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The molecular structure of I (C, H5 )3 P] z Pd(C& H4 ) bas been determmed 
from three-dimensional X-ray diffraction data. The crystal belongs to the tn- 
chmc system, space group Pi, with two formula units in a cell of lmensions: 
a = 19.475(2), b = 10.204(2), c = 
and 7 = 118.80(l)” 

18 341(Z) W, cy = 108.46(2), p = 85 46(l), 

One of the olefuuc bonds of allene is coordinated to the palladium atom. 
Pd-C(l) = 2 118(9) and Pd-C(2) = 2 067(8) a The coordmated allene IS no 
longer linear, the C(l)-C(2)-C(3) angle bemg 148.3(8)” _ The C(l)-C(2) 
d&ance is 1.401(11) A, whereas the uncoordmated bond remams unchanged 
[C(2)-C(3) = l-304(12) A]. The Pd, P(l), P(Z), C(1) and C(2) atoms be almost 
in the same plane. 

Introduction 

A number of ahene complexes with transition metal ions were isolated in the 
course of the study of the polymerization of allene usmg various organometahic 
catalysts 11,2]. Some of these complexes show catalytic activity m the polymer- 
ization of allene, and others have no such actwily. It was also found that the 
allene molecule adds reversibly to a transltaon metal ion m some complexes. 
There may be some relationship between the catalyizc actzvlties of allene com- 
plexes and the strength of the bonchng of the allene and/or other hgands to the 
tram&on metal ions. 

In this context, allene complexes of Ni, Pd and Pt are of most interest to us. 
The Nl complex shows catalytic actrvrty m the polymerization of allene, and the 
remainder show no activity. Therefore, we have undertaken st~ctural studies 
of this series of complexes by means of X-ray diffractron to elucidate the dif- 
ference in chemical behavior. Preliminary results for the Pt complex have been 
reported elsewhere 133 . Here we describe the structure of the Pd complex. 

Thus work also serves to elucidate the nature of tbe bonding of allenes to tran- 
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s&ion metals. A long-standmg controversy exrsts as to whether complexes should 
be described as metallo-cyclopropane derivatrves or as n-adducts to the metal 
atom. The molecular structures of some transitron metal-llene complexes have 
been investigated by X-ray crystal analysis [4 - 61. They can be c&&red into 
two groups on the basis of the manner m whrch allene coordinates to the central 
metal atom. In the fast group the allene ligand hes in the coordination plane, 
whzle m the second rt is perpendicular to the coordmatron plane. 

Generally one observes distortions of the coordinated allene from rts free 
state but there exists httle precise structural mformatron about coordmated 
allene (in parfzcular unsubstltuted allene). alIenepalladmm, as the frost example 
of a palladium+ene complex, was studied in order to obtam data on tPlls 
type of compound. 

Experimental 

The crystals of Pd(PPhs )z (cjH4) used in this study were kindly supplied by 
Professor S Otsuka and his coworkers of Osaka Unwerslty. They are pale 
yellow, hexagonal plates, and are stable in the air. Oscrilatron and Welssenberg 
photographs taken w&h Cu-Her radratzon showed that the crystal 1s tnchmc Cell 
dunenslons were det ermmed by the least-squares method using 28 values of 35 
strong reflections measured on a G.E. smgle crystal orlenter equipped with a 
Rigaku SG-2 gomometer. The density was measured by flotation in an aqueous 
solution of potassmm tartrate at room temperature 

Crystal data: C,sH34P2 Pd, formula wt. 671.0, tnclmic, space groupPi, a = 
19.475(Z), b = 10.204(2), c = l&341(2) A, (Y = 108 46(2), fl= 85.46(l), and 
3 = 11&80(l)“, V = 1623.0(3) A3 , D, = 1 37 g/cm3, 2 = 2, D, = 1.37 g/cm3 
(MO-&, X = 0.71069 A, p = 7.48 cm-’ ). 

Intens@ measurements were made on a Rlgaku automated, four cnzle, single- 
crystal drffractometer, using zirconium-filtered MO-K, radlatlon. The setting 
angles of each reflection were computed by the Busmg-Levy method 17 7 on a 
computer attached to the diffractometer The method requsres precise values of 
the centermg angles, 28, w, x and aS, of three lmearly-mdependent reflectIons 
of known mdices, in order to determine the orientatron of the crystal on a gomo- 
meter and also the dnnenslons of the umt cell Although th= method D theoretr- 
cahy sound, m our expenence an maccurate centermg of three reflectIons tends 
to introduce appreciable errors in the settmg angles of higher-order reflections. 
That arrses, perhaps, because the measured values of the centermg angles of 
three reflections may be affected by systematic errors arising from unperfections 
in the diffractometer, from ahgnment errors, and from crystal-centermg errors. 
Therefore, the alignment of the diffractometer and the crystal-centermg were 
carried out w&h great care. The centering angles, 28, ~3, x and r$, of several re- 
flections were measured on the diffractometer. Any three lmearly-independent 
reflections from them were combmed, and the orientational parameters of the 
crystal and the unit cell constants were calculated by use of the centenng 
angles. Those refiectlons which gave the best agreement of the cell constants 
with previously determined values, wn%.m 0.05% error, were finally chosen. 
Their indices were EOO, 050 and OOii. 



429 

A 28--o scan technique was employed for data collectron. The mtegrated 
intensity of each reflection was determmed by scanning over the peak at a rate 
of 4” /mm, and subtracting the background obtamed by averagmg the two 
values measured for 5 set at both ends of a scan. The 28 scan wrdth was de- 
ternnned to be (2.0 + 0.7 tan 8,)“) where 6, denotes the calculated Bragg angle 
for MO-&, . The pulse height analyzer was set to admit 95% of the Mo-H, peak. 
Nickel attenuators were automa&ally mserted durmg the scan, when the peak 
intensity exceeded 8000 counts/set 

Two crystals with similar dlmenslons (0.16 X 0 18 X 0.16 mm) were used for 
intensity measurement. After 2260 reflections urlth lower Bragg angles were 
measured with use of the first crystal, machme trouble forced us to interrupt 
the measurements, The remauung 2044 reflections were observed mth the second 
crystal. The relative scahng between two sets of data was carried out by cornpan- 
son of the mtensrtres of standard reflections m two sets In such a way, a total of 
4304 Independent reflections havmg sm 8/h valEs less than 0 5508 were obtamed 

The mtensltles of three standard reflections 500,050 and OOfi were measured 
peno&cally No mtensrty decrease of these reflections was observed durmg the 
expenment, the crystal bemg stable under nratiation by X-rays Lorentz and 
polarrzatron corrections were made m an usual manner, while no absorption cor- 
rectron was applied to the mtensrty data 

Computations were carried out on a NEAC 2200-700 computer at Osaka 
Unlversrty and on a FACOM 230-60 at Kyoto Umversrty. Figures 1 and 8 were 
drawn on a NUMERICON 7000 system at Osaka Umverslty with a local version 
of ORTEP [24] 

Structure solution and refinement 

For the structure solutron and through the early stages of the refinement the 
first set of data (2260 reflections which gave relatively lower diffraction angles) 
were used. The structure was solved by the conventional heavy-atom method. 
From a threedrmenslonal Patterson functron, approximate coordmates for the 
palladmm and two phosphorus atoms were easily determined. The Fourier map 
based on these atomic locations revealed the positions of all the xemammg non- 
hydrogen atoms. 

Structure refinement was then camed out by the method of block-diagonal 
least-squares, the fun&on mmunlzed being C( IF0 I - k- I F, I )* The atomic 
scattermg factors used m all the calculations were those of Hanson et al. [S] _ 
The HBLS program wntten by Dr. T Ashlda was used 191. After several cycles 
of isotropic refinement, the conventional R factor converged to 0.08 for non-zero 
reflections No abnormal thermal parameters were observed. A few successwe 
cycles of amsotroplc refinement reduced R to 0 053. Then all the phenyl hydro- 
gen atom positions were located from stereochemlcal consrderatron assummg the 
C-H bond length to be 1.08 a. The hydrogen atoms were assigned the same 
thermd parameters as those of carbon atoms to which they were bonded. A few 
more cycles of refinement includmg phenyl hydrogen atoms reduced R to 0.040 
fJ,r 2260 non-zero reflections, positional and thermal parameters of the phenyl 
hydrogen atoms being fmed durmg the refinement 
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FRACTIONALCOORDMATESOFREFINED ATOMS ESD'SARELISTEDINPARENTHESESWITH 
RESPECTTOTHELEASTSIGNIFICANTDIGITOFANYPARAMETER 

P<Z) 
C(l) 
C(2) 
C(3) 
C(11) 
C(12) 
C(13) 
C(14) 
C<l5) 
C(16) 
C(21) 
C(22) 
c<23) 
~(24) 
c<25) 
C(26) 
CC311 
~(32~ 
C(33) 
C<34) 
C(35) 
C(36) 
C(41) 
C(42) 
C(43) 
C(44) 
C(451 
U46) 
C(51) 
c(521 
CC531 
C(54) 
C(65) 
CC361 
C(61) 
Cc621 
C(63) 
C(64) 
'X65) 
CC661 
H(l) 
H(2) 
H(3) 
H(4) 

041280 
0.4307 
02321 
05oi7 
05829 
0 6967 
06210 
06661 
08137 
09141 
08701 
0.7242 
03407 
02655 
02005 
02135 
02902 
03540 
03630 
02170 
01612 
02536 
04000 
04540 
00425 

-00739 
-02165 
-02431 
-0.1290 
00140 
02128 
02171 
0 1983 
01793 
01756 
01348 
02585 
04114 
04558 
03566 
02159 
0.1702 
0448 
0540 
0719 
0752 

(6) 
(2) 
(2) 
(9) 
(8) 
(9) 
(7) 
(8) 
(9) 
(9) 
(8) 
(3) 
(7) 
00) 
00) 
(10) 
<lO) 
(9) 
(8) 
(9) 
(10) 
<I11 
(11) 
<9) 
(7) 
(7) 
(8) 
(8) 
(9) 
(8) 
(6) 
(8) 
(9) 
(8) 
(8) 
<8) 
(7) 
(3) 
(9) 
(10) 
(9) 
(8) 
(7) 
(7) 
(3) 
(8) 

010780 
00391 

-01106 
02972 
03358 
04373 
01356 
02182 
02922 
02827 
02006 
0.1278 
01139 
00336 
00969 
02429 
03242 
02604 

-01656 
-02722 
-04287 
-Q4810 
-03766 
-02180 
-01857 
-03115 
-03641 
-02922 
-01664 
41134 
-00939 
-0.1993 
-01784 
-00525 
00506 
00316 

-02759 
-02412 
-03527 
--OS046 
-05388 
-04257 
0342 
0271 
0408 
0522 

6) 
(3) 
(2) 
<a 
(7) 
(3) 
(7) 
(8) 
(9) 
(101 
<lo) 
(9). 
(8) 
(10) 
01) 
(11) 
00) 
(9) 
(8) 
63) 
(9) 
(9) 
ao: 
(9) 
(7) 
(8) 
(9) 
(10) 
(9) 
(8) 
(7) 
(8) 
(10) 
(10) 
(9) 
(3) 
(7) 
(9) 
(101 
<IO) 
(9) 
(8) 
(71 
(7) 

::: 

022236 
03284 
01317 
01764 
02444 
02938 
03685 
04462 
04711 
04203 
03426 
03161 
04083 
04590 
053.76 
05269 
04765 
04171 
03264 
03052 
03007 
03142 
03348 
03417 
01562 
01041 
01257 
01968 
02489 
02285 
0.0364 

-00331 
-01023 
-01020 
-00334 
00358 
01086 
00920 
00786 
00821 
00978 
01114 
0178 
0121 
0338 
0283 

<3> 
(1) 
(1) 
<4> 
(4) 
(5) 
(4) 
(4) 
(5) 
(6) 
(5) 
(5) 
(4) 
(5) 
(5) 
(6) 
(6) 
(5) 
(4) 
(5) 
(5) 
<5) 
(6) 
(5) 
(41 
(4) 
(5) 
(5) 
(5) 
(4) 
(4) 
(4) 
(4) 
(4) 
(5) 
(4) 
(4) 
(5) 
(5) 
(5) 
(5) 
(4) 
<44) 
(4) 
(4) 
(4) 

At this stage the remaming 2044 reflections were added. The difference 
Founer map calculated after a few cycles of refinement revealed peaks which 
could be assigned to the hydrogen atoms of the allene moiety. Several cycles 
of refinement of the allene carbon and hydrogen atoms were carried out, all 
other parameters except these being fixed. In the last cycle, the largest sI&s of 
the positional and thermal parameters were about 0.100 and 0.060, respective- 
ly. The final R factor is 0.051 for 4096 non-zero reflections. The final positional 
and thermal parameters along with their estimated standard deviations are hsted 
in Tables 1 - 4*. Fme 1 shows the final difference Fomer maps, each of which 

* Alzstofobservedandcalculatedstructurefactoscanbeobtarnedbvapgbcatlontothe authors(N_K) 
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TABLE2 

THERMALPARAMETERSOFREFINEDATOMS 

Anlsotroaictempemtuxe factors (X 104) are expressedrathe foIlnexp{C--(~~~h2 + @p*kZ + &3*1* + 
+ (312'h-k + 813-h-l + &-k-I)} and lsotroplc temperature factors, a~<-3 sm* 0 Ih ) 

Atom 011 orxJ I322 hs BI2 P13 I323 

Pd 
P(l) 
P(2) 
C(1) 
C(2) 
C(3) 
C(l1) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(21) 
C(22) 
‘X23) 
CC=) 
Cc=) 
C<26) 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
C(36) 
C(41) 
~(42) 
C(43) 
C(44) 
C(45) 
C(46) 
C(5l) 
~52) 
C<53) 
C<54) 
U55) 
CG6) 
C(61) 
C<62) 
C(63) 
c(64) 
C(65) 
ciss, 
H(l) 
H(2) 
u(3) 

X163(7) 
118 (2) 

86 (2) 
la8 (12) 
132 ilOj 
220 (14) 
132 (9) 
142 (10) 
169 (12) 
133 (11) 
106 <lo) 
156 (11) 
120 (9) 
216 (14) 
201 (14) 
182 (14) 
211 i15j 
168 (12) 
166 (11) 
174 (12) 
227 (15) 
275 (17) 
240 (16) 
168 (12) 
107 (8) 
38 (6) 

111 (9) 
123 ilb, 
195 (13) 

140 ilb) 
190 (13) 
136 (11) 
154 (11) 
148 (10) 
100 (8) 
106 (9) 
144 (11) 
241 05) 
188 (12) 
149 (10) 

21(14) 
20(14) 
3 4(17) - _._ _. 

955(7) 
91 (2) 
89 (2) 

109 (10) 
91 <lo) 
87 <lo) 
66 (9) 

134 (12) 
156 <13) 
167 (14) 
166 (14) 
142 (12) 
126 (11) 
219 (16) 
233 (17) 
243 (18) 
174 (15) 
147 (13) 
112 <lo) 
126 (12) 
129 (12) 
107 (12) 
169 (15) 
137 (12) 
106 (10) 
131 (11) 
153 (12) 
207 (15) 
193 (l4j 
138 (11) 
128 (10) 
157 (12) 
250 (17) 
267 (17) 
176 (13) 
146 <12) 
118 <lOI 
147 (12) 
233 (16) 
235 (16) 
161 (13) 
122 (11) 

25.1(2) 
23 (1) 
23 (1) 
42 (3) 
45 (3) 
50 (3) 
23 (2) 
34 (3) 
46 (3) 
66 (4) 
66 (4) 
41 (3) 
26 (2) 
37 (3) 
44 (4) 
45 (4) 
59 (4) 
36 (3) 
26 (2) 
35 (3) 
42 (3) 
46 (3) 
66 <4> 
52 (3) 
26 (2) 
33 (3) 
45 (3) 
49 (3) 
40 (3) 
34 (3) 
27 (2) 
30 (3) 
23 (3) 
31 (3) 
45 (3) 
31 (3) 
26 (2) 
46 <3) 
49 (3) 
35 (3) 
42 (3) 
36 (3) 

75 O(11) 
68 (4) 
78 (4) 
52 (18) 
32 (16) 
40 (19) 
91 (15) 
95 (18) 
70 (2) 
97 (20) 
79 (19) 

142 (19) 
104 (16) 
258 (25) 
192 (26) 
207 (26) 
233 <25) 
168 (20) 
118 (17) 
74 (19) 
96 (22) 

116 (23) 
269 (26) 
169 (20) 
148 (15) 
91 (16) 

100 (18) 
164 (20) 
274 (23) 
192 i18j 
84 (14) 
163 (18) 
217 (25) 
135 (22) 
176 (20) 
168 (la) 
131 (15) 
127 (17) 
252 (23) 
365 (27) 
212 (21) 
155 (18) 

- 97<5) 
- 2 (2) 
- 1 (2) 
-17 (9) 
--a <a) 
-53 (11) 
-7 (7) 
-11 (8) 
-50 (10) 
-31 (11) 
18 (10) 
31 (9) 
0 (7) 

48 (10) 
58 <ll) 
13 (11) 
19 (12) 
19 (9) 
20 (8) 

-2s (9) 
-10 (11) 
52 (12) 
70 (13) 
45 (10) 
23 (7) 

- 9 (7) 
-9 (9) 
31 (9) 
72 (10) 
25 (6) 
3 (7) 

26 (3) 
17 (9) 
13 (9) 
17 (9) 
2 (3) 

- 7 (7) 
- 8 (8) 

6 (10) 
- 2 (10) 
18 (10) 
20 (8) 

32 5(6> 
31 (2) 
31 (2) 
91 (9) 
58 (9) 
54 <lO) 
35 (a) 
42 (91 
42 (11) 
93 (13) 
83 (12) 
63 (10) 
3 (8) 
74 iii, 
60 03) 

-14 (13) 
28 (13) 
40 (10) 
51 (6) 
46 (9) 
55 (10) 
72 (11) 

104 (13) 
76 (11) 
36 (8) 
44 (2) 
65 (10) 
116 (12) 
84 (11) 
41 (9) 
41 i8i 
41 (9) 

1 
46 (10) 
.ll (11) 
96 (11) 
47 (9) 
22 (a) 
42 (101 
54 <12) 
48 (11) 
63 (10) 
53 (9) 

H(4) 3 1<16) 

IS calculatedontheplanesthroughthe CH2 groupsusingthe GPFR program 

wnttenbyY.Matsu-ura. 

Resultsand chscussion 

Flgure2presentsastereoscopicprojec~onofthemoLeculevlewedalongthe 

normalto thePd,C(l), C(2) plane.Frgure 3 shows a drawmgofthemolecule 
andmdmatesthenumbenngscheme Thecoordmatrongeometryaroundthe 
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TABLE3 

CALCULATEDCOORDLNATESANDASSIGNEDISOTROPICTHERMALPAR~ETERSFOR 
PHENYLHYDROGENATOMS 

Atom x Y L 3 

H<12) 0585 0224 0487 46 
H(13) 0850 0359 0533 58 
H(l4) 1030 0341 0441 61 
H<15) 0951 0192 0302 54 
H(16) * 0688 0065 0254 49 
H(22) 0257 -0082 0452 54 
%23) 0137 0632 0557 62 

H<24) 0162 0293 0573 H<25> 0302 0441 0484 :1: 
H(26) 0417 0325 0377 48 
H<32) 0143 -0230 0291 44 
H(33) 0042 -0513 0286 56 
H<34> 0208 -6606 0308 58 

H(35) 0472 -0420 0346 H<36> 0570 -0131 0360 fi 

H<42) -0052 -0368 0047 IX431 -0308 -0462 0084 :: 
H(44) -0356 -0336 0215 52 
H<45) -0.151 -6106 0306 51 
5X46) 0106 -6013 0270 42 
Hc52) 0237 -0298 -0032 39 

Hc53) 0203 -0259 -0157 H(54) 0159 -0041 -0157 5": 
H(55) 0159 0149 -0633 53 

H(56) 0198 0117 0092 H(62) 0492 -0121 0091 t: 
H<63) 0568 4325 0.064 53 

H(64> 0394 -0692 0071 H(65) 0140 -0658 0101 :"2 
H<66) 0057 -0455 0124 42 

palladmm atom is shown in Frg. 4, and can be compared wrth that m bls(trr- 
phenylphosphine)alleneplatmum 1.31 (Pt complex) (Fig 9). Figures 4 and 9 
clearly show that the present Pd complex is isostructural with the Pt complex. 
The remarkable feature commonly found m these two complexes is that the 
allene lies on the coordmation plane. The equatron of the coordmation plane m 
the present complex is -0.888 x + 0 167 y f 0.428 z + 2 098 = 0. Deviations 
from this plane (m A) are. Pd, 0.037; P(l), 0.014, P(Z), -0.030; C(l), 0.083; 
C(Z), -0.096, whereas that of the uncoordmated carbon atom, C(3), LS 
-0.305 A. 

The two olefnnc bond lengths of the allene ligand show a signficant differ- 
ence. The coordinated one [C(l)-C(2) = 1.401(11) A] shows a lengthenmg, 
which suggests a decrease of bond order resulting from a hgand-to-metal charge 
transfer as well as an electron transfer from the metal to antlbondmg orb&A 
of the ligand. Thrs bond length 1s approximately equal to those m brs(tnphenyl- 
phosphme)ethyleneplum [lo] and bis(tnphenyIphosphine)ethylenemckel 
[ll] [l-434(13) A and X431(15) A, respectively]. The uncoordinated bond 
length [C(2)-C(3) = l-304(12) A] remams unchanged from that in the free 
molecule (1.308 A) [ 121. The coordinated allene is no longer hnear, the 

(contmued p 435) 
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TABLE4 

BONDLENGTHS (A) ANDBONDANGLES(~~WITHESTIMATEDSTANDARDDBVIATIONS 

(a) Concernmg coordrnatmg atoms 

Pd -P(l) 2314(2) 
Pd -P(2) 2 324(2) 

E 
-C(l) 2118<9) 
-C(2) 2067(a) 

C(l) -C(2) 1401<11) 
C(2) -C(3) 1304(12) 
C(l) -H<l) 087 (7) 
CU.) -H(2) 106 (7) 
C(3) -H(3) 102 (8) 
C(3) -H(4) 086 (8) 

(b) Comerrung trtphenylphosphzne groups 

P(1) -C(11) 
P(l) -C(21) 
P(l) --c<31) 

C(llwxl2) 
C<l WC(13) 
C(l3wxl4) 
C(14)-c(15) 
C(l5)--c(l6) 
C(16)-c<ll) 

C~2l)--c(22) 
C(22kCX23) 
C(23)--c(24> 
C(24)--c(25) 
C(25)-c(26> 
C(26)-C(2l) 

C(3l)-c<32) 
C<32)-c<33) 
C<33)--c(34) 
C(34vC(35) 
C<35)-C(36) 
C(36)-C(31) 

P(2) +x41) 
P(2) +x51) 
P<2) -C(61) 

C<Sl)-C(52) 
C(52)--c(53) 
C(53)-c<54) 
c<54)--c(55) 
C(55)-c<56) 
C<56)--c(51) 

C(61~62) 
C(62kCK63) 
C<63)-c(64) 
c<64)-c(65) 
C(65FX66) 
C(66)--c<61) 

1.834(S) 
1840(8) 
1843(a) 
1389(11) 
1391(13) 
1368(14) 
1385(14) 
1385(13) 
14OScil) 

1378<13) 
1381<15) 
1383(16) 
1384(15) 
1383(24) 
1390(12) 

1377<12) 
1386(13) 
1380(15) 
1376(15) 
1399(14) 
137902) 

1828i7) 
1844(8) 
1820(S) 

1396(11) 
l39402) 
1360(13) 
1383<13) 
1392<12) 
1386(ll) 

1398(11) 
1396<13) 
139005) 
1373(14) 
1386(12) 
1385(11) 

1394<11) 
1373(13) 
1409(16) 
1370(14) 
1398(12> 
1387(U) 

P(1) -Pd -P(2) 
P(1) -Pd -C(1) 
p(1) -Pd -C(2) 
P(2) -Pd -C(1) 
P(2) -Pd --c(2) 
C(1) -Pd -C(2) 
Pd --c(l) --c(2) 
Pd 4x2) -C(1) 
Pd -c(2) -C(3) 
c(l) --c(2) -C(3) 
Pd -C(l) -H(l) 

-c(l) -H(2) 
:2) -1) -H(l) 
H(1) --c(l) -H(2) 
Pd -P(l) -C(ll) 
Pd -P(l) -C(21) 
Pd -P(l) -C(31) 
Pd -P(2) -C(41) 
Pd --p(2) -C(51) 
Pd --p(2) -C(61) 

c(ll)_P(l; -C(21) 
C(2l)_P(l) -C(31) 
C(31)_P(l) -C(ll) 
c(ll)_C(12)_C(13) 
C(12)_C(13J-C(14) 
c(13)--c~l4)--c(15) 
c(14~-c(15)--c<16) 
C(15)_C(16k-C(11) 
C<16)--C(llFC!(12) 

C(2U-C(22)_C(23) 
C(22)_C(23)--c<24) 
C<23)-C(24)--c<25) 
C(24kC<25)-c<26) 
c(25)_C(26)_-cf21) 
C(26)-C(2l)_C(22) 

C(31)-C(32)-c(33) 
C<32)-c(33)-c(34) 
C(33bC(34)--c(35) 
C(34)_C(35)--c(36) 
C(35)_C(36)--c(31) 
C(36)_C(3l)--c<32) 

C(41)- P(2)--c(51) 
c<Sl)- P(2;-C(61) 
C(61)- P(2)--c(41) 

C(41)-C(42)-C<43) 
C(42)-C(43)-C(44) 
C(43)-c<44wx45) 
C.(44)-C(45>-C(46) 
c(45)-C(46)-c(41) 
C(46)-C(41)-C(42) 

109 3(l) 
143 2(3) 
104 3(3) 
107.5(3) 
145 9<3) 
391(3) 
68 5(5) 
724<5) 

139 2(7) 
148 3(8) 
116 (5) 
114 (4) 
118 (5) 
111 (6) 
lllS(3) 
110 4(3) 
123 S(3) 
118 O(3) 
117.7(3) 
109 S(3) 

103 6(4) 
1031(4) 
102 O(4) 

119 3<8) 
1210<9) 
120lr9) 
120 2(9) 
119 6(S) 
119 8(7) 

120.1<9) 
120 2UO) 
119 7(lO) 
120 3(10) 
119 6(S) 
1201(E) 

1210(S) 
119 9(9) 
119 9(9) 
119 6(10) 
120 8(S) 
118 7<8) 

1004<4) 
1034(4) 
105 9(4) 

119 8<7) 
120 4<8) 
1205(Q) 
1198(9) 
1203u3) 
1193<7) 

118 903) 
120 S(9) 
1201(9) 
120.0(S) 
120 5(8) 
119 9(7) 

1210(%) 
1200(9) 
118 9(9) 
121.3(9) 
119 S(7) 
119 20) 



(a) (b) 

hg 1. The chfference Founer map showmg the allene hydrogen atoms calculated on the planes through (a) 
H<1)--c(1)-_H(2) and <a) H(3)--C(3f--H(4) 

c-3 c-3 

Frg 2 The stereodrawmg of the (Ph3)2Pd(CgHq) molecule The tlvrmal elhpsolds correspond to 50% 
probabxhty. Hydrogen atoms are onntted for danty 

c 0) 

Wg 3 The molecti structure of (Ph3P)ZPd(C3H4) projected on the coordmatton plane. and the nub- 
ing system of atoms 
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P(2) 

Fig 4 The coordmatlon geometry around the palla&um atoms 

C(Z)-C(3) bond bends away from the palladmm atom and the C(l)-C(2)-C(3) 
angle is 148.3(8)“. 

The hydrogen atoms, H(1) and H(2), attached to C(1) bend back shghtly 
from the metal as shown zn Frg. 5. The C(l)-C(2) vector makes an angle of 26” 
with the plane defined by C(l), H(1) and H(2). The H(3_)-C(l)-H(2) angle 1s 
112(6)“, which can be compared wrth correspondmg angles of 112.6(5)” and 
112.4(6)” of tetramethylallene ligands m acetylacetonatobrs(tetramethylaUene)- 
rhodnnn(I) 161. Both H(l)-C(l)-C(2) and H(2)-C(l )-C(2) angles are nearly 
120” These facts show that the hybndrzatron of the carbon atom C(l), though 
nearly sp2 , tends shghtly towards sp 3 _ The H(l)-H(2) vector 1s approxnnately 

Fig. 6. A drawing showing the hydmgen atoms of tiene. 
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perpendicular to the coordination plane, and it makes an angle of 85” with the 
Pd, C(l), C(2) plane. Four atoms, C(2), C(3), H(3) and H(4), are coplanar. As 
a whole, the geometry of the coordmated allene in tbrs complex resembles that 
of tetramethylallene m (C, H, O2 )Rh(C, PI,, )Z, and the allene molecule can be 
considered as a monodentate hgand in this case, sumlar to the case of 
(C, H7 02 WW7 H12 )2 - 

Table 5 presents a list of structural parameters of allene and substituted 
ahene ligands m several transition metal-allene complexes. It is generally ob- 

served that the C(l)-C(2)-C(3) angle of the aUene moiety is bent from hneanty 
m proportion to the lengthening of the coo&mated double bond. The allene 
hgand m the present complex also shows such a tendency. It should be pointed 
out that the distortion of the coordinated allene from its free state 1s larger 
in three-coordmated zero-valent complexes than m four-coordinated divalent 
complexes, and that the stronger the coordmatron of the hgand, the larger its 
distortron. Therefore, it can be concluded that the coordmation of allene to the 
metal is stronger m the former than m the latter complexes. The vanation of 
the metal-allene distances m Table 5 also supports this conclusion. 

The nature of the bondmg of the allene moiety to the transition metal atom 
can be easily described m complexes in which the allene 1s perpendicular to the 
coordmation plane. It is clear that the allene molecule functrons as a mono- 
dentate hgand m this case. However, for the nature of the bonding m 
Pt(PPh, )2 (C, H, ) and m the present complex, m which the allene lies on the 
coordmatron plane, two types of bondmg can be considered (Fig. 6). One is a 
doubly o-bonded metallo-cyclopropane type (A) and the other a dative bond 
mvolvlng a-electrons on the allene (B). In the former the central metal is re- 
garded as four-coordmated and divalent, while m the latter it 1s three-coordr- 
nated and zerovalent. 

In the scheme (A), the C(2) atom of the allene possesses sp* character mstead 
of sp character m the free allene, and this causes the coordinated allene to be 
bent away. Considered from the point of vrew of the structure of the allene 
moiety and the coorchnatlon geometry around the central metal, however, rt 
would not seem reasonable to apply this scheme to the present complex In 
particular such an extremely distorted square planar configuration 1s not favour- 
able, the C(l)-PdV(2) angle being 39-l(3)“. ESCA studies mdicate that 
Pt(PPhB )* (C, H4 ) is better dscnbed as a platmum (0) complex than as a den- 
vative of platmum(I1) 1131. Thx mterpretatlon could be applied to the present 
complex. 

In the scheme (B), the bondmg 1s thoughtto be formed by an electron dona- 
tion from the filled (C=C)n orbital to the vacant dp’ hybnd (d,, + p, + p, ) on 

M 
/\ M 

,c-c c=c 
cl cp 

(nt (8) 

Fig 6 ‘hno types of bonclmg for olefur-metal complexes 
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the palladmm, supported by a back donation from a filled d orbital of the 
palladium to the unoccupied (C=C)p orbital [14]. For this back bonding inter- 
action (d 2 ~-7r* ), the planar coordmation of P(l), P(2), C(1) and C(2) to 
Pd is calc&&d to%, the most stable configurat;lon. The observed bending of 
the allene molecule can be explained m the following manner. Upon coordma- 
tron to a transrtion metal, the allene molecule 1s activated by an electron trans- 
fer, through the central atom, f?om the h&est r orbital to the lowest unoccu- 
pied r* orb&A Therefore, the electromc state of the coordmated allene 
resembles that of the lowest exuted state of the free allene molecule, which 
appears to be bent like carbon &sulfide [16]. In the transition metal--carbon 
drsulfide or -acetylene complexes, successful explanations have been offered to 
relate the drstofions of the ligand to the geometry of zts exerted state Cl7 - 203. 
Furthermore, correlation has been attempted between the charge transferred to 
the ligand and its expected geometry [13]. Smce no structural parameters of 
allene in its lowest excited state are avdable, it IS nnpossrble to compare qua&- 
tatlvely the structure of the coordmated allene with that of the excited allene, 
and to estunate the charge transferred (the strength of the back-donation) 

The dihedral angle between the two planes defined by P(l), Pd, and P( 2) and 
C(l), Pd, and C(2) 1s 8 6” (Fig. 7), and the angle between planes contammg 
P(l), Pd, and P(2), and C(l), C(2) and C(3) is 11.0”. The C(2)-%(3) vector 
makes an angle of 9.2” wltb the coordmatron plane. Simltar dihedral angles are 
observed in most trigonal complexes Distortions from perfect planarrty can be 
rationalized on the basis of both electronic and steric effects. Twrstmg of the 
C(l)-C(2) vector from the P(l), Pd, P(2) plane allows the metal-hgand back 
donation to mvolve d and d electrons m addition to d 2 2 electrons, which 
makes the metal-hggd bon&g stronger Such &stortio&~uld also arrse 
f?om the requrrement for mimmrzatron of non-bonded mteractron. 

The palladium atom is not equidistant from the two atoms C(1) and C( 2) 
of the coordmated allene. The Pd-C(B) distance [2.067(8) A] is srgnifrcantly 
shorter than Pd-C(P) [2.118(9) A]. This drfference can be explamed by the 
proposal of Hewrtt and De Boer [6] _ That IS. m addition to the overlap between 
the filled d xz-y2 orbrtal of the palladium atom and T&, orbrtal of the central 
carbon atom, C(2) (ordmary back-donation), the dyr orbital can also overlap 
with the n$ orbital orthogonal to the Pm However, the terminal carbon atom, 
C(1) has no corresponding X* orbital, and the addrtlonal overlap does not 
occur. This can cause the drf%rence in the Pd-C distances. It IS noteworthy 

I%& 7. The relative onentatron of two planes, one contuung the allene C-C and Pd atom, and the other 
the P l&and atoms and Pd atom 
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that the Pd-C(1) distance [but not the Pd-C(2)] is comparable with the Pt-C 
ddances [2.116(g) and 2.106(g) a] m Pt(PPh3)* (C, H4 ) [lo] m spite of the 
difference in metalhc radu, The distance from the palladium atom to the mrd- 
pomt of the C(1)-%(2) bond is 1.97 A. The uncoordmated carbon atom, C(3), 
is located far away from the palladnun atom [3 171(g) A]. 

The Pd-P(2) bond length of 2.324(2)HL [trans to C(2)] 1s only slightly 
longer than the Pd-P(1) bond length of 2.314(2) A, nnplymg that the back- 
donating power of Pd + P(2) is shghtly weaker than that of Pd + P(1). The 
geometry around the phosphorus atoms is a distorted tetrahedral arrangement, 
average values of C-P-C and Pd-P-C angles being 103.0” and 115.3” re- 
spectively. The phenyl rings are normal: the average values of C-C bond lengths 
and C-C-C angles are 1.39 A and 120.0” respectively. 

The crystal structure 1s given in Fig. 8 All mtermolecular contacts are normal, 
the shortest contact between non-hydrogen atoms being 3 54 It [C(55)(z, y, z) 
---W5)(% 9, Z)] - 

It IS interesting to compare the strengths of ligand bondmg m the series of 
transition metals Pt, Pd and NL For the bondmg of metal to tnphenylphosphme 
hgand, the platmum seems to bond more strongly than palladium and nickel 
ln view of the difference m the metalhc radn, it can be said that M-P bonds 
are stronger m Pt(PPh3 )* (C, H4 ) [lo] than in Ni(PPh3 )* (C, H4 ) [ll] . M-P 
bond lengths m Pt(PPhs )* (C& ) [17] are shorter than those in Pd(PPhs )2 (CS2 ) 
1211. A sinular relation to that described above has been found to hold for 
allene complexes- thus the average Pt-P &stance of 2 282 A is shorter than the 
average Pd-P distance of 2.319 A. In the case of the metal-to-double bond dis- 
tances, the ethylene complexes of Pt and Ni do not show slgnlficant dtiferences 
m M-C distances. Owmg to large values of estnnated standard deviations, it IS 
not easy to compare M-C and M-S (coordmated) distances in Pt(PPhs )* (CS, ) 
and Pd(PPhj )* (CS2 ). However, the lengthening of the C-S (coordmated) d~s- 
tance and the change m the S-C-S angle m the Pt complex are far larger than 
those m the Pd complex. In the case of allene complexes, it 1s clear that the 

fig 8 Stereoscopx new of the c~stal structure of CPh3Pl2P~(C$-W- 
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Fig 9 The coordmatxon geometry around the platinum atom m G?&P)2Pt(CgHq) <Radonaga et al ,197l) 

bonding of Pt to allene IS stronger than that of Pd. Although the metalhc radius 
of Pd (1.283 A) is shorter than that of Pt (1.295 A) [22], both M-C(l) and 
M-C(2) distances m the Pd complex are 0.01 and 0.04 A respectively, longer 
than those in the Pt complex *. Moreover the C(l )-C(2) distance m the Pd 
complex is 0.06 A shorter and C(l)-C(2)-C(3) angle LS 6” larger than those m 
the Pt complex. As mentioned above, the distortion of the hgand from its free 
state is m proportion to the bonding strength of metal-to-ligand. Tins difference 
between the bondmg of Pd and Pt to allene can explain the chemical behavior 
of the allene molecule in bondmg reversibly to Pd, but irreversibly to Pt. Co- 
ordination bonds of metal-ene and metal-triphenylphosphine are both 
stronger m the Pt complex than m the Pd complex, makmg the former more 
stable than the latter. This is consistent with the results of NMR studies 1231. 
Prom the standpoint of allene polymenzation, however, the coordination of 
both allene and triphenylphosphme hgands to the metal 1s strong enough to 
stabilize these two complexes. It is probably this which makes these complexes 
catalytically mactive for the polymerization of allene. 
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* The mtroductxon of allene hydrogen atoms rnto the refinement results m coaslderable Yanatlon of 
the posltons of the allene carbons. especlan~ towards the palladium Structure refinement of 
Pt<pPk& (CJHQ) was carned out excluding all hydrogen atoms For t.h~ reason. structural param- 
eters of the Pd complex used m the comparison wzth the Pt analogue are not those m the final refine_ 
ment. but thos= xn the refinement exciudmg all allene hydrogen atoms. 
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