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ABSTRACT: The unstable species dichlorosilylene was
previously stabilized by carbene. The lone pair of electrons
on the silicon atom of (carbene)SiCl, can form a
coordinate bond with metal—carbonyls. Herein we report
that (carbene)SiCl, can stabilize a phosphinidene (Ar—P, a
carbone analogue) with the general formula carbene—
SiCl,»P—Ar (carbene = cyclic alkyl(amino) carbene
(cAAC; 2) and N-heterocyclic carbene (NHC; 3)).
Compounds 2 and 3 are stable, isolable, and storable at
0 °C (2) to room temperature (3) under an inert
atmosphere. The crystals of 2 and 3 are dark blue and red,
respectively. The intense blue color of 2 arises due to the
strong intramolecular charge transfer (ICT) transition
from 7g_p—7* sac. The electronic structure and bonding
of 2, 3 were studied by theoretical calculations. The
HOMO of the molecule is located on the mg_p bond,
while the LUMO is located at the carbene moiety (cAAC
or NHC). The dramatic change in color of these
compounds from red (3, NHC) to blue (2, cAAC) is
ascribed to the difference in energy of the LUMO within
the carbenes (cAAC/NHC) due to a lower lying LUMO

of cAAC.

D ichlorosilylene (SiCl,) is an important intermediate

chemical species' that is a heavier analogue of dichlor-
ocarbene (CCl,). It is well-known that in the presence of a base,
HSICl, can produce dichlorosilylene, which is stable only at low
temperature (below —S0 °C) and undergoes polymerization to
produce polychlorosilane (SiCl,), when the temperature is
raised." Gaseous SiCl, is known for a long time but it condenses
to polymeric (SiCl,), in solution."* N-Heterocyclic carbene
(NHC) can stabilize the intermediate SiCl, as (NHC)SiCl, (A)
via strong o-donation® (Scheme S1). Theoretical calculations
showed that NHC forms a strong donor NHC—Si o-bond and
the lone pair of electrons of (NHC)—(Si(:)Cl,) resides on the
silicon atom,® which can even be donated to metal carbonyls.>
Recently, it was observed that the cAAC (cyclic alkyl(amino)
carbene) analogue of A has a singlet diradical character and hence
the dimeric 1,4-diradical (cAAC-),Si,Cl, (B) was isolated*
instead of the monomeric (cAAC)Si(:)Cl,. NHC and cAAC are
inherently different from each other, since the HOMO—-LUMO
energy gap is smaller for the latter one (Figure S1).> The cAAC is
now well-known as a stronger o-donor and better 7-acceptor
when compared with those of NHCs.>® Several radical species of

-4 ACS Publications  ©2014 American Chemical Society

150

main group elements have been reported” using cAAC as a
ligand. Moreover, cAAC induces diradicaloid character in
ketene® and silylone,” since the LUMO of cAAC is lower in
energy.

The strong o-donor NHC is utilized as a ligand for the
stabilization of monatomic carbon in the oxidation state zero.
Such a class of compounds is coined as carbones (carbodicar-
bene), (carbene),C.""" The central carbon atom of carbones
L,C possesses two lone pairs of electrons.'®™'* The heavier
homologues, silylones L,Si”'** and germylones L,Ge"*™'* are
also known. A related bonding situation is found in carbene
stabilized phosphinidene complexes (carbene)PR where the
strong 7-backdonation of the R-P(:), group leads to a substantial
C=P double-bond character."® The z-backdonation decreases
in heavier silicon analogues (silylene)PR."®

Over the last three decades several research groups (F.
Bickelhaupt,17 E. Niecke,"® M. Driess,'®'® R. Corriu,®® A.
Sekiguchi,21 A. Baceiredo,”* C. Cui,”®> D. Scheschkewitz,>* S.
Inoue”) developed various synthetic routes for the preparation
of phosphasilenes; however, the majority of these reported
synthetic methods follow either the hydrogen halide or lithium
fluoride elimination route. Meanwhile, a bisphozphasilene was
prepared by the activation of P, with silylenes.”® Recently, M.
Driess et al. have illustrated the nature of bonding between a
cyclic silylene (LSi:) and a P—H group in LSi=PH (L =
HC(CMe[2,6-iPr,C¢H;N]1),).' However, to the best of our
knowledge there are no reports so far on the phosphasilenes with
functional chlorides on the silicon atom. In this communication
we report first on an easy access to the precursor of composition
Ar—P(SiCly),, and then the novel synthesis, characterization, and
theoretical calculations of carbene-dichlorosilylene stabilized
phosphinidenes with the general formula carbene— SiCl,—P-
Tip (Scheme 1; carbene = cAAC; 2), NHC; 3 (Scheme S3) and
Tip = 2,4,6-triisopropylphenyl). Theoretical calculations showed
that there is a strong intramolecular charge transfer transition
(ICT) from 7mg_p—>7* sac that is responsible for the unusual
dark blue color of 2.

The intermediate species SiCl, is in situ generatedl’27 (reacting
HSiCl; with Et;N in toluene in 1:1 molar ratio) below —80 °C
and reacted with Tip-PCl, in 2:1 molar ratio (Scheme 1) to
obtain Tip-P(SiCly), (1) as light yellow crystals in 70% yield.
Previously, R-P(SiCl;), compounds (R = Ph, Dip, iPr) were only
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Scheme 1. Synthetic Route of cAAC—SiCl,—P-Tip (2a—c)
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studied by NMR and mass spectrometry and reported to be
unstable at room temperature. None of them was characterized
by X-ray single crystal diffraction.”” Previous theoretical studies
suggested that a highly substltuted aromatic group could increase
the stability of R-P(SiCl;),.>® 1 is very sensitive to air and
moisture. It is stable at room temperature under an inert
atmosphere for months and decomposes above 88 °C. After the
successful synthesis of 1 in good yield, it was further utilized as a
precursor for the preparation of compounds 2-3 (Schemes 1,
S3). Treatment of 1 with cAAC in the presence of KCg in 1:2:2
molar ratio in THF resulted in the formation of a dark blue
solution. The dark blue blocks of compounds cAAC—SiCl,—P-
Tip (2) (cAAC = Cy-cAAC (2a), Et,-cAAC (2b), and Me,-
cAAC (2c)) were obtained from n-hexane in 45—50% yield. To
investigate the generality of this synthetic route, NHC
[:C{N(2,6-iPr,C¢H;)(CH)},] was employed instead of cAAC.
The analogous compound NHC—SiCl,—P-Tip (3) was
obtained as bright red crystalline solid (see SI) in 90% yield.

Compounds 2a—c were synthesized by controlling the
reaction temperature and the molar ratio of the precursor and
the reducing agent. A 1:2:2 molar ratio of 1, cAAC, and KCg was
cooled to —105 °C using a frozen THF bath and separately the
solvent was cooled to the same temperature. Precooled THF was
added via a canula, the resultant solution was stirred for S min at
this temperature and then at —78 °C for another 30 min. Then
the temperature was slowly raised to room temperature over 25
min. The resultant dark blue-purple (for 2a—c) solution was
stirred for 1 h at room temperature and the graphite was
separated by filtration. The solvent was removed under vacuum
and the product was extracted with n-hexane. Dark blue blocks of
2a—c were formed when concentrated solutions were stored at 0
°C in a refrigerator. The crystals of 2a—c were separated by
filtration. The NHC analogue (3) was prepared by the similar
synthetic method (see SI). A 2:1 mixture of THF and toluene
was utilized for the synthesis of 3 due to the partial solubility of
NHC in THF.

The solutions of 2a—c in n-hexane are stable at —32 to 0 °C for
months. The crystals of 2a—c are stable at 0 °C for more than 3
months in an inert atmosphere. 2a—c, and 3 decompose above
170 (2a), 165 (2b—c), and 201 °C (3), respectively. *Si NMR
spectra of 2a, 2b, 2¢, and 3 show doublet at —6.56 (Jg;_p = 198.4
Hz), —7.48 (Jsi_p = 203.6 Hz), —7.89 (Jsi_p = 195.5 Hz), and
—19.12 (Jgi_p = 197.7 Hz) ppm, respectively, which are upfield
shifted when compared with that of (+19.06 ppm) (NHC)SiCl,
(A).*® The 3P resonances of 2a/2b/2c and 3 appeared at
—123.09/-122.30/—123.27, and —141.24 ppm, respectively
which are in line with the expected poorer 7-accepting property
of NHC. The *C resonances of 2a—c (C_,.,.) Were observed
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in the range of 208.05—211.44 ppm, which are upfield shifted
when compared with those of free carbenes (309.4 and 304.2
ppm for Cy-cAAC and Me,-cAAC) but close to those of Cy-
cAAC—SiCl, (207.0 ppm) and Me,-cAAC—SiCl, (206.1
ppm).*® The UV—vis spectra of 2a—b were recorded in THF
which show broad (500—900 nm) absorption bands at 665 and
680 nm, respectively, while the corresponding (400—600 nm)
value was 475 nm for 3 (see SI for details).

Single crystal X-ray structure determinations of 2a, 2c, and 3
revealed that all of them have similar molecular structures and
hence the structural aspects of 2a are only described here (for 2c,
3 see SI). Compound 2a crystallizes in space group Pbca. The
molecular structure of 2a shows that the central SiCl, unit is
bound to one carbene (Cy-cAAC) and one phosphorus atom of
the P-Tip group. The silicon atom adopts a distorted tetrahedral
geometry while the phosphorus atom attends a bent geometry.
The phosphorus atom is bound to one silicon (Sil—P1
2.1225(9) A) and one carbon atom (P1—C24 1.874(2) A) of
the Tip group. The Cy-cAAC and Tip-P units of 2a are oriented
in a trans-position (E) (C1-Sil—P1—C24 torsion angle
169.24°) with respect to the central Si—P bond. The C.yac-Si
and C_s,c-N bond distances of 2a are 1.945(2) and 1.308(3) A,
respectively, which are close to those values (1.944(2) and
1.303(2) A) found in Me,-cAAC—SiCl,.** The carbene carbon
atom adopts a trigonal planar geometry with a sum of an§les of
359.8° which is close to that of Me,-cAAC—SiCl, (360°).” The
above-mentioned bond data of 2a suggest that the bond between
the carbene carbon atom and the silicon atom is a coordinate
bond (C — Si) rather than an electron sharing single bond
(~1.84 A)3°

We carried out DFT calculations on 2a and 3 in order to
elucidate the bonding situation in the molecules. The optimized
bond lengths and angles of 2a are in good agreement with the
experimental values (Figure 1). A comparison between the

Figure 1. Crystal structure of 2a. Anisotropic displacement parameters
are depicted at the 50% probability level. Hydrogen atoms are omitted
for clarity.

calculated structures of 2a and 3 indicates (Figure S13) very
similar geometries where the Sil—C1 and P1-Sil bonds in the
NHC complex 3 are slightly shorter than in 2a. We then analyzed
the bonding situation at the MO06-2X/def2-TZVPP level of
theory in model compounds 2M and 3M where the Dip
substituents at the cAAC and NHC donors moieties and the
isopropyl substituents at P-Tip are replaced by methyl groups.
The optimized geometries of the model compounds are very
similar to those of 2a and 3 (Figure S14).

Natural bond orbital (NBO) calculations of 2M and 3M
support the bonding picture in the molecules in terms of donor—
acceptor interactions D—SiCl,—P-Tip (D = cAAC, NHC).
Figure 2 shows the NBOs of 2M that are relevant for the
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Figure 2. Shape of some relevant natural bond orbitals of 2M at M06-
2X/def2-TZVPP.

discussion. The NBOs of 3M are very similar (Figure S15), and
therefore they are not shown here. Table 1 gives the polarization

Table 1. NBO Results at M06-2X/def2-TZVPP of the
Molecules 2M and 3M*“

2M

NBO occ. classification P(A-B)
1 192 C (77.8%) — Si (22.2%) 0.63
2 1.90 Si (42.7%) — P (57.3%) 1.30
3 1.70 Si (15.1%) — P (84.9%)
4 1.96 P (38.3%) — C (61.7%) 0.98
s 192 LP P(62.8% s; 37.0% p)
charge
q(cAAC) +025
q(SiCL,) +0.34
q(P—Ar) —0.59

3M

NBO occ. classification P(A-B)
1 192 C (77.9%) — Si (22.1%) 0.66
2 1.89 Si (42.7%) — P (57.3%) 1.30
3 1.80 Si (15.1%) — P (84.9%)
4 1.95 P (38.3%) — C (61.7%) 0.98
5 191 LP P(62.8% s; 37.0% p)
charge
q(NHC) +0.37
q(SiCL,) +0.26
q(P—Ar) —0.63

“Occupation and polarization of the NBOs, Wiberg bond orders (P)
and partial charges (q).

of the two-center orbitals and the hybridization of the lone-pair
NBO-S. The NBOs 1, 2, and 4 are identified as o-bonding
orbitals of C—Si, Si—P, and P—C bonds.

The NBO-5 is the ¢ lone-pair orbital at phosphorus. The
NBO-3 is classified by the standard parameters as Si—P 7-
bonding orbital. The calculated polarization reveals that NBO-3
is largely localized at the phosphorus end (84.9%). Thus, it can be
considered as phosphorus 7-lone pair orbital which is engaged in
some Si < P z-backdonation. This is further corroborated by an
energy decomposition analysis that suggests that the (carbene)-
SiCl,—PAr orbital interactions in 2M are built up of 73.3% o-
donation and 15.5% 7m-backdonation with 11.2% polarization
(Table S7). The values for 3M are very similar, namely, 77.3% o-
donation, 14.0% n-backdonation, and 8.7% polarization. The
Wiberg bond order of the Si—P bonds suggests partial double
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bond character (Table 1). This picture fits into the Dewar—
Chatt—Duncanson model of simultaneous ¢ donation and 7-
backdonation. The compounds may also be sketched with formal
charges at C1 (+) and P1 (—). We prefer the writing as D—
SiCl,—P-Tip because it directly specifies the formation of the
covalent bonds between the three moieties. The calculated
partial charges suggest that the fragments D and SiCl, are overall
donors and P—Ar is an acceptor.

We also calculated the excitation energies of 2M and 3M using
TD-DFT at the M06-2X/def2-TZVPP level in order to
understand the different colors of the compounds 2a-c (dark
blue) and 3 (red). The HOMO—-LUMO excitation of 2M was
calculated at 489.6 nm while the corresponding excitation of 3M
was calculated at 395.6 nm (Figure 3). The theoretical data are

2.0 3

0.0 4

10 | LUMO

201 489.6 nm
£=10.70

-3.0 q

Energy (eV)

-4.0

-5.0

HOMO
6.0

-7.0 ¥

Figure 3. Calculated excitation energies, oscillator strength f and
differences of the HOMO and LUMO of 2 and 3 M at M06-2X/def2-
TZVPP.

smaller than the experimental values (of 2—3), which may partly
be due to the larger substituents at the donor moieties which may
lead to a more delocalized LUMO. The shift of the absorption
band for 2M toward higher wave numbers by 94 nm is also
smaller than the experimentally observed differences of 190 nm
(2a) and 185 nm (2c) but the trend nicely agrees with the color
change of 2a—c vs 3. The HOMO of 2—3 is located on the 7g;_p
bond while the LUMO is located at the carbene moiety (cAAC or
NHC). The red (3, NHC) and blue (2, cAAC; band range 500—
900 nm) colors are due to the intramolecular charge transfer
(ICT) transition from 7zg;—p—7* pene- The LUMO is lower in
energy for cAAC than that of NHC compounds by 0.78 eV. All
previously reported phosphinidenes are found to be colorless to
yellow'®™* except bisphosphasilene (L(N-TMS,)Si=P—P=
P—Si(N-TMS,)L; L = C(N-tBu),Ph), which is not suitable for
studying ICT due to electronic 7-conjugation.* So far only blue
colored anthracenyl-substituted trialkyldisilene®'* and 3-silylene-
2-silaaziridine®'® show ICT due to electronic transitions from
ﬂSi:Si_)ﬂ*anthracene and ﬂSi:C_)ﬂ:*anthracene, reSPECtiveIY‘ The
napthtalene and phenanthrene analogues are yellow in color.
The low lying 7* orbital is required for ICT transition for which
anthracene is suitable.”"

In conclusion, we have developed a novel synthetic route for
the preparation of carbene-dichlorosilylene stabilized phosphi-
nidenes (2—3). The reaction of 1 with cAAC in the presence of
KCq in 1:2:2 in THF led to the formation of dark blue
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compounds cAAC— SiCl,—P-Tip (2a—c), which are stable even
in air for a few hours. The crystals of 2a—c are stable for months
at 0 °C in an inert atmosphere. When the cAAC is replaced by
NHC, the color changes to dark red (3). The stability of
compound 3 is lower in air, whereas its thermal stability is higher
when compared with that of 2. Theoretical calculation showed
that the (carbene)SiCl, forms a coordinate bond (CLSi — P)
with the phosphorus atom of the P-Tip group. Thus, there are
two pairs of electrons on the phosphorus atom with ¢ and 7
symmetry with the latter engaging in some 7-backdonation. The
HOMO of the molecule is located on the 7zg,_p bond while the
LUMO is located at the carbene moiety (cAAC or NHC). The
change in color of these compounds from red (3, NHC) to blue
(2, cAAC) is due to the lower lying LUMO of cAAC.
Compounds 2a—c are the first examples of carbene-dichlor-
osilylene stabilized phosphinidenes that show ICT transition
from 7g_p—7* Apc-
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