NMR resonance of phosphasilene (267.3 cycloaddition reaction across the two Si=P bonds. Each
ppm, d, Jg_p = 170.4 Hz). ¢ BC NMR spectrum exhibited a phosphorus atom in 2 is bound to a Tip group and each silicon
doublet at 242.4 ppm for the C_,pene- All these data atom to a carbene (Cy-cAAC). The P-Tip groups are oriented in

unambiguously prove the in situ formation of the monomeric cis conformation with respect to the Si,P, ring. The aromatic
phosphasilene (Cy-cAAC)Si=P-Tip (1’) which eventually rings of Tip groups are arranged perpendicular to the Si,P, ring,
undergoes dimerization to produce the thermodynamically while the five-membered carbene rings of Cy-cAAC are parallel
more stable and isolable compound 2. to the average plane of the Si,P, ring. Both the silicon (~0.4 A
The dark-red crystals of 2 are stable in air for ~30 min and above P1C.4cP2 plane) and phosphorus (~0.4 A above
afterward slowly turn to a colorless solid within the next 30—40 Sil1Cr;,Si2 plane) atoms adopt a trigonal pyramidal geometry,
min. Solutions of 2 in n-hexane are stable at —32 to 0 °C for while the carbene carbon atoms adopt a near-planar geometry
several months. The crystals of 2 do not decompose at room (~0.16 A above N1SilC2/N2Si2C32 planes). In comparison,
temperature for more than two months in an inert atmosphere. 2 the silicon and phosphorus atoms of precursor 1 adopt distorted-
melts in the temperature range of 187—188 °C to form a dark-red tetrahedral and bent geometries, respectively. The Si—P/Si—C/
liquid which decomposes above 215 °C. The NMR spectro- C—N bond distances in 1 and 2 are 2.1225(9)/1.945(2)/
scopic analysis of 2 was carried out both in solution and the solid 1.308(3) and 2.2655(7)—2.2953(8) /1.812(2)/1.389(3)—
phase (see SI). *'P NMR spectrum of 2 in THF-dy solution 1.390(3) A, respectively. The bond parameters of 2 suggest
exhibits a singlet at —113.4 ppm flanked by a pair of **Si satellites that the bond between the carbene carbon atom and the silicon
(Jsiup = 44 Hz) which is downfield shifted when compared with atom is an electron-sharing bond (~1.812 A), whereas, that in 1
that of the precursor 1 (—123.0 ppm; Jg,_p = 198 Hz). The *°Si is a coordinate bond (C—Si). Thus, the valence bond electron
NMR spectrum of 2 exhibits a triplet at 37.1 ppm (Jg;_p = 44 Hz) count leads to the conclusion that the intramolecular Sil—Si2
in solution. "*C NMR spectrum of 2 shows a resonance at 203.5 and C.yac—Ceanc distances are ~2.9 and ~6.5 A, respectively.
ppm for C_pene Which is slightly upfield shifted when compared The shortest intermolecular C_yyc—Ceascy Si—Si and Si—C 5

to that of 1 (208.1 ppm). *'P, ’Si, and *C CPMAS spectra of 1 distances are ~9.2, 11.2, and 10.1 A, respectively.
and 2 in the solid-state (Figures S1—S3) gave similar isotropic Optimization (at M06-2X/167 SVP level of theory) of both
chemical shift values as in solution. In solid-state 3'P, *°Si, and the singlet and triplet states of 2 showed that the former is the
13C chemical shift values of 2 are —110.5, 35.3/35.1, and 201.9/ electronic ground state with an energy difference (AEg_ 1) of
198.9 (Ccaac) ppmy, respectively. These values follow the similar 14.2 kcal mol™". The optimized geometrical parameters of the
trend with theoretical calculation (see SI). The UV—vis spectrum singlet state are in good agreement with the X-ray crystal
6181 DOI: 10.1021/jacs.5b03407
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structure as seen from the alignment and superposition of the
geometries (Figure S7, Table SS). The Si1—C1/Si2—C31 bonds
in 2 are significantly shorter (1.816/1.819 A) than in precursor 1
(1969 A) due to the stronger z-bond as visualized in the
occupied frontier orbitals (KS-HOMO and KS-HOMO-1,
Figure 2) with respect to a donor—acceptor (C: — Si) type

,6.5

a-HOMO (2)~

a-LUMO (2)~

Figure 2. (a) KS-MOs of 2 and 2°~ (isosurface = 0.04 au) and (b)
Mulliken spin density plots for 2° (isosurface = 0.003 au).

interaction inherent in monomer 1.° Formation of intermediate
1" from the precursor 1, is highly favorable (AE,_,," = —47.2
kcal mol™), which then readily dimerizes to the more stable
compound 2 (AE;’_, = —50.7 kcal mol™'). NBO population
analysis of 1’ exhibits a single o-type natural orbital for the
Carbene—Si with electron occupancy of 1.936 e which is strongly
polarized toward the C., e, atom (~80%). NBO also locate the
lone pair occupancies of 1.781 and 1.939 e at Si and P atoms,
respectively. This finding indicates the donor—acceptor
character of C_,ene—Si bond (Figure S8). From NBO analysis
of2, C1-N1 and C1-C2 show single bond occupancies of 1.978
and 1.959 e, respectively, while the Si1—C1/Si2—C31 bonds
exhibit double bond character with ¢ and 7 occupancies of 1.912
and 1.857 e. The Si1—C1/Si2—C31 o-bonded electron density is
polarized toward C1/C31 centers (C: ~70%), while the -
bonded electron density is equally contributed (C: ~52%)
between the bonding partners as represented by the natural
localized molecular orbitals plot for C—Si bonds (Figure S8).
Wiberg bond indices calculated for Si—C bonds are 1.21, 0.88,
and 0.63 for 2, 1’, and 1 respectively. These values are supported
from the reported NBO and molecular orbital analysis. The
bonding scenario of Sll C1 bond was further elucidated by
QTAIM calculations."" The important topological parameters at
the (3,-1) bond critical points are given in Table S6. The electron
density [p(r)] at the BCP of C1-N1 [0.307], C1—C2 [0.238]
and Sil—C1 [0.113] bonds along with the respective Laplacian
[V?p(r); —0.767, —0.557, and +0.398] indicates covalent
interaction in former two bonds and closed-shell interaction in
last one (Sil1—C1; see Table S6), since polarization toward C1
center allows deviation from covalent character. On the other
hand the calculated ellipticity for Si1—C1 (egcp = 0.39) is much
higher than the C:—Si (egcp = 0.04) in precursor 1, indicating its
covalent nature compared to the closed-shell interaction in the
monomeric fragment. The delocalization indices (DI) value for
Si1—C1 (0.95) is close to the Si=C (1.17) double bond in
H,Si=CH,."" TDDFT treatment of 2 (B3LYP/TZVP//M06-
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2X/SVP) provides three low energy absorption peaks at 433,
456, and 569 nm (f = 0.269, 0.047, and 0.073) primarily
designating the 7g;;_c1/sp-c31 = #sii—c1/sia—ca1 excitation. In
case of transient species 1’ absorptions at 429 and 461 nm (f =
0.091 and 0.032) are characterized with LPg; — 7*g;_p excitations
indicating the weakening of the Si—P bond before collapsing to
the dimeric structure.

The temperature-dependent magnetic susceptibility measure-
ments confirm that the spin ground state of 2 is S = 0, which
agrees with the theoretical predictions. Compound 2 was further
studied by CV in a THF solution containing 0.1 M [n-
Bu,N]CIO, as an electrolyte. The CV shows a one-electron
quasi-reversible process at E;,, = —0.87 V against Cp*,Fe/
Cp*,Fe*, suggesting the formation of the radical anion 2°~
(Figure 3, right). One-electron reduction of 2 leads to radical
anion 2°~ accompanying an energy of 19.2 kcal mol™" (0.83 V)
that can be readily accessible under ambient conditions.

g
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Figure 3. Section of cyclic voltammogram of THF solution of 2 at
indicated scan rates, containing 0.1 M [1n-Bu,N]CIO, as electrolyte.
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The X-band EPR spectrum of in situ generated 2°~ (a typical S
= 1/2 species) in toluene solution at 285 K consists of 12 well-
resolved lines of equal intensity. The splitting pattern as
reproduced by simulation (Figure 4, top) shows a doublet of

sim
exp

3360 3380 3400 3420

Magnetic field (G)

3320 3340

Figure 4. EPR spectra of compound 2°" (simulated; red) and

(experimental; blue) at 285 K.

doublets, each component split further into three equidistant
lines. The latter splitting must be assigned to the coupling of
electron spin with one "N nucleus (I = 1) at 5.9 G, i.e,, in the
typical range for cAAC radicals.”® The two larger doublet
hyperfine splittings at 44.1 and 20.6 G are attributed to two
inequivalent *'P nuclei (I = 1/2). EPR coupling constants of *'P
are frequently large due to the high nuclear magnetic moment,
not necessarily reflecting very large spin densities. Nevertheless,
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the notable deviation of the g factor (2.0062) from the free
electron value of 2.0023 can be traced to the higher spin orbit
coupling constant of the second-row element phosphorus in
contrast to nitrogen. The inequivalence of the two *'P nuclei in
the EPR experiment agrees with the calculated difference in
orientation of the P-involving bonds with respect to the mainly
spin-bearing p(z) orbital at the carbene carbon center.
Accordingly, a *Si satellite isotope coupling (I = 1/2, 4.7%
nat. abundance) with a typical®® value of about 11 G is also
observed.

The reduction results in an increase of electron density in the
LUMO of 2, comprising the C1-N1/C31—N2 bonds (Figure
2). Obviously, the C1-N1/C31—N2 bond distances are
elongated in 2°~ (1.365/1.364 in 2 vs 1.405/1.413 in 2°”). To
mention another important geometrical change, the Si—C bond
lengths become unsymmetrical (Si1—C1/Si2—C31 = 1.778/
1.896; Table S5) in 2°7, as the radical resides on C31 atom in a-
HOMO (Figure 2). Similarly, NBO captures an analogous
electronic environment with higher ¢ and 7 bond occupancies
(1.948 and 1.892 e) in Sil—C1 bond and single-bond occupancy
(1.949 e) for Si2—C31, with an additional lone pair character at
C31 atom. Further support has been obtained from valence-shell
charge concentrations plots calculated from QTAIM calculation
clearly designating the localization of the radical at carbene
carbon (Figure S9). The Mulliken spin-density plots of 2°~ at the
UMO06-2X/TZVP//UMO06-2X/SVP level are plotted in Figure 2.
The calculated spin density points unambiguously shows the
position of the unpaired electron at the carbene carbon (C31),
with a minor contribution from neighboring N2 and Si2 atoms
(Tables S7-8).

In conclusion, we have synthesized an unprecedented dimeric
heavier analogue of ketenimine with phosphorus and silicon
atoms [(cAAC)Si(P-Tip)], (2). NMR studies and theoretical
calculations show that 2 forms via dimerization of in situ
generated monomer (cAAC)Si=P-Tip (1’). 2 contains a cyclic
nonplanar four-membered Si,P, ring with two cAAC=Si units. 2
was isolated as dark-red rods which are stable for months under
an inert atmosphere. 2 possesses an S = 0 spin ground state.
Theoretical calculations showed that the singlet ground state of 2
is 14.2 kcal mol ™" lower in energy than that of the triplet state.
Analysis of bond parameters suggests a covalent double-bond
character of the cAAC=Si bond of 2, while a closed-shell
interaction is preferred in precursor 1. The redox properties of 2
have been studied by CV which suggest the formation of the
radical anion 2°7. The formation of 2°~ was further confirmed by
EPR spectroscopy. Theoretical calculations and simulation of
EPR spectrum showed that the radical electron resides on the
carbene carbon atom and couples with one N and two *'P
nuclei of 2°7.
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