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The complex Pd(C,,OH,,), has been prepared and isolated as the benzene solvate. From three-dimensional X-ray data col- 
lected by the 6-20 scan technique the crystal and molecular structure of the complex has been determined. The structure 
was solved by standard heavy-atom methods and has been refined by least-squares procedures to a conventional R factor of 
0,084 for 2449 nonzero reflections. The complex crystallizes in space group P1 of the triclinic system in a cell of dimen- 
sions a = 13.684 (5) A, b = 15.938 ( 5 )  A, c = 16.094 (5) A, 01 = 122.92 (5)”, p = 127.45 (5)’, h = 63.82 (5)’, and V = 2307 
A,. There are two formula weights per unit cell (pexptl = 1.26 (1) g/cm3; Pc&d = 1.276 g/cm3). Each pentadienone lig- 
and is coordinated to the metal through one olefin group. The coordination geometry about the Pd atom is essentially 
trigonal with the molecule having approximate C, symmetry. 

Introduction 
Organopalladium complexes have been of interest as homo- 

geneous catalysts and models for catalytic reactions. A re- 
view of organopalladium chemistry, however, will reveal that 
practically all work in this area has been performed on com- 
plexes of Pd(II).’ This appears to be related to the scarcity 
of Pd(0) organometallic complexes and the relative instability 
of those which are known. Few reports have appeared on 
Pd(0)-olefin complexes in contrast to the great interest in 
Ni(0)- and Pt(0)-olefin complexes and their use as catalytic 
agents. Attempts to prepare the bis(l,5-cyclooctadiene) 
complex of Pd(0) using procedures found to be successful 
for similar Ni(0) and Pt(0) compounds have failed.2 The 
ethylene complex Pd(P(C6H5),),(C2H4) has been reported 
but appears to be less stable than the Ni or Pt analogs3 
These results may be interpreted in terms of the view that 
Pd(0) has a much lower affinity for olefin coordination than 
Ni or Pt? 

Recently Takahashi, et al., noted that addition of sodium 
acetate to a solution of PdC142- and dibenzylideneacetone 
(DBA) (1,5-diphenyl-3-pentadienone) gave the complex Pd- 
(DBA):! .’ Subsequent reports by Maitlis have extended this 
work to Pt and have indicated that these compounds may be 
useful as alkyne oligomerization catalysk6 Additionally, 
the absence of 19’Pt coupling to olefin protons in the nmr 
of Pt(DBA)2 has been interpreted to indicate DBA coordina- 
tion through carbonyl groups. 

We have noted previously that Pd(DBA)2 dissociates in 
solution giving the binuclear complex Pd2(DBA)3 .7  The 

(1) P. M. Maitlis, “The Organic Chemistry of Palladium,” Vol. 
I and 11, Academic Press, New York, N .  Y., 1971. 

(2) S. Otsuka and M. Rossi, J.  Chem. SOC. A ,  2631 (1968). 
(3) R. van der Linde and R. 0. de Jongh, J. Chem. SOC. D, 563 

(4) Of the d lo  series Ni, Pd, and Pt, Pd has been predicted to be 
(1971). 

the weakest n-bonding metal: 
London, 273 (1961). 

R. S. Nyholm, Proc. Chem. Soc., 

(5) Y. Takahashi, T. Ito, S. Sakai, and Y .  Ishii, J. Chem. SOC. D, 

(6) (a) K. Moseley and P. M. Maitlis,J. Chem. SOC. D, 982 (1971); 

(7) M. C .  Mazza, C. G .  Pierpont, J. Chem. SOC., Chem. Commun., 

1065 (1970). 

(b) ibid., 1604 (1971). 

207 (1973). 

metal atoms in this molecule have trigonal coordination 
geometries with the pentadienone ligands bridging and bond- 
ing through olefin groups. We wish to report herein the for- 
mation of the complex Pd(DBA)3 by addition of excess DBA 
to Pd(DBA)2, thus indicating the existence of the reversible 
series of P.d-DBA complexes 

DBA DBA 
Pd,(DBA), I_ Pd(DBA),Q Pd(DBA), 

Synthesis and Properties of the Complex 
A fourfold excess of dibenzylideneacetone was added to a ben- 

zene solution of Pd(DBA),.8 The solution was heated and reduced 
in volume. The color gradually changed from the dark red of Pd- 
(DBA), to dark brown. For the present study the solution was al- 
lowed to evaporate entirely giving orange-brown crystals of Pd(DBA), 
among yellow crystals of DBA. An elemental analysis of the com- 
plex indicated the presence of one benzene solvate molecule per 
molecule of complex. The complex Pd(DBA), readily dissociates 
in solution in the absence of excess DBA giving Pd(DBA),. Attempts 
to wash crystals isolated in this way resulted in loss of the benzene 
solvate and crystal decomposition. The infrared spectrum of the 
complex shows a band predominantly u(C=O) at 1651 cm-’ , with 
olefin bands at 1598,1580, and 1531 cm-I. 

Collection and Reduction of the XRay Data 
A crystal of the complex Pd(DBA),C,H, was isolated and pre- 

pared for the crystallographic study. The crystal was coated with an 
amorphous resin to retard loss of the benzene solvate. On the basis 
of Weissenberg and precession photographs of the hkO, h k l ,  h01, 
h l l ,  Okl, and lk l  zones it was established that the complex crystallizes 
in the triclinic system. The lattice constants were determined at 
ambient room temperature from a least-squares refinement of the 
angular settings of 20 strong reflections centered on a Picker four- 
circle automated diffractometer using Mo KCY radiation ( h  0.7107 A) 
and are a = 13.684 (5) A, b = 15.938 (5) A, c = 16.094 (5) A, o( = 
122.92 (5)”, p = 127.45 (5 )” ,7  =63.82 (5)”, and V =  2307 A’. An 
experimental density of 1.26 (1) g/cm3 obtained by the flotation 
method agrees with a calculated value of 1.276 g/cm3 for two P& 
(C,,OH,,),~C,H, formula weights per unit cell. Space group P1 
(Cl’, No. 2)9 was chosen for the refinement. A crystal of dimensions 
0.21 X 0.23 X 0.35 mm was mounted along the Q* axis and prepared 
for data collection. The mosaic spread of the crystal was determined 

(8) Professor P. M. Maitlis has also reported the synthesis of Pd- 
(DBA), and Pt(DBA), using other procedures: ref 6a; P. M. Maitlis, 
Pure A p p l .  Chem., 3 3 , 4 8 9  (1973) .  

Kynoch Press, Birmingham, England, 1960, p 75.  
(9) “International Tables for X-Ray Crystallography,” Vol. I ,  
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Table I. Final Structural Parameters for Pd(C,,H,,O),C,H, 

Atomic Positional and Anisotropic Thermal Parameters 

Atom xa Y 2 P u b  P Z Z  0 3 3  017, 0 1 3  0 2 3  

Pd -0.1172 ( l )b  0.0212 (1) 0.1971 (1) 0.0074 (1) 0.0062 (2) 0.0047 (1) -0.0015 (1) 0.0030 (1) 0.0009 (1) 
C(1) -0.4039 (14) -0.1743 (15) -0.1503 (14) 0.0085 (18) 0.0013 (24) 0.0074 (17) 0.0013 (14) 0.0039 (14) 0.0023 (15) 
C(2) -0.3635 (15) -0.0848 (17) -0.0725 (15) 0.0095 (20) 0.0051 (27) 0.0066 (17) -0.0006 (16) 0.0053 (16) 0.0002 (14) 
C(3) -0.3601 (19) -0.0381 (30) 0.0456 (30) 0.0070 (20) 0.0037 (31) 0.0269 (41) -0.0013 (18) 0.0011 (22) 0.0017 (23) 
C(4) -0.3222 (17) 0.0643 (27) 0.1240 (18) 0.0051 (19) 0.0072 (34) 0.0113 (20) -0.0037 (16) 0.0023 (14) -0.0020 (18) 
C(5) -0.2914 (20) 0.1215 (28) 0.1137 (19) 0.0065 (22) 0.0030 (37) 0.0128 (21) -0.0038 (19) 0.0016 (17) 0.0008 (20) 
O(1) -0.3877 (12) -0.0960 (16) 0.0574 (10) 0.0093 (14) 0.0023 (26) 0.0086 (11) -0.0013 (12) 0.0010 (10) -0.0010 (11) 
C(6) -0.0819 (16) -0.3181 (18) 0.0536 (16) 0.0110 (22) 0.0119 (30) 0.0099 (19) -0.0061 (19) 0.0036 (17) 0.0002 (18) 
C(7) -0.0878 (18) -0.2306 (16) 0.1371 (19) 0.0149 (27) 0.0031 (27) 0.0214 (30) -0.0023 (20) 0.0015 (25) -0.0011 (21) 
C(8) 0.0140 (20) -0.1711 (18) 0.2122 (16) 0.0139 (28) 0.0045 (30) 0.0121 (22) -0.0024 (22) 0.0027 (21) 0.0020 (18) 
C(9) 0.0013 (16) -0.0707 (15) 0.3012 (14) 0.0131 (23) 0.0044 (23) 0.0085 (17) -0.0004 (16) 0.0021 (17) 0.0011 (15) 
C(10) -0.1084 (16) -0.0259 (14) 0.3082 (12) 0.0123 (22) 0.0070 (23) 0.0049 (14) -0.0025 (16) 0.0045 (15) -0.0006 (12) 
O(2) 0.1180 (11) -0.2123 (10) 0.2135 (10) 0.0097 (15) 0.0075 (17) 0.0117 (13) 0.0006 (11) 0.0057 (11) 0.0022 (10) 
C(11) -0.0663 (15) -0.2066 (14) -0.1193 (12) 0.0116 (21) 0.0051 (22) 0.0045 (14) -0.0030 (16) 0.0034 (14) -0.0005 (13) 
C(12) -0.0259 (16) -0.1392 (16) -0.0098 (13) 0.0118 (23) 0.0018 (28) 0.0085 (18) -0.0026 (18) 0.0058 (17) 0.0007 (16) 
C(13) -0.0849 (17) -0.0322 (19) 0.0098 (16) 0.0080 (20) 0.0057 (30) 0.0099 (20) 0.0009 (19) 0.0063 (17) 0.0046 (19) 
C(14) -0.0392 (14) 0.0510 (15) 0.1294 (13) 0.0055 (17) 0.0114 (27) 0.0035 (13) -0.0024 (16) 0.0010 (13) 0.0026 (14) 
C(15) 0.0605 (17) 0.0245 (15) 0.2207 (16) 0.0130 (25) 0.0051 (26) 0.0123 (21) -0.0041 (18) 0.0082 (20) 0.0021 (17) 
O(3) -0.1702 (11) -0.0022 (9) -0.0692 (10) 0.0109 (14) 0.0062 (15) 0.0101 (12) 0.0002 (10) 0.0049 (11) 0.0043 (10) 

Group Positional Parameters 
GroupC *C Y c  Z C  0 e P 

-3.627 (12) 2.329 (8) -2.406 (11) -0.2816 (8) -0.4445 (7) -0.1228 (7) 
-0.1324 (7) 0.1579 (6) 0.4889 (6) 2.088 (8) -3.014 (8) 1.114 (7) 

0.1808 (8) 0.1790 (7) 0.4462 (7) 0.810 (9) -3.072 (9) 0.927 (7) 

-0.2665 (6) 0.3302 (7) 0.2597 (6) -3.212 (10) -2.242 (9) 1.613 (10) 

R(1) 
R(2) 
R(3) 
R(4) 
R(5) 
R(6) 

-0.823 (11) -2.369 (8) 0.0428 (7) -0.4248 (7) -0.1783 (7) -1.748 (12) 

-0.4177 (6) -0.2666 (7) -0.3699 (7) 2.994 ( 7 )  3.043 (11) -1.510 (7) 
-2.949 (17) BZ 0.4667 (8) -0.2521 (9) 0.1596 (6) 1.717 (22) -2.362 (8) 

Q Estimated standard deviations of the least significant figures are given in parentheses here and in succeeding tables. b Anisotropic thermal 
parameters are in the form exp[-(h2pll + k2p2, + l Z p 3 ,  + 2hkp,, + 2hlpI3 + 2klp,,)]. 
group centers. The angles @, 0 ,  p are in radians and have been previously defined by R. Eisenberg and J. A. Ibers, Znorg. Chem.. 4, 773 (1965). 

xc ,yc ,  z c  are the fractional coordinates of the rigid 

using the narrow-source open-counter w-scan technique.” The aver- 
age width at half-height was found to be acceptably low at 0.21”. An 
independent set of intensity data was collected by the 6-28 scan tech- 
nique using Zr-filtered Mo KCY radiation at a takeoff angle of 1.5”. A 
receiving aperture of dimensions 4.5 X 4.5 mm was positioned 24 cm 
from the crystal. An unsymmetrical scan range in 20 was used from 
-0.6 to 4-0.7” of the Mo Kor peak with allowances made for the KCY, - 
KCY, separation at higher 28 values. The data set was collected within 
the angular range 5” 4 28 < 50”. Attenuators were inserted automat- 
ically if the count rate of the diffracted beam exceeded about 10,000 
counts/sec during the scan. The attenuators used were brass foil of 
thickness chosen to  give an approximate attenuation factor of 2.5. 
During data collection the intensities of six standard reflections in dif- 
ferent regions of reciprocal space were monitored after every 100 re- 
flections measured. None of these standards deviated from its mean 
value by more than 3% during the time required to  collect the data. 
Data were processed in the usual way with the values of Z and 00 
corrected for Lorentz and polarization effects. The intensities of a 
total of 4070 reflections were measured of which 2449 were observed 
to  be greater than 20. Since the crystal was approximately equidi- 
mensional and the linear absorption coefficient small ( p  = 4.4 cm‘l), 
no correction was applied for absorption effects. 

Solution and Refinement of the Structure 

sional Patterson function. After a cycle of least-squares refinement 
of the positional and isotropic thermal parameters of the atom and 
a single scale factor, the discrepancy indices R , = C llF, I - IFc l l /  

IF, I and R ,  = (Zw(  IFo I -IFc l)2/CwFoZ)1’2 were 0.55 and 0.59, 
respectively. The positions of the remaining atoms of the structure 
were determined from successive cycles of least-squares refinement 
followed by Fourier syntheses. 

The complete trial structure was refined by a least-squares pro- 
cedure in which the function minimized was Cw( IF, I - IFc I)’ and 
the weights w were taken as 4F,Z/~2(F,Z).  The standard deviations 
o(F2) were estimated from counting statistics according to  the formu- 
la given by Corfield, ef al., ‘ I  with a value of 0.03 for the uncertainty 

The position of the Pd atom was determined from a three-dimen- 

(10) T. C. Furnas, “Single Crystal Orienter Manual,” General 

(1  1) P. W. R. Corfield, R. J. Doedens, and J.  A. Ibers, Inorg. 
Electric Co., Milwaukee, Wis., 1957, Chapter 10. 

Chem., 6, 197 (1967). 

parameter. Only the 2449 reflections for which FoZ > 2a(FO2) were 
included in the refinement. In all calculations the atomic scattering 
factors for the nonhydrogen atoms were those of Cromer and Waber,’* 
while the hydrogen scattering factors were taken from the tabulation 
of Stewart, et a l l 3  The effects of anomalous dispersion were includ- 
ed in the calculated structure factors with the appropriate values of 
Af and Af” for the Pd atom taken from the report by C r ~ r n e r . ’ ~  
Throughout the refinement the phenyl rings and benzene solvate mole- 
cule were treated as rigid groups of D,h symmetry (d(C-C) = 1.392 A) 
in the manner described previously. Three cycles of least-squares re- 
finement with isotropic temperature factors assigned to  nongroup 
atoms, single thermal parameters assigned to  each group, and one 
scale factor reduced the discrepancy factors to R , = 0.1 19  and R ,  = 
0.164. Three more cycles of refinement with anisotropic thermal 
parameters assigned to  nongroup atoms and individual isotropic 
thermal parameters to  group atoms converged with discrepancy 
factors of R ,  = 0.084 and R ,  = 0.091. The positions of the hydro- 
gen atoms of the phenyl rings were then included (d(C-H) = 0.98 A) 
in a subsequent structure factor calculation. The discrepancy factors 
remained unchanged. No parameter changed by more than 20% of 
its standard deviation on the final cycle of refinement. The estimated 
standard deviation of an observation of unit weight is 2.14. A final 
difference Fourier map showed residual electron density equivalent 
to about 30% the height of a carbon atom in the vicinity of the solvate 
benzene molecule. The final positional and thermal parameters of 
the structure are given in Table I. Derived positional and thermal 
parameters of the groups are given in Table 11. Table 111 contains 
root-mean-square vibrational amplitudes of anisotropically refined 
atoms. A table of the final F ,  and IF, I values for the 2449 reflec- 
tions used in the refinement is available.” 

Description and Discussion of the Structure 

Pd atom bonded to olefin groups of three dibenzylideneace- 
The Pd(DBA)3 molecule consists of a trigonally coordinated 

(12) D. T. Cromer and J. T. Waber, Acta Crystallogr., 18, 104 

(13) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. 

(14) D. T. Cromer, Acta Cvystallogr., 18, 17 (1965). 
(15) See paragraph at end of paper regarding supplementary ma- 

(1965). 

Phys., 42, 3175 (1965). 

terial. 
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Table 11. Derived Positional and Isotropic Thermal Parameters 
for G r o w  Carbon Atoms 

Atom X Y z 

RlC(1) -0.1668 (10) -0.4787 (13) -0.1194 (12) 
RlC(2) -0.1881 (11) -0.3850 (11) -0.0403 (11) 
RlC(3) -0.2604 (13) -0.5382 (8) -0.2019 (9) 
RlC(4) -0.3963 (9) -0.4103 (13) -0.1262 (11) 
RlC(5) -0.3751 (13) -0.5041 (11) -0.2053 (11) 
RlC(6) -0.3028 (10) -0.3508 (8) -0.0437 (8) 

Ring R1 

Ring R2 
R2C(1) -0.1479 (13) 0.2487 (8) 0.5737 (9) 
R2C(2) -0.0432 (11) 0.2211 (9) 0.5631 (9) 
R2C(3) -0.2371 (9) 0.1855 (10) 0.4995 (11) 
R2C(4) -0.1169 (12) 0.0671 (7) 0.4041 (9) 
R2U.S) -0.2216 (10) 0.0947 (9) 0.4147 (10) 

B,  A' 

8.4 (6) 
5.8 (5) 
8.4 (6) 
6.6 (5) 
7.8 (6) 
5.0 (4) 

6.4 (5) 
7.1 (5) 
6.7 (5) 
5.3 (5) 
6.3 (5) 

R2C(6) -0.0277 (9) 0.1303 (IO) 0.4783 (11) 6.0 (5) 
Ring R3 

R3C(1) 0.2398 (13) 0.2508 (10) 0.5546 (8) 6.0 (5) 
R3C(2) 0.2916 (10) 0.1485 (12) 0.5304 (10) 8.9 (6) 
R3C(3) 0.1290 (13) 0.2813 (8) 0.4705 (13) 8.6 (6) 
R3C(4) 0.1218 (12) 0.1072 (10) 0.3378 (8) 5.3 (4) 
R3C(5) 0.0700 (10) 0.2095 (11) 0.3620 (12) 7.1 (5) 
R3C(6) 0.2326 (12) 0.0767 (8) 0.4219 (12) 6.9 (5) 

Ring R4 
R4C(1) 0.0927 (18) -0.5276 (8) -0.2102 (12) 7.6 ( 5 )  
R4C(2) -0.0116 (14) -0.4901 (9) -0.2916 (8) 7.7 (6) 
R4C(3) 0.1470 (12) -0.4623 (11) -0.0968 (10) 7.8 (6) 
R4C(4) -0.0071 (17) -0.3220 (8) -0.1464 (10) 5.3 (4) 
R4C(5) 0.09717 (121-0.3595 (9) -0.0648 (7) 5.5 (5) 
R4C(6) -0.0614 (12) -0.3874 (11) -0.2598 (9) 7.2 (5) 

Ring R5 
R5C(1) -0.2538 (18) 0.4315 (8) 0.3293 (12) 5.2 (4) 
R5C(2) -0.2553 (15) 0.3888 (11) 0.2268 (13) 7.2 (5) 
R5C(3) -0.2651 (9) 0.3730 (10) 0.3622 (7) 5.3 (5) 
R5C(4) -0.2792 (18) 0.2289 (8) 0.1901 (11) 4.7 (4) 
RSC(5) -0.2778 (15) 0.2717 (10) 0.2926 (12) 4.6 (4) 
R5C(6) -0.2679 (9) 0.2874 (11) 0.1572 (7) 6.7 (5) 

Ring R6 
R6C(1) -0.4236 (12) -0.3128 (13) -0.4749 (8) 8.0 (6) 
R6C(2) -0.4042 (11) -0.2127 (12) -0.4063 (13) 8.1 (6) 
R6C(3) -0.4371 (11) -0.3667 (8) -0.4385 (11) 7.2 (5) 
R6C(4) -0.4118 (10) -0.2205 (12) -0.2649 (8) 5.7 (5) 
R6C(5) -0.4312 (11) -0.3205 (12) -0.3335 (13) 6.1 (5) 
R6C(6) -0.3983 (10) -0.1665 (7) -0.3013 (12) 5.7 (4) 

Ring BZ 
BZC(1) 0.4680 (33) -0.3465 (10) 0.1462 (24) 10.6 (7) 
BZC(2) 0.5465 (18) -0.3365 (13) 0.1254 (15) 8.2 (6) 
BZC(3) 0.3882 (21) -0.2621 (17) 0.1804 (16) 9.8 (7) 
BZC(4) 0.4654 (32) -0.1577 (10) 0.1730 (23) 8.7 (6) 
BZC(5) 0.3869 (17) -0.1677 (14) 0.1938 (15) 6.4 (5) 
BZC(6) 0.5452 (20) -0.2421 (16) 0.1388 (16) 8.7 (6) 

Table 111. Root-Mean-Square Amplitudes of Vibration (A) 

Atom Min Intermed Max 
Pd 0.176 (3) 

0.08 (2) 
0.17 (2) 
0.18 (2) 
0.13 (2) 
0.09 (2) 
0.12 (2) 
0.20 (2) 
0.15 (2) 
0.19 (2) 
0.19 (2) 
0.16 (2) 
0.21 (2) 
0.15 (2) 
0.08 (2) 
0.15 (2) 
0.15 (2) 
0.08 (2) 
0.21 (2) 

0.208 (3) 
0.23 (2) 
0.24 (2) 
0.20 (2) 
0.23 (2) 
0.23 (2) 
0.22 (2) 
0.29 (2) 
0.28 (2) 
0.27 (2) 
0.24 (2) 
0.27 (2) 
0.27 (2) 
0.26 (2) 
0.23 (2) 
0.19 (2) 
0.20 (2) 
0.25 (2) 
0.27 (2) 

0.265 (3) 
0.25 (2) 
0.28 (2) 
0.58 (3) 
0.42 (3) 
0.36 (2) 
0.39 (2) 
0.38 (2) 
0.57 (3) 
0.39 (2) 
0.39 (2) 
0.31 (2) 
0.35 (2) 
0.27 (2) 
0.27 (2) 
0.28 (2) 
0.33 (2) 
0.32 (2) 
0.27 (2) 

Table IV. Principle Interatomic Distances (A) and Angles (deg) 
for Pd(C,,H,,O), C, H, 

Distances 
Pd-Cf4) 2.211 (19) Cf9)-C(lO) 1.39 (2) 
PdC(5  j 2.262 i22j ci8j-oi2)'  1.27 i2j  
PdC(9)  2.202 (20) C(ll)-C(12) 1.35 (2) 
Pd-C(l0) 2.213 (20) C(12)C(13) 1.47 (2) 
PdC(14)  2.231 (18) C(13)-C(14) 1.53 (2) 
PdC(15)  2.242 (17) C(14)*(15) 1.39 (2) 
C(l)-C(2) 1.35 (2) C(13)-0(3) 1.25 (2) 

1.54 (4) 
1.50 (4) 
1.37 (4) 
1.27 (3) 
1.32 (2) 
1.47 (2) 
1.49 (2) 

C(l)-C(2)4(3)  118 (2) 

C(2)-C(3)4(4) 115 (3) 
O(l)-C(3)-C(4) 131 (4) 
C(3)-C(4)-C(5) 131 (3) 
C(6)-C(7)-C(8) 119 (2) 
C(7)-C(8)-0(2) 120 (2) 
C(7)-C(8)-C(9) 118 (2) 
0(2)-C(8)4(9)  120 (2) 
C(8)C(9)-C(10) 122 (2) 
C(ll)-C(l2)-C(l3) 117 (2) 

C(2)4(3)-0(1) 114 (3) 

Pd- - C(3)  
Pd- - C(8) 
Pd- - 1 3 )  C( 
Pd- - -0(1) 
Pd- - -0(2) 
Pd- - -0(3) 

2.88 (2) 
2.85 (2) 
2.91 (2) 
3.70 (1) 
3.70 (1) 
3.71 (1) 

Angles 
C( 12)4(13)-0(3)  
C( 1 2 ) C (  13)-C( 14) 
0(3)-C(13)-C(14) 
C(13)C( 14)-C(15) 

[C of M(C(4),C(S))]-Pd- 

[C of M(C(4),C(5))]-Pd- 

[C of M(C(9),C(lO))]-Pd- 

[C of M(C(9),C(10))la 

[C of M(C(14),C(15))1 

[C of M(C(14),C(15))1 

123 (2) 
121 (2) 
116 (2) 
119 (2) 

122 (3) 

116 (3) 

121 (3) 

a C of M refers to  the center of mass of the olefin carbon atoms 
indicated. 

€BO' 

Figure 1. Perspective view of the Pd(C,,OH,,), molecule with phenyl 
rings omitted for clarity. 

tone ligands. A perspective view of the coordination geom- 
etry is shown in Figure 1.  In Figure 2 a stereoscopic view of 
the entire molecule is given. Intramolecular bond distances 
and angles . .  are - presented in Table IV. 

Palladium(0) Coordination Geometry. As may be seen 
from the figures the Pd(DBA)3 molecule possesses approxi- 
mately threefold symmetry with angles formed by the cen- 
ters of each coordinated olefin about the metal averaging to 
119 (3)'. The DBA ligands are all in the asymmetric syn, 
trans conformation with coordination to  the metal through 
the syn olefin. Palladium-carbon distances for the coordinat- 
ed olefins average to a value of 2.23 (2) A, significantly long- 
er than values found for Pd(I1)-olefin complexes. Distances 
of 2.159 (4) and 2.166 (4) 8, have been found for the nor- 
bornadiene complex (C7Hlo)PdC1216 while values of 2.15 (2) 
and 2.14 (3) 8, have been reported for the olefin group in the 
complex (C3H5NHC(0CH3)S)PdCl2 .17 It is of interest to 
note that while the Pd(0)-olefin distances are longer than 
those of Pd(II), the metallic radius of Pd is shorter (1.28 A) 
than the planar covalent radius of Pd(I1) (1.32 A).'s 

(16) N. C. Baenziger, G. F. Richards, and J .  R. Doyle, Acta Cuys- 

( 1  7) P. Porta, J. Chem. Soc. A ,  12 17 ( 1  97 1). 
tallogr., 18, 924 (1965). 
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Figure 2. View of the Pd(C,,OH,,), molecule showing the planarity of the pentadienone ligands and the approximate threefold symmetry 
of the molecule. These drawings constitute a stereopair and should be viewed with a hand viewer. 

Metal-olefin distances observed for Ni(0) and Pt(0) also 
seem to  reflect stronger bonding than distances in the pres- 
ent structure. The Pt(P(C6H5)3)2(olefin) complexes have 
been extensively studied with Pt-C distances ranging from 
2.01 (3) A for cis-dichlorodicyanoethylene to  2.1 1 (3) a 
for unsubstituted ethylene.” In contrast to the present re- 
sult Pt(0)-olefin complexes show expectedly shorter Pt-C 
distances than Pt(I1) systems where values of 2.13-2.14 L% 
have been reported.” For the Ni(0) complexes Ni(P(C6- 
H5)3)2(C2H4),21 Ni(P(C,H,1)3)(CZH4)’,22 and (1,5,9-cyclo- 
d~decatriene)nickel(O)’~ N i x  distances within the range 
1.99 (1)-2.04 (1) 8, have been found. With a metallic radius 
of 1.15 A for Ni these bond lengths may be viewed to repre- 
sent stronger metal-olefin bonding for Ni(0) than for Pd(0). 

Dihedral angles formed by the planes including the two 
olefin carbons and the Pd with the trigonal plane of the corn- 
plex are included in Table V and average to a value of 18 (3)’. 
The long Pd-C distances in Pd(DBA)3 and weak Pd-olefin 
bonding agree with the rapid dissociation of the complex 
observed in solution. 

Dibenzylideneacetone Ligands. The C-C distances for 
the coordinated olefin groups average to a value of 1.38 (2) 
A compared with 1.34 (2) L% for the uncoordinated olefin 
groups. Single C-C bond lengths average to 1 S O  (3) A while 
carbonyl distances average to 1.26 (2) A. The slight elonga- 
tion of the C=O bonds over an expected value of 1.21 a 
agrees with the relatively low value of v(C=O) and may re- 
flect slight delocalization over the pentadienone groups. 
Least-squares planes including the pentadienone atoms (Table 
VI) indicate only small variations from planarity. Dihedral 
angles (Table V) between planes defined by the inner carbon 
atoms of the pentadienone groups indicate minor deviations 
from ideal C3 symmetry for the molecule. 

Structural changes generally observed to occur for coordi- 

(18) L. Pauling, “The Nature of the Chemical Bond,” Cornell 
University Press, Ithaca, N. Y., 1960, pp 253, 256. 

(19) (a) P. T. Cheng and S. C. Nyburg, Can. J. Chem., 50, 912 
(1972); (b) J. F. Francis, A. McAdam, and J .  A. Ibers, J.  Organo- 
metal. Chem., 29, 131 (1971); (c) A. McAdam, J .  F. Francis, and 
J .  A. Ibers, ibid., 29, 149 (1971); (d) G. Bombieri, E. Forsellini, C. 
Panattoni, R. Graziani, and G. Bandoli, J. Chem. SOC. A ,  1313 (1970). 

(20) (a) J. A. J .  Jarvis, B. T.  Kilbourn, and P. G. Owston, Acta 
Crystallogr., Sect. E,  27, 366 (197 1); (b) M. Colapietro, L. Zarnbonelli, 
ibid., 27, 734 (1971). 

( 2  1) (a) W. Dreissig and H. Dietrich, Acta Crystallogr. Sect. E, 
24, 108 (1968); (b) C. D. Cook, C. Hoe, S. C. Nyburgh, and M. T. 
Shiomi, Chem. Commun., 426 (1967). 

(22) C. Kruger and Y. Tsay, J. Organometal. Chem., 34, 387 
(1972). 

(1972). 
(23) D. J. Brauer and C. Kruger, J. Organometal. Chem., 44, 397 

Table V. Dihedral Angles between Planes 
Plane 1-plane 2 Angle, deg 

Table VI. Equations of Weighted Least-Squares Planes‘ and 
Deviations of the Atoms from the Planes 

Atom Distance, A Atom Distance, A 

Plane through Pentadienone Group C(l)-C(5) 
9 . 1 8 ~  - 4.36.~ + 1.092 = 3.09 

C(1) -0.03 (2) (35) 0.00 (3) 
C(2) 0.04 (2) O(1) 0.01 (2) 
Ci3) 0.00 (2) Pd 2.13b 
C(4) -0.02 (2) 

Plane through Pentadienone Group C(6)<(10) 
- 4 . 3 8 ~  - 12.464, i 14.002 =-5.10 

(36) -0.02 (2) C(10) 0.01 (2) 
C(7) 0.07 (3) O(2) 0.02 (1) 
C(8) -0.06 (2) Pd 2.09b 
C(9) 0.00 (2) 

Plane through Pentadienone Group C(11)<(15) 
1 3 . 4 0 ~  + 9.523, - 11.502 = 1.52 

C(11) 0.04 (2) C(1.5) 0.03 (2) 
C(12) -0.04 (2) 0 0 )  0.02 (1) 

~ ( 1 4 )  -0.01 (2) 
C(13) -0.03 (2) Pd 2.1 l b  

* Least-squares planes calculated according to  W. C. Hamilton, 
Acta Crystallogr., 14, 185 (1961). Equations given in triclinic 
coordinates. b Not included in the calculation of the plane. 

nated olefins are elongation of the carbon-carbon bond and 
bending of bonded substituents away from the metal-olefin 
bond. The relatively small change in olefin bond length on 
coordination and rigid planarity of the DBA ligands (includ- 
ing the phenyl rings) further reflect the weak nature of the 
bonding to the metal. 

metal-olefin bonding is the return of the charge to  olefin n* 
levels by interaction with filled metal d orbitals. Coordinated 
olefins are generally regarded to be weak u donors but strong 
71 acceptor ligands. It is of interest that olefin groups bonded 
to planar complexes of ds metals tend to be oriented normal 
to the plane while trigonal d“ complexes commonly have 
olefin ligands directed close to the trigonal ~ 1 a n e . l ’ ~  This 

Palladium(0)-Olefin Bonding. A significant feature of 
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trend may result, in part, from the involvement of in-plane 
metal d orbitals with both u and 1~ bonding to  ligands. 

Nickel(0) and platinum(0) have been shown from various 
studies to be stronger n--bonding metals than their d8 divalent 
ions.24>25 Structurally shorter M-C distances and longer C-C 
distances would be expected for olefin complexes of the 
zerovalent metals of this series relative to their divalent ana- 
logs. Although comparative data are only available for Pt, 
such seems to  be the case. The present structural result sug- 
gests that Pd(0) behaves in an anomalous way. Estimates of 
d, bonding ability for the d" series Ni(O), Pd(O), and Pt(0) 
have been related to the d" + d9p' promotion energy of the 
atom.25 Values of 1.72,4.23, and 3.28 eV for the respective 
metal atoms clearly suggest that of the series Pd would be 
the least effective d, metal? The relatively long Pd-C bond 

(24)  S. Carra and R. Ugo, Znorg. Chim. Acta, Rev., 1, 49 (1967) .  
(25)  R.  Ugo, Coord. Chem. Rev., 3, 319 (1968). 
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lengths, short coordinated olefin C-C distances, and ligand 
planarity of Pd(DBA)3 strongly indicate a lower affinity for 
olefin coordination for Pd(0). 
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The crystal and molecular structure of tris(triphenylphosphine)(sulfur di0xide)platinum has been determined as its benzene 
solvate from three-dimensional X-ray data. Crystals of the complex are hexagonal, space groupP6,, with unit Celt param- 
eters a = 18.722 (6) A, c = 10.008 (5) A, and V = 3038 AS. Refinement by least-squares procedures using 375 independent 
reflections gave a final R factor of 0.067. There are two molecules of complex per unit cell (pexptl = 1.18 (5), Pcalcd = 
1.168 g/cm3) with crystallographically required threefold symmetry. The benzene solvate has been found to have a frac- 
tional occupancy of approximately 0.5. The complex is four coordinate, essentially trigonal pyramidal in geometry with 
the SO, in the apical position (P-Pt-P = 118.4 (4), P-PtS = 97.2 (2)"). Oxygen atoms of the SO, are disordered about the 
threefold axis. Bonding between the Pt and phosphine ligands is relatively strong (Pt-P = 2.280 (9) A) while SO, coordina- 
tion is weak ( P t S  = 2.399 (13) A). The open trigonal base of the pyramid exposes the basic metal to electrophilic attack. 

Introduction 
Structural studies on sulfur dioxide adducts of transition 

metal complexes have indicated that bonding between the 
metal center and the SO2 molecule can occur in two forms.'-3 
The M-S02 group in the complex [RuCl(NH3),(SO2)]' was 
found to have a strong R u S  bond collinear with the SO, 
plane.' Recent work on the complexes MCI(SO2)(P(C6- 
H5)3)2(CO) (M = Rh, Ir) has indicated an entirely different 
coordination geometry for the M S 0 2  Significant- 
ly longer M-S bond lengths were found with the SO2 plane 
bent severely away from the direction of the M S  bond. The 
SO2 has been viewed to  add oxidatively to the metal in these 
latter complexes with the change in electronic structure of 
the sulfur resulting in the bent bonding configuration. The 
M S  bond in this coordination configuration is qualitatively 
similar to the N-S bond found in amineS02 charge-transfer 
complexes where the SO2 group bonds as a Lewis acid4 The 
SO2 in [RuC1(NH3),(SO2)]', however, bonds as a Lewis base 
with considerable M S 0 2  n bonding. 

(1 )  L. H. Vogt, J. L. Katz, and S. E. Wiberley, Znorg. Chem., 4, 
1157 (1965). 

(2) S. J.'La Placa and J. A. Ibers,Znorg. Chem., 5, 405 (1966). 
(3) K. W. Muir and J .  A. Ibers,Znorg. Chem., 8, 1921 (1969). 
(4) D. Van der Helm, J. D. Childs, and S. D. Christian, Chem. 

Commun., 887 (1969). 

The coordination of SO2 to nucleophilic transition metals 
has attracted recent attention with the interest in the metal- 
catalyzed oxygenation of SOz to S042-.5 Virtually all molec- 
ular oxygen complexes have been found to  react with SO2 to  
form coordinated sulfate while a few select SO2 complexes 
react with O2 to give The complexes M(S02)(P(C6- 
H5)3)2,3 (M = Pd, Pt) have been found to  undergo oxygena- 
tion forming M(S04)(P(C6H5)3)2 .637 Recently Ru(CO),(P- 

reported to  form ~ u ( ~ ~ , ) ( ~ ~ ) ~ ( P ( ~ ~ ~ ~ ) , ) , ~  and Ru(S04)- 
(c1)(No)(P(c6H5)3)29 on exposure to  air. In order to  at- 
tempt to  correlate the activity of coordinated SO2 with its 
bonding properties to metals the molecular structure of one 
of the more active members of this series, the benzene sol- 
vate of Pt(S02)(P(C6H5)3)3, has been determined crystallo- 
graphically. 

(c6H5)3)2(so2) and R'(C1)(S02)(N0)(P(C6H5)3)2 have been 

( 5 )  R. W. Horn, E. Weissberger, and J. P. Collman, Znorg. Chem., 

(6) (a) J. J. Levison and S. D. Robinson, Chem. Commun., 198  

(7) C. D. Cook and G .  S. Jauhal, J. Amer. Chem. SOC., 89, 3066 

(8) M. H. B. Stiddard and R. E. Townsend, Chem. Commun., 

(9) J. Valentine, D. Valentine, and J. P. Collman, Znorg. Chem., 

9, 2367 (1970). 

(1967); (b) J. Chem. Soc., Dalton Trans., 2013 (1972) .  

(1967). 

1372 (1969). 

10, 219  (1971). 


