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The preparation and 19°Pt, 1'*Sn, and 3'P NMR spectroscopy of the complexes PtCl,(SnCl;), ,(P(OR)3), (n =0, I;R =
Et, i-Pr, Ph), [Pt(SnCl;);(P(OR),);]” (R = Me, Et, Ph), [PtCl,(SnCl;)L]~ (L = PEt;, PTol,, P(OEt),, P(OPh),, AsEt,,
AsPh,), [PtCI(SnCl;),L]™ (L = PEt,, PTol;, AsEty, AsPh,), [Pt(SnCl;);(AsEt;)]", and [Pt(SnCl;),(PEt;)]* are reported.
These studies support the relative stability of poly(trichlorostannate) complexes of Pt(II). The structure of the complex
Pt(SnCl,;),(P(OPh);), has been determined by X-ray analysis and shown to have trans-SnCl;™ ligands and an overall
square-planar arrangement. The possible involvement of poly(trichlorostannate) complexes in catalytic homogeneous
hydrogenation is discussed. Crystal data: a = 11.177 (1), b = 13.181 (2), ¢ = 14.489 (3) &; 8 = 98.52 (1)°; ¥ = 2111.0

A3, space group P2,/n; Z = 2.

Introduction

The chemistry of the trichlorostannate ligand, SnCl;~, has
received attention in various laboratories due to the capability
of platinum(II)/tin(II) mixtures, usually as chloride salts, to
homogeneously catalyze the hydroformylation,!= carbonyla-
tion,*® and hydrogenation reactions. The catalysis functions
best with group S ligands;'® however, K,[PtCl,] and excess
SnCl, are sufficient.!'"12 Not surprisingly there have been
a r};lrlr}ber of fundamental studies on “Pt-SnCl;” complex-
es.

For some time we have been involved in multinuclear NMR
and preparative studies of (trichlorostannato)phosphine com-
plexes of Pt(II),!"-2* Rh(I),*?6 Ir(I),? and Ir(II1). Using
excess tin(II) chloride, we have observed,!” isolated,!’2! and
determined the structure?* of platinum phosphine and arsine
complexes that contain more than one coordinated SnCl;~
ligand. In particular we have found that the five-coordinate
anionic complexes [Pt(SnCl;);L,]” (L = PR;, AsR;, diolefin)
are quite stable?! with small R groups such as Me, Et, and
OEt. On the other hand, Pt(SnCl;),L, complexes are more
difficult to isolate. Given the implication that poly(tri-
chlorostannate) complexes may be important in hydrogena-
tion®¢ and the reports by Clark and co-workers?*-! on cat-
alytic hydroformylation with PtCl,(CO)(ER;)/SnCl,, which
show best results with a Sn/Pt ratio 22, we have given further
attention to complexes containing the “Pt(SnCl;),” fragment.
We report here multinuclear NMR spectroscopy of several
new representatives of this class, as well as the solid-state
structure for trans-[Pt(SnCl;),(P(OPh);),].

Results

1. NMR Spectroscopy. The solution structures of all of
our complexes were deduced from *'P, 1°Sn, and %Pt NMR
spectroscopic methods. Our efforts!”~?” and those of several
other groups®>?° have led to the following useful empiricisms:
(a) J(1%5Pt,'19Sn) is of the order of kHz (sometimes >30 khz)
and depends on the trans ligand®’ in a way reminiscent of
lJ(195Pt,3lP)4l and IJ('”Pt,”N).“Z (b 2](1l9sn’117sn) is also
of the order of kHz, with the trans geometry bringing values
routinely in excess of 20 000 Hz,2!-2433.3436 whereas cis-SnCl;”
ligands afford far more “modest” values of <10 kHz. In
five-coordinate M(SnCl;),Ls_, compounds, in which dynamic
processes can average the various types of 2J, this coupling
constant can be as small as 619 Hz, as in (PPN)[Pt(Sn-
Cl3);(1,5-COD)],2 or as large as the 20 990-Hz value found
in [Pd(SnCl3);(PEt,),]".3 (¢) 2J(*¥Sn,*'P), at 102-317
Hz21-26 « 2J(198n,1P), , . at 3044-4848 Hz.!"2! (d) The
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119Sn chemical shift ranges over several hundred ppm with
typical values between 6 —39 and —387.32% (e) 6('>Pt) shifts
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Table I. NMR Data® for the Phosphite Complexes

Albinati, Pregosin, and Riiegger

compd 5('P) 5('1°Sn) 5(1%5Pt) J(Pt,P) JPt,Sn)  J(Sn,Sn) J(Sn,P)

cis-[PtC1,(P(OMe) ), ] 73.8 5705

cis-[ PtCL, (P(OEY),), ] 68.2 ~4363 5657

cis-[PtC1, (P(O--P1),) , ] 62.2 ~4333 5815

cis-[PtCL, (P(OPh),), ] 59.4 -4298 5800

cis-[PtCI(SnCl,)(P(OEY),),1° 84.1/80.1 -1 4807/5430 16 068 6497/221
cis-[PtCI(SnCl, )(P(0--P1),), ]° 77.4/76.5 -27 -4551 4899/5460 15964 6550/218
cis-[PtC1(SnCl, )(P(OPh),), | 74.8/73.5 -39 4695/5642 18066 6750/195
trans-[PtC1(SnCl,)(P(O--Pr) ), ]? 95.0 -267 3674 226
trans-[Pt(SnCl,),(P(OE1),),]1° 104.4 -22 -5132 3610 20741 32556 268
trans-{P(SnCl,), (P(O-i-P1),),]° 105.4 -27 ~5136 3400 20708 31177 260
trans-[Pt(SnCl,), (P(OPh),), |¢ 97.0 -12 3930 19 043 256
[Pt(SnCl,),(P(OMe),),] " @ 83.3 ~121 ~5390 2939 18 445 15674 311
[Pt(SnCl,),(P(OE1),),]" © 77.0 -117 ~5234 2883 19 049 16 504 317
[Pt(SnCl,),(P(OPh),),]" 71.0 ~184 ~5629 4705 12778 9489 316

@ Chemical shifts are in ppm; +0.1 ppm for *'P, #0.2 ppm for '**Sn and '**Pt. Coupling constants are in Hz; 1 for data from *P
measurements, +12 for data from '!°Sn and '**Pt measurements. ° CH,Cl,/CDCl,, 1/1,-40 °C. ©CH,CL,/CDCl,, 1/1,-50°C.

d Acetoned,, -90 °C. ¢ Acetone-d,, 40 °C.  Acetoned,, —50 °C
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Figure 1. !'"Sn NMR spectrum of ¢rans-(Pt(SnCl;),(P(O-i-Pr);),].
The smaller signals marked with an asterisk stem from cis-[PtCl-
(SnCl,)(P(O-i-Pr););]. The triplet multiplicity arises from the
equivalent *'P spins. Note that 2/(!1*Sn,!""Sn) > J(1*°Pt,!"Sn);
5("1%Sn) = -27.

to higher field by several hundred ppm when Cl" is replaced
by SnCl,".}9:21.22:32

Using these data we have identified a variety of mono-, bis-,
and tris(trichlorostannate) complexes and begin our discussion
with the chemistry of bis(phosphite) complexes.
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Scheme 119
A,

SncCl -
[PICI3(PEt))” =% ¢/s-IP1CIo(SnCIsNPE)T” (IV) i

nCiz

trans-IP1CHSNClz)aPEt3)1™ (V) PtClo(SnCl3)p(PEty), +

[P1CI(SACl3)o(PEt )T + LPHSNCI3)a(PEty)1Y” SACL
LPH(SNClz)g(PEts) T
B.
LPICI,(ASEt)T™ % cis-[PICI,(SNCHKASERT (VIT) o2
c/s-LPtCla(SnCi3)(AsEN)1” + cis/trans-IPtCHSnChy) (AsEt,),] virr’+
[PH(SNCly)3(AsEty) T~ SIC& [PY(SnCly)g(ASEty)1™ (IX)

@ Solvent is CH, Cl, in all cases. ® Observed in solution.

a. Complexes Containing Two P(OR), Ligands. Scheme
I shows some typical reactions of SnCl, with cis-[PtCl,(P-
(OPh);),], from which cis-[PtCl(SnCl;)(P(OPh);),] (I),
trans-[Pt(SnCl;),(P(OPh);),] (II), and the anion [Pt-
(SnCl;3);(P(OPh);),]~ (III) can be prepared. Compounds
related to III, e.g. with P(OEt),, can be precipitated by large
cations, as described previously.?! Our experience is that the
five-coordinate complexes are frequently obtained in polar
solvents such as methanol or acetone,?! and specifically that
trans-{Pt(SnCl,),(P(OPh);),] (II) is only obtainable in less
polar solvents such as methylene chloride or chloroform.

Interestingly, reaction of the [PtCl,(SnCl;),]? with two
P(OPh); ligands results in displacements of both SnCl,~ ligands
(see Scheme I) whereas one phosphite ligand affords cis-
[PtCl,(SnCl;)(P(OPh);)]". Best results for the poly(tri-
chlorostannate) complexes were obtained starting from cis-
[PtCL,(P(OPh);),].

Data for the analogous complexes with several P(OR),
ligands are shown in Table I, along with NMR results for the
starting materials. Figure 1 shows a typical !'”Sn spectra.
Note: (a) The multiplicity due to 3'P splitting defines the
number of phoshorus ligands. This is important as many of
these complexes are labile.! (b) The %Pt satellites are clearly
observable, thereby assuring that we have coordinated SnCl,™.
(c) The !'"Sn satellites are also visible, thus supporting the
presence of more than one SnCl;~ ligand. The mono(tri-
chlorostannate) complexes are mostly cis, with the exception
of trans-[PtC1(SnCl;)(P(O-i-Pr);),]. The bis(trichloro-
stannate) derivatives all have the trans geometry, and the
five-coordinate tris(trichlorostannate) compounds such as III
are all sufficiently dynamic on the NMR time scale between
—-40 and -90 °C to prevent an assignment of their static
structures. We note that 2J(1'%Sn,''’Sn) for the anion [Pt-
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Table II. NMR Data® for the Monophosphine and -Arsine Complexes
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L sC'P) 8(*1°Sn) §(**5Pt) LJ(Pt,P) 1J(Pt,Sn) 2J(P,Sn)
cis-[PtCL, (SnCl, )(L)]"
PEt,? 7.0 -340 —4359 3416 31152 217
PTol,° 8.6 -354 -4329 3734 304 44 197
P(OEY),® 70.7 -328 ~4310 5577 31400 149
P(OPh),? 63.6 -294 -4311 6077 295 85 130
AsEt,°© -382 —4275 29867
AsPh,® -386 —4284 28543
trans-[PtC1(SnCl,), (L)]"

PEt,"7 9.0 -88 -4728 3235 24085 196
PTol ® 5.1 -114 ~4617 3478 24150 186
AsEt, ~105 -4857 23159
AsEt,® 227 4738 26238

-38 164 64
AsPh, -116 22343

complex 5(3'P) 5§(*°Sn) §(1*°Pt) 'J(Pt,P) tJ(Pt,Sn) *J(P,Sn)
[Pt(SnCl,),(AsEt,)] " ! -25 -5510 208 12
, -19 14232
[Pt(SnCl,),(PEt,)]?"/ 4.0 -83 ~5633 2100 19226 207
~162 6470 2405

@ Chemical shifts and coupling constants are as in Table . ? Room temperature. ¢ —20°C. ¢0°C. ¢—40°C. f2J(198n,'!"Sn) =

46 582 Hz. £-30°C, 2J(***Sn,""Sn) =47 241 Hz.

(SnCl;);(P(OPh),),]~ at 9480 Hz is considerably smaller than
that found for [Pt(SnCl,),(P(OEt),),]", 16 504 Hz, and sug-
gest that the time-averaged structure for the former complex
may differ from that containing the smaller phosphite ligands.
This suggestion is also supported by the differences in 1J-
(195Pt,31P), \J('%°Pt,119Sn), and 6('**Sn). The tris(trichloro-
stannate) complex with P(OEt), has been isolated previously?!
as has the complex anion [Pt(SnCl;);(AsMe,);]~ whose
structure in the solid state is a trigonal bipyramid with axial
arsine ligands.2*8

Although there are large variations in the values 8(*'°Sn),
5(195Pt), LJ(195Pt,'19Sn), and 2J(!19Sn,'t’Sn) throughout the
complexes I-III, the patterns follow those for the PEt, and
AsEt; complexes described previously.! There is a minor point
of interest concerning 27(11°Sn,3'P),,,,. For the complexes
cis-[PtC1(SnCl,) (P(OR);),] the observed values of 64976750
Hz are larger than those found in the tertiary phosphine an-
alogoues, thereby making these the largest two-bond spin—spin
coupling constants involving 3'P,

b. Complexes Containing One PR, or AsR, Ligand. Scheme
IT shows synthetic chemistry beginning from the trichloro
anionic complexes [PtCl;L]™ (L = PEt,, AsEt;). The phos-
phine sequence involves the generation of the anions cis-
[PtClL,(SnCl,)(PEt;)]~ (IV), trans-[PtCl(SnCl,),(PEt;)]~ (V)
(observed previously?®), and the five-coordinate [Pt(SnCl;),-
(PEt3)]* (VI). The complexes IV and VI have been isolated
(see Experimental Section) and characterized as PPN™* (and
sometimes NEt,*) salts. Figure 2 shows the '%Sn NMR
spectrum of the [PtC1(SnCl;),(PTol;)]™ anion. Once again
the multiplicity data from 2J(11°Sn,3'P), LJ(!95Pt,!'9Sn), and
2J(''%Sn,!17Sn) are important for the proper characterization
of this complex.

The relatively small value of 2J(11°Sn,>!P), 186 Hz, and the
very large 2J('1°Sn,!!’Sn), 47 241 Hz, place the Sn atoms in
trans position to each other and cis to the phosphorus spin.
1J(195Pt,'19Sn) at 24 150 Hz is acceptable for SnCl;™ trans to
SnCl;™. Interestingly, the tris(trichlorostannate) square-planar
PEt; complex is not observed, perhaps due to the relative
stability of the five-coordinate VI. However, for AsEt;, the
complex anion [Pt(SnCl;);(AsEt;)]™ (IX) is formed, whereas
we do not see the five-coordinate [Pt(SnCl;),(AsEt;)])*. In-
terestingly, there is a tendency to avoid PEt, trans to SnCl;",
but this is not so marked for AsEt;. Note that addition of the
third tin ligand gives a complicated equilibrium mixture that

k Cis isomer. ¢ 2J(**Sn,"'7Sn) =2100 Hz. /-90 °C, 2J(1*Sneq, ! "Sneq) = 15955 Hz.

T80 NMR: cry /oo, -20°C I oy I
| €80 - Pr- 8002, |
] ]
s 5 B
_— R
“ h f\l(“‘su‘,"SN) |‘

i

[ USRS OSSR o,

Figure 2. ''"Sn NMR spectrum of trans-[PtCl(SnCl,),(PTol;)]~. The
weak signals marked with an asterisk arise from cis-[PtCl,-
(SnClLy)(PToly)1; 86(11Sn) = —114.

s it o e

converts completely to the five-coordinate species when the
fourth tin ligand is added.

NMR data for these phosphine and arsine complexes are
shown in Table II, and the !*Sn NMR spectrum of VI, with

vl

the appropriate simulations, in Figure 3. This compound is
noteworthy in that it represents one of the few cases for which
we have obtained the limiting solution structure for a five-
coordinate SnCl;” complex. There are two types of !'°Sn in
the ratio of 3 to 1: 8(Sn!) —162, LJ(195Pt,!19Sn) = 6470 Hz,
2J(1198n,>1P) = 2405 Hz; 8(Sn?) —83, 1J('%5Pt,!'9Sn) = 19226
Hz, 27(11Sn,3!'P) = 207 Hz. The axial ''%Sn resonance shows
the large 2J(11%Sn,*'P) value expected for a trans orientation
of these spins (see above), and an analysis of the various
remaining NMR parameters supports the assignment of a
trigonal-bipyramidal structure to VI, with PEt, in an apical
position (remember that there are two different 2J(1°Sn,'’Sn)
values for Sn?;, as well as a 2J(*1°Sn,'!%Sn) coupling. Table
II reveals a number of interesting features: (a) 2J(1!°Sn,!'’Sn)
values for the [PtC1(SnCl,),(PR;)]™ anions (R = Et, Tol) at
46 582 and 47 241 Hz represent the largest known spin-spin
coupling constants of any kind. (b) 'J('**Pt,!'%Sn) varies
~25000 Hz from 6470 to 31400 Hz. (c) The values 'J-
(19°Pt,*'P) are normal (>3 khz) for P trans to Cl. (d) For the
complexes cis-[PtCl,(SnCl;)L]" there is a cis effect on 6('!°Sn)
amounting to 92 ppm. () 8('**Pt) varies over 1358 ppm, with
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Figure 3. 'Sn NMR spectrum of (PPN),[Pt(SnCl;),(PEt,)]
(CDCl;/CH,Cl,, -90 °C). Spectrum g shows the experimental
spectrum whereas simulations are shown in a—f: (a) !'Sn axial, with
one 1'7Sn equatorial; (b) !'%Sn axial, with one ''"Sn equatorial; (c)
119gn equatorial with !1’Sn equatorial, plus }'’Sn axial; (d) sum of
(a), (b), and (c) without !%*Pt; (e) calculation for 100% %Pt isoto-
pomer; (f) complete simulation (33.7% %Pt).

resonances appearing at higher field than & —5000.

Given point (a) we may now strengthen one NMR empir-
icism set out at the beginning. Specifically, 2J(**Sn,7Sn) ;40
will be routinely very large. This fact casts doubt on the recent
assignment of a 2J(1!°Sn,!'’Sn) value of ~5800 Hz to the
structure trans-[PtC1(SnCl,),(CO)]~.° Further, given (c),
we question the decision?® to assign the structure trans-
[PtC1(SnCl,),(PEt,)]™ to a compound having 1J(1%Pt,3IP) =
2161 Hz (in acetone) in view of our value of 3235 Hz for the
same complex (CDCl;/CH,Cl,).

2. X-ray Structure of trans-[Pt(SnCl,),(P(OPh),),]. A
perspective view of the molecule is given in Figure 4, and a
list of relevant interatomic distances can be found in Table
IIL

Due to the presence of a crystallographic inversion center,
on which the Pt atom lies, only half of the molecule is crys-
tallographically independent.

The complex has square-planar geometry, and the two SnCl,
ligands are trans. There seem to be no pronounced distortions
in the molecule, and the angles about platinum (P-Pt-Sn =
91.3 (1)°) are in the normal range for square-planar Pt(II)
complexes. The SnCl,™ ligand shows Cl-Sn—Cl angles (av-
erage 99.5°) that are in agreement with those found in a
number of transition-metal complexes.37:40.44-54

(44) Clegg, W. Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem.
1978, B34, 278.

Albinati, Pregosin, and Riiegger

Figure 4. ORTEP view of the molecule trans-[Pt(SnCl;),(P(OPh),),]
with numbering scheme.

Table III. Interatomic Distances (A) and Bond Angles (deg)
for Pt(SnCl,),(P(OPh),),

Distances
Pt-Sn 2.599(2) P-0(2) 1.57(1)
Pt-P 2.272(3) P-0(3) 1.64 (1)
Sn-Cl(1) 2.346 (6) O(1)-C(13) 1.46(1)
Sn-CI(2) 2.332(3) OQ)-C() 1.43 (1)
Sn-CI(3) 2.347(4) 0(3)-CQ) 1.48 (1)
P-0O(1) 1.60 (1) -y 1.40 (6)°
Angles
P-Pt-P 180.0 P-0(1)-CQ) 120.4 (8)
P-Pt-Sn 91.3 (1) CI(1)-Sn-CK2) 97.8 (2)
Pt-Sn-CI(1) 121.5 (1) CK1)-Sn-Cl(3) 98.2 (2)
Pt-Sn-Cl1(2) 117.9 (2) Cl(2)~-Sn~C1(3) 102.6 (2)
Pt-Sn-CI(3) 115.1 (1) OQ)»P-0(2) 108.4 (4)
Pt-P-0(1) 117.9 (2) 0(1)-P-0(3) 93.2(6)
Pt-P-0(2) 109.5 4) 0O(2)-P-0(3) 108.0 (5)
Pt-P-0(3) 118.5 (2) 0O(3)-C(13)-C(18) 108.0 (1.5)
P-O(3)-C(13) 120.8 (7) O(2)-C(7)-C(8) 119.4 (9)
P-0Q2)-C(7) 127.8 (7} 0O@1)-C(1)-C(6) 116.6 (1.2)
Internal Rotation Angles .
Pt-P-0(1)-C(1)  -39.0 (1.1) P(1)-Pt-Sn-Cl(1) 1.5 (8)
Pt-P-0(2)-C(7) -177.3 (1.0) P(1)-Pt~8n-CI(2) 121.8 (9)

Pt-P-0(2)-C(13)  34.6 (1.0) P(1)-Pt-Sn-CI(3) ~116.7 (9)

@ Average value (mean square deviation from the mean).

The platinum~tin separation of 2.599 (2) A falls in the
expected range although it lies at the high end of the reported
M=-Sn bond lengths in M—SnCl; complexes (2.35-2.64 A).
(Table IV shows a compilation of X-ray data for trichloro-
stannate complexes of group 8). For the square-planar com-
plexes, the shortest Pt—Sn separations are associated with
weaker ligands trans to SnCly, e.g., u-Cl or Cl, whereas the
longer distances are found for SnCl;™ trans to Pd (in Pd,Cl-
(SnCl,)(Ph,PCH,PPh,),),* to the w-allyl carbon in Pd(#*-
C;H;)(SnCl;)(PPh,),% or another SnCl;”. Many of the
five-coordinate Ir(I) and Pt(II) compounds have relatively long
M-Sn bonds.

(45) Olmstead, M. M.; Benner, L. S.; Hope, H.; Balch, A. L. Inorg. Chim.
Acta 1979, 32, 193.

(46) Mason, R.; Robertson, G. B.; Whimp, P. O. Chem. Commun. 1968,
1655. )

(47) Guggenberger, L. J. Chem. Commun. 1968, 512.

(48) Poulsen, F. R.; Rasmussen, S. E. Acta Chem. Scand. 1970, 24, 150.

(49) Goel, A. B,; Goel, S.; Vanderveer, D. Inorg. Chim. Acta 1981, 54, LS.

(50) Porta, P.; Powell, M. H.; Mawby, R. J; Venanzi, L. M. J. Chem. Soc.
A 1967, 455.

(51) Churchill, M. R;; Lin, K. G. J. Am. Chem. Soc. 1974, 96, 76.

(52) Elder, M,; Hall, D. J. Chem. Soc. A 1970, 245.

(53) Korp, J. D.; Bernal, 1. Inorg. Chem. 1981, 20, 4065.

(54) Gould, R. O,; Sime, W. J.; Stephenson, T. A. J. Chem. Soc., Dalton
Trans. 1978, 76.
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Table IV. Bond Separations (&) in Some SnCl,” Complexes®
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no. complex (Mn-Sn) (Sn-CD) ref

1 cis-[PtCL,(SnCl,), 1*- 2.355 (8) 2.352 (2), 2.787 () 37

2 [PtCI(SnCl, )(PEL,)],° 2487 (3) 232 (2) 40

3 PtC1(SnCl, )PhC(NH, )=NOH)(PEt,)? 2.501 (1) 2340 (3) 49

4 [Pt(SnCL,), 1" 2.553 (78 2.347 (5) 38
2.572 (10)h 2.372 (5)

5 trans-[Pt(SnCl,), (P(OPh),), | 2.599 (2) 2.342 (4) this work

6 [Pt(SnCl, ), (AsMe,),] @ 2.602 (2) 2,380 (7) 24

7 Pd(SnCl, )(n-C,H,)(PPh,), 2.56 (1) 2.38 2) 46

8 Pd,C1(SnCl,)(Ph, PCH, PPh,) 2.585 (2) 2.394 (4) 45

9 Ir(SnCl,)(1,5-COD),© 2.642 (2) 2.395 (10) 50

10 I1(SnCl, JANBD)(PMe, Ph), 2.587 (1) 2.406 (2) 51

11 RuCH, (SnCl, )(n*-C, H, )(Ph, PNHCH(CH, )Ph) 2.543 (1) 2,372 (4) 53

12 Ru, Cl, (SnCL,)(CO), 2.565 (4) 2.35 (1) 52

13 RuCl1(SnCl, }(CO)(acetone)(PPh,), 2594 (1) 2.374 (2) 54

14 [RuCl(SnCl,), }*" 2.5537(2) 2,367 (4) 36
2.579 (1) 2.393 (5)

15 Au(SnCl,)(PMe,Ph), 2.881 (1) 2450 44

@ Average values when there is more than one (M-Sn and/or (Sn—Cl), © SnCl, trans to Cl, € Sym-trans. 4 Axial AsMe, ligands.

¢ Pseudoequatorial SnCl,". 7 Transto Cl. # Axial. % Equatorial.

Interestingly, although the Pt—Sn bond length can vary by
more than 0.1 A, the corresponding Sn—Cl bond distances seem
far less sensitive. Specifically, for trans-[Pt(SnCl;),(P-
(OPh),),], (Pt-Sn),, = 2.599 (2) A, with (Sn—Cl),, = 2.342
(4) A, whereas for [Pt(u-Cl)(SnCl;)(PEt,)],, (Pt-Sn),, =
2.482 (3) A and (Sn—Cl),, = 2.32 (2) A. Nevertheless, these
two bond separations do correlate roughly with one another
to the extent that longer Pt-Sn distances (2.55-2.64 A) are
more often found together with longer Sn—Cl distances (see
entries 1-4 vs. 5~14) in Table IV). This general trend is in
keeping with the idea of incorporating more s character in the
Sn—-Cl bonds with increasing rehybridization at Sn, due to
coordination. Note that the SnCl;~ anion in Cs(SnCl;)* shows
an average Sn—Cl bond of 2.52 A, with the angle CI-Sn—Cl
= 89.8°, suggestive of extensive p character in these bonds.
Rehybridization is expected to open the C1-Sn—Cl angles while
shortening the Sn—Cl bond lengths. In this context the
structure of Au(SnCl,)(PMe,Ph),* is illustrative in that the
very long Au-Sn interaction (2.881 (1) A) is accompanied by
a value of 2.450 (3) A for (Sn—Cl),,.

The Pt-P distance at 2.272 (2) A is long compared with the
values of 2.182 (2) and 2.23 (3) A found for cis-[PtCl,(P-
(OPh);)(PEt;)]5* and [Pt(SPEt,),(P(OPh),],.¢ The Pt(0)
complexes Pt(Sn(acac),),(P(OPh),),>” and FePt,(CO)(P-
(OPh),);*® have metal-phosphorus separations of 2.261 (4)
and 2.223 (3) A, respectively, although here dz—d= back-
bonding might contribute to shortening these values. Since
there have been relatively few structures determined containing
“Pt(P(OPh);)” units, it is difficult to comment further.

Both the two SnCl,” and P(OPh), groups are in a staggered
configuration due to the centrosymmetry imposed on the
molecule; their conformation with respect to the coordination
plane is normal, as can be judged from the values of the
relevant torsion angles reported in Table III. The packing in
the cell is due to van der Waals interactions, and no short
intermolecular contacts are present.

Discussion

The addition of the anions [PtCl,(SnCl;)L]~, [PtCl(Sn-
Cl;),L]1, [Pt(SnCl,);(AsEt;)], and [Pt(SnCl,),(PEt;)]* to

(55) Caldwell, A.; Muir, L. M.; Muir, K. J. Chem. Soc., Dalton Trans. 1977,
2265.

(56) Wagner, K.; Hess, R. W.; Treichel, P. M.; Calabrese, J. Inorg. Chem.
19758, 14, 1121.

(57) Bushnell, G. W.; Eadie, D. T.; Pidcock, A.; Sam, A. R.; Holmes-Smith,
R. D.; Stobart, S. R. J. Am. Chem. Soc. 1982, 104, 5837.

(58) Albano, V. G.; Ciani, G. J. Organomet. Chem. 1974, 66, 311.

(59) Riegger, H.; Pregosin, P. S., unpublished results.

our list of stable compounds demonstrates that complexes with
between one and five SnCl;” ligands are all relatively stable.
Moreover, it seems quite clear that the presence of SnCly”
strongly promotes five-coordination in the chemistry of Pt(II).
Although the overall chemistry is complicated by a number
of equilibria, many of the species are readily identified.

Accepting the existence of these poly(trichlorostannate)
complexes both in the solid state and in solution, we turn now
to their possible relevance in homogeneously catalyzed reac-
tions. The following facts require consideration:

1. For PtCl,P, as cocatalyst, best results are obtained with
a Sn/Pt ratio of 5 or more;” PtCL,P, alone is not active.

2. For the hydroformylation with PtCl,(CO)(ER,) as co-
catalyst, a Sn/Pt ratio of ~2 is best.28-3!

3. The [Pt(SnCl;)s]* anion is an active hydrogenation
catalyst as is K,[PtCl,] and excess SnCl,;! K,[PtCl,] alone
is not active,

4. The best yields of trans-[PtH(SnCl,)(P(p-XC¢H,)1),]
(X = CH;0, CH,, H, F, Cl), a known catalyst, are obtained
when [PtCl(P(p-XC¢H,),),] are treated with 2 equiv of SnCl,
and molecular hydrogen.20

5. For the bis(triphenylphosphine)platinum(II) chloride
system in nonpolar solvents (e.g., CH,Cl,, toluene), the hy-
droformylation catalyst is only moderately soluble and long
induction periods are found,! but in highly polar solvents such
as DMF, THF, and CH,;CN the catalysis is inhibited.

6. For the PPh, system of point 5, excess phosphine slows
the reaction.!

We feel that all of these points are compatible with the
presence of poly(trichlorostannate)—perhaps bis(trichloro-
stannate)—complexes during the early stages of the catalysis.
The Pt—SnCl,; complexes promote the activation of molecular
hydrogen such that hydride complexes are formed. This does
not mean that SnCl;™ must be involved in the rate-determining
step in either the hydrogenation or hydroformylation reactions,
although a ligand that readily stabilizes five-coordination and
can also function as a good leaving group®-! might reduce
the activation energies of certain subsequent steps.

The specific composition of the complex that activates the
hydrogen, as well'as the mechanism of the activation, remain
unknown; however, it is tempting to think that a complex with
a single phosphine such as Pt(SnCl;),(solvent)(PPh;) might
be involved. This speculation is supported by the following
observations:

1. The complexes PtCl(SnCl,)(E(aryl);), are dynamic on
the NMR time scale and in such a way as to involve exchange
of E(aryl);. Specifically, a 1/1 mixture of PtCl(SnCl,;)(PToly),
and PtCI(SnCl,)(AsTol;), affords the statistically expected
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amount of PtCI(SnCl;)(PTol;)(AsTol;);?! therefore, loss of
phosphine is possible.

2. In the presence of excess SnCl,, we have observed
tris(phosphine) complexes (eq 1 and 2). These are the readily

HCl,

C
o 1 —_—
cis-[PtCL,L";] + 2SnCl, ——

[PtCIL;]* + PtCI(SnCL)L!, + ? (1)
L!= P(p'ClC6H4)3

acetone

CiS-[PtClzLZZ] + loan12 room temp
[PtCIL%;]* + PtCI(SnCI;)LY; + [PH(SnCl)s)™ (2)

L? = P(p-CH;0C4H.),

identified products, although NMR signals for additional
complexes are observed. As in point 1 we take the presence
of [PtCIL,]* to mean that phosphine dissociation takes place
and that there are unobserved counterparts which are deficient
in L.

3. We do not find the ligand exchange described in (1) and
(2) for L = PEt, and P(OR); and R = Et, i-Pr, Ph, and these
Pt complexes are known to be poorer cocatalysts.

4. As mentioned above, excess phosphine slows the reaction.
Indeed, PtCl(SnCl,)(P(p-CH;0OCH,);), reacts with 1 equiv
of P(p-CH;0CzH,); (eq 3) to give the tris(phosphine) cation.

cis/trans-[PtCl(SnCl;)L2,] + L2, CH,Cl,

[PtCIL%,]* + SnCl;- (3)

The implication of poly(trichlorostannate) complexes in
homogeneous hydrogenation catalysts is not new.®-'¢ Since
the [Pt(SnCl;)s]*>" anion is a catalyst, one or more of the
[PtC1,(SnCl;);.,]* anions can dissociate a ligand and the
resulting coordinatively unsaturated complex activates H,. We
have recently characterized the 16-electron dianion [Pt-
(SnCl,),]* in solution, and a related hydride [PtH(SnCl;)4]*
is known.!* Clearly, the substituion of phosphine or phosphite
ligands for Cl is only a modification of the cocatalyst. Nev-
ertheless, it might be useful to be able to specify which type
of phosphine (phosphite) complex is most active, and further
studies in this direction are in progress.

Experimental Section

NMR spectra were measured as CDCl;/CH,Cl, 1/2 solutions in
10-mm tubes using a Bruker WM-250 MHz spectrometer operating
at 101.3, 93.3, and 53.8 MHz for 3'P, 115Sn, and !9°Pt, respectively.
See Tables I and II and ref 21 and 23 for further details. IR spectra
were measured as KBr pellets using a Beckmann IR 4250 spectrom-
eter.

Reagents. All the trichlorostannate complexes were prepared from
the known PtCl,L; and [PtCl;L]~ compounds. No precautions were
taken with regard to the presence of either molecular oxygen or water.
Both K,PtCl, (Johnson-Matthey) and anhydrous SnCl, (Fluka AG,
Buchs) were obtained commercially and used without further puri-
fication. PPN = bis(triphenylphosphine)nitrogen(1+) ion, (PPh,),N*.
The following preparations are typical:

cis-{(PPN)[PtC1(SnCL;) (PEt;)]} Method 1. Solid tin(II) chloride
(19 mg, 0.10 mmol) was added to a solution of (PPN)[PtCl;(PEt;)]
(96 mg, 0.10 mmol) in 3 mL of CH,Cl,. Stirring for 1 h was ac-
companied by a change in color such that the original yellow solution
became orange and then a lighter yellow. Addition of 15 mL of ether
precipitated the product, which was collected by filtration and further
washed with ether; 106 mg (92%). Anal. Caled for
C4H4sCLNP,PtSn: C, 43.95; H, 3.95; N, 1.22; C], 15.44. Found:
C, 43.94; H, 3.96; N, 1.18; Cl, 15.45.

Method 2. Solid (PPN)SnCl; (77 mg, 0.10 mmol) was added to
a solution of sym-trans-[Pt,Cl4(PEt;),] (39 mg, 0.050 mmol) in 5

Albinati, Pregosin, and Riiegger

mL of CH,Cl,. The orange solution became yellow, and after it was
stirred for 0.5 h, the solution was filtered. The filtrate was covered
with 15 mL of ether (such that the two layers do not mix) and the
resultant mixture left to stand at —20 °C for 3 days. Decanting the
filtrate followed by washing with ether affords the product as yellow
crystals, 101 mg (88%).

The complexes (PhyAs)[PtCl,(SnCl;)(PTol;)] and (Ph4P)-
[PtCl,(SnCl;)(AsEt;)] were prepared in an identical fashion on a
0.1-mmol scale and gave 84% (99 mg) and 86% (85 mg) yields,
respectively. Anal. Caled for C,0H;sAsCIsPPtSn: C, 36.30; H, 3.55;
Cl, 17.86. Found: C, 35.56; H, 3.52; Cl, 17.71.

(Et,N),[Pt(SnCl;)4,(PEt;)]. To a solution of sym-trans-[Pt,Cl,-
(PEt3),] (39 mg, 0.050 mmol) in 5 mL of CH,Cl, was added first
solid Et,NCl (34 mg, 0.20 mmol) and then solid SnCl, (76 mg, 0.40
mmol). Stirring for 2 h was followed by filtration and careful
treatment of the filtrate with 20 mL of ethylacetate such that the layers
do not mix. Storing for 1 week at 0 °C is accompanied by the
precipitation of orange needles. These were collected by filtration
and washed with ether; 124 mg (84%). Anal. Calcd for
CpHssCl )N, PPtSn,: C, 17.93; H, 3.76; N, 1.90. Found: C, 17.96;
H, 3.67; N, 1.97.

The complex (NEt,),[Pt(SnCl,),(PTol,)] was prepared in a similar
fashion on a 0.1-mmol scale; 87 mg (54%). Anal. Caled for
C37Hg; Cl,,N,PPtSn,0.5CH,Cl,: C, 26.45; H, 3.67; Cl, 27.07. Found:
C, 26.51; H, 3.82; Cl, 27.38.

trans-[Pt(SnCl,),(P(OPh);),]. A suspension of PtCl,(P(OPh),),
(89 mg, 0.10 mmol) and SnCl, (38 mg, 0.20 mmol) in S mL of CH,Cl,
was stirred for 2 h at room temperature, during which time the solids
dissolved. Filtration was followed by covering with 10 mL of petroleum
ether, 30-60 °C, and storing at —20 °C for 1 week. The crystalline
product that precipitated became opaque when the solvent was re-
moved. After drying under vacuum, 99 mg (78%) was obtained. Anal.
Caled for C;sHaClsOgP,PtSn,: C, 34.16; H, 2.39; Cl, 16.81. Found:
C, 34.05; H, 2.35; Cl, 16.89. The crystal used for the structure
determination was kept in contact with solvent until shortly before
data collection.

Solutions for NMR Spectroscopy. The solutions of the trans-
[PtCl(SnCl;),L]~ and [Pt(SnCl;);L]" anionic complexes were prepared
by reaction of the correct number of equivalents of SnCl, with the
appropriate chloroplatinum complex in 3 mL of CDCl,/CH,Cl,. The
mono(trichlorostannate) complexes PPN—cis-[PtCl,(SnCl;)(P(OR),)]
(R = Et, Ph) could be prepared by dropwise addition of 10 mL of
5 % 107 M ligand (CH,Cl,) to (PPN),[PtCl,(SnCl5),] (90 mg, 0.050
mmol) in 20 mL of CH,Cl, with vigorous stirring. Removal of the
solvent in vacuo was followed by addition of 3 mL of CDCl;/CH,Cl,
and immediate measurement. For R = Ph, the solution contains
=~80% cis-[PtCly(SnCl;(P(OPh);)]", 10% PtCl,(P(OPh),),, and 10%
[Pt(SnCly)s]>~. For R = Et, the three components are found in the
ratio 1/2/1 plus one part of unreacted cis-[PtCl,(SnCl;),]% anion.
Addition of a second eqivalent of P(OR); leads to quantitative for-
mation of cis-[PtCl,(P(OR);),].

Determination and Refinement of the Structure

Colorless crystals of Pt(SnCl,),(P(OPh),), were obtained by slow
evaporation from a CH,Cl,/pentane solution and are air-stable.

A suitable crystal of prismatic habit was chosen for the data
collection and mounted on a glass fiber at an arbitrary orientation.
Crystal data are listed in Table V.

An Enraf-Nonius CAD4 computer-controlled diffractometer was
used both for the determination of the lattice parameters and for the
data collection (room temperature). From the systematic absences
(h00, h = 2n; k0O, k = 2n; 00/, ! = 2n; hOl, h + | = 2n) the space
group was unambiguously determined as P2;/n.

The cell parameters were obtained by a least-squares fit of the 260
values of 25 higher order reflections (20.0 < 26 < 30.0°) by the
centering routine installed on the CAD4/SDP system.® A group
of three standard reflections (6,—-1,-3; 2,-6,0; 4,6,—2) were measured
every 2 h to check the stability of the experimental conditions and
of the crystal. No significant variation was detected. An empirical
absorption correction was applied by using azimuthal (¥) scans of
two reflections at high-x angle: 4,2,-1 and 8,4,-2. Transmission
factors were in the range 0.74-0.98. The SDP system of programs®
was used for both absorption correction and the data reduction.

(60) “SDP Structure Determination Package—Users Manual”; Enraf-Non-
ius: Delft, Holland, 1975.
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Table V. Crystal Data and Intensity Collection Parameters
for Pt[(SnCl,)(PO,CH,.)]},

formula C,H;,0,P,Cl,PtSn,
fw 1265.77
cell parameters
a 11.177 (1) A
b 13.181 ) A
¢ 14.489 (3) A
8 98.52 (1)°
Vv 2111.0 A3
z 2
deated 1.991 gem™
space group P2,/n
cryst dimens 0.20 X 0.30 x0.30 mm
radiation Mo Ku (graphite monochromated;
A=0.71069 A)
abs coeff (u) 50.19 cm ™!
6 range 1.5 <6 <25.5°
scan mode w/[26
scan width (1.0 + 0.35 tan 6)°
scan speed 4° /min
max scan time 30s
total bkgd/scan time 0.5
receiving aperture (hor, mm) 2.0 tan 6

receiving aperture (vert, mm) 4.0
no. of data colled 2192 (th,+k,+D
no. of obsd data (I = 30(/)) 1907

R=ZIAF|[ZIF4| 0.063 (0.069 with unobsd reflcns
included)
Ry = (ZIAFIZwIF17)t/? 0.076

Table V1. Final Positional Parameters
atom x/a ylb z/c
Pt 0.0 0.0 0.0
Sn -0.07111 (7) 0.04651 (6) 0.15753 (11)
CI(1) -0.05886 (34) -—0.07024 (28) 0.28080 (50)
Cl(2) —0.27265 (28) 0.09389 (34) 0.15473 (52)
C1(3) 0.03408 (34) 0.18050 (26) 0.23987 (46)
P 0.05805 (23) —-0.15702(18) 0.05373 (40)
o) 0.15276 (65) —0.16491 (54) 0.15143 (92)
0Q2) 0.11432 (61) -0.21628 (51) —0.02348 (88)
0(@3) -0.03995 (61) —0.22840 47) 0.09129 (90)
cQa) 0.2479 (9) -0.0884 (7) 0.1746 (15)
C(2) 0.3241 (10) —0.0664 (8) 0.1068 (16)
Cc@3) 0.4164 (15) —-0.0049 (9) 0.1366 (21)
Cc@) 0.4374 (13) 0.0385 (11) 0.2285 (18)
C(5) 0.3654 (15) 0.0172 (12) 0.2856 (20)
C(6) 0.2597 (12) -0.0503 (10) 0.2646 (17)
c( 0.1664 (9) ~0.3155 (8) -0.0174 (14)
C(8) 0.2858 (10) —-0.3299 (8) 0.0308 (18)
C9) 0.3343 (11) -0.4219 (9) 0.0309 (16)
c10) 0.2755 (13) —0.5048 (9) —0.0219 (18)
c1n 0.1588 (17) —0.4886 (12) -0.0611 (20)
C(12) 0.1069 (11) ~0.3927 (8) -0.0672 (15)
C(13) -0.1666 (9) ~0.2306 (7) 0.0433 (14)
C(14) -0.1921 (12) —0.2368 (9) —0.0436 (16)
C(1s5) -0.3224(12) ~0.2396 (9) —0.0858 (16)
C(16) -0.4051(12) -0.2328 (9) —0.0216 (16)
C(17) -0.3681(12) ~0.2228 (9) 0.0740 (16)
C(18) -0.2470(13) —0.2238 (10) 0.1060 (17)

Structure factors were calculated in the usual way (Lp corrections
applied) on the assumption of ideally imperfect monochromatization.
The standard deviations on the intensities were calculated in terms
of statistics alone, considering as observed the reflections having /.,
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2 3g(I). There are two independent molecules in the unit cell (Z
= 2), each molecule being on a crystallographic inversion center.

The structure was solved by standard Patterson and Fouriér methods
and refined by block-diagonal least squares (the function minimized
is Tw(Fy - (/OIF)? with w obtained from a Cruickshank®!
weighting scheme).

Anisotropic temperature factors were used for Pt, P, Cl, and Sn
atoms and isotropic factors for the others. The hydrogen atoms were
placed at their ideal calculated positions (C-H = 1.08 A)$? and
assigned isotropic temperature factors B = 5.5 A% during the final
least-squares cycles their contribution was taken into account but not
refined. No extinction correction was deemed necessary.

The scattering factors were taken from the literature,®* and a
correction for the real part of the anomalous scattering was taken
into account for the Pt, Sn, and Cl atoms.

Upon convergence (no shifts greater than 0.5¢) the conventional
agreement factor was 0.064 (cf. Table V); a final difference Fourier
map showed no significant features.

All the calculations were performed on a UNIVAC 1100 using
a local version of the structure factors, Fourier, least-squares, and
bond angles calculations; the drawing was made by using the ORTEP
program,® with thermal ellipsoids drawn at 50% probability.
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