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that similar interionic contacts less than van der Waals contact 
distances are found in most of the homo- and heteropolyatomic 
cationic species of the group 6 elements so far studied. 
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A series of four complexes of the type L2Pd(CNS)? (L = l-R-3,4-dimethylphosphole; R = CH,, t-C4Hg, CsHs, or CH&H,) 
have been prepared and characterized by conductance studies, infrared spectroscopy, and ‘H, l3C(’H}, and ,lP( ‘H} N M R  
spectroscopy. The complexes appear to be cis in the solid state with the exception of R = t-C,Hg, which is trans. The 
phenyl and benzyl complexes exhibit either a single mixed-linkage isomer or a mixture of N-bonded and S-bonded isomers 
in the solid state. Upon dissolution of the complexes in CDCl,, linkage isomerism occurs in all cases and geometrical isomerism 
in some cases, giving mixtures of isomers in solution. The methyl and tert-butyl complexes are trans in solution, and the 
benzyl and phenyl complexes exhibit intermediate exchange between cis and trans isomers in solution at  room temperature. 
An N M R  shift reagent, Eu(fod),, was used to facilitate the identification of isomers in solution. The crystal structure 
of cis-bis(thiocyanato)bis( 1,3,4-trimethylphosphole)palladiurn(II) was determined from three-dimensional X-ray diffraction 
techniques. The molecule crystallizes in the monoclinic space group C2/c in a unit cell of dimensions a = 9.212 (1) A, 
b = 15.344 (3) A, c = 14.572 (4) A, /3 = 96.89 (2)O, paid = 1.542 g/cm3, and pow = 1.53 (2) g/cm3. Refinement converged 
to R = 0.035, with 1195 independent reflections. The phosphole ring is planar in this complex, and short intracyclic P-C 
bond lengths (1.795 A) indicate the presence of some intracyclic electron delocalization within the coordinated phosphole. 

Introduction 
The bonding mode of the thiocyanate ion to “soft” metals 

such as Pd(I1) or Pt(I1) has been the center of much con- 
troversy over the last decade. Both electronic effects3s4 and 
steric effects5 or a combination thereof6 have been proposed 
to play the dominant role in determining the thiocyanate 
bonding mode. The controversy stems from the belief that 
either steric  effect^^-^ or electronic effects’O exclusively de- 
termine this bonding mode. In an attempt to resolve this 
problem, the question of whether phosphines do or do not 
function as n acceptors in Pd(I1) and Pt(I1) complexes in 
general was reevaluated,’ ‘-I3 as n-bonding arguments were 

(a) University of Nevada. (b) University of Georgia. (c) University of 
Warwick. (d) Institut National de Recherche Chimique AppliquBe. 
There are six possible square-planar isomers for the complexes L2Pd- 
(CNS)2, viz., cis and trans N-bound, cis and trans S-bound, and cis and 
trans mixed-linkage isomers. Throughout the paper “metal-thio- 
cyanate” bonding is represented as N(SCN), metal-isothiocyanate 
bonding is represented as M(NCS), and when no specific bonding mode 
is implied, M(CNS) is used; the term “mixed-linkage isomers” is used 
to imply the presence of two thiocyanate groups coordinated in a 
monodentate fashion but differing in their point of attachment to the 
metal. 
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being in~oked’~ to explain changes in thiocyanate coordination. 
Whatever the final outcome of this controversy, it is imme- 
diately apparent that the steric and electronic effects on the 
thiocyanate bonding mode are finely balanced for Pd(I1) 
complexes, and subtle changes in either one will tip this balance 
and determine both linkage and geometrical i~ornerism.’~ 

It has been shown16 that l-R-3,4-dimethylphospholes (I) H3rK: H 9 
I 
R 

I 

form complexes of the type L2PdX2 (X = C1-, Br-, Nq) 
containing Pd-P bonds which are as strong as, if not stronger 
than, those in structurally similar palladium-phosphine com- 
plexes. The enhanced bonding properties of these phospholes 
could be a consequence of their sterically undemanding nature 

(1 1) Pidcock, H. A,; Richards, R. E.; Venanzi, L. M. J.  Chem. SOC. A 1966, 
1707. 

(12) Venanzi, L. M. Chem. Br. 1968, 4 ,  162. 
(13) Zumdahl, S. S . ;  Drago, R. S. J .  Am. Chem. SOC. 1968, 90, 6669. 
(14) Meek, D. W.; Nicpon, P. E.; Meek, V. I. J .  Am. Chem. SOC. 1970,92, 

5351. 
(15) MacDougall, J. J.; Verstuyft, A. W.; Cary, L. W.; Nelson, J. H. Inorg. 

Chem., in press, and references therein. 
(16) MacDougall, J. J; Mathey, F.; Mayerle, J. J.; Nelson, J. H. Inorg. 

Chem. 1980, 19, 709 and references therein. 
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or of intracyclic phosphorus electron delocalization. In ad- 
dition, photoelectron spectroscopy studies” and Fenske-Hall 
MO calculations for phosphorus donors possessing electro- 
negative substituents indicate a greater possibility of metal- 
phosphorus T back-donation in palladium-phosphole corn- 
plexes than in palladium-phosphine complexes. Without 
joining into the n-bonding controversy, we can say that the 
electronic characteristics of the phosphole ligand made it very 
interesting, and an investigation of the structures and solution 
behavior of its palladium-thiocyanate complexes could yield 
valuable information concerning the bonding mode determiners 
for thiocyanate, as well as the nature of the palladium- 
phosphole bond. 

Experimental Section 
The ligands l-R-3,4-dimethylphosphole (R = CH3, t-C4H9, C6H5, 

or CH2C6HS) were synthesized as previously described.18 All 
chemicals were reagent grade and were used as received. All solvents 
were dried when necessary by standard procedures and stored over 
Linde 4-A molecular sieves. Melting points were determined on a 
Meltemp apparatus and are uncorrected. 

Conductivity studies were carried out at 25 f 0.1 OC. Temperature 
regulation was achieved with a Brinkman Lauda K-2/K temperature 
controller. Conductance measurements were made by using a Yellow 
Springs Instruments conductivity cell, Model No. 3403, and measured 
with an Industrial Instruments conductivity bridge, Model RC16B2, 
which was adapted in-house for use with a Tektronix Type 310 
oscilloscope. Conductance ranges for electrolytes were taken from 
published ~a1ues . l~  The complexes are nonelectrolytes in both CHC13 
and C H 3 N 0 2  solutions in the absence of excess ligand (Table V) .  

Infrared spectra (Table V) were recorded on a Perkin-Elmer 599 
spectrophotometer as Nujol mulls between CsBr plates and as CHC13 
solutions in NaCl cells. Integrated intensities of the CN stretching 
absorptions were determined by literature methods.*O When more 
than one thiocyanate vibration was observed, the total integrated 
intensity was measured. In all cases, the integrated intensity is per 
mole of SCN group. 

The ‘H, I3C(’H), and 31P(1H) N M R  spectra (Tables VII-IX) were 
recorded at  99.54, 25.00, and 40.26 MHz, respectively, on a JEOL 
FX-100 spectrometer in Fourier transform mode. Proton and car- 
bon-13 chemical shifts were measured relative to internal Me4%, while 
the phosphorus-3 1 chemical shifts were measured relative to external 
P(OCH3)3 (140 ppm downfield from H3P04) and were corrected to 
85% H,P04. The preparation of CDC13 solutions for N M R  analysis 
has been previously described.21 A lanthanide shift reagent, Eu(fod),, 
was used in a 2:l comple~:Eu(fod)~ ratio in CDC13 solutions. 

Preparation of the Compounds. Each of the complexes was prepared 
by a metathesis reaction of the appropriate chloride complexI6 with 
NaSCN. An example of a typical preparation is shown as follows. 

Bis(thiocyanat0) bis( 1,3,4-trirnethylphosphole)palladiuni( 11). To 
1.00 g (2.33 X lo-’ mol) of dichlorobis(l,3,4-trimethylphosphole)- 
palladium(I1) in 25 mL of CH,OH was added 0.38 g (4.66 X 
mol) NaSCN in 10-15 mL of CH30H.  The resulting solution was 
heated gently, and a color change from yellow to orange accompanied 
the addition of NaSCN. The solvent was subsequently removed on 
a rotary evaporator, and the remaining solid was extracted with hot 
CHCI,. After it was filtered to remove NaC1, the solution was 
refrigerated, whence yellow-orange crystals appeared. These were 
washed with anhydrous diethyl ether and vacuum dried. 

Collection and Reduction of X-ray Data for Bis(thiocyanat0)bis- 
(1,3,4-trimethylphosphole)palladium(II). Experimental Section. 
Brown-yellow prismatic crystals were obtained by recrystallization 
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Mathey, F. Tetrahedron 1972, 28, 4171. 
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Table I. Crystal Data 

p =  96.89 (2)’ Cl ,H,ZN*P,SZPd 

space group: C 2/c z = 4  
cryst system: monoclinic V =  2044.9 (8) A 3  

a = 9.212 (1) A 
b = 15.344 (3) A 
c =  14.592 (4) A 
radiation: Mo K a  (graphite monochromator) 
max 2e, scan type: 50“, 8-28 
scan speed: 2.0-29.3” min“ depending on 

the intensity of a 2-s prescan 
scan range: A(20) = (1.6 t 0.692 tan e)”, 

starting the scan from -0.80” below the 
calculated K a ,  position 

stationary-crystal background counts of a 

mol wt 474.8 
d, = 1.53 (2) g/cm3 
dc = 1.542 g/cm3 

bkgd measurements: stationary-counter, 

/4 scan time at each end of the scan 
no. of independent reflctns used with I > 
341): 1195 

std reflctns: 3 remeasured after every 99 
reflections showed no decline during data 
collection 

abs coeff p(Mo K a ) :  12.38 cm-’ 
trans coeff range on F: 0.939-0.959 

‘.J -’ 

Figure 1. View of the complex molecule, with atom numbering scheme. 
Thermal ellipsoids are scaled at the 50% probability level. Hydrogen 
atoms are represented as circles of arbitrary size. 

from methanol. A suitable crystal was mounted on a Syntex P21 
diffractometer. The pertinent crystal data are presented in Table I. 
After data collection, the data were processed and corrected for Lorentz 
and polarization effects and for absorption. The XRAY 76 system 
was used for the calculation.22 

Solution and Refinement. The structure was solved by standard 
Patterson and difference Fourier methods. All least-squares refine- 
ments were on F, the function minimized being Cw(F,  - F,)2. The 
atomic scattering factors were taken from Cromer and M a m Z 3  The 
effects of the anomalous dispersion for Pd, P, and S were included 
in the calculation of F,; the values of Af’and Af ”were taken from 
the “International Tables for X-ray Cry~tallography”.~~ Full-matrix 
least-squares refinement on the position of the Pd atom alone, deduced 
from the Patterson function, led to R = 0.362. All nonhydrogen atoms 
were subsequently located and refined. Anisotropic refinement of 
all nonhydrogen atoms gave R = 0.044. In the next difference Fourier 
map, all 11 hydrogen atoms were located and were included as fixed 
atoms with Us set at  0.05 A2. A weight W = XY was used, where 
X = 1.0 or (sin 6’)/0.2 (sin 0 < 0.2) or 0.3l/(sin 6’) (sin 6’ > 0.31) 
and Y = 1.0 or F/45.0 ( F  < 45.0) or 190.0/F ( F  > 190.0). 

The final agreement values are R = 0.035 and R, = 0.034. The 
difference Fourier map calculated at the end of the refinement did 
not show any peak higher than 0.45 e. The final atomic coordinates 
and isotropic temperature factors for nonhydrogen atoms are presented 

(22) Stewart, J. M., Ed. “The XRAY 76 System”, Technical Report TR. 
446; Computer Science Center, University of Maryland: College Park, 
Md., 1976. 

(23) Cromer, D.; Mann, J.  Acta Crystallogr., Sect. A 1968, 24, 321. 
(24) “International Tables for X-ray Crystallography”; Kynoch Press: 

Birmingham, England, 1974; Vol. IV. 



Pd(I1) Complexes of l-R-3,4-dimethylphospholes 

Table 11. Positional Parameters (X lo4) and Anisotropic 
Temperature Factors (X lo3)  for Nonhydrogen Atoms with 
Esd's in Parenthesesa 

atom X Y z 

0.0 
1644 (2) 

3739 (8) 
2878 (8) 

-1780.1 (15) 

-3489 (6) 
-3362 (6) 
-1442 (7) 
-2381 (7) 
-2391 (7) 
-2345 (9) 
-4643 (7) 
-1610 
-3150 
-2690 
-580 

-3850 
-3270 
-1470 
-2270 
-4230 
-5320 
-5180 

2024.8 (4) 
838 (1) 

3062.1 (11) 
1371 (5) 
1178 (4) 
3213 (4) 
2726 (3) 
3952 (4) 
3915 (4) 
3472 (4) 
4514 (5) 
3087 (5) 
3810 
3980 
2980 
4410 
2200 
4950 
4870 
4180 
2910 
2640 
3620 

2500.0 
2413 (1) 
2352.9 (9) 
1272 (6) 
1734 (5) 

830 (4) 
1585 (4) 
1612 (4) 

831 (4) 
3408 (4) 

22 (5) 
24 (4) 

3750 
3320 
3860 
1640 
1820 

-110 
120 

-520 
-550 

160 
-110 

ut 1 ua a us 3 ut 1 u1s ua, 
43.9(4) 26.8 (3) 31.2(3) 0.0 4.3 (3) 0.0 
79.4 (13) 39.4 (10) 65.6 (11) 17.7 (8) 20.3 (10) 4.1 (8) 
45.4 (9) 35.3 (9) 35.5 (8) 3.0 (7) 5.0 (7) 2.2 (7) 
84(5)  76 (5) 131 (6) -19(4) 51 (5) -32(4) 
62 (5) 38 (4) 74 (5) 2(3)  6 ( 4 )  -18(3) 
41 (3) 52(4)  36 (3) 11 (3) 7 (2) -6 (3) 
48 (4) 38 (3) 46 (3) 0 (3) 7 (3) -1 (3) 
54 (4) 33 (3) 45 (3) 4 (3) 14 (3) 5 (3) 
63 (4) 40(3)  35 (3) 14 (3) lO(3) -6 (3) 
64(4)  51 (4) 48 (4) 8 (3) 18 (3) 3 (3) 

109 (6) 57 (4) 46 (4) 2 (4) 5 (4) 10 (3) 
67 (4) 79(5)  42(3)  9 (4) 1 ( 3 )  -6 (4) 
a Anisotropic temperature factors are in the form exp[-2n2. 

(Ullh2a*2 + ... + 2Ul,hka*b* + . . . ) I .  
Table 111. Interatomic Distances (A) and Angles (Deg) with 
Esd's in Parentheses 

Distances 
Pd-S 2.382 (2) Pd-P 2.277 (2) 
S-C(l) 1.677 (8) C(l)-N 1.14 (1) 
P-C(3) 1.802 (6) P-C(6) 1.812 (7) 
P-C(4) 1.790 (6) W k C ( 3 )  1.323 (8) 
C(4)-C(5) 1.345 (8) C(2)-C(8) 1.499 (8) 
C ( W 3 5 )  1.484 (8) C(5)-C(7) 1.498 (9) 

Angles 
S-Pd-P 170.03 (6) P-Pd-P' 91.30 (6) 
S-Pd-PI a 94.83 (6) Pd-S-C(I) 105.9 (2) 
S-Pd-S' 80.25 (7) S-C(l)-N 176.9 (7) 
Pd-P-C(3) 112.2 (2) C(3)-P-C(4) 91.7 (3) 

Pd-P-C(6) 117.2 (2) C(3)-P-C(6) 108.4 (3) 
P-C(3)-C(2) 109.9 (4) P-C(4)-C(5) 109.7 (4) 

C(3)-C(2)-C(5) 114.6 (5) C(2)-C(S)-C(4) 113.8 (5) 

a The roman superscript refers to atoms in the position -x, y ,  

Pd-P-C(4) 114.5 (2) C(4)-P-C(6) 109.9 (3) 

C(3)-C(2)-C(8) 124.3 (5) C(4)-C(S)-C(7) 124.6 (6) 

C(8)-C(2)-C(5) 121.1 (5) C(2)-C(S)-C(7) 121.6 (5) 

' I 2  - z. 
in Table 11. A perspective view of the molecule illustrating the atomic 
numbering scheme is shown in Figure 1. Selected interatomic dis- 
tances are given in Table I11 together with bond angles. Figure 2 
shows a packing diagram for the molecules in the unit cell as viewed 
down the crystallographic b axis. 
Results 

Reaction of L2PdC12 (L = l-R-3,4-dimethylphosphole) with 
NaSCN in methanol cleanly produces L2Pd(CNS)* complexes. 
These complexes are nonelectrolytes in both CHC13 and 
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Figure 2. View of the packing of the molecules approximately down 
the crystallographic b axis. 

Table IV. Equations of Least-Squares Planes and Distances (A) 
of Atoms from the Planes 

plane 1: S, S,a P, Pa 
0 . 3 0 7 ~  + 0.OOOy + 14.400~ = 3.600 

plane 2: P, C(2), C(3), C(4), C(5) 
5 . 5 9 8 ~  + 8 . 6 6 3 ~  + 7.0192 = 5.329 

[S -0.176, Sa 0.176, P-0.157, P 0.157, Pd O.OOO] 

[P-0.030, C(2) -0.010, C(3) 0.027, C(4) 0.033, C(5) -0.021, 
C(6) 1.410, C(7) -0.090, C(8) 0.0391 

* Atoms in position -x, y ,  - z. 

CH3N02 as evidenced by conductance measurements (Table 
V). The solid-state geometry and thiocyanate bonding mode 
were determined from infrared spectroscopy on Nujol mulls. 
For15325 a ~ i s - L ~ P d ( s c N ) ~  complex one would expect to see 
two v(CN) vibrations in the vicinity of 2100 cm-I, with Avl/2 
values in the 20-30-cm-' range, internal standard ratios less 
than 1, and two G(NCS) vibrations in the vicinity of 400 cm-'. 
For'5325 a C ~ S - L ~ P ~ ( N C S ) ~  complex one would expect two 
v(CN) vibrations in the vicinity of 2085 cm-', with values 
in the 40-6O-cm-' range, internal standard ratios greater than 
1.5, and two G(NCS) vibrations in the vicinity of 475-485 cm-'. 
The mixed-ligand complex cis-L2Pd(NCS)(SCN) would be 
expected to show a combination of the above, i.e., two v(CN) 
vibrations, one near 2100 cm-' with - 25 cm-' and one 
near 2085 cm-l with A V , / ~  - 50 cm-', and two G(NCS) vi- 
brations, one near 440 cm-' and one near 480 cm-'. For a 
mixed-ligand complex the average ISR would probably be 
greater than one. The ~ ~ ~ ~ S - L ~ P ~ ( S C N ) ~ ,  t ran~-L~Pd(NcS)~,  
and trans-L2Pd(SCN)(NCS) complexes would display in- 
frared characteristics similar to those of their cis counterparts 
except that single vibrations should be observed for both u(CN) 
and G(NCS). A solid-state mixture of C ~ ~ - L ~ P ~ ( N C S ) ~  and 
C ~ S - L ~ P ~ ( S C N ) ~  would be expected to show four v(CNS) 
vibrations. The solid-state geometries cited in Table VI were 
assigned by using the above criteria, and the assignment for 

CIS- ( P C H3 )nPd (SC N 12 x 
was confirmed by X-ray crystallography.26 

The structures in solution were determined from a combi- 
nation of infrared spectroscopic and nuclear magnetic reso- 

(25) Norbury, A. H. Adu. Inorg. Chem. Radiochem. 1975 17, 231. 
( 2 6 )  See paragraph at end of paper regarding supplementary material. 
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Table V. Infrared Spectral and Conductance Data for (Me,phosR),Pd(CNS), Complexesd 

MacDougall et al. 

6(NCS), bonding geo- AmC 
R mp, "C state u(CN), cm-' Av, , , ,  cm" A' ISRb cm-' mode metry CHCl, 

129 Nujol 2105 
CHC1, 2115, 2085 

t-C, H, 210 Nujol 2095 
CHC1, 2100 

c, H5 176 Nujol 2116, 2090 
CHCl, 2116, 2085 

CH,C6H5 137 Nujol 2115, 2080 
CHC1, 2108, 2080 

CH, 29 0.366 425,435 
23, 38 5.57 
46 2.15 461 
40 14.6 
22,69 1.82 450,465 
24,42 5.54 
15, 70 2.66 460, 470 
25,55 11.43 

SCN cis -0 44.5 
SCN, NCS 
NCS trans -0 45.9 
NCS 
SCN, NCS cis -0 41.7 
SCN, NCS 
SCN, NCS cis -0 43.4 
SCN, NCS 

a Integrated intensity X M-' cm-, , Internal standard ratio. See ref 20 for criteria. Molar conductance, mho's X Conduc- 
tance value ranges can be found in ref 19. 

Table VI. 99.54-MHz 'H NMR Spectral Data for (Me,phosR),Pd(CNS), 

Me,phos = dimethylphosphole. 

6 ('H), line shape,a I nJpH + mzJpH I(Hz) 

R ring c,,4 ring CH, P-CH, t-BuCH, Bzl CH, 
CH. 6.57. t. 33.2 2.11, s 
t-C;H, 6.64, 33.2; 6.48, 33.2; 2.10, s 

6.30, t, 33.2 

'HZ '6 HS 6.37, cm 1.92, s 
C6H5 6.66, cm 2.12, s 

a s = singlet, t = triplet, and cm = collapsed multiplet. 

nance techniques. The solution infrared criteria are the same 
as those for the solid state except that in solution the internal 
standard ratio criteria for the v(CN) vibrations are replaced 
by integrated intensity criteria:25 M-SCN ( A  = 1-3 X lo4 M-' 
cm-2); M-NCS ( A  = 7-11 X lo4 M-' cm-2 ). In CHC13 
solutions G(NCS) is obscured by solvent vibrations. 

The overall geometry of an (R3P),PdX2 complex is readily 
d i ~ c e r n e d ~ - ~ J ~ ~ ~ ~  from a combination of 'H, I3C, and 31P NMR. 
For both 'H and 13C NMR most resonances will be 1:2:1 
triplets for trans-L2MXz complexes. For cis-L2MX2 complexes 
the proton resonances generally appear as doublets, and the 
13C('HJ resonances may appear as a five-line multiplet, a 
non-l:2:l triplet, a doublet of doublets, or a doublet. The 
31P( lH] resonances will appear as distinct singlets for cis- 
L2Pd(SCN)2, ~ i s - L ~ P d ( N c s ) ~ ,  and each of the trans-L2Pd- 
(CNS), and as a doublet of doublets for cis-L2Pd(SCN)- 
(NCS). 

Bis( thiocyanato) bis( 1,3,4-trimethylphosphole)palladium( 11). 
The appearance of the infrared spectrum indicates that this 
complex is cis S-bound in the solid state, and this is confirmed 
by the crystal structure. In solution, the complex is a mixture 
of trans S-bound and trans N-bound isomers. Conductance 
measurements indicate that no ionic species are present in 
solution. The proton NMR indicates one trans isomer from 
the appearance of the phosphole ring C3,4 proton resonance 
(Table VI), which is a 1:2:1 triplet at 6 6.57. The 13C('HJ 
spectrum (Table VII) also indicates one trans isomer. Two 
singlets appear in the 31P(1H) NMR spectrum (Table VIII). 
But upon addition of a lanthanide shift reagent, Eu(fod),, these 
become three singlets. The lanthanide-induced shifts decrease 
in the order ML,(SCN), > ML2(SCN)(NCS) > ML,- 
(NCS),. The appearance of the 'H and l3C(IH) NMR spectra 
with Eu(fod), present, in addition to criteria previously del- 
ineated,15$27-30 allows us to assign the isomers and their relative 
abundances as follows: 0.07:l :0.26::trans-L2Pd- 
(NCS)2:trans-Lz:tran-L2Pd(NCS) (SCN):tram-L2Pd(SCN)2. 

It might be anticipated that the lanthanide-shift reagent 
could influence the thiocyanate bonding mode by interacting 

1.73, cm 
1.33, t, 16.6 

3.52, cm 

Table VII. 25.00-MHz ' {'H } NMR Spectral Data for 
(Me, phosR) Pd(CNS) e _-  

6 (I  ,C), line shape,' I "Jpc+ ' 'JPc I (Hz) 

R CH, t-C,H, c , H , ~  CH,C,H; 

ring C3,, 122.76, t, 50.0 120.65, t, 41.5 n.0. 132.61, s 

ring C,,, 154.45, t, 10.9 155.47, t, 9.7 154.98, s 155.32, s 

Ph C, n. 0. 128.96, s 
Ph C2,6 132.95, s 129.54, s 
Ph c 3 * 5  129.10, s 128.13, s 
Ph C, 131.74, s 127.10, s 
CH,/CH, 7.65, t, 26.0 31.39, s 

119.55, t, 44.0 
119.04, t, 44.0 

155.27, t, 9.7 
154.83, t, 9.7 

29.33, t, 5.8 
28.61, t, 5.8 
28.12, t, 5.8 

36.36, t,  23.2 
35.92, t, 20.8 

t-Bu CH, 

ring CH, 17.79, s 17.94, t, 11.0 17.87, s 17.79, s 
t-Bu, 3 "C 

a s = singlet and t = triplet. n.0. = not observed. 

Table VIII. 40.26-MHz 31P{1H }NMR Spectral Data 
for (Me,phosR),Pd(CNS), 

6,'P 
R without Eu(fod), with Eu(fod),' 

CH, 13.83,b 10.95c 15.57 (19.5),d 13.97 

t-C,H, 47.32,b 46.51,b 43.63b 47.33 (25.3): 46.51 

(75.2): 10.94 
(5.3)C 

(59.0).c 43.67 

'6 H5 24.05 
CH,C,H5 26.10b 

(15. 7 jd 
24.08e 
29.60 (27.6): 26.10 

(72.4)c 

a Numbers in parentheses indicate relative percent abundances. 
Positive chemical shifts are downfield of 85% H,PO,. For 
(CNS),. For (NCS),. For (SCN),. e For (NCS)(SCN). 

(27) Carty, A. J.; Jacobson, S. E. J.  Chem. SOC. Chem. Commun. 1975, 175. 
(28) Carty, A. J. Inorg. Chem. 1976 IS, 1956. 
(291 Verstuyft, A. W; Nelson, J. H.; Caw. L. W. Inora. Nucl. Chem. Le f t .  . ,  

1976, i2, 53.  
(30) Anderson, S. J.; Norbury, A. H. J .  Chem. SOC., Chem. Commun. 1975, 

48. 

with the M-SCN moiety in preference to the M-NCS moiety 
and thereby stabilize the former. This does not seem to be 
the caseI5 as the integrated areas under the two 31P resonances 
at 6 15.57 and 13.97 (Table VIII) in the presence of Eu(fod)3 
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are equal to the integrated area of the 6 13.83 resonance in 
its absence, Further the area of the 6 10.94 resonance is not 
affected by E ~ ( f o d ) ~ .  The shift reagent also appeared to have 
no effect on the relative intensities of the 31P NMR resonances 
for the other complexes. 

Bis( thiocyanato) bis( l-tert-butyl-3,4-dimethylphosphole)- 
palladium(I1). The infrared data indicate that the complex 
is trans N-bound both in the solid state and in CHC13 solution. 
The proton NMR spectrum shows three 1 :2: 1 triplets for the 
ring C3,4 protons, and the 13C(*H) spectrum also indicates the 
presence of three trans isomers. In the 31P(1H] spectrum, upon 
addition of E ~ ( f o d ) ~ ,  the S-bound isomer 31P chemical shift 
moves downfield by an amount greater than that for the 
mixed-linkage isomer. The N-bound isomer chemical shift 
is unchanged. Thus the isomers are assigned a 
1 :0.43:0.27::trans-L2Pd(NCS)~:~rans-L2Pd(SCN)(NCS): 
~ ~ U ~ S - L , P ~ ( S C N ) ~  ratio. 

Bis( thiocyanato) bis( l-phenyl-3,4-dimethylphosphole)paUa- 
dium(I1). The infrared data indicate that the complex is a 
mixture of cis N-bound and S-bound isomers in the solid state. 
The solution IR data also indicate that a mixture of isomers 
is present. The proton and 13C(lH) NMR spectra indicate 
intermediate exchange exhibited by broad singlets with no P-C 
coupling, and the 31P(1H) spectrum shows only one broad 
singlet that does not shift position in the presence of Eu(fod)3. 
This indicates that, in solution, this complex is a rapidly ex- 
changing mixture of cis and trans N-bound species and perhaps 
S-bound species as well. Conductance measurements indicate 
that no ionic species are present in solution. 

Bis( thiocyanato)bis( l-benzyl-3,4-dimethylphosphole)paUa- 
dium(I1). The infrared data indicate that this complex is a 
mixture of N-bound and S-bound isomers both in the solid 
state and in CHC13 solution. As with the l-phenyl-3,4-di- 
methylphosphole complex, the 'H and 13C{'H) spectra show 
broadened singlets with no P-H or P-C coupling, indicative 
of intermediate exchange. The 31P(1H) NMR spectrum shows 
one broad resonance and upon addition of Eu(fod), shows two 
resonances. All the data indicate that the species present in 
solution are N-bound and S-bound isomers rapidly exchanging 
between cis and trans. The ratio of S-bound to N-bound is 
0.38:1, 

Description of the Structure of cis-Bis( thiocyanat0)bis- 
(1,3,4-trimethylphosphole)palladium(II). There is an ap- 
proximate square-planar geometry around the palladium atom, 
and a least-squares plane calculated through the four coor- 
dinated atoms (Table V) shows that the square-planar geom- 
etry at the palladium center is more distorted toward tetra- 
hedral (8.3' dihedral angle) in this complex than in 
[(dpm)Pd(SCN),lg (2.0' dihedral angle). Yet, dichlorobis- 
( l-phenyl-3,4-dimethylphosphole)palladium(II)16 (7.2' dihe- 
dral angle) is less tetrahedrally distorted than dichlorobis- 
(dimethylphenylphosphine)palladium(II)31 (8.7' dihedral 
angle). This suggests that, in (dithiocyanato)bis( 1,3,4-tri- 
methylphosphole)palladium(II), the geometry in the solid state 
is determined mainly by electronic factors and relief from steric 
interaction results in pseudotetrahedrality (an unstable3, 
electronic arrangement for palladium). Thus, unless the steric 
interactions are substantial, tetrahedral distortion results rather 
than the trans geometry. The bond angles around palladium 
are unexceptional although it is worth noting that the P- 
(l)-Pd-P(2) angle of 91.30' is smaller than the corresponding 
angle in dichlorobi's( 1 -phenyl-3,4-dimethylphosphole)palla- 
dium(II)16 of 93.93'. This presumably reflects both the larger 
steric bulk of the thiocyanate ion relative to the chloride ion 
and the smaller ligand size of the methylphosphole relative 
to the phenylphosphole. 

(31) Martin, L. L.; Jacobson, R. A Inorg. Chem. 1971, 10, 1795. 
(32) Eaton, D. R. J.  Am. Chem. SOC. 1968, 90, 4272. 
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Figure 3. View of the phosphole ring from a direction near the Pd-P 
bond, demonstrating that the ring is planar and that the exocyclic 
methyl groups lie in the plane of the ring despite the fact that they 
are much closer than van der Waals contacts. 

The Pd-P bond length in this complex (2.277 (2) A) is 
longer than those in other phosphole (2.240 (3) A in 11) and 

q=Jc6H5ipdc'. - 
I1 

phosphine complexes of palladium(II);16 it and the Pd-S bond 
distance (2.382 (2) A) are slightly longer than those found 
in [(dpm)Pd(SCN),lg (2.273 (4) and 2.364 (2) A, respec- 
tively). This is most likely an effect of antisymbiotic trans 
bond-lengthening influences for phosphines and the thiocyanate 
ion and suggests that 1,3,4-trimethylphosphole and probably 
1-substituted 3,4-dimethylphospholes in general have a higher 
trans bond-lengthening influence than ordinary phosphines. 

The average intracyclic P-C bond length (1.795 A) is 
shorter than the calculated', P-C sp2 single-bond length of 
1.84 A and is very similar to that found for dichlorobis(1- 
phenyl-3,4-dimethylphosphole)palladium(II) (1.798 A). This 
indicates that stabilizing interactions within the phosphole ring 
still exist in the coordinated ligand. See discussion in ref 16 
and 33 for further substantiation of this conclusion. 

From Table IV and Figure 3 it can be seen that the phos- 
phole ring is essentially planar and that C(7) and C(8) lie in 
the plane of the ring, as was previously found16 for dichloro- 
bis( 1 -phenyl-3,4-dimethylphosphole)palladium( 11). The bond 
lengths and angles in the thiocyanate groups are normal and 
do not differ significantly from their expected values. The 
angle between the plane Pd, S, N and least-squares plane 
calculated through P, C(2), C(3), C(4), and C(5) is 75.4'. 

The mean C3,4-P-C6 bond angle of 109.1' is not too dif- 
ferent from that in l-benzylph~sphole~~ (106.1') and suggests 
that 1,3,4-trimethyiphosphole undergoes minimal electronic 
reorganization upon coordination. The ramifications of these 
current data are in agreement with our previous conclusions 
for phosphole complexes.'6 
Discussion 

There are two basic questions which this study addresses: 
(1) What factors dominate the energy difference between cis 
and trans isomers in L2PdX2 complexes and (2) what controls 
linkage isomerism of the thiocyanate ion? We have previously 
studied the former question in considerable detail.3-5*34 In 

(33) Coggon, P.; McPhail, A. T. J.  Chem. SOC., Dalton Trans. 1973, 1888. 
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general the cis isomer of L2PdX2 complexes is themodynam- 
ically more stable than the trans isomer in chloroform solution 
due to stronger internal bond strengths and a greater sol- 
vent-solute interaction with the cis isomer unless steric effects 
are large, in which case the trans isomer is favored. The 
isomerization energetics34 for the series of complexes DWdX2 
where X = C1, Br, or N3 demonstrate that the phosphole 
ligands stabilize the cis geometry to an even greater extent 
than typical phosphines due to their reduced steric bulk and 
stronger palladium-phosphorus bonds. The palladium azide 
complexes of phospholes which are isoelectronic and sterically 
similar to the palladium-thiocyanate-phosphole complexes are 
entirely cis is chloroform solution and in the solid state as well. 
Consequently, one might anticipate that in the solid state the 
Pd(phosph~le)~(CNS)~ complexes would possess the cis ge- 
ometry. This is the case except for the tert-butyl complex 
which contains the phosphorus ligand with the greatest steric 
bulk. 

Previous investigators have proposed that the thiocyanate 
bonding mode is determined predominantly by steric 
electronic effects,1° or a combination6 of the two. Though the 
extent, if any, of retrodative metal-ligand 7~ bonding in 
square-planar bis(phosphine) complexes is highly controver- 
~ia1,Il-I~ several authors have rationalized the bonding mode 
of thiocyanate with r-bonding arguments. Recently, however, 
arguments for the of steric effects have been put 
forth. In a preliminary in~es t iga t ion~~ we suggested that 
palladium(I1) is ambivalent toward the thiocyanate ion, and 
subtle changes in either steric or electronic effects will tip the 
balance and determine the thiocyanate bonding mode as well 
as the geometry of any individual L2M(CNS)2 complex. These 
ideas were fortifiedI5 by a more detailed study of L2Pd(CNS)2 
complexes (L = RnP(C6H5)3-n, n = 0-3; R = CH3 and 
C6H5CH2) wherein we noted that neither the thiocyanate 
bonding mode nor the overall geometry was a simple function 
of the electronic or steric properties of the phosphorus donor 
ligands (L). 

In contrast, the solid-state geometry and thiocyanate 
bonding mode of the phosphole L2Pd(CNS)2 complexes seem 
to be predominantly determined by steric effects. Thus, with 
the largest ligand (l-tert-butyl-3,4-dimethylphosphole) the 
trans N-bound complex is observed in the solid state. As the 
ligand bulk decreases, cis complexes with mixed thiocyanate 
bonding modes are found for the phenyl- and benzylphosphole 
complexes. Finally with the smallest ligand, the methyl- 
phosphole, the cis-LzPd(SCN)z complex is found in the solid 
state. Hence, if crystal packing forces and solubilities are not 
determining the solid-state structures, the C ~ S - L ~ P ~ ( S C N ) ~  
complexes should be the most stable for sterically small ligands, 
and, as the steric bulk of the phosphorus ligand increases, a 

change to the sterically more favored N-bound thiocyanate 
and trans geometry occurs. 

In solution, solvation effects become important,36 and we 
find that a geometrical isomerization often is accompanied by 
linkage isomerization upon dissolution in chloroform. In 
chloroform solution, trans complexes generally predominate 
as do N-bound thiocyanate. This is probably due to an entropy 
effect wherein the trans L2Pd(NCS)2 complexes probably 
interact less with chloroform than any of the other isomers 
and so bind fewer solvent molecules in the second coordination 
sphere than any of the other isomers. One difficulty with this 
explanation is the observation that E ~ ( f o d ) ~ ,  which, by virtue 
of its effect on the chemical shifts of ‘H, 13C, and 31P nuclei, 
is demonstrated to interact more stongly with the M-SCN 
moiety than the M-NCS moiety does not stabilize the former 
in chloroform solution. This can only be explained if this 
interaction is too weak to influence the thiocyanate bonding 
mode. Since the observed chemical-shift changes for the 
L2Pd( CNS)2 complexes induced by Eu(fod), are much smaller 
in magnitude than those typically found for lanthanideinduced 
chemical shifts of organic  molecule^,^' it seems reasonable to 
assume a weak interaction between L2Pd(SCN)2 and Eu(fod)3. 
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