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The structure of the compound ~i.c~ns-chloro-2-(phenylazo)phenylbis(triethy~phosphine)palladium(II), PdCl(C12HgSa)- 
(P(C2HS)3)2, has been determined by single-crystal X-ray diffractometry. This complex crystallizes in the sFace group 
P21/c (C2h5) with eight molecules in a unit cell of dimensions Q = 19.521 (7) A, b = 16.694 (6) ,<, c = 17.446 (6) A, and /3 = 
105.70 (3) ' .  The structure was refined by least-squares methods to a conventional R factor of 9.0% for the 2862 observed 
reflections. The palladium atom is surrounded in an approximately planar fashion by two lrans phosphorus atoms, a chlo- 
rine atom, and a c-bonded carbon atom of the 2-(phenylazo)phenyl group. Th: average Pd-C1 distance of 2.382 ( 5 )  f ,  
tmns to the u-bonded carbon atom is long and the Pd-C distance of 1.994 (15) A is normal. Bond distances and angles 
within the 2-(phenylazo)phenyl ligand do not differ significantly from those in trans-azobenzene. P~CI(C~~H~?;Z)(P(C~HS)~)~ 
is formed in the reaction of the dimer [PdCI(C,,H,S\r,)]2 with 4 equiv of phosphine and is a member of a new class of com- 
pounds containing the o-bonded 2-(pheny1azo)phenyl group. 

Introduction 
Transition metals undergo a variety of reactions 

with azobenzene. When Fe(C0); is irradiated in the 
presence of azobenzene,l an o-semidine derivative is 
formed in which the N=N linkage has been broken. An 
o-semidine derivative2 is also obtained in the reaction 
of dicyclopentadienylcobalt or dicyclopentadienylcobalt 
dicarbonyl with azobenzene. However, if the N=N 
bond is retained in the reaction with azobenzene, the 
2-(pheny1azo)phenyl group can function either as a 
bidentate or a monodentate ligand. Examples of the 
former behavior include the chloro-2-(phenylazo)phenyl- 
palladium dimer3 (I), tricarbonyl-2-(phenylazo)phenyl- 

"d 
I 

cobalt, and tetracarboriyl-2-(phenylazo)phenylniaii- 
ganese4 where presumably the ortho carbon atom and 
the nitrogen atom farthest from the ortho position 
bond to the metal. By contrast, reaction of complex I 
with carbon monoxide6 and the Co2(CO)s-catalyzed 
carbonylation'j of azobenzene both form 2-phenyl-1H- 
indazolone (11). In each of these reactions a u-bonded 

* C = 0  
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intermediate is thought to be involved in which the 
2-(pheny1azo)phenyl moiety acts as a monodentate 
ligand. 

When dimer I is treated with 4 equiv of triethylphos- 
phine, a complex of the stoichiometry PdCl(C19HgN2)- 
(P(C2Hj)8)2 (111) is formed. Since none of the com- 
plexes of azobenzene in which the N=N bond is re- 
tained has been investigated by X-ray methods, i t  
was of interest to establish the coordination geometry 
of 111 by a crystal structure determination. An earlier 
communication7 describes the preliminary results of 
this work. 

Collection and Reduction of Data 
A sample of PdC1(Cl2H9N2) (P(C2H6)& was kindly 

supplied by Professor R .  W. Siekman. Orange crys- 
tals, suitable for X-ray studies, were obtained from 
slow evaporation of methylene chloride-hexane solu- 
tions. Examination of the crystals by Weissenberg 
and precession photographs showed the following ab- 
sences indicative of the space group P&/c (no. 14, 

: h01, I = 2n + 1 and 0120, k = 2n + 1. Unit 
cell dimensions were determined by least-squares re- 
finement of 16 reflections, 25 < 20 < 75", centered 
on a GE XRD-5 diffractometer using Cu KS radiation 
(X 1.5418 A) and a takeoff angle of 2 " .  The results 
are a = 19.521 (7) A, b = 16.694 (6) A, c = 17.445 
(5) A, and /3 = 105.70 (3)". For eight molecules 
in the unit cell, the calculated density is 1.39 g/cm3. A 
density range of 1.25-1.40 g/cm3 was found by flotation 
in phosphoric acid solutions. (The complex is very 
soluble in all common solvents in this density range.) 

For intensity measurements, a crystal of dimensions 
0.07 X 0.2 X 0.1 mm along a,  b,  and c, respectively, 
was mounted on a GE XRD-5 automated diffractom- 
eter with its b axis parallel to the cp axis. A kinematic 
intensity profile* for several reflections showed a width 
a t  half -maximum intensity of approximately 0.45' 
using the w-scan technique and a takeoff angle of 4".  

( 7 )  I < .  W. S iekman  and  I ) .  I.. Weaver,  C h c i n .  ~ O J i l l W 7 l ~ l  , 1021 ( 1 9 R R ) .  
( 8 )  1.. 1:. Alexander  and G .  S. Smi th  AcCn Ci.yslalio,qr., 16, U8:4 (1!)62). 
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Intensities were collected a t  room temperature by the 
8-26 scan technique using Mo Koc radiation filtered 
through 2 mils of Nb foil. The width of the pulse 
height analyzer was set to accept 90% of the radiation 
centered on the Mo Ka! peak. A symmetric scan 
range of 2", 2 < 28 < 20", and 3" ,  20 I 20 I 
42", a t  a scan rate of 2"/min was used. Lower and 
upper stationary background counts of 20 sec each 
were recorded. The quality and alignment of the 
crystal were monitored throughout data collection by 
three standards: two at  x = 0" and one a t  x = 90". 
A slow decrease of 15y0 of the total intensity occurred 
during data collection. All reflections were put on a 
common scale and corrected for the intensity decrease 
by use of the three standards. Twelve reflections 
exceeded the range of linearity of the counter and 
were measured using a 5-mil thickness of Nb foil. 

A total of 6314 independent reflections up to 2 8 ~ ~  K= 

5 42" ((sin 6)/A 5 0.51) were measured. These in- 
tensities were corrected for background, Lorentz, and 
polarization factors and reduced to values of F2. Stan- 
dard deviations from counting statistics were assigned 
each reflection according to the formula g(1)  = [ C T  + 
0,25(t , / / t~)~(B1 + Bz) + where CT is the 
total integrated count in time t,, t B  is the time required 
for each background count B1 and Bz, and P is a factor 
introduced to correct for fluctuations encountered dur- 
ing data collection. A value of 0.045 was chosen 
for P. Of the 6314 intensities measured, a total of 
2862 independent reflections were classified as observed 
using the criterion I > 2.0u(1), These observed re- 
flections were used in the solution and refinement 
of the structure. The linear absorption coefficient for 
Mo Ka! radiation is 9.17 cm-I and no absorption cor- 
rections were applied to the data. Transmission co- 
efficients range from about 0.91 to 0.94 for all of the 
data. 

Solution and Refinement of the Structure 
Throughout full-matrix least-squares refinement the 

function minimized was Z w ( ~ F o ~  - lFc1)2 where the 
weight w is l / u z ( F o )  and u(Fo),  the standard deviation 
of F,, is equal to a(Fo2)/2F,,. The usual discrepancy 
factors were defined as R1 = ZyFoi - ~ F c ~ ~ / Z ~ F o ~  
and Rz = [Zw(lFol - 1 Fcl)2/2wFo2]' *. 

The two palladium atoms were readily located from a 
three-dimensional Patterson function calculated using 
the 2862 independent observed reflections. From a 
Fourier synthesis phased on these two atoms, the six 
phosphorus and chlorine atom positions were found. 
Two cycles of least-squares refinement based on the 
contribution to the structure factors from these eight 
atoms gave a value of R1 of 29.0%. Further electron 
and difference electron density maps located the re- 
maining 52 carbon and nitrogen atoms. When posi- 
tional and isotropic thermal parameters were varied 
for all 60 atoms, an R1 of 10.5% and an Rz of 10.7y0 
resulted. Anisotropic temperature factors were as- 
signed to the two Pd, four P, and two C1 atoms. Fur- 
ther full-matrix refinement varying all 281 parameters 

lowered the values of the residuals, R1 to 9.0% and 

During the later stages of refinement, i t  was noted 
that seven carbon atoms ( C ( l ) E ( l ) P ( Z ) ,  C(2)E(l)P(Z), 

(2)P(4),  and C ( 2 ) E ( Z ) P ( 4 ) )  of the triethylphosphine 
ligands had unreasonably high thermal parameters and 
coordinates which gave carbon-carbon distances not 
in agreement with expectation. A difference Fourier 
map was phased on structure factors which excluded 
contributions from these seven atoms. Diffuse areas 
of electron density (1.5-0.73 e-/A3) were observed 
in the locations where these atoms had been previously 
positioned. This electron density may be compared 
with an average value obtained from an observed 
Fourier synthesis of approximately 4.5 e-/A3 (B = 
5.0 f iz )  for the carbon atoms of the two 2-(phenylazo)- 
phenyl groups. An attempt was made to resolve this 
disorder by assigning the carbon atoms fractional posi- 
tions, fractional weights, and isotropic thermal param- 
eters of B = 12.0 AZ in accordance with the difference 
electron density map. Least-squares refinement of all 
parameters but those for the seven carbon atoms con- 

Rz to 8.9%. 

c W P ( 2 )  C( 1 )E(1  )P ( 4 )  > C@)E(l  )P(4) ,  C( 1)E- 

O4> y;4 

Figure 1.-A molecule of PdC1(Azbj(P(C2Hj)8)2 viewed along a. 

Figure 2.-The inner coordination sphere in PdCl(Azb)( 1'- 
The 2-(pheny1azo)phenyl (CnHjjajs projected down the a axis. 

group is included. 

verged to R1 = 9.3% and Rz = 9.5%. A Hamilton R 
factor ratio testg shows that the ordered model (Rz = 

8.9%) is an improvement over the disordered model 
(Rz = 9.5%) which is significant a t  a level of confidence 

( $ 3 )  W. C. Hamilton, A c f n  C~yslal logr. . ,  18, 602 (1965) 
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TABLE I 

OBSERVED AND CALCULATED STRUCTURE AMPLITUDES ( X 10) (IN ELECTRONS) FOR PdCl(C12HQNz)( P( C2Hj)& 
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TABLE 1 (Continued) 

greater than 99.99%. Consequently, all final atom 
parameters are based on the ordered model which has a 
value of R1 of 9.0%. This author does not, however, 
place confidence in the thermal parameters and bond 
distances involving these seven atoms (carbon-carbon 
distances range from 0.7 to 2.5 A). Choosing the 
ordered model was shown to have virtually no effect 
on the parameters of the other atoms as they are es- 

sentially uncorrelated with those for the seven carbon 
atoms. 

Scattering factors used for the neutral light atoms 
were those given by Ibers.lo The values of the pal- 
ladium atom scattering factors" were corrected for 

(IO) J .  A.  Ibers in "International Tables for X-Ray  Crystallography," 

(11) I ) .  T. Ct-omer and  J .  T. Waber, Acta Crystallogr., 18, 10-1 (1965). 
!'<>I. 111. Kyntrch Press, Birmingham. England, 1R62, p 202. 
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TABLE I1 
Final Positional arid Thermal Parametersu 

Atom x Y 2 ~ , b  A2 

P d ( l I c  0.5073 (1) 0.4417 (1) 0.2610 (1) 3 . 8 2  
Pd(2)  0.9899 (1) 0.2038 (1) 0 ,2373 (1) 3 . 9 5  
Cl(1) 0.5873 (3) 0.5091 (4) 0.3696(4) 5 . 8 6  
C1(2) 0.9061 (4) 0.2664 ( 5 )  0.1291 (4) 7 . 2 4  
P(1) 0 .5853 (5) 0.4532 (4) 0.1819 ( 5 )  4 . 7 4  
p (2) 0.4227 ( 5 )  0.4406 ( 5 )  0.3313 ( 5 )  5.90 
P(3) 0 . 0 7 6 4 ( 5 )  O.ZlOZ(5) 0 .1698(5)  5 .44  
p (4) 0.9086 ( 5 )  0.2027 (5)  0.3111 ( 5 )  6 . 2 1  

0 .3887(11)  0.5059(12) 0 ,1158(11)  4 .83(49)  
N (2) 0.6618 (10) 0.0367 (12) 0 .4330 (11) 5 . 4 8  (51) 
N (3) 0.1075 (10) 0.2639 (11) 0.3884 (10) 3 . 9 0  (44) 
N (4) 0.1610 (9) 0.2954 (11) 0 .4331 (10) 4.68 (43) 
C(1) 0.4410 (12) 0.3824 (14) 0.1731 (12) 4.57 ( 5 5 )  
C(2) 0.3898 (11) 0.4216 (14) 0,1109 (12) 3 .44  (48) 
C(3) 0.3438 (11) 0.3776 (14) 0.0458(12) 4 . 2 2  (52) 
c (4) 0.3463 (13) 0.2971 (15) 0.0450 (14) 4 . 6 7  (62) 
C(5) 0.3926 (15) 0.2577 (16) 0.1063 (15) 6 .52  (70) 
C(6) 0.4422 (13) 0.2983 (14) 0.1725 (13) 4 . 7 4  (68) 
C(7) 0.6633 (12) 0.1244(14) 0 .4244 (13) 4 47 (54) 
C(8) 0.6176 (13) 0.1671 (16) 0.3647 (14) 6 . 0 4  (63) 
C(9) 0.6247 (13) 0.2518 (16) 0.3679 (14) 6 . 1 4 ( 6 5 )  
C(10) 0.6815 (15) 0.2881 (15) 0.4275 (16) 6 .60  (70) 
C(11) 0 .7280 (13) 0.2557 (16) -0.0176 (14) 6 . 0 2  (64) 
C(12) 0.7212 (12) 0.1586 (16) 0.4823 (13) 5 . 7 2  (61) 
~ ( 1 3 )  0.0598 (11) 0.1431 (13) 0.3229 (11) 3 . 4 6  (48) 
~ ( 1 4 )  0 ,1091 (13) 0.1776 (16) 0.3885 (14) 5 . 2 1  (61) 
C(15) 0.1572 (12) 0.1337 (14) 0.4464 (13) 4 . 8 2  ( 5 7 )  
C(16) 0 ,1540 (13) 0.0616 (13) 0.4382 (14) 4 . 2 8  (61) 
~ ( 1 7 )  0.1070 (13) 0.0139 (14) 0.3775 (13) 4 .50  (54) 
C(18) 0.0615 (13) 0 .0566 (13) 0.3197 (13) 4 . 2 6  (59) 
C(19) 0.1602 (12) 0.3835 (14) 0.4352 (12) 4 07 (51) 
C(20) 0.1077(12) 0.4300 (15) 0.3841 (13) 4 .85  ( 5 5 )  
C(21) 0.8846 (15) 0,0110 (18) 0.1089 (16) 7 .10  (7.5) 
C(22) 0.8270 (18) 0.0455 (17) 0.0499 (19) 8.50 (90) 
~ ( 2 3 )  0 .2248 (12) 0.5004 (15) 0.4991 (13) 5 .36  (59) 
c (24) 0.2179 (12) 0.4137 (15) 0.4911 (13) 5.76 (63) 
C ( l ) E ( f ) P l f ) d  0.4344 (16) 0.0447 (17) 0.3786 (17) 7 . 9 8  (86) 
C(B)E(f )P( f )  0.4214 (17) 0.1210 (21) 0.3258 (18) 10.70 (99) 
C( l )E(Z)P(I )  0.5776 (14) 0.3843 (18) 0 ,0974 (16) 7 . 6 7  (74) 
C(Z)E(Z)P(Z) 0.6072 (19) 0.3026 (21) 0 .  1289 (20) 1 2 . 4  (11) 
C( l )E(3)P(f )  0,6759 (13) 0.4587(13) 0.2362 (13) 5 . 0 1  (59) 
C(Z)E(3)P(f) 0.7320 (17) 0,4762 (18) 0.1833 (18) 9 .79  (92) 
C( l )E(I )P(Z)  0.5902 (19) 0.0644 (21) 0.1528(20) 11 .2  (11) 
C(Z)E(f)P(Z) 0,6448 (27) 0.0892 (28) 0 .  1118 (30 )  18.9  (19) 
C ( l ) E ( Z ) P ( Z )  0.3393 (21) 0.4061 (24) 0.2831 (22) 1 2 . 8  (12) 
C(2)E(Z)P(Z) 0 ,2937 (30) 0.3820 (37 )  0.3294 (32) 2 4 . 3  (24) 
C(1)E(3)P(Z) 0.4563 (18) 0.4083 (24) 0.4369 (20) 1 2 . 7  (11) 
C(Z)E(3)P(Z) 0.4744 (16) 0,3207 (20) 0.4425 (17) 10 .17  (94) 
C ( l ) E ( f ) P ( 3 )  0.0764 (16) 0.2975 (18) 0.1120 (17) 8 . 5 7  (88) 
C(2)E(f )P(3)  0.0767 (16) 0.3741 (21) 0.1631 (18) 10.45 (98) 
C(l)E(Z)P(3) 0 .0528 (20) 0.1396 (27) 0.0763 (22) 13 .9  (13) 
C(2)E(Z)P(3) 0.0755 (18) 0 0693 (22) 0 .  1042 (21) 11. l (10)  
C(1)E(3)P(3) 0,1702 (15) 0.1986 (16) 0.2300 (16) 7.56  (78) 

C ( l ) E ( f ) P ( 4 )  0.9103 (47) 0.3455 (57) 0.3617 (51) 27.3  (41) 
C(2)E(f )P(4)  0.9006 (50) 0,3483 (62) 0.3202 (52) 24 .0  (47) 
C(l )E(Z)P(4)  0.8155 (31) 0.1392 (40) 0.2465 (33) 23 .6  ( 2 5 )  
C(2)E(Z)P(4) 0,8098 (46) 0.2225 (52) 0 .2664 (45) 3 4 . 5  (36) 
C( l )E(S)P(I )  0.9306 (19) 0 ,1814 (23) 0.4130 (21) 11.9 (11) 
C(2)E(3)P($) 0.9312 (20) 0.0946 (27) 0.4293 (21) 14.0 (1x1 

Ariisotropic Temperature Parameterse ( X IO4) 

Pd(1) 27 .9(10)  34 .7(9)  3 0 . 6 ( 9 )  - 2 , l ( 7 )  5 . 3 ( 7 )  - 3 . 1 ( 7 )  

C(Z)E(3)P(3) 0 ,2241 (15) 0.2083 (16) 0 .  1756 (16) 8 .24  (77) 

Atom Pii P 2 2  633 P I 2  P13 (913 

Pd(2) 27.6(10) 38.0(10) 3 0 . 8 ( 9 )  - l . 8 ( 8 )  4 . 7 ( 7 )  7 . 1 ( 8 )  
Cl(1) 32 .5  (29) 73.0  (44) 39 .7  (32) - 7 . 3  (28) 4 . 7  (24) -16 .0  (29) 
Cl(2) 4 5 . 0  (33) 7 6 . 0  (48) 46 .5  (34) 7 . 2  (31) - 9 . 9  (26) 21 .0  (31) 
P(1) 32 .6  (38) ‘44.8 (42) 40.6 (38) - 3 . 7  ( 2 5 )  9 . 5  (28) 0 . 9  (3) 
p ( z )  42 .4(43)  7 1 . 1  (55) 3 5 . 3 ( 3 8 )  - 5 . 9  (32) 1 3 . 3 ( 3 1 )  1 . 7 ( 3 0 )  
P(3) 40.2 (41) 54.6  (48) 45.0 (40) - 8 . 3  (30) 1 8 . 6  (32) 0.0  (3) 
P(4) 26.7(35) 85 .1(61)  5 0 . 1 ( 4 2 )  0 . 9 ( 3 )  14.1(30) S .Y(4)  

a Sumbers in parentheses are esd’s in the last figure quoted. 
Equivalent isotropic B’s are quoted here for the anisotropically 

refined atoms. Pd( 1) is the palladium atom in the first crystal- 
lographically independent molecule. C( l)E(I)P(I) is carbon 
atom 1 on ethyl group 1 bonded to phosphorus atom 1, etc. e An- 
isotropic temperature factors are of the form exp[-(p,,h2 + 
Pznk’ + PaaP + 2Puhk + 2Plahl + 2P&)l. 

the real (Af’ = 1.13 e-) and imaginary (Af“’ = 1.27 e-) 
components12 of anomalous dispersion. Major com- 

(12) D. T. Cromer, A c f a  Cyyslailogr.., 18, 17 (1965). 

puter programs used in the resolution of the structure 
were as follows: Patterson and Fourier synthesis, 
Zalkin’s FORDAP ; structure factor calculations and 
least-squares refinement, Prewitt’s SFLS-5. 

The final error of an observation of unit weight 
is 2.03. This probably reflects the unsatisfactory 
resolution of the disorder of the seven ethyl carbon 
atoms. The largest change of a positional or thermal 
parameter in the final structure factor calculation was 
0 . 4 0 ~  and the average shift was 0.06u. The highest 
peak of 0.93 e-/A3 on a final difference electron density 
map, which has an estimated standard deviationL3 
u(Ap) = 0.15 e-/A3, is in the vicinity of the Pd(2) 
atom. A final structure factor calculation for the 
3452 unobserved data showed seven reflections for 
which ;F,i was greater than twice the minimum ob- 
servable. Table I lists the observed amplitudes, 101 F,I, 
and the final calculated structure factors, 10F,, each 
in electrons. The positional and thermal parameters 
derived from the final cycle of full-matrix least-squares 
refinement of the ordered model are given in Table 
11. The anisotropy of the thermal motion of the 
Pd, C1, and P atoms is small. The direction of maxi- 
mum vibration is that generally expected, e.g., the 
major axis of the thermal ellipsoid for the chlorine 
atoms is perpendicular to the direction of the Pd-Cl 
bond and to the plane of the coordinating atoms. 

Results and Discussion 
The crystal structure is composed of discrete niole- 

cules of trans-PdCl(Azb) (P(CzHj)3)2, Azb = 2-(phenyl- 
azo)phenyl group, separated by normal van der Waals 
distances. There are two crystallographically inde- 
pendent, but essentially equivalent, molecules of the 
complex in the asymmetric portion of the unit cell. Use 
of statistical tests shows that there are no significant 
differences in the bond lengths (excluding distances 
within the triethylphosphine ligands) of these two 
crystallographically distinct molecules. The ~r i te r ion’~  
adopted for equivalence of bond lengths is that  to = 
lZ1 - L*i/(u12 + ~ 2 ~ ) ’ ’ ~  must not exceed 3.0, where 
Il and l2 are comparable bond lengths in molecule 1 
and 2 and u1 and u2 are their respective standard de- 
viations. The value of 3.0 is exceeded for a few of 
the bond angles, but this is probably due to intra- 
and intermolecular packing distortions of these angles. 
Table 111 gives selected interatomic bond distances 
and Table IV  gives some bond angles for the molecules. 
Figures 1 and 2, show, respectively, a molecule of 
PdCl(Azb)(P(C2Hb)& and the inner coordination 
sphere around the Pd(1) atom including the 2-(phenyl- 
azo)phenyl group. A view of the crystal packing pro- 
jected down the crystallographic b axis is shown in 
Figure 3. 

The palladium atom is four-coordinate and is sur- 
rounded in an approximately planar fashion by two 
trans phosphorus atoms of the triethylphosphine lig- 

(13) H. Lipsm and W. Cochran, “The lIetel-minati,in o f  Crystal Struc-  
till-es,” G. Hell a n d  Sons I,td., London, 105C3, p 308. 

(14) I ) .  V.’. J .  CI-uickshank and A.  P. Robertson,  A d a  Ciys la l logr . .  6 ,  f i ! lX 
( l W j 3 ) .  
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Bond 

I’d(1)-C( 1) 
Pd( 1 )-C1( 1) 
Pd(1)-P(l)  
I‘d (1)-P(2) 

TABLE I11 

SELEWED INTERATOMIC DISL‘ANCES,‘~ A 

(a) Bond Lengths in the Inner Coordination Sphere 
Pd(l )b  distance Bond Pd(2) distance 

1.983 (22) Pd(2)-C( 13) 2.004 (20) 
2,386 (7) Pd (2)-C1(2) 2 ,379 (7) 
2.323 (9) Pd(2)-P(3) 2.306 (9) 

2.306 ( 5 )  
2,307 (9) Pd(2)-P(4) 2,299 (9) 

Wtd avc for 4 I’d-I’ bonds 

(b) 
Bond 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(  5)-C(A) 
C(6)-C(1) 
C(7)-C(8) 
C(8 -C(9) 
c (9 )-c (10) 
C(  1 0 4  C(11) 
C(ll)-C(12j 
C( 12)-C(7) 
Wtd av of 12 C-C bonds 

N( 1)-N (2) 
C(2)-N(1) 
C( 7)-N(2) 

Bond Distances within the 2-(Phenylazo)phenyl Groups 
Azb( l )d  Bond Azb(2) 

1 .42(3 )  C(  13)-C( 14) 1 , 4 0  ( 3 )  
1.44  (3) C(14-C( 15) 1 .38 (3 )  
1 .34(3)  C(15)-C(lA) 1.38 (3) 

1.46 ( 3 )  C(17)-C(18) 1 . 3 5  ( 3 )  
1.40 (3) C( 18 j-C( 13) 1 . 4 5 ( 3 )  
1 .37 (3 )  C( 19)-C(20) 1 .37 (3 )  
1 .42 (4) C(ZO)-C(21) 1 .46 (4 )  
1 , 4 3  (4) C(21)-C(22) 1 , 3 6  (4) 
1 .34 (4) c(22)-c(23 j 1 .42  (4) 
1 .44 (4) C(23)-C(24) 1 .36 (4 )  
1 .42 (3) C(24)-C( 19) 1 .40(3)  
1.406 (10) Wtd av of 12 C-C bonds 1.389 (10) 

1 .23  (3) N (3)-N(4 1 1 .24  (3) 
1 .41  (3) C(14)-iY(3) 1 .44(3)  
1 .47(3)  C(  lQ)-N(4) 1 .47 (3 )  

1 .37  (4) C(ltj)-C(17 j I 35 13) 

Wtd av for all 24 C-C bonds 1.397 (7)  

Carboil-Carbon 

C( l )E( I )P ( I  j-C(B)E(I)P(I) 1 .55  (4) C(l)E(I)P(3)-C(2)E(I)P(3) 1.56 (4) 
C(l)E(Z)P(I)-C(2)E(Z)P(I) 1.52 (4) C(l)E(2)P(3)-C(2)E(Z)P(3) 1 .30  (6) 
C(l)E(3)P(I)-C(Z)E(3)P(I j 1 .64 (4) C(l)E(3)P(3)-C(2)23(3)P(3) 1.60 (4) 
C(l)E(Z)P(z)-C(2)E(Z)P(Z) 1 . 4 1  (6) C(l)E(3)P(4)-C(l)E(3)P(4) 1 .48  (6) 
C(l)E(3)P(Z)-C(2)E(S,P(Z)  1.51 (5) 

U‘td av for 9 C-C bonds 1 . 5 3  ( 2 )  

( (1) Selected Iiitramolecular Sonboiiding Ihitance5 

Pd( l)-N( 1) 
Pd(1)-N(2) 
P(  1 )-Cl(l) 
P(2)-C1(1) 
P(1 1 
P(2)-C(l) 

C l ( l ) - C ( l ) E ~ Z ) P ( ~  ) 
Cl(1 j-C(l)E(3)P(z) 
C(l)-C(1)E(Z)W) 
Pd(l)-C(2) 
Pd(  1)-C(6) 
Pd(1)-Pd(2) 1 

Cl(l)-C(l)E(3)P(I)  

3.12 (2) 
4.34 (2) 
3 .39  (1) 
3.30 (I) 
3.02 (2) 
3.04 (2) 
3 .36 (2) 
3 . 5 1  (3) 
3 . 5 3  (3) 
3.14 (4) 
3.00 (2) 
2.94 (2) 

LO. 76 (3) 

Pd(2 )-N(3) 
Pd(2)-N(4) 
P(3)-C1(2) 
P(4)-C1(2) 
P(3)-C( 13) 
P(4)-C(13) 
C12-C( 1 )E( I  )P(\?) 
C1(2)-C(2)E(1)1’(3) 
C(  l)-C(1 )E(Z)P(I  ) 
C(2)-C(1)E(Z)P(Z) 
Pd(2)-C(14) 
Pd(2)-C( 18) 

3 .15  (2) 
4 .35  (2) 
3.34 (1) 
3.33 (1) 

3 .07  (2) 
2.99 ( 2 )  

3 ,46  (3) 
3 .69  ( 3 )  
3 . 2 8 ( 3 )  
3 .42 (4) 
3.04 (2) 
3.00 (2) 

l’he nuriibers in parentheses are estimated standard deviations in the last significant figure listed. Pd(1) is the palladium atom in 
e Weighted average ( I )  of bond lengths, I ,  are given by the formula 1 = Z~L,’ut2),’ 

is given 
e No bond lengths involving the seven dis- 

the first crystallographically independent molecule. 
.Z( l juL2~.  where ub  is the estimated standard deviation derived from the least-squares refinement. 
by u(1) = l / [ Z ( l / ~ ~ ~ ) ] ’ / ‘ .  
orclered carbon atoms arelisted. 

The standard deviation of 
Azb(1) = 2-(pheny1azo)phenyl group bonded to atom Pd(1). 

See text. f C( l )E( I )P ( I )  is carbon atom 1 on ethyl group 1 bonded to phosphorus atom 1, etc. 
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Angle 

P (1)-Pd( 1 )-C1( 1 ) 
C1( 1 )-Pd( 1 )-P(2) 
P(2)-Pd(l)-C( 1) 
C(1)-Pd(1)-P(1) 
Cl( 1 )-Pd( 1 )-C( 1 ) 
P (  1 )-Pd( 1 )-P (2) 

Angle 

C( 1 )-C( 2)-c(3) 
C(Z)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C( 5)-C(6)-C( 1 ) 
C (6)-C (1 )-C (2) 
C(7)-C(S)-C(9) 

C(9)-C(10)-C(ll) 
C(10)-C(ll)-C(l2) 
C(l l ) -C(l2)-C(i)  

C1l)-C(2)-S(l) 

CiS)-C(S)-C( 10) 

C(lZ)-C(i)-C(8) 

C(3)-C(2)-K(l) 
C(8)-C(7)-N(Z) 
C( 12)-C(7)-X(2) 
C(2)-X( 1)-S(2) 
C( 7)-is(2)-X( 1 ) 
Pd(1)-C( 1)-C(2) 
Pd(l)-C(l)-C(A) 
C(5)-C(Z)-N(l) 
C( lO)-C(7)-K(2) 

Angle 

Pd (1 )-P (1 )-C (1 )E(1  )P (1 ) 
Pd(l)-P(l) -C(l)E(2)P(I  ) 
Pd(l)-P(l)-C(l)E(3)P(1 ) 
Pd( 1)-P(2)-C (l)E(Z)P ( 2 )  
Pd(l)-P(2)-C(l)E(3)P(2) 

TABLE I\' 
SELECTED BOND ANGLES (DEGREES) 

(a)  Angles around the Palladium Atoms 
Pd(1) Angle 

92.2 (3) P(3)-Pd(2)-C1(2) 
89 .5  (3) C1(2)-Pd(Z)-P(4) 
89 .8(7)  P(4)-Pd(2)-C(13) 
88.7 (6) C(13)-Pd(2)-P(3) 

178.1(7)  C1(2)-Pd(2)-C( 13) 
174.0 (3) P(3)-Pd(2)-P(4) 

:b) Angles within the 2-(Pheny1azo)phenyl Groups 
Azb(1) Angle 

121 .7 (2 .0 )  C(13)-C(14)-C(15) 
120.1 (2.0)  C( 14)-C(15)-C(16) 
119.3 (2 .3)  C(15)-C( 16)-C(17) 
123 .5(2 .3)  C(16)-C(17)-C(18) 
117 .5(2 .2)  C (  17)-C( 18)-C( 13) 
117.7 (2 .0)  C(18)-C(13)-C(14) 
116 .8(2 .3)  C(19)-C(20)-C(21) 
119.8(2.3)  C(20)-C(21)-C(22) 
1 2 1 . 8 ( 2 . 4 )  C(21)-C(22)-C(23) 
119.8 (2 .2 )  C(22)-C(23)-C(24) 
117.3 (2.0)  C(23)-C(24)-C(19) 
124.1 (2 .2 )  C(Z4)-C( 19)-c(20) 
115.6(1.9)  C(13)-C(14)-N(3) 
122.7 (2 .0 )  C( 15)-C( 14)-K( 3) 
124 .5(2 .0)  C(20)-C( 19)-N(4) 
111 .3(1 .9)  C(24)-C(19)-S(4) 
113,5 (1.8) C(14)-X(3)-N (4) 
112.4 (1.9)  C(19)-N (4)-N(3) 
122.6 (1.6)  Pd(Z)-C(13)-C( 14) 
119.7 (I, 5) Pd(2)-C(13)-C(18) 
178.2(2.0)  C(17)-C(14)-K(3) 
170.0 (2.0)  C(22)-C(19)-N(4) 

( c )  Angles within the Triethylphosphine Ligand 
Pd(1) Angle 

Pd-P-C lngles  
109.9 (1.0)  Pd(2)-P(3)-C(l)E(I)P(3) 
119.9 (1.0)  Pd(Z)-P(3)-C(l)E(Z)P(3) 
1 1 4 . 1 ( 0 . 8 )  Pd(Z)-P(3)-C(l)E(3)P(3) 
1 1 7 . 6 ( 1 . 4 )  Pd(2)-P(4)-C( l )E(<?)P(4)  
115.2 (0 .8)  

C-P-C Angles 
95.7 ( 1 . 3 )  C( l ) E ( I  )P(3)-P(3)-C( 1)E(2)P(3)  

106.7 (1 .0)  CIl)E(I)P(3)-P(3)-C(l)E(3)P(3) 
108.3 ( 1 , Z )  C(l)E(Z)P)3)-P(3)-C(l)E(3)P(3) 
114.4 (1.8) 

P-C-C Angles 
111.5 (2 .0 )  

115.6 ( 1 . 7 )  
118.5 ( 2 , 0 )  

109.2 (2 .0 )  

111.0 (2 .0 )  

ands, a chlorine atom, and a u-bonded carbon atom 
of the 2-(pheny1azo)phenyl group. The nitrogen atoms 
of the 2-(pheny1azo)phenyl group are not bonded to 
the palladium atom, since the closest palladiuin-ni- 
trogen distance is 3.12 K .  If a carbon-hydrogen bond 
distance of 1.10 A is assumed, the closest approach 
of a phenyl-group hydrogen atom to either palladium 
atom is 3.00 A. 

An average value of 1.994 (15) A was found for 
the two palladium-carbon distances. There appears 
to be no appreciable 7 interaction between these two 
atoms since a Pd--C(sp2) distance of 2.03 A would 

Pd(2) 

91.0 (3) 
90.9 (3) 
90 .7(6)  
87.6 (6) 

175,3 (6) 
176.1 (3) 

Azb(2) 

1 2 3 , s  (2 .3)  
116.5 (2 .0 )  
1 2 3 . 1 ( 2 . 1 )  
120.5 (2 .2)  
120.9 ( 2 . 1 )  
115.1 (2 .0 )  
116.7 (2 .1 )  
120.9 (2 .3 )  
1 2 2 . 5 ( 2 . 3 )  
117.1 (2 .3)  
118.1 ( 2 . 0 )  
124.7 (2 .2)  
113.6 (2.0)  
122.6 (2 .1 )  
123.3 (1 .9)  
l l l . 9 ( 1 . 8 )  

115.3 (1.7) 
119.6 (1.5) 
12d.3 (1.7)  
176.0 (2 .0)  
173.9 (2 .0 )  

114.1 (1.9)  

P d ( 2  

116 .2(1 .0)  
110.9 (1.3)  
116.9 (0.9)  
123.7 (1 .6)  

93.3 (1 .7 )  
104 .7(1 .4)  
112.4 (1 .6)  

110.5 12.U) 
104 .5(2 ,1)  
111.0 ( 1 . 9 )  
112, ,5 ( 2 . 4 )  

be expected from the sum of covalent radii. A Pt-y- 
carbon bond distanceI5 of 2.11 (2) A was found in 
the complex K [Pt(acac)&I]. 

Table V lists bond lengths for some four-coordinate 
palladium and platinum(I1) complexes. As is seen 
in the table, the average Pd-C1 bond length of 2.382 
(5) A, determined for the present complex, is greater 
than that predicted from available covalent radii. (It 
is not, however, as long as the Pt-Cl bond trans 
to a hydrogen atom inI6 PtH(C1) (P(CeH5) (C2H5)&.) 

(1.5) R. Mason, G. R.  Robertson, and P. J. P a d i n g ,  J .  C h ~ m .  S O C .  A .  

(16) K.  13. IZisenberg and  J .  A.  Ihers ,  i n o r # .  Chcin., 4 ,  7 i : j  ( l $ J t j ! j ) ,  
48.5 (196Rj. 
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TABLE V 
h COMPARISON OF BOND LENGTHS IN SOME SQUARE-PLANAR 

PALLADIUM AND PLATINUM COMPLEXES 
Pd-P or Pt-Pa 

Compound distance, 8, tvarts ligand 

Cis-Ptc12( P( CH3)3)2“ 2.247(6) C1 
trans-PtH( C1)( P( CeH5)2( CzHa))zd 2.268 (6) P( CsHa)z( CzH5) 
trans-PtC11(P(CzHs)3)ze 2.298 (18) P( C2Hs)s 
trans-PdCl( Azb)( P( C2Hj)a)zf 2.306 ( 5 )  P( CzHs)a 
fuans-PtBrz( P( CzH&)ze 2.315(4) P(CzH5)3 
haZs-PtIz( P( CHa)?( C6Hh))Z ’ 2.334 (7) P( CH3)2( CeHj) 
Irans-PtCl( CO)( P( CzH5)a)z + *  2.34 P(CzHsh 

Pd-CI or Pt-CI 
Distance, 8, 

/yons-PtClz( P( C Z H B ) ~ ) ~ ~  2.294(9) CI 

trans-PtClz( NHs)zi 2.32(1) C1 
cis-PtCIz( NHa)zt 2 .33(1)  NH3 
ri.T-PtClz( P( C H ~ ) E ) ~ ~  2.376(6) P(CHa)s 
trans-PdCl(Azb)(P(CZH&):j)2/ 2.382 (5) Azb 
trans-PtH( Cl)( P( C6Ha)i( CzH6))zd 2.422 (9)  H 

tmns-PtCl( CO)( P( CzHj)3)2 + * 2.30 co 

a The sum 2f the Pd(I1) or Pt(I1) and P single-bond covalent 
radii is 2.41 A :  L. Pauling. “Nature of the Chemical Bond,” 
3rd ed, Cornell University Press, Ithaca. N. Y . ,  1960. * T h e  
sum yf the Pd( 11) or Pt( 11) and CI single-bond covalent radii is 
2.30 .4. E G. G. Messmer, E. L. Amma, and J. A. Ibers, Isorg. 
Chem., 6 ,  725 (1967). d R. E. Eisenberg and J. A. Ibers, i b i d . ,  4, 
773 (1965). e H. G. Messmer and E. L. Amma, ibid. ,  5, 1775 
(1966). f This work. Azb = 2-(pheny1azo)phenyl group. 
0 N. A. Bailey and R. Mason, J .  Chem. SOC. A ,  2594 (1968). 
h H. C. Clark, P.  W. R. Corfield, K .  R. Dixon. and J. A .  Ibers, 
J .  Amer. Chem. SOC., 89, 3360 (1967). G. H. W. Milburn and 
M. R. Truter, J .  Chem. Soc. A ,  1609 (1966). 

The long palladium-chlorine band can be attributed 
to the “structural” trans effect of a a-bonded aryl 
group. Similarly, in K [Pt(acac)CI] the Pt-0 bond 
lengthsI6 cis and trans to the Pt-y-carbon bond differ 
by 0.104 (14) b. This lengthening of metal-ligand 
bonds trans to a a-bonded alkyl or aryl carbon atom 
has also been noted in several six-coordinate com- 
plexes such as trimethyl(salicyla1dehydato)platinum- 
(IV), l’ acetylacetonyl - 2,2’ - bipyridyltrimethylplat- 
inum(IV), l8 [Rh(CZHS) ( N H I ) ~ ] B ~ ~ ,  l9 and I ~ C ~ : ! ( C I ~ H ~ ~ O ) -  
( ( C H ~ Z S O ) ~ .  ‘O 

The strength of the metal-phosphorus interaction 
in trans square-planar complexes appears to be related 
to the a-bonding capacity of the cis Less 
dP-da interaction seems to occur between the metal 
and the phosphines when the cis groups are strong 
a-acceptor ligands. The data in Table V are con- 
sistent with this idea since the average value of 2.306 
( 5 )  A observed for the Pd-P bond length in the present 
complex is essentially equal to that foundz2 in trans- 
PtX2(P(CzHJ&, X = C1 and Br. Moreover, all three 
of these complexes have shorter M-P bond distances 
than those determined2 a in trans-PtC1 (CO) (P (C&) 3) + 

which contains a cis CO group. 

(17) M. R. Truterand  R.  C. Watling, J .  Chem. SOC. A ,  1955 (1967). 
(18) A. G. Swallow and M .  K .  Truter, Pmc. Roy.  Soc., Ser. A ,  266, 527 

(1962). 
(19) A. C. Skapski and P. G. H. Troughton, Chem. Commuw., 666 (1969). 
(20) M. McPartlin and R. Mason, ibid.. 54.5 (1967). 
(21) P. B. Hitchcock, M. McPartlin, and R. Mason, ibid., 1369 (1969). 
(22) G. G. Messmer and E. L. Amma, Inovg. Chem., 5, 1775 (1966). 
(23) H. C. Clark, P. W. R. Corfield, K. R. Dixon, and J. A. Ibers, J .  Amer.  

Chem. Soc., 89, 3360 (1963). 

The least-squares plane (Table VI) containing the 
Pd, two P, C1, and a-bonded carbon atoms indicates 
that  this portion of the molecule is significantly non- 
planar, nor are the four ligand atoms surrounding 
the palladium atom planar. Moreover, there are slight 
but significant deviations of angles between the pal- 
ladium atom and its nearest neighbors from their 
idealized values of 90 or 180’. These facts suggest, 
as is verified by some of the short intramolecular 
nonbonded distances listed in Table 111, that there 
is considerable steric crowding in the vicinity of the 
palladium atom. 

The a-bonded 2-(pheny1azo)phenyl group assumes a 
trans configuration and has average bond lengths and 
angles which do not differ significantly from those 
in trans-azobenzene24 and trans-p-azotoluene.26 The 
carbon-carbon distances within the phenyl rings range 
from 1.34 to 1.46 A, with the average value being 
1.397 (7) A. This compares favorably with the ac- 
cepted value (1.392 A) and with the average value 
of 1.380 (3) fL foundz4 in trans-azobenzene. The aver- 
age N-N bond length of 1.23 ( 2 )  A is in accord with 
Pauling’s valuez6 for a nitrogen-nitrogen double dond. 
The C-N bond lengths range from 1.41 (3) to 1.47 
(3) A (in azobenzene C-N = 1.433 (3) 8) which com- 
pare favorably with the value of 1.472 A accepted 
for a carbon-nitrogen single bond. 

The angles between the C-N bond and the phenyl 
ring are distorted in a similar manner to that found 
in trans-azobenzene. The steric interactions between 
C(3) and N(2) and between C(8) and N( l )  (with similar 
repulsions occurring in the other ligand) cause one set 
of C-C-N angles to average about 113’ and the other 
to average about 123”. The least-squares planes and 
dihedral angles given in Table VI show the phenyl 
groups to be rotated out of the best plane defined 
by the C-N-N-C group. (The C-N-N-C group is 
virtually planar in both molecules and there is es- 
sentially no bending of the phenyl groups out of this 
plane.) The average C-C-C angle a t  the a-bonded 
carbon atoms is 116.4 (1.5)’. Although this decrease 
is only 2 . 4 ~  from the expected value of 120’, it  appears 
to be characteristicz7 of this angle for all comparable 
transition metal-aryl complexes. 

The average bonding parameters for the phosphine 
ligands compare favorably with those found in similar 
structures and with predictions from covalent radii 
sums, even though some of the carbon atoms of the 
ethyl groups experience high thermal motion and/or 
disorder. 

The complex trans-PdCl(Azb) (P(C2Hs)& is a member 
of a new class of stable a-bonded transition metal- 
carbon bonds containing the 2-(pheny1azo)phenyl 
group.z8 Others include those described by Heck4 and 

(24) C. J. Brown, Acta Crystallogr., 21, 146 (1966). 
(25) C. J. Brown, ibid., 21, 155 (1966). 
(26) L. Paulinp, “Nature  of the Chemical Bond,” 3rd ed, Cornell Uni- 

(27) M. R. Churchill and T. A. O’Brien, J .  Chem. SOC. A ,  266 (1969). 
(28) A recent report describes some palladium complexes of the 2-(phenyl- 

A. L. Balach and D. Petridis, Znorg. Chem., 8, 2217 

versity Press, Ithaca. N .  Y., 1960. 

azoxy)phenyl ligand: 
(1969). 



Plane no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Plane 
no 

1 
2 
3 
4 

6 
7 
S 
0 

10 

a 

+ B Y  + cz = 

-0,8873 
B 

0.8948 
- 0.8932 

0,8999 
-0.0366 
- 0.0787 
- 0.0400 
- 0.0088 
-0,0825 
-0 0220 

Distances of Atoms from the Planes (A). 

I> 
c 

0 3621 
0 3946 
0 3531 
0 3856 
0 5146 
0 6039 
0 5310 
0 6718 
0 6453 
0 7493 

D 

-2.514 
4.350 

-2.700 
4.353 

-5.391 
-4.951 

3 .  085 
4,054 

-4.776 
4,620 

Pd( l ) ,  0.034; P ( l ) ,  -0.074; P(2),  -0.089: C1(1), -0.003; C(1), 0.013 
Pd(2), -0.009; P(3), 0.058; P(4),  0.060; C1(2), -0.026; C(13), -0.148 
P(1),  -0.037; P(2), -0.045: C1(1), 0.007; C(1), 0.192; [Pd( l ) ] ,  0.075 
P(3), 0.044; P(4), 0.044; Cl(2). -0.014; C(13), -0.186; 
C( l ) ,  -0.002; C(2), 0.021; C(3),  -0.009; C(4), -0.010: C(5), 0.016; C(6),  0.004; [S(l)], 0.051; [N(2)] ,  0.258 
C(7), -0.031; C(8), 0.034; C(9), -0.013; C(lO), -0.009; C(11), 0.006; C(12), 0.014; 
C(13), 0.000; C(14), -0.011; C(15), 0.013; C(16), -0.005; C(17), -0.006; C(18), 0.010: 
C(19), 0.005; C(20), -0.007; C(2l) ,  -0.002; C(22), 0.018; C(23), -0.017; C(24), 0.003; [p\'(3)], 0.093; [ S ( 4 ) ] ,  -0.021 
C(2), 0.014; N ( l ) ,  -0.014; N(2), -0.012; C(7), 0.016 
C(18), 0.007: N(3),  -0.005; N(4),  -0.005; C(19), 0.005 

[Pd(2)], -0.024 

[p\ ' ( l ) ] ,  -0.121; [X(2)] ,  -0.06 
[S(3)],  -0,023; [N(4)],  -0.349 

Planes 
5-6 
5-9 
6-9 

Dihedral Angles between Planes 
Angle, dep Planes 

6 .71 7-8 
9.67 7-10 
3.00 8-10 

Angle, del: 
10 .4  
16 .4  
5.45 

Atoms are weighted by the reciprocals of their variances. The direction cosines were computed in an orthogonal coordinate system 
Atoms not included in the leist-squares plane calculation are in brack- in which X, Y, and Z are parallel t o  Q, b ,  and c*, respectively. 

ets. 

Cope and Siekman3 as well as complexes of the formula- 
tion P ~ C ~ ( A Z ~ ) ( P R ~ ) * ~  obtained by treatment of [Pd- 
CI(Azb) 12 with 2 equiv of phosphine. These latter 
complexes appear to contain the 2-(phenylazo)phenyl 

group acting as a bidentate ligand and further reaction 
with the phosphine cleaves the Pd-n' bond to form 
trans-PdCl(r2zb) (PR,),. 
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