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Compound n?-((R;Si),Si=PH)-Pt(dmpe) was synthesized by
trapping the transient phosphasilene, (R3Si),Si=PH. Novel
hetero-bi- and tri-metallic complexes derived from
1n%-((R4Si),Si=PH)-Pt(dmpe) containing Pt with Li, Zn, Hg
and Ag metals were synthesized and characterized by multi-
nuclear NMR spectroscopy and X-ray crystallography. The
synthesis of n?((R;Si),Si=PH)-Pt(dmpe), and its bonding
character are discussed; a 1,2-silyl shift from silicon to
phosphorus (a ‘Brook-type’ rearrangement) within the
coordination sphere of a Pt complex is also reported.
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Transition metal (TM) alkene and alkyne complexes are well-
studied valuable compounds.’-> More recently their heavy
analogs, i.e., n2-complexes of TM with E=E' (E, E' = C, Si, Ge,
Sn, Pb), were also reported.*® TM complexes of unsaturated
hetero atom compounds (such as C=N and C=P) are valuable
and versatile ligands used in catalysis.”® Multi-metallic
complexes attracted in recent years great attention, aiming to
gain more efficient/selective catalysts.®10 Inspiration comes
from Nature, attempting to mimic the cooperative properties of
metalloenzymes containing two or more metals.!! Thus, a search
for superior polydentate ligands continues to attract the interest
of many researchers.

Phosphasilene (R,Si=PH), a heavier analog of a C=P ligand,
is an interesting ligand for synthesizing multimetallic TM
complexes (Figure 1). Recently, TM-phosphasilene complexes
of types A1>-14 B,15 and C! were reported, exhibiting the
versatile coordination abilities of phosphasilenes. A close
relative of phosphasilene, viz. phosphinosilylene, was used as a
ligand in hetero-bimetallic complexes D.Y” The ability of
R,Si=PH to be a reactive double bond which can form a (n?)
TM rn-complex as in C was demonstrated by Driess.1® However,
R,Si=PH has two additional functions, the P-H bond (H can be
substituted by M,) and the P lone pair which can coordinate to
M;. Thus, R,Si=PH is a potential precursor for synthesizing
novel hetero-bi- or tri-metallic complexes of types E and F,
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Figure 1 Multimetallic transition metal (TM) complexes A-F.
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respectively. Such complexes are not yet known, to the best of
our knowledge. Herein, we report the synthesis and
characterization of the first isolated compounds of types
E and F.

To obtain the desired R,Si=PH ligand 3, precursor 1 was first
synthesized from NagP and (But,MeSi),SiF,.18 Addition of LDA
to 1 yields quantitatively the lithium salt 2 (Scheme 1, stage i).
Disappointingly, phosphide 2 is stable in THF even upon heating
to 70 °C and elimination to give 3 is not observed. Changing the
THEF solvent to hexane yields a complex mixture of products. 3.
As the formation of 3 from 2 by elimination of LiF was not
successful, we attempted to generate 3 in situ and to trap it with
a TM complex. Reaction of lithium phosphide 2 with
(dmpe)Pt(EtzP), [dmpe is 1,2-bis(dimethylphosphino)ethane]
in a 1:1 THF/hexane solvent affords the desired
n2-(R,Si=PH)-Pt(dmpe) functional complex 4 (see Scheme 1,
stage ii), accompanied by eliminated LiF. The overall crude
yield of 4 from 1 is ca. 60% (20% after purification by
crystallization). Compound 4 was characterized by NMR
spectroscopy and X-ray crystallography (for details, see Online
Supplementary Materials).

Inspired by earlier work of West and Pham, in which
n?-disilene platinum complexes were synthesized by oxidative
additionofa L,Pt° complextoa Si—H bond of 1,2-dihydrodisilanes
followed by elimination of H,,1%2 we carried out reaction of
compound 5 with (dmpe)Pt(Et;P),. After a week in hexane at
60 °C, product 4 is cleanly formed via H, elimination from the
proposed intermediate 6 (not observed) (see Scheme 1, stage iii).
Compound 4 crystallizes from the reaction mixture upon
concentration of the solution in an isolated yield of 85%. So,
this procedure for the synthesis of 4 is far superior to that in
stages i-ii.

The bonding of an alkene to a transition metal is understood
in terms of the Dewar—Chatt-Duncanson model.?!?2 According
to this model, two major bonding interactions are involved:
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Scheme 1 Reagents and conditions: i, LDA, THF, room temperature, 5 min; ii, (dmpe)Pt(Et;P),, 1:1 hexane/ THF, 65 °C, 3 days; iii, (dmpe)Pt(Et;P),,
hexane, 60 °C, 1 week; iv, THF, 70 °C, 2 h, no reaction, solvent change to hexane leads to complex mixture.

(a) alkene-to-metal o-donation (via the n-bond electrons) and
(b) metal-to alkene n-back donation into the alkene’s * empty
orbital.2® The structure of an alkene-TM complex is
significantly influenced by the relative importance of
c-donation versus m-back donation.2® Accordingly, these
complexes are classified into two groups: a n-complex having
major contribution of o-donation, or a metallacycle in which
n-back donation is dominant (see Scheme 1). In =n-type
complexes the geometry around the alkene ligand is not very
different from that of the free alkene, while in metallacycles the
geometry is significantly distorted from that of the alkene with
an elongated C-C bond and a large bent angle at the alkene
carbon atoms.?

In addition to 4, 2-(Si=PH)-Pt(dmpe) complexes 7-9 with
different phosphine ligands were synthesized to gain better
understanding of the bonding in these complexes. Compounds
7-9 were prepared similarly to 4 and were analyzed by NMR
spectroscopy  (see  Online  Supplementary  Materials).
Unfortunately, no crystal structures are available for complexes
7-9.

In complexes 4, 7-9 the characteristic 3'P and 2°Si NMR
signals of the Si-P fragment are strongly upfield shifted
(Figure 2), compared to free (R;Si),Si=PR' with similar R;Si
substituents on Si  and R'=Mes* (3IP: +389 ppm,
29Sj: +201 ppm).?* The observed upfield shift in the Pt-
complexes, as a function of the substituents on Pt, follows the
order (Table 1): PhsP (9) — dppe [dppe is 1,2-bis(diphenyl-
phosphino)ethane] (8) = EtzP (7) - dmpe (4) (most upfield).
This trend is consistent with the Dewar—Chatt—Duncanson
model.2-2 Thus, the trend follows the o-basicity of the
phosphine ligands: (dmpe > Et;P > dppe > Ph;P)% i.e,, stronger
o-donation from the P-ligand (the stongest s-donor is dmpe) to
Pt leads to stronger m-back donation to the n* (Si=P) orbital.
Thus, according to the NMR data, complexes 4, 7-9 can be
described as metallacycles with only a small m-complex
character. This conclusion is supported by the X-ray structure of
4, discussed below.

Complex 4 crystallizes from pentane as light green rhombic
crystals and its molecular structure was determined by X-ray
crystallography (Figure 3)." The X-ray structure shows a
relatively long Si-P bond (2.23 A), which is 5.7% longer

than the longest reported Si=P bond of 2.11A, in
/H /H ,H ,H
/P e P /P /P
(dmpe)Pt\S|i (EtsP),Pt, SIi (dppe)Pt\S|i (Ph3P)2Pt\S|i\
R3Si SiRg R3Si SiR3 R3Si SiR3 R3Si SiR3
4 7 8 9
29Si/ppm  -54.2 -50.4 —44
3lp/ppm 205 -179.3 -179.7 -143.8

Figure 2 2°Si NMR and 3P NMR chemical shifts for 4, 7-9.

(BusMeSi),Si=P-Mes*.?* The bent-back angle [defined as the
angle between the Si(2)-Si(1)-Si(3) plane and the Si(1)-P(3)
bond] describing the distortion of the double bond substituents
from its ideal planar geometry in the free R,Si=PH in 4, is 23.9°.
Both the long Si—P bond and the large bent angle denote strong
n-back donation from Pt into the n*(Si=P) empty orbital and
indicate a metallacycle structure.

To evaluate further the effect of the phosphine ligands on the
Si—P bond length [r(Si-P)] and the Si-P bond order (WBI -
Wiberg Bond Index), quantum mechanical Density Functional
Theory (DFT) calculations were performed (at the B3LYP/6-
311+G(d,p)/LANL2DZ on Pt) for model compounds:
(Me3Si),Si=PH, A; L,Pt[(Me;Si),Si=PH], L = Ph,P, B; dppe, C;
Me,P, D; dmpe, E (Figure 4).* The calculated WBI of 1.92 for
the non-complexed A, indicates a nearly full P=Si double bond
character. Upon TM complexation the WBI of the Si-P bond
drops substantially to ca. 1.2 for complexes B—E, indicating that
complexes B-E have primarily a metalacyclic character. The
same conclusion is reached by examining the calculated Si—-P
bond lengths, which are elongated from 2.106 A in non-
complexed A to 2.229-2.237 A in complexes B-E, within the
typical range of Si-P single bonds.2° There are no significant
changes in the Si-Pt and P-Pt bond lengths along the B-E
series.?® The calculated WBI values and bond lengths are
consistent with the experimental NMR trends discussed above

Figure 3 X-ray crystallography molecular structure of 4 (Olex drawing).
Hydrogen atoms are omitted for clarity.

T Crystallographic and structural details are given in Online
Supplementary Materials. Full details of the X-ray crystallography
structures are given in CCDC 2110513 (4), 2116257 (10), 2110514 (12),
2110516 (13a), 2110550 (14), 2110515 (15). The data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk.

* All calculations were carried out using Gaussian 09 Rev. D1 software
using Density Functional Theory (DFT). The calculations were carried
out at the B3LYP/6-311+G(d, p) (for H, C, Si, P, O) level, Pt was
described with LANL2DZ. The optimized minima and transition state
were verified by harmonic vibrational analysis to have no imaginary
frequency and one proper imaginary frequency, respectively. The
transition-state structure was confirmed to connect corresponding
reactant and product by intrinsic reaction coordinate (IRC) calculations.
Further computational details and a full reference list for the methods
used are provided in Online Supplementary Materials.
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Figure 4 Calculated bond lenghts and Winerg Bond Index (WBI) values for complexes A-E.

for complexes 4, 7-9, and the proposed effect of the phosphine
ligands’ o-basicity on the Pt—(Si=P) bonding nature. The results
are also consistent with previously reported data on complexes
of this type.612.16

Metalation of the P-H bond in a (R,Si=PH)-Pt(dmpe)-
complex converts the complex to a reactive building block (E in
Figure 1). To our best knowledge, such complexes, containing a
M2-Pt—(Si=P-Li) unit, were not previously reported. Reaction of
4 with LDA in hexane overnight results in color change from
pale yellow to bright orange (Scheme 2). Multi-nuclear NMR
analysis reveals quantitative conversion of 4 to a new complex
10, which was confirmed by X-ray crytallography. The NMR
signals of 10 are broad and poorly resolved, a common behaviour
of R—L.i species in poor solvating media.

Compound 10 crystallizes as red crystals upon concentration
of the reaction mixture. The X-ray analysis reveals [Figure 5(a)]"
a unit cell containing four (R,Si=PLi)-Pt(dmpe) complexes
co-crystallized with Li,O (which may originate from residual
moisture) forming Li, square cycle with O atom at the center.
The Si-P bond lengths (2.179-2.206 A) are slightly shorter
compared to 4, with only small additional influence on the bond
angles and bond lengths within the Pt-Si and Pt-P fragments.
The P-Li bond lengths in 10 vary from 2.344 to 3.303 A.

The molecular structure of 10 is confirmed by chemical
transformations. Its hydrolysis yields the expected precursor
complex 4 (see Scheme 2). Compound 10 also rapidly reacts
with Me;SiCl at room temperature to produce the P-silylated
complex 11. Interestingly, addition of THF to 10 affords
unexpectedly a new complex 12, an isomer of 4, obtained via
silyl group 1,2-shift from ring Si(2) to phosphorus P(3). This is
the first example of a 1,2-silyl shift from silicon to phosphorus
(‘Brook?-West?8-type’ rearrangement) within the coordination
sphere of a transition metal. The X-ray structure of complex 12
[Figure 5(b)] shows that the Si(2)-P(3) bond (2.193 A) is by
0.04 A shorter than in 4 (2.23 A), but it is 3.79% longer than the
longest Si=P bond reported (2.11 A2%). The Pt-P and Pt-Si
distances are very similar in 4 and 12. Thus, compound 12,
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THF | i R5Si = BubMeSi
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Si i
$iRs RsSi H

12
Scheme 2 Reagents and conditions: i, LDA, hexane, room temperature,
overnight; ii, TMS;SiCl, hexane, room temperature, 5 min; iii, THF, room
temperature, 5 min.

(b)

Figure 5 X-ray crystallography molecular structures of (a) compound 10
and (b) compound 12 (Olex drawing). Hydrogen atoms are omitted for
clarity.

similarly to 4, is best described as a metallacycle. The two bulky
silyl substituents in 12 are nearly anti to each other with a
Si(1)-P(3)-Si(2)-Si(3) dihedral angle of 141.1°.

DFT calculations (at B3LYP/6-311G+(d,p)/LANL2DZ [Pt],
PCM (THF), level of theory) were carried out to examine the
transformation of 4 to 12 (Figure 6). The calculations were
performed on a model system in which the Bu,MeSi groups are
modeled by H;Si groups, and the base is Me,N~. The conversion
of precursor i to the rearranged product v is slightly exergonic,
by 2.7 kcal mol~. Rearrangement starts from anion ii. The cyclic
transition state TSiii for the isomerization, in which the migrating
silyl group bridges the Si—P bond, lies by (AG*) 25.5 kcal mol!
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Figure 6 Calculated free energies for the rearrangment of i to v via
transition state iii.
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Scheme 3 Reagents and conditions: i, (TMS,N),Zn, hexane, 75 °C, 6 days; ii, (TMS,N),Hg, hexane, room temperature, overnight; iii, Li metal, hexane,

room temperature, 72 h; iv, (TMS,N)Ag, hexane, room temperature, overnight.

above ii. The rearranged anion iv is by only 1.5 kcal mol-* more
stable than ii. The protonated rearranged complex v is by
27.2 kcal mol* higher in energy than its Si-anion iv.
Experimentally we cannot isolate the rearranged Si-Li species
due to its immediate protonation by free amine present in the
reaction mixture (from the reaction of 4 with LDA), shifting the
equilibrium to the rearranged protonated product.

Compound 4 can be metalated at P also with transition metal
amides such as (TMS,N),Zn, (TMS,N),Hg and (TMS,N)Ag
(Scheme 3). Reaction of 4 with (TMS,N),Zn yielding the
P-Zn complex 13a, is relatively slow requiring prolonged
heating at 75 °C for 6 days.

Compound 13a crystallizes from hexane solution as yellow
rhombuses. The X-ray molecular structure (Figure 7)7 is
monomeric, and the structure, in particular the Pt—(P-Si) ring, is
only little affected by the Zn substituent; r(Si-P) =2.225 A,
r(P-Zn) = 2.220 A, and the other bonds are in the range of
typical single bonds of similar type. The phosphorus atom [P(3)]
is pyramidal (sum of angles is 236.98°), so the P lone pair is not
involved in binding the Zn atom. The 3P NMR spectrum shows
a signal at —199.2 ppm (corresponding to a P atom substituted
with Si), as a doublet of doublets (splitting caused by the cis- and
trans-located phosphine groups of the dmpe ligand), accompanied
by 19Ptsatellites with 1Jp, p = 115 Hz (see Online Supplementary
Materials).

Reaction of compound 4 with (TMS,N),Hg (hexane, room
temperature) smoothly produces complex 13b (see Scheme 3).
The S3!P NMR spectrum shows a peak at -161.74 ppm
(corresponding to a P atom substituted with Si), as a doublet of

Figure 7 X-ray crystallography molecular structures of compounds
(a) 13a, (b) 14 and (c) 15 (Olex drawing). Hydrogen atoms are omitted for
clarity.

doublets (splitting caused by the cis- and trans-located phosphine
groups of the dmpe ligand), accompanied by 19Pt satellites with
Jpip = 112 Hz and 1%°Hg satellites with Jyyqp = 1439.19 Hz (see
Online Supplementary Materials). Reaction of 13b with Li metal
in hexane leads to precipitation of yellow crystals (see Scheme 3).
The 1P NMR of the reaction mixture shows that 13b was fully
consumed, but the product was not soluble and thus a NMR
spetrum could not be recorded. The structure of the product 14
was understood only after X-ray analysis (see Figure 7), which
revealed symmetrical, almost linear P-Hg-P core, with a
P-Hg-P angle of 171.5°, and r[P(1),P(2)-Hg(1)] of 2.404 A.
The P(1)-Si(1) and P(2)-Si(4) bonds of 2.24 A and the other
bonds are in the range of similar complexes. The phosphorus
atoms are pyramidal (X«£P =210.32°) and their lone pairs are
not involved in bonding, pointing outwards from the (P-Si)—Pt
rings.

Overnight reaction of 4 with (TMS,N)Ag leads to quantitative
conversion to a new Ag-containing complex 15 (see Scheme 3).
The 3'P NMR spectrum of the reaction mixture shows the
presence of at least two different but very similar complexes in a
2:1 ratio. Their 3'P NMR peaks at —185.6 and —194.6 ppm are
split by the cis and trans P-atoms of the dmpe ligand, and are
accompanied by 1%’Ag satellites *Jxp = 846 and 910 Hz. The
peaks are broad, thus, the 1Pt satellites cannot be determined.
The broad split peaks indicate an aggregated cluster structure.
Complex 15 crystallizes from hexane as yellow-green crystals
which comprise unique Pt-P-Ag aggregated cluster of three
molecules (see Figure 7), which provides an explanation also for
the NMR spectrum. Thus, the three units are not identical, and
apparently, the lack of symmetry present in the Ags-cluster
persists also in the solution. In the solid state, the three P and
three Ag atoms are nearly in the same plane. The silver
substitution at P does not affect the Pt-complex backbone
distances which remains almost identical to those in 4. The P-Ag
bond lengths are 2.38-2.44 A, which are in typical P-Ag distance
range.? The Ag-Ag distances are 3.077(4)-3.304(2) A,
significantly longer than the sum of the metallic radii of two Ag
atoms (2.884 A); hence, 15 has no formal Ag-Ag covalent
bonds.®® Interestingly, the P-Ag-P angles are 152.9-164.4°,
significantly deviating from the common linear geometry at Ag.
This can be explained by the AgsP; ring strain, dictated by the
acute Ag—P-Ag angles (79.2-86.4°).

Complexes 13a,b and 14 are examples of unique hetero-
bimetallic, while 10 and 15 are hetero-trimetallic compounds (in
the solid state). The bridging ligand, a reactive transient
phosphasilene trapped insitu by the transition metal (Pt),
provides a rigid geometry around the transition metal center and
bears two additional coordination sites: the P-H bond, which
was utilized in this study, and the P lone pair which still can be
used to coordinate a third metal. Complex 4 proved to be a useful
precursor for preparing a variety of novel hetero-bi- and tri-
metallic complexes. The reactions and potential use of these
novel multi-metallic catalysts are under current study.
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