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teraction between the dihydrogen and the metal. They indeed
find the potential minimum when rotating the #2-H, ligand about
the H,~Fe-H axis about 20° off to one side of the equilibrium
orientation determined by the crystal structure analysis. If one
were to add an electronic component to this with a strong pref-
erence for an H-H orientation parallel to the P-Fe-P axis, it is
not difficult to see how the potential derived in our analysis could
arise. It should be added, however, that the parametrization for
the rotational potential that we used in terms of sinusoidal function
may not be an accurate representation of the “true” potential curve
and that therefore our result has to be regarded as tentative in
this sense. It is, however, consistent with all available experimental
data as described.

As far as the value for the barrier height is concerned, the
molecular mechanics calculation yields a value of about 1.7
keal/mol, while our results are either 1.8 kcal/mol for the pure
V, potential or effectively about 2.3 kcal/mol for the modulated
form. If one were to add an electronic component of approximately
1-2 kcal/mol?! to the “steric” part given by the molecular me-
chanics calculation, the total comes out somewhat higher than
these experimental values. Nonetheless, the agreement must be
viewed as remarkable, since these values for barrier heights are
below what is normally considered a reliable range for these type
of calculations.

In conclusion, we have obtained the first vibrational and ro-
tational data for the dihydrogen ligand in one of the most studied
molecular hydrogen complexes, trans-[FeH(H,)-
(PPh,CH,CH,PPh,),]BF,. We have analyzed the rotational
transitions including the tunneling transition within the ground
state in terms of planar rotation with one angular degree of
freedom and derived a potential that appears to reflect some
competition between the nonbonded interactions of the dihydrogen
and the other ligands on the one hand and the direct di-
hydrogen—metal binding on the other. Further neutron-scattering
studies on these systems are in progress with the aim of trying
to separate the contributions to the rotational barrier from each
other and to study the high-temperature rotational dynamics of
the dihydrogen ligand.
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Cross-polarization, combined with magic-angle spinning, has been employed to obtain high-resolution solid-state '*C and 3P NMR
spectra of a series of 31 (R3P),PtX, complexes. These data together with spectra obtained in solution were used to compare the
solid-state structures with those in solution. It was found that most of these complexes, which have regular square-planar structures
in solution, are distorted in the solid state. The extent of the solid-state distortion is a function of the bulk of the coordinated
ligands and increases as the ligand size increases. The solid-state distortions appear to result from intramolecular steric effects
for cis-(R4P),PtX, and probably from intermolecular crystal packing forces for trans-(R;P),PtX,.

Introduction

The technique of cross-polarization combined with magic-angie
spinning (CP/MAS) has tremendous potential for structure de-
termination by NMR in the solid state.2 In a recent study,’ we
showed that CP/MAS 3C and 3'P spectroscopy were useful for
elucidation of the solid-state structures of palladium(II) and
platinum(IT) complexes of MePh,P and Me,PhP. Though they
poasess regular square-planar structures in solution, most of these
complexes were distorted in the solid state. Their CP/MAS P
NMR spectra were straightforward and easy to interpret. In
contrast, only the methyl region of their CP/MAS *C NMR
spectra provided meaningful information. The aromatic regions
of these spectra were broad unresolved envelopes. The isomeric
structures of the platinum complexes (cis or trans) were easily
determined from the magnitude of 'J(PtP). In order to gain
greater understanding of the driving force for these solid-state
distortions and to further explore the utility of CP/MAS spec-
troscopy for solid-state structural determination, we have prepared
a series of 31 (R;P),PtX; complexes containing ligands of sig-
nificantly different size and obtained their CP/MAS '*C and *'P
NMR spectra. These data are compared with 1*C{'H} and 3!P{'H}
NMR spectra obtained in CDCl, solutions at 300 K.
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Experimental Section

A. Reagents and Physical Measurements. All chemicals used were
reagent grade and were used as received or synthesized as described
below. All solvents when necessary were dried by standard procedures
and stored over Linde 4-A molecular sieves. All reactions involving
phosphines were conducted under an N, atmosphere. Elemental analysis
were performed by Galbraith Laboratories, Knoxville, TN 37921.

The solution *C{'H} and *'P{! H} NMR spectra were recorded at 25-
and 40.26-MHz respectively on a JEOL FX-100 spectrometer. Carbon
chemical shifts were obtained relative to internal Me,Si, while phosphorus
chemical shifts were referenced to PhyP in CDCl, (§ = -6 ppm) and
converted to a 85% H,PO, reference with positive values being downfield
of the respective references. Cross-polarization magic-angle spinning
(CP/MAS) C{'H} and *'P{'"H} NMR spectra were obtained on a Varian
VXR-300 spectrometer operating at 75 and 121.4 MHz, respectively.
The proton-decoupling field was 65 KHz. Carbon chemical shifts were
referenced to an external sample of poly(dimethylsilane) (6§ = 0 ppm),
while phosphorus chemical shifts were referenced to an external sample
of Ph,P (8 = —6 ppm). The uncertainties in chemical shifts and coupling
constants are estimated to be £0.5 and £20 Hz, respectively, for the
CP/MAS measurements.

B. Synthesis. Most of the phosphines were obtained from either
Strem Chemical or Organometallics, Inc., and were used as received.
Tribenzylphosphine,® dibenzylphenylphosphine,® 1-phenyldibenzo-
phosphole® (DBP), 1-phenyl-3,4-dimethylphosphole’ (DMPP), and

(4) Hilton, R. C.; Mann, F. G. J. Chem. Soc. 1952, {5, 2835.

(5) Mann, F. G.; Millar, 1. T.; Stewart, F. H. C. J. Chem. Soc. 1954, 2832.

(6) Affandi, S.; Green, R. L.; Hsieh, B. T.; Holt, M. S.; Nelson, J. H.;
Alyea, E. C. Synth. React. Inorg. Met-Org. Chem. 1987, 17, 307,
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Figure 1. 121.4-MHz CP/MAS *'P NMR spectrum of cis-(Ph;P),PtCl,.
The %Pt satellites associated with the two *'P chemical shifts are indi-
cated by lines. 'J(PtP) is the separation between the outer two lines in
the approximately 1:4:1 Pseudo triplets.
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1,3,4-trimethylphosphole’ (TMP) were prepared by literature methods.
Most (R3P),PtCl, complexes were prepared by reacting 2 equiv of the
phosphine or phosphole with 1 equiv of (PhCN),PtCl,; in CH,Cl, under
an N, atmosphere.!  When R;P was n-Bu,P, n-Pr;P, or Et,P, 2 equiv
of the phosphine were reacted with 1 equiv of K,PtCl,°
Dichlorobis(diphenylvinylphosphine)platinum(Il). To 2.51 g (5.30
mmol) of (PhCN),PtCl; in 75 mL of CHCI, under N, was added 2.5 mL
(10.6 mmol) of diphenylvinylphosphine via syringe. The resultant solu-
tion was stirred magnetically for 4 h at ambient temperature and filtered
and the solution volume was reduced to approximately 35 mL on a rotary
evaporator. Methanol was added to induce crystallization, and the pale
yellow hexagonal plates that resulted were isolated by filtration, washed
with cold methanol, and vacuum-dried overnight; yield 2.33 g (63.5%).
The bromide and iodide complexes were prepared by metathesis of the
chloride complexes in a CH,Cl,/CH;OH/H,O solvent mixture for 7 days
at ambient temperature employing a 4:1 mole ratio of NaX to chloride
complex. The physical properties of the (R3P),PtCl, complexes (R;P =
Me,P.!1® Et,P,° #-PryP,!! i-Pr;P,!2 n-Bu;P,’ Cy,P,!? Ph,P,"* Bzl,P,*
Bzl,PhP,! BzIPh,P,! and TMP!®) agreed with the literature data. The
physical properties of (PhVy,P),PtX,,'¢ (DMPP),PtX,,! all ((cyano-
ethyl)phosphine),PtX,!” and (n-Bu,P),PtX, (X = Br, I)!® agreed with
the literature data. Satisfactory carbon and hydrogen analyses were
obtained for all compounds except (TMP),PtBr, (vide infra).

Results and Discussion

I. Solution Spectra. The solution geometry of (R;P),PtX,
complexes can be easily deduced from a combination of 3P{'H}
and *C{!'H} NMR spectroscopy. Their *'P{'H} NMR spectra
display singlets for either the cis or the trans isomer with platinum
satellites due to the presence of %Pt (I = '/,; 33.8%). The
magnitude of 'J(PtP) is indicative of geometry.!11%20  For cis
isomers 'J(PtP) is typically greater than 3000 Hz while for trans
isomers 'J(PtP) is usually less than 2500 Hz. Each “*C{'H}
resonance is typically a 1:2:1 triplet for the trans isomer and a
doublet, a doublet of doublets, a five-line multiplet, or a non-1:2:1
triplet for the cis isomer.2422 The 3!P{!H} and *C{!H} NMR data
in Tables I and Il were used to make solution structure assign-
ments.

(7) Breque, A.; Mathey, F.; Savignac, P. Synthesis, 1981, 983.
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(10) Evans, J. G.; Goggin, R. L.; Goodfellow, R. J.; Smith, J. G. J. Chem.
Soc. A 1968, 464,
(11} Grim, S. O.; Keiter, R. L.; McFarlane, W. Inorg. Chem. 1967, 6, 1133.
(12) Leviston, P. G.; Wallbridge, M. G. H. T. J. Organomet. Chem. 1976,
110, 271.
(13) Bailar, J. C,, Jr.; Itatani, J. Inorg. Chem. 1965, 4, 1618.
(14) Verstuyft, A. W.; Redfield, D. A.; Cary, L. W.; Nelson, J. H. Inorg.
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1973, 9, 567.
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Figure 2. Comparison of (A) 75-MHz CP/MAS !*C and (B) 25.0-MHz
BC{'H} (in CDCI; at 300 K) NMR spectra of cis-(Et;P),PtCl,.

II. CP/MAS Spectra. The 3!P{'H} spectrum in CDCl, solution
and the 3'P CP/MAS spectrum of cis-(Me;P),PtCl, are very
similar. Each spectrum displays a single resonance with the
magnitude of 'J(PtP) characteristic of the cis isomer. The 13C
NMR spectra in the two states are quite different. In CDCl,
solution, the methy! resonance is a five-line AXX’ multiplet, while
in the solid state (Table IIT) the methyl resonance is a broad singlet
(4w, =75 Hz). With resolution enhancement, this broad singlet
appears to consist of three closely spaced equally intense resonances
(6 19.4, 19.2, and 18.9 ppm). The crystal structure?* of cis-
(Me;P),PtCl, shows that the two Pt—P bond lengths are not equal,
differing by 0.01 A. There are four molecules in the unit cell,
and for none of them are the methyl groups symmetry equivalent.
Hence, the 13C CP/MAS data are consistent with the crystal
structure, but the 3P CP/MAS spectrum does not exhibit two
chemical shifts as anticipated. The chemical shift dispersion range
of 3P is greater than that of '3C, and 3'P chemical shifts usually
experience a greater change with subtle environmental changes
than do *C chemical shifts. The single narrow (A»,;; = 40 Hz)
3P CP/MAS resonance could be due to low-energy molecular
librations that render the two phosphorus nuclei equivalent on the
NMR time scale.

The crystal structure?® of cis-(Ph,P),PtCl, shows that for this
complex as well the two platinum—phosphorus bond lengths differ
by 0.01 A. The CP/MAS 3P NMR spectrum (Figure 1) of this
complex displays two resonances? that are separated by 12 ppm.
Such a large chemical shift difference could be interpreted to mean
that the solid is a mixture of cis and trans isomers, but for both
resonances the magnitude of lJ(PtP) is in the characteristic range
for cis isomers. Only the cis isomer is present in solution, and
the value of 'J(PtP) observed in solution (3551 Hz) is within
experimental uncertainty equal to the average value observed in
the solid state (3523 Hz). These observations suggest that the
phosphine cone angle? plays a larger role in determining the

(23) Del Pra, A.; Zanotti, G. Cryst. Struct. Commun. 1979, 8, 737.

(24) Anderson, G. K,; Clark, H. C,; Davies, J. A.; Ferguson, G.; Parvez, M.
J. Crystallogr. Spectrosc. Res. 1982, 12, 449.

(25) Bemi et al. (Bemi, L.; Clark, H. C.; Davies, J. A.; Fyfe, C. A,; Wa-
sylishen, R. E. J. Am. Chem. Soc. 1982, 104, 438) observed two CP/
MAS 3'P resonances for cis-(Ph;P),PtCl; separated by 4.3 ppm at 36.44
MHz in a solid-state mixture of cis and trans isomers. Since 3'P
chemical shifts are quite sensitive to environment, the smaller chemical
shift difference observed by these authors may be due to environmental
effects.
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Table I. Solution and CP/MAS 'P NMR Data for (R;P),PtX,
Complexes

CP/MAS CDCl,
R,P X S0P VJ(PPY  6('P)¢  J(PtP)
Me,P cl -16.3 3429 —25.1 3481
Et,P cl 13.3 3412 8.6 3516
1.8 3460
n-Pr,P c 8.7 2358 2.7 2380
8.5 2367
8.2 2369
7.9 2398
7.1 2358
i-Pr,P cl 339 2411 26.6 2417
n-Bu,P cl 8.2 3492 0.1 3508
7.4 3486
n-Bu,P Br 8.8 2411 -1.1 2319
6.2 2358
3.6 2332
n-Bu;P I -5.1 2240 -9.0 2253
=15 2222
Cy,P cl 17.8 2410 15.8 2396
Ph,P cl 7.9 3625 -7.8 3551
4.1 3421
DBP c o107 3269 45 3491
40 3567
BzIPh,P  CI 18.3 3768 9.0 3735
16.5 3792
15.1 3774
Bzl,PhP  CI 10.8 2484 8.4 2534
Bzl,P cl 14.2 3694 47 3652
5.3 2448 5.3 2462
0.3 2387
Bzl,P Br 0.7 2375 -18 2397
-14 2315
Bzl,P I -13.8 2322 -10.5 2341
PhVy,P  Cl 8.4 3750 -44 3574
4.2 3447
PhVy,P 1 2.7 3494 =11 3368
0.8 3526
0.3 3547
-39 3325
-6.4 3268
-8.2 3101
Ph,VyP  Cl 15.2 3663 2.7 3633
6.9 3661
~0.5 3662
Ph,VyP Br 146 3670 2.3 3581
Ph,VYP I 6.1 3536 -0.3 3433
47 3443 0.5 2454
28 3205
1.8 3271
DMPP ca o213 3384 8.1 3345
18.1 3179
DMPP I 8.0 3022 5.1 3120
4.7 2336
TMP cl 1.8 3112 -2.1 3291
0.1 3323
TMP Br 3.5 3107 -18 3236
-2.1 3239
(CE)Ph,P 1 38 2400 1.8 2451
(CE),PhP  CI 0.8 3670 0.3 3560
-4.6 3475
(CE),PhP Br 8.9 0.1 3521
79 e
6.9 3490
5.4 3440
4.0 e
0.4 3490
-1.0 3520
=32
(CE),PhP 1 -0.4 2345 -0.5 2395
(CE),P cl 15.7 2440 10.5 3489
438 2476
(CE);P Br  -05 2484 6.3 2407
(CE),P I 3.1 2350 -04 2344

“Me = methyl; Et = ethyl; Pr = propyl; Bu = butyl; Cy = cyclo-
hexyl; DBP = phenyldibenzophosphole; Bzl = benzyl; Vy = ~-CH=
CH,;, DMPP = 1-phenyl-3,4-dimethylphosphole; TMP = 1,3,4-tri-
methylphosphole; CE = NCCH,CH,-. #In ppm at 300 K, relative to
Ph;P = —-6 ppm. ‘In hertz.
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Table II. Solution *C{'H} NMR Data for (R;P),PtX, Complexes

R,P X 8(*3C)? (carbon type, multiplicity),® J¢

Me,P Cl 17.05 (CH,, f), —1.64, 45.68 15.5¢

Et,P Cl 8.45 (CH,, t), 1.5, 28.0/ 16.80 (CH,, f), 1.9
37281794 4%

n-Pr,P Cl 2276 (Cy 1), 32.7¢, 237 17.21 (Cyy 1), 15,65
15.73 (CH,, 1), 14.2¢

i-Pr,P Cl 21.22 (CH, 1), 27.4,£ 22.5/19.10 (CH,, 1), 13.2¢

n-Bu,P Cl 2607 (Cg, t), 16.1;¢ 23.85 (C,, ), 0.02,g 37.46%
15,74 23.64 (Cv, 1), 14.6e

Bzl,P Cl 133.6 (Ci, 5); 130.3 (C,, 5); 128.46 (Cy, s);
126.68 (CP, s); 27.61 (CH,, f) 28.5¢

DMPP I 1549 (Cg ), 12,2, 127.8 (C,. 1), 65.9.f 29.3/
18.5 (CH,, ), 13.4¢

TMP Cl 1540 (Cs D), 12.2,° 35471249 (C,, ), 64.7,f

35.4718.6 (3,4-CH,, t), 13.4¢,40.3/12.5
(1-CH,, f), 41.5¢

(CE)Ph,P 1 13378 (C,, 1), 10.9;¢ 131.24 (C,, 5); 129.15; (C,
5); 128.46 (Cpp, t), 10.9; 118,32 (CN, m);
28.36 (c,, m) 29.0;¢ 13.50 (Cg, 5)

(CE);PhP  Cl 1319 (C,, 5); 131.1 (C,, t), 9.8;° 128.96 (Cm, t),
9.8;¢ 125.95 (C;, d), 63.4;¢ 119.01 (CN, f), 0.9,%
17.3£17.1; 19.60 (C,, m), 39.1;¢ 12.23 (C,,
t), 29.3¢

(CE),PhP  Br 132.24 (C,, s5); 131.37 (C,, m); 129.47 (Cy, m);
119.72 (CN, m); 21.01 (C,, m) 39.1;* 12.74
(Cg m)

(CE}PhP 1 132.88 (C, t) 12.2;¥ 131.32 (C,, 5); 129.56 (C;,
5); 128.54 (Cm, 1) 13.07 119.43 (CN, m);
23.42 (C,, m) 35.4;¢ 12.69 (Cz, m)

cis-(CE),P Cl 119.40 (CN, m); 16.32 (C,, m); 11.44 (C4 m)

trans-(CE);P Cl 119.74 (CN, m); 18.96 (C,, m); 12.28 (C4, m)

(CE),P Br 120.01 (CN, m); 15.8; 17.96 (C,, d) 34.2:¢ 12.06
(Cg, 1) 21.9¢
(CE),P 1 119.81 (CN, m); 21.86 (Ca, m); 12.52 (Cg, m)

9In ppm at 300 K in CDCl;, relative to TMS = 0 ppm. ®Carbon
type: CH = methine; CH, = methylene; CH; = methyl; C; = ipso; C,
= ortho; Cp, = meta; C, = para; CN = cyano; C, = C attached to P;
Cs = second C from P; C, = third C from P. Multiplicity: s = singlet;
d = doublet; t = triplet; f = five-line multiplet. “All Js in hertz.
42J(PP). ¢|"J(PC) + "™2J(PC)|. /J(PtC). $1J(PC) or 3J(PC) with
LJ(PC) > 3J(PC).

chemical shift differences observed in the solid-state *'P NMR
spectra than do M-P bond lengths. The cone angle for Ph,P is
145° while that of Me,P is only 118°. Thus, whereas cis-
(Me,P),PtCl; is perhaps mobile in the solid state, cis-(Ph,P),PtCl,
is conformationally rigid and tetrahedrally distorted.

The crystal structure?’ of cis-(Et;P),PtCl, shows that this
compound also has two different Pt—P bond lengths. For it, two
CP/MAS ?'P resonances are observed at 13.3 and 11.8 ppm with
1J(PtP) values of 3412 and 3460 Hz, respectively (cf 'J(PtP) =
3516 Hz in CDCl, solution).?® At least six resonances are present
in its CP/MAS 3C NMR spectrum (Figure 2), and their as-
signment to methyl and methylene carbons cannot be unequivo-
cally made. The solution state *C{{H} NMR spectrum (Figure
2) contains two resonances, a five-line multiplet with associated
platinum satellites for the methylene carbons and a singlet with
3J(PtC) = 28 Hz for the methyl carbons. The cone angle of Et,P
(132°) appears to be sufficiently large as to distort this molecule
in the solid state just enough that chemical shift inequivalence
is observed for both the phosphorus and carbon atoms.

A resolution-enhanced CP/MAS *'P NMR spectrum of
trans-(n-PryP),PtCl, displays five resonances, spanning a range
of 1.6 ppm, all with \J(PtP)’s characteristic of trans isomers. Only
the trans isomer is present in CDCl, solution. Its CP/MAS BC
NMR spectrum contains three broad envelopes. The «-CH,
resonances lie between 22 and 26 ppm, the 8-CH, resonances lie

(26) Tolman, C. A. Chem. Rev. 1977, 77, 313.

(27) Manojlovié-Muir, L.; Muir, K. W.; Soloman, T. J. Organomet. Chem.
1977, 142, 265.

(28) Bemi et al.2® observed only one CP/MAS *'P resonance at 36.44 MHz
(5 8.9 ppm, 'J(PtP) = 3467 Hz) but the line width would obscure the
small chemical shift difference (4v;,, = 55 Hz) at this field strength.
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Table II1. GP/MAS ’C NMR Data for (R3P),PtX, Complexes

R;P X 8(13C) (carbon type)®
Me;P Cl 19.2 (CH,)
Et;P Cl 17.0,13.0 (CHy); 11.7, 11.1 ((C?); 10.1, 7.9 (CH,)
n-Pr,P Cl 24.0°(C,); 19.4, 18.8,17.8,17.3, 16.7, 16.2, (Cs

C)
PP Cl 24.0,20.7 (CH); 22.2, 21.7, 20.1, 19.6, 19.3 (CH3)
n-BuP  Cl 29.1,28.4, 26.6, 25.9, 25.4 (CH,); 18.1, 16.9, 15.7,

15.0 (CH,)

n-BuP  Br 28.5,27.7,27.3, 258, 25.3, 20.4 (CH,); 15.4, 15.0
(CHj)

n-BuP [ 283, 27.1,258, 235 (CHy;: 16.5, 163, 155, 15.0
(CH,;)

Bzl,P Cl 126-135 (Ph); 32.9, 30.4, 28.6, 27.4, 25.5 (CH,)

Bzl,P Br 124-135 (Ph); 33.7, 31.05 (CH,)

Bzl,P 1 125-136 (Ph); 38.1, 35.6, 33.8, 32.3 (CH,)

DMPP [ 157.3,155.2, 154.1, 152.0, 150.2 (Cy); 121-136 (C,,
Ph); 21.8, 20.6, 19.8, 19.2, 18.7 (CH})

TMP Cl 154.3, 149.7 (Cy); 125.4, 1244, 123.1 (C,); 21.2,
17.7, 16.5, 13.0 (CH,)

(CE)Ph,P [ 121-134 (Ph, CN); 30.1 (C,); 15.4 (Cp)

(CE),PhP Cl 117-121 (CN); 121-139 (Ph); 24.0 (C,); 10-22 (C,,
Cp)

(CE),PhP Br 1162123 (CN); 123-137 (Ph); 26.5, 23.9 (C.);
11-21 (C, Cy)

(CE),PhP 1 118-122 (CN); 127-136 (Ph); 28.6 (C,); 18.8, 15.3
(Cp)
(CE),P Cl 123.9,121.6, 118.6 (CN); 24.3, 19.4 (C,); 15.5, 145

(Cy)
(CE);P  Br 116-124 (CN); 25.0,21.0, 19.9 (C,); 1332 (Cp)
(CE),P 1 122.2,119.4 (CN); 23.0, 21.9, 19.9 (C,); 17.7 (C?);
16.3, 14.7 (Cy)

%In ppm relative to PDMS = 0 ppm; CH,; = methylene; CH,
methyl; Ph = phenyl; CN = cyano; C, = carbon attached to P; C,
second carbon from P; C, = third carbon from P; C? = assignment
uncertain. ®Broad.

between 17 and 20 ppm, and the CHj, resonances come between
15 and 17 ppm and are comparable to the chemical shifts observed
in CDCl, solution (Table II). A crystal structure analysis has
not been done on this complex, but the CP/MAS data suggest
that there are slight conformational differences of the propyl
groups leading to slightly different environments for both the
phosphorus and carbon atoms in the solid state. This notion could
be tested by variable-temperature CP/MAS spectroscopy.

The solution 3C{'H} NMR spectrum of cis-(n-Bu;P),PtCl,
displays four resonances, with the a-, 8-, and y-methylene carbon
resonances appearing as a five-line multiplet (23.85 ppm), a triplet
(26.07 ppm), and a five-line multiplet (23.64 ppm), respectively.
The methyl resonance is a singlet at 13.23 ppm. The CP/MAS
13C NMR spectrum contains a broad envelope from 25 to 29.1
ppm that can be assigned to all three methylene resonances. Even
in solution, there was considerable overlap of these resonances.
Upfield of this envelope are four well-resolved narrow singlets at
18.1,16.9,15.7 and 15.0 ppm in a 1:1:2:2 intensity ratio attrib-
utable to the CH, groups. Two resonances are observed in its
CP/MAS P NMR spectrum at 8.2 and 7.4 ppm. The mag-
nitudes of 'J(PtP) indicate that this compound is the cis isomer
both in solution and in the solid state. The small (0.8 ppm)
difference in these two >'P resonances suggests that the extent
of molecular distortion in the solid state is small. The solid-state
structure is rigid and possesses fixed conformations of the
phosphines.

The analogous bromide complex, (#-Bu,P),PtBr,, is trans in
the solid state and in solution and exhibits three CP/MAS 3P
resonances. Its CP/MAS 3C spectrum is very similar to that
of cis-(n-BusP),PtCl,, displaying a broad envelope of resonances
between 20 and 29 ppm, but in this case, only two broad methyl
resonances appear at 15.0 and 15.4 ppm. The CP/MAS 3'P NMR
spectrum of (n-Bu,P),Ptl, (Figure 3) shows a well-resolved AB
multiplet. The magnitudes of 'J(PtP) and 2J(PP)¥ = 440 Hz

(29) Pregosin, P. S.; Kunz, R. W. 3P and '*C NMR of Transition Metal
Phosphine Complexes; Springer-Verlag: New York, 1979; pp 28-34.
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Figure 3. 121.4-MHz CP/MAS P NMR spectrum of trans-(n-
Bu;P),Ptl, (AB spin system).

are both consistent with the trans geometry. Only the trans isomer
is present in solution. The two phosphines in several of the
previously discussed complexes were also inequivalent, but in these
cases, P-P coupling was not observed because coupling between
cis phosphines is generally? less than 50 Hz, which is smaller than
the typical line width of CP/MAS *'P spectra. The CP/MAS
13C NMR spectrum of trans-(n-Bu,P),Ptl, parallels those of the
chloride and bromide analogues.

Since all the compounds thus far considered except cis-
(Me,P),PtCl, display two or more CP/MAS 3!P resonances be-
cause of solid-state distortions, one may expect that the solid-state
distortion would increase with increasing bulk of the ligands.
However, in the case of trans-(Cy,P),PtCl,, only one narrow (Av,
= 64 Hz) CP/MAS *!P resonance is observed, even though Cy,P
has a very large cone angle (182°). This suggests that trans-
(Cy,P),PtCl,, like cis-(Me,P),PtCl,, may be conformationally
mobile in the solid state.

The CP/MAS 3'P NMR spectrum of trans-(i-Pr;P),PtCl, also
displays only one resonance in spite of the steric bulk of i-PryP
(cone angle 160°). Its CP/MAS !*C NMR spectrum is compared
with the solution *C{!H} spectrum in Figure 4. As one can see,
the two different carbon resonances are readily distinguished in
the latter but not in the former. Even resolution enhancement
does not aid in the assignment of the CH and CH,; CP/MAS
resonances. Assignments can, however, be made by way of an
interrupted decoupling experiment® (Figure 5). This interrupted
decoupling experiment indicates that five of the seven resonances
are due to CH, carbons and two are due to the CH carbons. The
crystal structure® of trans-(i-Pr4P),PtCl, shows that the two
equivalent molecules in the unit cell are related by an inversion
center and each possesses inversion symmetry. This predicts a
single CP/MAS 3'P resonance. A single fixed conformation of
the phosphine is consistent with the number of observed CP/MAS
13C resonances with one pair of methyl groups being accidentally
chemical shift equivalent.

A series of benzylphosphine complexes was examined to further
explore steric effects. For cis-(BzIPh,P),PtCl,, trans-
(Bzl,PhP),PtCl,, and (Bzl;P),PtCl, the number of CP/MAS 3'P
resonances were three, one, and three respectively. The observation
of a single resonance for trans-(Bzl,PhP),PtCl, suggests that a
symmetry element (probably {) is present that relates the phos-
phines. The crystal structure3! shows that for the cis isomer, in
which intramolecular steric interactions are likely more pronounced
than for the trans isomer, a C, axis relates the two phosphines.

Solid-state >C spectra of (Bzl;P),PtX, (X = CI, Br, I) show
that, as for the palladium and platinum complexes® of MePh,P
and Me,PhP, the phenyl carbon resonances appear as broad en-
velopes between 120 and 140 ppm. Their methylene carbon
resonances were also broad envelopes between 25 and 33 ppm (X
= Cl), 25 and 34 ppm (X = Br), and 31 and 39 ppm (X = I).
The CP/MAS 3'P spectrum of (Bzl;P),PtCl, displays three

(30) Opella, S. J.; Frey, M. H. J. Am. Chem. Soc. 1979, 101, 5854.

(31) Robertson, G. B.; Tucker, P. A.; Wickramasinghe, W. A. Aust. J.
Chem. 1986, 39, 1495.

(32) Alcock, N. W.; Nelson, J. H. Acta Crystallogr., Sect. B 1982, B38,
2463.
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Figure 4. Comparison of (A) normal 75-MHz CP/MAS, (B) resolution-enhanced 75-MHz CP/MAS, and (C) 25-MHz "*C{'H} (in CDCl, at 300

K) NMR spectra of trans-(i-Pr;P),PtCl,.
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Figure 5. 75-MHz CP/MAS "3C interrupted decoupling spectra for
trans-(i-PryP),PtCl,. Delay times (us) are indicated on the spectra.

resonances, two of which have !J(PtP) values that are typical of
trans complexes and a third with a value characteristic of a cis
complex. The solution *'P{'H} NMR spectrum shows a mixture
of cis and trans isomers. The CP/MAS 3!P spectra of the bromide
and iodide complexes display two resonances and one resonance,
respectively, with platinum-phosphorus coupling constants in-
dicative of the trans geometry. Both complexes are trans in CDCl;
solution. Apparently, for this series of trans complexes, the extent
of the solid-state distortion decreases with increasing halide size.
This suggests that part of the distortion is induced by intermo-
lecular packing effects.

A group of (cyanoethyl)phosphine complexes was also studied
to determine the effects of halide and phenyl substitution. Of the
three trans iodide complexes, only the (NCCH,CH,);P complex
shows two CP/MAS 3'P resonances, indicating that it is more
distorted than the other two complexes. This is evidenced in their
CP/MAS '3C NMR spectra as well. Six resonances were observed
for the CH, carbons of trans-[(NCCH,CH,);P],Ptl,, suggesting
that there are no symmetry elements within this molecule in the
solid state. The CP/MAS 3C NMR spectrum of trans-
[(NCCH,CH,)Ph,P],Ptl, displays two CH, resonances at 31.0
and 15.4 ppm. The upfield resonance corresponds to the CH,
group attached to the CN moiety. The observation of one
phosphorus and only two methylene resonances shows that for
this complex there is very little solid-state distortion. For
trans-[(NCCH,CH,),PhP},Ptl, three CH, resonances and one
3P resonance were observed. Therefore, its solid-state structure

possesses a symmetry element that relates the two phosphorus
atoms but not the CH, carbons.

The CP/MAS 3'P NMR spectra of trans-
[(NCCH,CH,),P},PtX, (X = CI, Br, I) display one, one, and
two resonances, respectively. Their CP/MAS *C NMR spectra
display five CH, and three CN resonances (X = Cl), one broad
CH, resonance and one broad CN envelope (X = Br), and six
CH; and two CN resonances (X = I). Their CP/MAS NMR
data suggest that for this series of complexes the amount of
solid-state distortion increases as the size of the halide increases.
Thus, with flexible alkyl chains as in n-Pr,P, n-Bu,P, and (NC-
CH,CH,);P, hindered rotation about the M—P bond leads to
conformationally rigid complexes and distortions in the solid state.

The CP/MAS 3P NMR spectra of the
[{(NCCH,CH,),PhP],PtX, complexes differ markedly from each
other. In solution the chloride and bromide are cis and the iodide
trans. The CP/MAS 3'P NMR spectra of the iodide and chloride
complexes display one and two resonances, respectively, with
!J(PtP) values that parallel those observed in solution. The
CP/MAS 3P NMR spectrum of the bromide is quite complex,
containing at least eight resonances over a 12 ppm range, all with
1J(PtP) indicative of the cis geometry. In their CP/MAS 3C
spectra, only the methylene carbon resonances can be assigned
with certainty as the cyano carbon and pheny! resonances overlap.
The CP/MAS data for these three complexes indicate that sol-
id-state distortions are slight for the trans iodide and greater for
the cis chloride and bromide complexes with the bromide complex
possibly existing as a polymorphic mixture in the solid state.

The CP/MAS 3'P NMR spectra of the cis-(Ph,VyP),PtX,
complexes (X = Cl, Br, I) are all quite different from one another.
One (X = Br), three (X = Cl) and four (X = I) 3'P resonances
were observed, and on the basis of the magnitudes of 'J(PtP), all
three complexes are cis in the solid state. It should be noted that
the line width of the single *!P resonance observed for the bromide
complex was quite broad (Ar;;; = 430 Hz) compared to the
resonances observed for the analogous chloride and iodide com-
plexes (Av,;; = 100-130 Hz). This suggests that the bromide
complex may be distorted in the solid state, but low-energy li-
brations cause line broadening, obscuring the expectedly small
chemical shift differences. The presence of narrower multiple
resonances for the chloride and iodide complexes suggests that
these two complexes are conformationally more rigid.

The CP/MAS 3'P NMR spectrum of (PhVy,P),PtI, shows six
resonances with 'J(PtP) characteristic of the cis geometry. In
solution, this complex exists as a temperature- and solvent-de-
pendent mixture of cis and trans isomers, !¢ yet it crystallizes as
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Figure 6. 121.4-MHz CP/MAS 3P NMR spectra of (A) a solid-state
mixture of cis-(TMP),PtX, (X = Cl, Br) and (B) cis-(TMP),PtCl,.

the cis isomer. The CP/MAS 3P NMR spectrum of the chloride
analogue displays only two resonances, suggesting less molecular
distortion and rigidity than for the iodide complex. The crystal
structure!$ of cis-(PhVy,P),PtCl, shows that neither a mirror plane
nor a C, axis relates the two phenyldivinylphosphine ligands,
consistent with the observation of two P resonances.

The CP/MAS NMR data obtained for cis-(DMPP),PtI,
suggest that a pseudo mirror plane exists, relating the two
phosphorus nuclei but not the phosphole planes. Its resolution-
enhanced CP/MAS !3C NMR spectrum displays five methyl
resonances that span a 3.1 ppm range. In addition to these methyl
resonances, a group of five resonances between 150 and 157 ppm
may be assigned to Cg on the basis of the chemical shifts of these
carbon resonances in solution.!* The CP/MAS *'P NMR spec-
trum of the chloride analogue contains two resonances consistent
with its crystal structure!é in which there is no symmetry element
relating the two DMPP ligands.

The CP/MAS 3'P NMR spectrum for (TMP),PtBr, (Figure
6) was initially difficult to interpret. The central lines of this
spectrum appeared to be an AB multiplet, but the magnitudes
of 1J(PtP) indicated a cis geometry. Its ’C NMR spectrum did
not aid in the assignment. These spectra became readily inter-
pretable when the CP/MAS 3P (Figure 6) and '*C NMR spectra
for cis-(TMP),PtCl, were obtained. As one can see, the CP/MAS
3P NMR spectrum of the chloride complex displays two reso-
nances that closely match the center two resonances (except for
small environmentally induced chemical shift differences) for the
bromide complex. Apparently, the putative (TMP),PtBr, sample
was a mixture'® of the cis-(TMP),PtCl, and cis-(TMP),PtBr,
complexes. The dominant species present in solution is the
mixed-halide species cis-(TMP),PtBrCl, which is in equilibrium
with cis-(TMP),PtCl; and cis-(TMP),PtBr,.3* It is of interest
in this regard that in solution the mixed-halide species, which was
formed by incomplete!® metathesis of the cis-(TMP),PtCl, com-
plex with NaBr, is thermodynamically more stable than the two
symmetric species. But in the solid state, only cis-(TMP),PtCl,

(33) Rahn, J. A,; Holt, M. S.; Nelson, J. H. Polyhedron 1989, 8, 897.
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and cis-(TMP),PtBr; are present. We have previously observed
similar behavior3* for (R;P)(R’sP)PdCl, complexes.

All CP/MAS 3C resonances may be assigned for cis-
(TMP),PtCl, by comparison with its solution *C{'H} NMR data.!®
The two most downfield resonances correspond to the 8-carbons
of the phosphole ring. The a-carbons give rise to three resonances
around 124 ppm, and the methyl carbons show four resonances
between 13 and 21 ppm. The CP/MAS data suggest that there
is no symmetry in this molecule in the solid state.

The CP/MAS 3P chemical shift differences observed for the
cis-(R3P),PtX, complexes generally increase with increasing size
of the coordinated ligands. This suggests that intramolecular steric
effects lead to the solid-state distortions for the cis isomers. When
these intramolecular steric interactions reach a threshold, the trans
isomer becomes thermodynamically more stable than the cis
isomer. For the trans-(R;P),PtX, complexes, the solid-state
distortions are generally more pronounced for the smaller of the
coordinated ligands. This suggest that closely approaching
neighboring molecules by way of intermolecular crystal packing
effects induce the solid-state distortions for the trans isomers.

Phosphorus chemical shifts are extremely dependent upon en-
vironment, with significant solvent and temperature effects com-
monplace.’®*7 For the 31 compounds investigated herein, we find
that the chemical shifts in the two states are linearly related
[6C'Pcp/mas) = 1.026(*'Pcpgy,) + 4.48; (correlation coefficient
r2 =0.91)]. Hence, the CP/MAS chemical shifts are about 4.5
ppm downfield of those observed in solution.

These (R;P),PtX, compounds are frequently distorted in the
solid state though they possess time-averaged regular square-planar
geometries in solution. The magnitude of 'J(PtP) depends upon
the structure of the compound. We find that 'J(PtP)cp/mas =
0.98'J(PtP)cpcy, + 42 (72 = 0.96). Within the uncertainty of the
data, the environment has essentially no effect on the magnitude
of 'J(PtP).
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