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The structure of the compound frans-chloro-2-(phenylazo)phenylbis(triethylphosphine)palladium(Il), PdCI(Ci,HyNz)-
(P(CyHjs)s)s, has been determined by single-crystal X-ray diffractometry. This complex crystallizes in the space group
P2, /c (Con®) with eight molecules in a unit cell of dimensions @ = 19.521 (7) A, b = 16.694 (6) A, ¢ = 17.445 (5) A, and 8 =
105.70 (3)°. 'The structure was refined by least-squares methods to a conventional R factor of 9.09} for the 2862 observed
reflections. The palladium atom is surrounded in an approximately planar fashion by two {rans phosphorus atoms, a chlo-
rine atom, and a o-bonded carbon atom of the 2-(phenylazo)phenyl group. The average Pd—Cl distance of 2.382 (5) &
irans to the o-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 {rans-azobenzene, PACI(Ci1oHgN2} P (CeHs)s)e
is formed in the reaction of the dimer [PdCl{C;HN:)], with 4 equiv of phosphine and is a member of a new class of com-

pounds containing the o-bonded 2-(phenylazo)phenyl group.

Introduction

Transition metals undergo a variety of reactions
with azobenzene. When Fe(CO); is irradiated in the
presence of azobenzene,! an o-semidine derivative is
formed in which the N==N linkage has been broken. An
o-semidine derivative? 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-(phenylazo)phenyl group can function either as a
bidentate or a monodentate ligand. Examples of the
former behavior include the chloro-2-(phenylazo) phenyl-
palladium dimer? (I), tricarbonyl-2-(phenylazo)phenyl-
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cobalt, and tetracarbonyl-2-(phenylazo)phenylman-
ganese! 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 monoxide’ and the Co.(CO)s-catalyzed
carbonylation® of azobenzene both form 2-phenyl-1H-
indazolone (II). In each of these reactions a o-bonded
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intermediate is thought to be involved in which the
2-(phenylazo)phenyl moiety acts as a monodentate
ligand.

When dimer I is treated with 4 equiv of triethylphos-
phine, a complex of the stoichiometry PdCI(CisHsNy)-
(P(CoHj)s)s (III) 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, it
was of interest to establish the coordination geometry
of III by a crystal structure determination. An earlier
communication’ describes the preliminary results of
this work.

Collection and Reduction of Data

A sample of PACI(CiHN)(P(C:Hs)s): 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. Egamination of the crystals by Weissenberg
and precession photographs showed the following ab-
serices indicative of the space group P2;/c (no. 14,
Cu®): K0l I = 2n + 1 and 0kO, 2 = 2» + 1. TUnit
cell dimensions were determined by least-squares re-
finement of 16 reflections, 25 < 26 < 75°, centered
on a GE XRD-5 diffractometer using Cu K& radiation
(A 1.5418 A) and a takeoff angle of 2°. The results
are ¢ = 19.521 (7) A, b = 16.694 (6) A, ¢ = 17.445
(5) A, and 8 = 105.70 (3)°. For eight molecules
in the unit cell, the calculated density is 1.39 g/cm?®. A
density range of 1.25-1.40 g/cm?® 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 ¢, respectively,
was mounted on a GE XRD-5 automated diffractom-
eter with its b axis parallel to the ¢ axis. A kinematic
intensity profile® for several reflections showed a width
at half-maximum intensity of approximately 0.45°
using the w-scan technique and a takeoff angle of 4°.

(7Y R. W. Siekman and D. L. Weaver, Chem. Commun., 1021 (1968).
(8) I.. E. Alexander and G. 8. Smith, Ac/a Crystallogr., 16, 983 (1962).
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Intensities were collected at room temperature by the
626 scan technique using Mo Ka radiation filtered
through 2 mils of Nb foil. The width of the pulse
height analyzer was set to accept 909, of the radiation
centered on the Mo Ka peak. A symmetric scan
range of 2° 2 < 26 <« 20° and 3° 20 £ 2 <
42° at 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 at x = 90°.
A slow decrease of 159 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 260u. Ka
< 42° ((sin 6)/Ax < 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 ¢(I) = [CT +
0.25(t,/t)2(B; + Bs) + (P, where CT is the
total integrated count in time £, {p is the time required
for each background count B; and By, 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 > 2.0¢(/). 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™?! 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 Ew(l Fo{ — ‘Fc )? where the
weight w is 1/0%(F,) and o(F,), the standard deviation
of F,, is equal to ¢(F,%)/2F,. The usual discrepancy
factors were defined as R, = EUFof — |FOH/E|FO\
and Ry, = [Zw(|Fo| — |F|)2/ZwF.2]"".

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 R; of 29.09,. 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 R; of 10.59% and an R, of 10.7%,
resulted. Anisotropic temperature factors were as-
signed to the two Pd, four P, and two Cl atoms. Fur-
ther full-matrix refinement varying all 281 parameters
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lowered the values of the residuals, Ry to 9.09, and
R, t0 8.99.

During the later stages of refinement, it was noted
that seven carbon atoms (C(1)E(2)P(2), C(2Q)E(1)P(2),
CRE@)P(2), C(LHEQ)P4), CR)EI)P4), CQ)E-
(2)P(4), and C(2)E(2)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 (1.5-0.75 e—/A%) 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 A?) 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 A? in accordance with the difference
electron density map. Least-squares refinement of all
parameters but those for the seven carbon atoms con-

Figure 2.—The inner coordination sphere in PdCI(Azb)(D-

(CyHs)s): projected down the g axis.
group is included.

The 2-(phenylazo)phenyl

verged to Ry = 9.39, and R; = 9.59%,. A Hamilton R

factor ratio test? shows that the ordered model (R, =

8.9%) is an improvement over the disordered model

(Ry = 9.5%,) which is significant at a level of confidence
() W.C. Hamilton, Acta Crysiallogr., 18, 502 (1965).
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TaBLE I

OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (X10) (1N ErLeEcTrONS) FOR PACI{CioH N }(P(CoHs)s):

WL Ao o s ML rues W e T - . LoroEs FUAL 1 fUME agay
BT v v v [T LT L B R PRI o R : SBCs 4Ty s oz %18
S o L R I B L I L O P I i : s 3
Sieg 6 : 423 Zel  ir 9 336 sS4 -a 4 1s2 ied JOR i 5 5
2o S . 513 4ve L1 9 35S 428 Ly 4 <se mm: P : s M
00 O T Rt T L L R P PO L - . B .
] 22 sl 14s3  1E 80 81 832 L 4 Gl oios ‘ PO PP SO . N
T Vo2 432 308 i1 oac sar s2e S 2523 ater PR PR YRR 1P B 5 .
"4 ] a2 157 el oo i 42z 3 4 31=7 3 N ;e 1 <3y arh 2 6 .
e S1o2 sy am L I L S L O SR L PR P ; M 1 asio9s 3 s '
EI 22 1s 12 730 vel 518 15« e3¢ k12 g s 1 a0 e s ‘
2 2 S22 Ay 708 € it s 833 5 0 da, oae g s T . .
S22 %853 5830 -8 2 1295 1217 Ty e 847 1w ze37oasat g Los 1ober 93 2 I ‘
-3 3 309 9727 .5 3 33537 i228 oae IELE 2« 37 Tere 14 s t 798 549 ) o ‘
S327 2ALe e3vC -7 3 135 7es I L TL At I Yoos a3 s s «
Sle oz 302r SR8 .y 2 297 3i4 Vo1 edr 913 a5 FEREYE R s [T I & .
se 2 zerL 2237 -9 3 115 a0t L T T Y R s : see o .
a2 2 a3 2 38 g4 -1 AT 1132 132 11 5 sat 1y Lpy R 1 s 5 s
S N4 T R SO T PR TSy it 1t a8 9 s M asE i e i 210 ; ) 5
E R S U T Y A T TR S 11 (ST a5 281 222 iy g H 453 5 s 5
42 4193 5985 10 3 232 2ac 12 25t 67 T T T Ot S e 2 sey e s 5
6 2 2212 /595 .1a 3 les 45 13 5 : 5o B 597 s “ 5
B2 725 8T8 .17z sz 330 it 5 : N 2 5¢7 2 6 5
LG 7 1287 1294 .19 2 say 427 1t 5 B s 2 227 1 s 3
122 870 836 g 3 e79 3ul 10 5 B s 2 853 3 M K
e L L e S Tt ] 1t 5 : PR ? ovsl g5, -1 6 5
162 1147 1156 115 3 4s3 351 11 s H Vo 2 1s e -2 6 5
12§38 264 g 3 agp say 1 s . S 2 ssl os1p -4 & 5
se 4 7183 8551 g 3 40 sor 11 5 h M 2 oS3 615 -4 6 5
S 4 RE8B /521 ;1 33y e 1 N H Do P bes isr  -s 5 o
24 w3 oY 438 ek 11 5 H I 2 el boe 7 ¢
-3 4 866 B4y 3 Jug 9a) 11 5 N P 2 cze 325 <17 7 &
O S A A e 1 : : s 5ok e ; .
S12 4 11701835 33 537 a4 i 5 H oo Poocas 30 e1p ? ¢
S10 41857 4778 .y 31 5y 412 11 5 y ie a3 Poder g5y -9 7 ¢
e aes 3T 3 3y s 11 S H 0o 7 >56 551 g ’ &
T84 E378 ¢80 {3 1413 (238 1 H 1 A 2o sy e 4 .
Tho4 45 sub 2 3 358 968 i 5 1 [T [ A B ’ N
sS4 306 B2 4} use ab 1 s H ‘ot »oos2t aay -3 ; N
S2 . 3682 2971 g} g4 &nd 12 H 1 16 [ TERE t A 7 .
-1 4 302 385 73 287 195 12 5 1 it 40 der 24 -y ? ®
6 & 775 788§ 3 372 10s3 12 K 1 15 Toasy 577 3 810 502 7 s
T ¥2 1 3 73t e 12 o i 1a 3 e 2 h ecs s2: 7 7
4 @51 287 11 3 3sE 420 12 s > I 3w sz g 383 327 7 7
G4 1843 5793 1z 3 43¢ see 12 . ? I Sooe1r ser 745 o2 ? ?
s e 286 13 3 4t 548 i2 s 2 13 3 errozes o YRR 7 1
o 4 3221 a4z 5 3 4se 502 12 6 H I 3oest 152 s 285 211 i ?
8 4 353 93 16 3 B9t 438 12 s : I 3 ; 7 7
13 4 S48 348 1z 4 e50 4y 1z N H i 3 s 8 7
124 A7e 818 11 4 g4 728 iz s z I 3 3 s y
1o 41879 5427 10 4 3s 2ny 12 N 5 It 3 2 2 7
16 4 425 458 5 4 s34 a1 o4 i s 2 i1 3 ! : 4
te 6 6320 60C9  E 4 45z 515 -5 i PR H I 3 : M i
128 1032 1243 >4 1291 1250 -f 3o H e 3 2 2 4
B b ALLL 4347 & 4 395 a1 cF EES H it 3 N 8 ¢
S1e 6 1092 1302 £ 4 1425 1390 -5 7 e 2 11 $ 4 & 4
S48 308 326 4 4 s30 718 18 L H 10 3 ? 4 8
Slz e 370 18R & 4 61l 3er  =ie s 2 N 3 : 8 8
S0 b 9B 1091 L4 e 880 -1y s 7 H 11 N 4 H
S7 6 s26 @vy i 4 1e3t tzps -4 735790 p g apre 162 iy 2 1 H : 4
S» & 368 325 L 4 455 413 45E 468 5 7 4970 3151 e 2 11 >‘ 4 8
S48 225 330 -z 4 82% 629 -z 48: YR8 37 1183 3225 -8 2 e M 8 M
"2 6 632 616 -3 4 S8l 489 i [TEIT L O ? 12 : 2 M
S8 173 2 -4 4 o5 358 B 27¢ 598 .y 7 2 2 M 8 s
© 6 1756 16a7 =5 4 10a¢ she 3 s8e 202 .z 3 4 I . s 9
16 832 413 -t 4 755 764 « dat 776 -3 2 12 4 M M
2 & z882 2782 -7 ¢ 474 255 ? 337 318 0 H 1 M M :
P [ . 034 7 H 12 ¢ M ¢
5 e “ ¢ 21 ; 3 12 ‘ M M
6 6 “ -z 33z ; 3 r2 N : M
F— ‘. -1 71t 7 i {2 “ x s ¢
8§ o « - N 7 3 z + v 9 i
I 5 4 .5 ae ? 3 z “ @ 9 [
ae 4 -7 $11 ; H 12 “ ¢ 4 °
0 8 ‘ -5 2 ? 3 I . : N 1
s e ) e 25t 8 H 11 ‘ : ‘ ¢
s s N -l 258 8 3 13 s ¢ s ¢
e s “ > 638 s 3 13 s : M o
13 s 5 B 4t s 3 i 5 3 9 1
a2 8 5 : 30¢ 3 3 i3 N : 2 ¢
EI 5 H 50 5 3 i3 H ¢ M H
s 3 3 gt 5 3 I H 2 M R
58 5 0 351 H H 3 B 3 15 :
s s H t 861 H ; b 5 ¢ ic i
-4 8 5 29 3 M 0 K L 1c 1
PRI H 322 H H . i s t i
[ H s 5 ] Do 5 h i
I : 4ss H : P o5 : 19
P H 378 H ; HE P 1 19
I 5 473 2 3 AT 3o ! 1
I K o1 M B o oo 1 1
18 5 2 568 a 3 55 1 i
REETS 5 3 ez 8 3 6 5 1 s
T 5 5 480 M 3 5 5 1 it
R 5 i 528 H H [ 1 11
non H 3 s M N i : 1o 1 I
17 1o 5 EPRY 427 377 o N gt * 12 3 3 11
o1 ¢ s oo 356 42r [ 4 -5 ¢ s 1 ey
ot I <7 te 3AL 4@ M . o ¢ [ L il
o FO -5 16 531 427 N i 3 : s _ i
Lol F <3 16 3B 459 s : P : 1 s 1 it
IO < e ca 17 ase sz4 M N < e B i
o M “6 17 326 el M N i ¢ i 1
2o N sk x peare M M H [ z i1
7 10 . S0 sLel S4ck M : 5 e 2 i
Y] FE L3 0 2198 2214 M .3 P H 1
©odn itezaedz o & sie 52 > 8 29 s ; . : i : i
s 36 azet 1218 O S S 5 . -5 o iz
: Tl ok s S G 1371 138 " . S - ? 12
‘ L b a1t age 11 ¢ 2385 2354 10 . Y LY 2 12
N 16 et ag2 13D 1aBloadds 10 . - 2o H ie
‘ o8 91 ars 30 exe 330 I “ -5 3o : L2
s ess ees L1 sc 227 . 4 e : 15
P T S 8 . . 5o : i
Tob o sas sy 1b 1 BEas ‘ Y : L X 5
Pl : : L : I
H N - 3 1o
[ SO 5 1 a4y 422 . B ‘ EE : eI TR S R
H H 1oz 4es : ‘ i 131054 104, 3or 437 5gs
Toe s s 1 gbecaen : N : Lo 2 Tho0 720 4 o 1sid 1608
S & 45 a3 $1 1858 1878 : : . 3o : 13270 43¢ 5 1 245 S
b vt 729 IR T < : ¢ s H 13 4e 3es o 9 1338 1330
5ot n o1 30 M B ¢ . 2 1ot oe w0 sze 62
7S ese i 1 l1s 33 H ‘5 4 H 13 e7¢ 800 ir 1 359 973
7o2ss 295 31 1543.459¢ 5 e [ 131043 1934 iz 0 936 943
O O S T 2 M H [ : 13 303¢ 1321 t4 g 576 6B
ETe Rt A LI H i F H 1 dae le 5 43 sk
727 3e% c7o1 sed 5 12 i : H L4 34 290 143 394 S
P ouse v o1opesgases M I 1 3 R LI L S I SIS
7oN% e i boaiezane H i I 3 15835 es4 10 1 &2
Padian ool : : o ! I B T
7 s ey T4 231 e H ‘ R 3 Boje Lot P
7o 12 s s s : 1 H 1Boree 7t s 1 se 448
7 Yiad s o1z 2ese 27 K 1 w8 3 15766 845 4 3 1142 116
ARSI L PP P 2 i ¢ s 3 A OO S ) |
[N U T P 118 : .l 78 309 47 -1 3 USIE 817 1 ¢ 336 48y g 734 86>
7 Care 330 92 196 2008 5 15 6 B 47 432 -2 3 10t SE 2§ 495 &35 g 1 77 729
7 e1e 383 72 97p wse 5 - 5 8 683 sgr -3 3 851 474 7 2 28t 3e7 -1y 448 5(%
DT £ A S SO 191 M I 3 v 586 sen <5 3 B5Y 51z 31 G 39z 388 -2 i 425 337
[ I S T Y H 3 C 5 430 aea -7 3 1934 2006 13 0 381 402 -4 1 1218 1220
33t a2 +3 2 12w 867 . Y S18 s11 527 -9 3 2397 284e 15 5 157 249 .5 3§91 349
v 35 2% 1z ses s . 14 “p 8 82z 46 -1 3 1798 1756 -la L 736 4es s 1 agr 740
7 554 628 T2 183 1252 s 1o 33 ey 1; 3 ;g: e B PR S A S I
2 5 2 27ad 252 s - . H de “h L 8ae 858 .3 1 J6d BIR
SO A R 1) N b s ST 330t 3t -5 1 et $27 ip 1 83 81
g a4l 373 42 1252 1303 . M s S1P 4 287259 .3 4 471 324 .17 1 383 609
s 200 a2 ez ese . N e s S 4 ais 7R3 T3 $3@ 4bS L g esp 199
e 3 oere A3z onr 7ma Sie -y S1) 4 5ir 424 S04 @37 ads & 1 37 218
POBL SN b e s s is 2 S5 4 633 saz 4 L o5y 197 L 3 152 sse
& adat a2 $7 2 533 138 i i R S84 47 4e8 s 1 836 J2¢ .14 2 Q9 3¢
8 b3 sas 172 a3l 5 ik oo S7 4 7ae 732 s 1 Te2 817 Lip 3 asi 95
8 asde naz 173 dr 2t 6 12 P T4 3gE 425 Ly 1 783 Bbe  yg 1486 14§09
6 sa 533 1v 4 478 Al 5 M PR sS4 435 5ts 1zt 837 B4z i3 3 a7 22»
& a1 117 By g5e eso s e - S4 4 33T O3ST 14 1 562 58T -3 p 1789 1827
8 S4e 317 s 3 4z sis : o 5 9 S3 4 244 355 le 1 3B7 4j6 & 2 178 1483
& gas u83 3% oy 7 N 3 ] Sz 4 234 298 12 4 B32 £87 .5 2 275 134
s zas 281 Doy s . -2 7 S1 4 995 §5) In 2 481 ALB -4 g 780 88t
8381 M o3 1034 1062 K H 59 1« 1287 (237 15 & S20 362 .p 3 a1 5312
g &3 1me 16 N : -& FR 2 4 e5% e 7 2 437 ni2 52 2345 c29%
813 T L5 wes 11ss ° 1 i wos 34 s3e% agss 5 3 337 esd T2 Ceaz s
O S L T - S 54 ° ‘ -1t 5t O A4 sed kg7 4 2 323 3by ¢ 2 2rz0 M2
B 875 &%8 ISP 4¢ 3 M “iL N TP 54 43y 323 3 2 557 855 s @ 3% 989
FREESTI T S T L ® ‘ bl 7 o1 64 «dF 45 -5 2 256 4Dy 2z 2048 z0vY
e st ges 03 b 3 ¢ > - s HEN 54 424 330 3y 2 a3e 458 oz gs0 74
8 e3¢ zes Th 8 AL ke s ° rex = Se 6 1 11 4 543 535 i3 2 4Gy 453 & 2 0e 351
HER I S AP Y01 ¢ ; N 134 375 438 e 3 175 B»2 1o 7 eay 632
8 33pogse Ty 3 oamdand 7 3 © o0 as 203 [y 1305 331 337 ls 3 B0) K28 iz 2 329 948
9S4k 123 : FIP 7 26 ¢ ¢ w98 272 5 115 4b0 350 6 3 i85 351 1e 7 Yy 777
o 39 220 c8 3 28al AR 7 i 7ot a1l 893 o g 5 5 494 383 -i4 3 A1e 410 15§ 331 2s1
S ok 1Dy 156 1907 ] 12 e ¢ S5 e 301 78 t163 339% -i2 3 547 %82 ¢ 3 333 479
? 41 381 i i 1 381 49e H S 5 @Cé1 2020 L3 1B 185 5 3 a5 a3
3o siioze2 19 3 d3ed A%4d 7 : o3 e oaes f 4 33 a1s2 2101 -1 3 884 el 4 3 416y alis
oo RG a 1 aiaane i ° SO AT TOR I ¢ 205 Tan i ey a2 e 53 a8 say
5 4ed ses i3 3 sed 48 ? : ow b2 ek L] TS 2o 2115 e 3 g3 325 2 3 1732 185
9 4ae aqy 113 49 A4 ? M oo e a3 coos Cese e -3 3 ia la2 Ty ks ess
9 sas gey i3 st 42 4 ¢ [EE T T N “3 s B4t 913 -z 3 389 334 ¢y webs easy
9 7ar i tiRo4 aZe 4l 7 . Sl L A2 300 Ly D0 u9n 7. <% 5 1940 1953 <1 3 Sie 318 -1 3 4gs 3as
9 e ams A1 0 w08 ; 2 Sl 1 ASC ade g {0 Y4 agr -7 0% 2e¥E 2472 ¢ 3 332 agn Sa 3 Rlr Bwe
M G B P i 44 ) 3 BRI O A O S S I R Tt TSR R YL TR B L
oo MY I L s e 4 b Bt msCatte C5 Q{557 g7 <11 5 iaws ga7s s 3 732 250 3 3 sap sie
T e 00 ev a4 aess zoes




STRUCTURE OF PdCI(CpHeN,) (P(CoHy)s):

Inorganic Chemastry, Vol. 9, No. 10, 1970 2253

TaBLE | (Continued)

L poBS FCAL L L orme R L FaBy pCaL
3 4830 a3 i 3T T FF Tar T
3 45y ses ’ 16 491 574 7 & 4ba agd
3 1053 1043 ? 14325 283 5 o 342 gad
322 303 ’ 14 aar o419 1 & Ged 538
3 617 %97 ’ 14 826 871 11 7 7a3 esd
3 o1 59? 7 14 “15 7 s19 189
3 28 &0 ¢ 5 77 ezl
ERERTY It s . 7 310 428
o 8 32 8 0 T a3
o 32¢ 205 . 0 ? o se3 288
4 83) 882 2 0 7 853 a4
DR I ] s 0 T os70 s49
4 1047 1834 8 0 7 azs 307
4 a7t 4ee 3 ] ? 283 294
e 173 1773 8 1 7 520 44k
4 33 303 . 1 7 85 118
4 1437 1451 3 1 7 202 es1
4 Bet 82 8 Ny 8 359 453
4 13ed 1319 i H & 3s0 439
437 4a 8 1 B 4sg 438
4 181t 1791 1] i 8 e2z s21
32 30 8 1 8 32 330
4 1885 1924 & s 33e 4 g B 778 b4
4 517 599 6 41 S35 5 3 8 4r6 412
4 121 1255 o 4t 520 ¢ 1 8 287 233
. 4 a3 9 87 ay7 71 8 283 338
o P11 679 LR YOI YT I 8 e4p 52
4 bgs 570 9 87 729 31 8 34z 278
o e8y 587 s 451 337 a1y | 8 491 BN
4597 B8 .4 5 qupe 970 1f 1 8 412 390
4 481 330 5 @ 3pr 324 42 G 178 ez
§  s50 346 ¢ 9 1237 127 it 7 9 543 e
s 367 314 .7 9 ssE 417 13 2 5 353 144
s 714 690  -& % 611 595 11 2 9 497 399
5 307 287 .1e 5 sy 470 5 2 s loa 135
5 351 309 .1z 9 ot 289 2 2 9 b4z b8
s 1095 1658 -16 5 b8} &03 ¢ 2 s 300 18k
s 17346 qa a0 26l &7 ¢z 9 837 88)
s 867 o16 a1z 10  bgE A5 Y 2 s sag B9
S d24 389 -yp 10 3y 11s -2 2 9 458 109
5 207¢ 1053 -10 10 85C 629 .1 2 10 501 4va
5 551 569 100 81y 874 -r1 2 10 56 478
5 49> sss 10 95 1034 -1z 2 10 300 380
s 4zt aa2 1t 1628 1053 a1 3 [CIRTIA T
5 dhz 373 10282 693 e1l 3 10 2R 23
s 3187 1113 10 sza 383 s 3 16 427 4z
s Bpl 48 1 7ac 59 -7 3 10 308 31
5 1035 1023 10 835 o4 & 8 10 308 306
5 324 304 1o 55z s08 -7 3 10 3re 338
5 98t 89y 100 30C 370 -1 3 10 496 34k
5 o 41t 827 103 10 374 397
I3 11 sor 287 2 3 10 se1 a7e
Y FER TN T I S 1 33 277
6 i1 Saé %0 73 11 apz 392
s 11 551 sa¢ &3 5 11 954 818
e 11 %54 578 1 3 311 54 53¢
o i1 3 326 1 3 111 Joz 2as
s 11 521 823 1l 4 0 11 343 3ot
s 11 395 s a1 4 311 44y aeo
s 11 d2¢ 303 5 e 5 11 eds 612
3 L1 b4d s o 4 711 177 749
s 11 382 230 £ 4 412 32z me
Y 11 290 158 ¢ 4 31z 2 387
s 1z 851 687 1 2 12 s 387
s 12 780 799z 4 41 607 1 12 428 387
6 2t 401 .11 12 d0! 208 1 4 451 asd .1 12 638 18
& 1147 1046 .30 12 &9 754 -1 4 807 %72 -5 12 311 172
6 394 as4 Lg 17§71 394 -5 4 319 326 .11 13 321 98
& 1235 1265 .p 12 505 359 -9 4 327 304 .19 13 339 251
6 383 .q 12 b5 554 -12 4 383 $21 -e 13 AXD 183
14 928 .; 17 8z 872 -15 5 353 308 -3 13 342 272
3 208 L o1z 891 829 15 875 908 -1 15 514 541
3 342 212 528 447 305 1972 1030 1 13 714 651
’ 583 T 13 495 610 5 5 488 422 2 13 3A9 297
7 987 ¢ 13 ez :72 7 5 284 222 3 13 835 652
? 231 @ 13 294 78 9 5 402 385 1 14 432 400
? 461 .3 13 307 216 11 5 482 373 0 14 407 392
7 310 - 313 44z 485 13 5 702 653 .1 14 309 477
4 470 .3 13 276 229 <1 6 376 434 -3 14 403 416
7 456 - 13 295 267 3 6 361 307 .4 14 335 146
7 1638 1583 .17 13 421 4RE 9 & S04 45K

i KoL RS b L oRgge bl n 1 P PCAL BoL POBS BCAL
B2 6 ¢ 3% 37 -5 43 ds; 2 11 425 4T 103 924 918
31R s 0 3m oI -8 4 450 ag9 -4 11 892 785 D3 3b e
827 16 o e2s 88y 4 32 288 -6 11 4B 42 3} 123 e3e
an 13 299 284 4 4ze 77 -9 a3 de5 178 T3 3 8L a2y
367 12 0 34 ag « a1k 299 -4 12 319 199 53 819 8is
42 -1z 3 320 s 5 291 iss -2 12 803 77z T7 3 86 Tes
3% -3 1 451 sen 5 1030 1048 -2 12 738 772 C9 3 ab) 643
592 .1 1 36 3N 5 Taar ez 2 12 335 132 tE ¢ A58 4N
585 31 e a2 5 505 524 ek s 13eees PO PO T
97 5 1 3sr ss2 S ags 33a % 0 859 276 & 4 455 ang
264 qo 1 3es 300 5 3126 1109 11 0 471 ‘ésr 0 4 536 335
625 12 2 581 91 1 533t Jor -9 1 45 4dz 2 4 396 d4Q0
567 1¢ 2 421 373 3 S 31 e O 1 318 3z 4 4 0B ded
770 8 2 det 4z 1 S 5% s2e 11 2 882 500 & 4 329 38
730 « 2 53z sm0 5 34k 3e4 9 2 44p 493 7 5 333 49
1447 2 2 495 59 s get are -7 2z 543 33 5 % 130 762
1594 b 2 515 B4e 5 aph agc -3} 2 442 185 Y 5 831 Ty
1220 s 2 43/ a6 5 Bi3 8s3 -i1 3 xas 29k 1 5 240 503
851 -8 2 430 54p 5 38z ez v 3 S24 408 t1 % 591 831
907 -tg 2 291 $72 5 35y <83 7 3 125 354 -5 5 32 da2
136 -1z 2 416 4ud 5 e30 sz B 3 37 3o b5 874 91y
964 =13 1 33t 270 s 3% 1es 7 & >3 551 <7 5 w15 994
1025 -2 3 34z 2 - 6 4ds 41 5 4 388 412 <9 5 83 753
300 >3 3ot 07 - 6 352 34 5 & 217 552 -5 & 3712 218
102 6 3 38 374 - s 798 296 3 4 433 35 -2 & d07 345
Mc 13 Y B e - & 428 396 1« zse 338 i 6 294 8
571 B 4 394 343 - s 1023 925 -1 4 350 223 <16 6 460 342
pe 12 4 622 573 5 408 379 .z 4 273 173 8 b 314 547
427 10 4 420 $52  -p & 878 8Be -4 4 239 232 b & >49 821
308 6 4 S50 3A5 -9 T L L PR DTS SN TR L B S B 21
297 44 a8 wer Lgg 6 a1s 458 T} s g5 3,y 0 e 320 233
374 2 4 785 s49 a2 s st 3Dy 5 232 234 2 6 23 332
a7 t ¢ 78t 789 .yp s 274 888 5 5 a3y 18y 4 & 341 30
80 -2 4 30 248 -9 6 13781007 5 5 yy5 271 6 & 449 3o
sen .10 4 401 S91 -8 & 322 324 5, sey 570 5 7 »84 534
%25 .14 4 380 305 -7 [ ST LA SR S S S S A 22 4 7 sas 181
Tes sy s 331 289 -6 7 812 M3 3 s o4z 553 3 1 365 399
515 -4 5 276 119 b 7oe82 735y s 293 272 1 7 951 452
s08 PR A I BT 7 83z B35 5 7 424 555 i 7 338 270
1237 65 414 3ep -3 7 414 286 5 & a1y 588 <5 7 843 e
1680 « 6 e 819 -2 7 202 378 1 8 454 499 5 7 714 720
1314 10 6 A9 o4y - 4 43 477 18 201 439 -7 7 822 788
798 B 5 e3> 7 S62 448 -1 8 288 253 % 7 099 892
553 6 b L3E 649 7 546 437 <4 g 295 183 B 8 4§ 349
8o s s 31 L 7 584 745 -z 3o 409 141 6 8 31> I8y
sa1 2 & 34> 28 7 427 424 2 10 379 137 c4 B 420 392
211 0 6 484 480 7?16 T i t0 s76 S92 B 384 417
sl 2 & &3 512 7 422 295 -1 10 369 15 0 8 S 349
348 ot 8 78t 142 7303 544 -3 qg 445 429 1 9 441 4D
831 -3 7 413 w92 1t 7 SYE 199 -5 1D S60 44 <1y 43p 528
355 37 30 i3 1 8 292 123 +5 11 S84 235 3§ 443 452
829 47 304 1s3 B 449 322 .4 gy 834 82 5 9 379 677

95 77 314 340 8 305 245 .3 33 313 a4 ARk 3 1Seves
271 1p 7 4ie S2e 8 523 4e6 -2 5 386 488
tH s 8 754 700 FREECIE) sex 7 305 sy
a8 6 8 79 298 8 1034 3002 g T 428 447

i 4 8 Sea 58p & J40 el 4 K2 lbeass
521 2 8 511 589 8 206 470 3 0 552 Sel
528 -2 B At 339 8 s1e 298 o o 456 460
785 -4 8 547 s05 -1 8 304 339 G 418 36
1116 -6 8 474 77 -2 8 430 483 5 0 3la 43¢
1072 13 8 301 e -4 s 735 735 3 1 394 289
820 +13 9 291 105 <8 8 352 45 ) 1 s o132
i1 -5 9 a4 4g7 -7 $ 333 29 . 1 837 sas
20 -3 9 3oz 3es -8 9 519 551 .y 15 e
31 -2 e 421 231 =9 v 974 952 .5 PO TE Y
ELH 1@ 300 269 -1 9 670 846 .5 3 845 Ba2
317 s 30 711 299 -1 9 438 410 -9 § 335 233
338 ¢ 29 59t 5ms s sa0 39 g 1 317 4ip
700 2 10 esd aig s 335 298 ., 2 3es 3s2
534 v o112l STy ¢ 59 330 . 2 389 321
376 -4 10 e 34 @ 343 338 . 2 aso 489
585 -6 10 ed& ols 10 432 380 g 2 462 81
762 -8 10 41 304 1 30 254 630 2 i85 258
g0 -2 1t 33 211 -1 30 45 96 2 2 e85 aso
573 1oa 38t s82 -n 10 s13 270 3 300 473
317 o1 3e 210 -10 16 $74 3e8 3 49 a9
e 2 12 a9y s8-8 10 386 634 5 3 a1 545
36 0 12 517 a%e .7 30 4B 426 5 3 440 388
. -2 12 6%t 710 -6 11 s 5 3 49 3o
423 e 12 e 332 - 51 e ezt g o 322 304
4 4bs a2z

Figure 3.—Crystal packing of PdCI(Azb)(P{C:;Hs)s): viewed along the crystallographic b axis.

greater than 99.99%. Consequently, all final atom
parameters are based on the ordered model which has a
value of R; of 9.09,. 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
ot 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.’® The values of the pal-
ladium atom scattering factors!! were corrected for

(10) J. A. Ibers in “International Tables for X-Ray Crystallography,”’
Vol. I11, Kynoch Press, Birmingham, England, 1962, p 202.
(11) D.7T. Cromer and J. T. Waber, Acta Crystallogr., 18, 104 (1965).
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TABLE 11
Final Positional and Thermal Parameters®
Atom & LY z B,b A2

Pd(1)° 0.5073 (1) 0.4417 (1) 0.2610 (1) 3.82
Pd(2) 0.9899 (1) 0.2038 (1) 0,2373 (1) 3.95
CI(L) 0.5873 (3) 0.5091 (4) 0.3696 (4) 5.86
Ci(2) 0.9061 (4) 0.2664 (5) 0.1291 (9 7.24
P 0.5853 (5) 0.4532 (4) 0.1819 (5) 4.74
P(2) 0,4227 (5) 0,4406 (5) 0,3313 (5) 5.90
P(3) 0.0764 (5) 0.2102 (5) 0.1698 (3) 5.44
P4) 0.9086 (5) 0.2027 (3) 0.3111 (5) 6.21

N (1) 0.3887 (11) 0.5059 (12) 0.1138 (11) 4,83 (49)
N(2) 0.6618 (10) 0.0367 (12) 0.4330 (11) 5.48 (51)
N(3) 0.1075 (10) 0.2639 (11) 0.3884 (10) 3.90 (44)
N(4) 0.1610 (9) 0.2954 (11) 0.4331 (10) 4,68 (43)
Cc(D 0.4410 (12) 0.3824 (14) 0.1731 (12) 4.57 (65)
C(2) 0.3898 (11) 0.4216 (14) 0.1109 (12) 3.44 (48)
C@®) 0.3439 (11) 0.3776 (14) 0.0458 (12) 4,22 (52)
C(4) 0.3463 (13) 0.2971 (15) 0.0450 (14) 4.67 (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) 4.74 (63)
C(7) 0.6634 (12) 0.1244 (14) 0.4244 (13) 4.47 (54)
C(8) 0.6176 (13) 0.1671 (16) 0.3647 (14) 6.04 (63)
C(® 0.6247 (13) 0.2518 (16) 0.3679 (14) 6,14 (65)
CcQo0) 0.6815 (15) 0.2881 (15) 0.4275 (16) 6.60 (70)
C(11) 0.7280 (13) 0.2557 (16) -—0.0176 (14) 6,02 (64)
C(12) 0.7212 (12} 0.1586 (16) 0.4823 (13) 5.72 (61)
C(@13) 0.0598 (11) 0.1431 (13) 0.3229 (11) 3.46 (48)
C(14) 0.1091 (13) 0.1776 (16) 0.3885 (14) 5.21 (61)
C(15) 0.1572 (12) 0.1337 (14) 0.4464 (13) 4.82 (57)
C(16) 0.1540 (13) 0.0516 (13) 0.4382 (14) 4,28 (61)
CcQ7) 0.1070 (13) 0.0139 (14) 0.3775 (13) 4,50 (54)
C(18) 0.0615 (13) 0.,0566 (13) 0.3197 (13) 4,26 (59)
c(19) 0.1602 (12) 0.3835 (14) 0.4352 (12) 4.07 (1)
C(20) 0.1077 (12) 0.4300 (15) 0.3841 (13) 4.85 (55)
Ccn 0.8846 (13) 0.0110 (18) 0.1089 (16) 7.10 (75)
C(22) 0.8270 (18) 0.0455 (17) 0.0499 (19) 8.50 (90)
C(23) 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(I)E(I)P(I)d 0.4344 (16) 0.0447 (17) 0.3786 (17) 7.08 (86)
C@RYEWP(D) 0.4214 (17) 0.1210 (21) 0.3258 (18) 10.70 (99)
CE@)P() 0.5776 (14) 0.3843 (18) 0.0974 (16) 7.67 (74)
C(QYE(2)P(2) 0.6072 (19) 0.3026 (21) 0.1289 (20) 12.4 (11)
C(MHE@RPW 0.6759 (13) 0.4587 (13) 0.2362 (13) 5.01 (59)
CREGPWD 0.7320 (17) 0.4762 (18) 0.1833 (18) 9.79 (92)
C(MEWP(2) 0.5902 (19) 0.0644 (21) 0.1528 (20) 11.2 (11)
C(QYEWP(2) 0.6448 (27) 0.0592 (28) 0.1118 (30) 19.9 (19)
C(HE@)P) 0.3393 (21) 0.4061 (24) 0.2831(22) 12.8(12)
CQE@RP©2) 0.2937 (30) 0.3820 (37) 0.3294 (32) 24.3 (24)
CEGYP(2) 0.4553 (18) 0.4083 (24) 0.4369 (20) 12.7 (11)
C()E3)YP(2) 0.4744 (16) 0.3207 (20) 0.4425 (17) 10.17 (94)
C()EW)P(3) 0.0764 (16) 0.2975 (18) 0.1120 (17) 8.57 (88)
CR)EWP(B) 0.0767 (16) 0.3741 (21) 0.1631 (18) 10.45 (98)
C(HER)P(D 0.0528 (20) 0.1396 (27) 0.0763 (22) 13.9 (13)
C()YE(2)P(3) 0.0755 (18) 0.0693 (22) 0.1042 (21) 11.1 (10
C(LEBHPS) 0.1702 (15) 0.1986 (16) 0.2300 (16) 7.56 (78)
CR)EBHP 0.2241 (15) 0.2083 (16) 0.1756 (16) 8.24 (77)
CMHEWMPE 0.9103 (47) 0.3455 (57) 0.3617 (51) 27.3 (41)
CQEMPM) 0.9005 (50) 0.3483 (62) 0.3202 (52) 24.0(47)
C(LERYP4 0.8155 (31) 0.1302 (40) 0.2465 (33) 23.6(23)
CQER)P4) 0.8098 (46) 0.2225 (52) 0.2664 (45) 34.5 (36)
C(LYEHPH 0.9306 (19) 0,1814 (23) 0.4130 (21) 11.9(11)
CRYE@ P 0.9312 (20) 0.0946 (27) 0.4293 (21) 14.0 (13)

Anisotropic Temperature Parameters® (X 104)

Atom B Ba2 a3 B2 Bis fB2s
Pd(1) 27.9(10) 34.7(9) 30.6(9 —2.1 () 53 —3.1(D
Pd(2) 27.6(10) 38.0(10) 30.8(9) —~1,8(8) 4.7(7) 7.1(8)
CI(1) 82.5(29) 73.0(44) 39.7(32) —7.3(28) 4.7(24) -16.0(29)
Cl1(2) 45.0(33) 76.0(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(25) 9.5 (28) 0.9 (3)
P(2) 42.4(43) 71.1(55) 35.3(38) —5.9(32) 13.3(31) 1.7 (30)
P(3) 40.2(41) 54.6(48) 45.0(40) -—8.3(30) 18.6(32) 0.0(3)
P(4) 26.7(35 85.1(61) 50.1(42) 0.9(3) 14.1 (30) 8.9 (4)

e Numbers in parentheses are esd’s in the last figure quoted.
b 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(1)E(1)P(1) is carbon
atom 1 on ethyl group 1 bonded to phosphorus atom 1, etc. ¢ An-
isotropic temperature factors are of the form exp[—(Buk® +

Baek? + Bual? + 2812hk + 2B1:hl + 28xkl)].

the real (Af’ = 1.13 e™) and imaginary (Af"' = 1.27e™)
components!? of anomalous dispersion. Major com-
(12) D. T. Cromer, Acta Crystallogr., 18, 17 (1965).
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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 SFL8-3.

The final error of an observation of unit weight
is 2.03. This probably reflects the umnsatisfactory
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
0.40c and the average shift was 0.05¢. The highest
peak of 0.93 e=/A® on a final difference electron density
map, which has an estimated standard deviation'3
o(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 was greater than twice the minimum ob-
servable, Table I lists the observed amplitudes, 10[F° ,
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
II. The anisotropy of the thermal motion of the
Pd, Cl, 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 miole-
cules of trans-PdCl(Azb) (P(C.Hj;)s)s, 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 criterion
adopted for equivalence of bond lengths is that 4 =
= bLi/(e + o) must not exceed 3.0, where
L and I, are comparable bond lengths in molecule 1
and 2 and oy and o, 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 IIT gives selected interatomic bond distances
and Table IV gives some bond angles for the molecules.
Figures 1 and 2, show, respectively, a molecule of
PACl1(Azb)(P(C;Hs)s): 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. Lipson and W. Cochran, “The Determination of Crystal Struc-
tures,” G. Bell and Sons L.td., L.ondon, 1953, p 308.

(14) D. W. J. Cruickshank and A. P. Robertson, Acla Crystallogr., 6, 638
(1953).
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TaBLE [11

SELECTED INTERATOMIC DISTANCES,® A

(a) Bond Lengths in the Inner Coordination Sphere

Bond Pd(1)? distance Bond Pd(2) distance
Pd(1)-C(1) 1.983 (22) Pd(2)-C(13) 2.004 (20)
Pd(1)-Cl(1) 2.386 (7) Pd(2)-Cl(2) 2.379 (7)
Pd(1)-P(1) 2.323 (9) Pd{2)-P(3) 2.306 (9)
Pd(1)-P(2) 2.307 (9) Pd(2)-P(4) 2,299 (9)

Wtd ave for 4 Pd-I” bonds  2.306 (5)

(b) Bond Distances within the 2-(Phenylazo)phenyl Groups

Bond Azb(1)4 Bond Azb(2)
C(1)-C(2) 1.42(3) C(13)-C(14) 1.40(3)
C(2)-C(3) 1.44(3) C(14-C(15) 1.39(3)
C(3)-C(4) 1.34(3) C(15)-C(186) 1.38(3)
C(4)-C(b) 1.37 (4) C(16)-C(17) 1.35(3)
C(5)-C(6) 1.46 (3) C(17)-C(18) 1.35 (3)
C(6)-C(1) 1.40(3) C(18)-C(13) 1.45(3)
C(7)-C(8) 1.37(3) C(19)-C(20) 1.37 (3)
C(8 -C(9) 1.42 (4) C(20)-C(21) 1.46 (4)
C(9)-C(10) 1.43 (4) C(21)-C(22) 1.36 (4)
C(10-(C(11) 1.34 (4) C(22)-C(23) 1.42(4)
C(11)-C(12) 1.44 (4) C(23)-C(24) 1.36 (4)
C(12)-C(7) 1.42(3) C(24)-C(19) 1.40(3)
Wtd av of 12 C-C bonds 1.406 (10) Wtd av of 12 C-C bonds 1.389 (10)

Wtd av for all 24 C-C bonds 1.397 (7)
N(1)-N(2) 1.23 (3) N(3)-N(4) 1.24 (3)
C(2)-N(1) 1.41(3) C(14)-N(3) 1.44 (3)
C(7)-N(2) 1.47 (3) C(19)-N®4) 1.47 (3)

(c) Bond Distances within the Triethylphosphine Ligands®
Phosphorus—Carbon

P(1)-C(WE(I)P(1) 1.84 (3) P(3)-C(1)E(1)P(3) 1.77 (3)
P()-C()E(2)P(1) 1.84 (3) P(3)-C(1)E(2)P(3) 1.96 (4)
P(1)-C(1)E(3)P(1) 1.77 (3) P3)-C(1)EB)P(3) 1.86 (3)
P(2)-C(L)E(2)P(2) 1.72 (4) P4)-C(1)E(3)P(4) 1.75(4)
P(2)-C(1)E(3)P(2) 1.86 (4)

Wtd av for 9 P-C bonds 1.82 (1)

Carbon—-Carbon

CHE1)P1)-C)EUI)P(I1) 1.55(4) C(LYE(1)P(3)-C(2)E(1)P(3) 1.36(4)
C(E(2)P(1)-C(2)E(2)P(1) 1.52(4) C(E(2)P(3)-C(2)E(2)P(3) 1.30(6)
C(HE(3)P(1)-C(2)E(3)P(1) 1.64 (4) C(L)E(3)P(3)~-C(2)E(3)P(3) 1.604)
C()E(2)P(2)-C(2)E(2)P(2) 1.41(6) C(L)E(3)P(4¢)-C(1)E(3)P(4) 1.48(6)
C)EB)P(2)-C(2)E(3)P(2) 1.51(5)

Wtd av for 9 C-C bonds 1.53(2)

(d) Selected Intramolecular Nonbonding Distances

Pd(1)-N(1) 3.12(2) Pd(2)-N(3) 3.15(2)
Pd(1)-N(2) 4.34 (2) Pd(2)-N(4) 4.35(2)
P(1)-Cl(1) 3.39 (1) P(3)-Cl(2) 3.34 (1)
P(2)~-CI(1) 3.30 (1) P(4)-Cl2) 3.33(1)
P(1)-C(1) 3.02(2) P(3)-C(13) 2.99 (2)
P(2)-C(1) 3.04 (2) P(4)-C(13) 3.07 (2)
Cl(1)-C(L)E(3)P(1) 3.36(2) ClL-C(LYE(1)P(3) 3.46 (3)
ClU)-C(VE(2)P(1) 3.51(3) ClL(2)-C)E(P(3) 3.69 (3)
Cl(L)-C(L)E(3)P(2) 3.63(3) C(L)-C(L)E(2)P(1) 3.28(3)
C(1)-C(LHE@2)P(2) 3.14 (4) C(2)-C(1)E(2)P(2) 3.42 (4)
Pd(1)-C(2) 3.00(2) Pd(2)-C(14) 3.04(2)
Pd(1)-C(6) 2.94 (2) Pd(2)-C(18) 3.00(2)
Pd(1)-Pd(2) 10.76 (3)

¢ The numbers in parentheses are estimated standard deviations in the last significant figure listed. * Pd(1) is the palladium atom in
the first erystallographically independent molecule. ¢ Weighted average (1) of bond lengths, /, are given by the formula ] = Z(l;/e.2)/
2(1/¢2), where o; is the estimated standard deviation derived from the least-squares refinement. The standard deviation of ] is given
by o(]) = 1/[2(1/0#)]1/9. 4 Azb(l) = 2-(phenylazo)phenyl group bonded to atom Pd(1). ¢ No bond lengths involving the seven dis-
ordered carbon atoms are listed. Seetext. / C(1)E(I)P(1)is carbon atom 1 on ethyl group 1 bonded to phosphorus atom 1, etc,
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TABLE IV
SELECTED BOND ANGLES (DEGREES)
(a) Angles around the Palladium Atoms
Angle Pd(1) Angle Pd(2)
P(1)-Pd(1)-Cl(1) 92.2 (3) P(3)-Pd(2)-Cl1(2) 91.0(3)
Cl(1)~-Pd(1)-P(2) 89.5(3) C1(2) Pd(2)-P4) 90.9 ()
(2)-Pd(1)-C(1) 89.8(7) (4)-Pd(2)-C(13) 90.7 (6)
C(1)-Pd(1)-P(1) 88.7(6) C(13)—Pd(2)«P(3) 87.6 (6)
CI(1)-Pd(1)-C(1) 178.1(7) Cl(2)-Pd(2)-C(13) 175.3 (6)
P(1)-Pd(1)-P(2) 174.0 (3) P(3)-Pd(2)-P(4) 176.1 (3)
(b) Angles within the 2-(Phenylazo)phenyl Groups
Angle Azb(1l) Angle Azb(2)
C(1)-C(2)-C(3) 121.7(2.0) C(13)-C(14)-C(15) 123.8(2.3)
C(2)-C(3)-C4) 120.1(2.0) C(14)-C(15)-C(186) 116.5 (2.0)
C(3)-C(4)-C(&) 119.3(2.3) C(15)-C(16)-C(17) 123.1(2.1)
C(4)-C(5)-C(6) 123.5(2.3) C(16)-C(17)-C(18) 120.5(2.2)
C(5)-C(6)-C(1) 117.5(2.2) C(17)-C(18)-C(13) 120.9(2.1)
C(8)-C(1)-C(2) 117.7 (2.0) C(18)-C(13)-C(14) 115.1(2.0)
C(7)-C(8)-C(9) 116.8 (2.3) C(19)-C(20)-C(21) 116.7 (2.1)
C(®)-C(9)-C(10) 119.8(2.3) C(20)-C(21)~-C(22) 120.9 (2.3)
(9)-C(10)-C(11) 121.8(2.4) C(21)-C(22)-C(23) 122.5(2.3)
C(10)-C(11)-C(12) 119.8 (2.2) C(22)-C(23)-C(24) 117.1(2.38)
C(11)-C(12)-C(7) 117.3(2.0) C(23)-C(24)-C(19) 118.1(2.0)
C(12)-C(7)-C(8) 124.1(2.2) C(24)-C(19)-C(20) 124.7 (2.2)
C(1)-C(2)-N(1) 115.6 (1.9) C(13)-C(14)-N(3) 113.6 (2.0)
C(3)-C(2)-N(1) 122.7(2.0) C(15)-C(14)-N(3) 122.6 (2.1)
C(8)-C(7T)-N(2) 124.5(2.0) C(20)-C(19)~-N(4) 123.3(1.9)
C(12)-C(7)-N(2) 111.3 (1.9) C(24)-C(19)~-N(4) 111.9(1.8)
C(2)-N(1)-N(2) 113.5(1.8) C(14)-N(3)-N4) 114.1(1.9)
C(7)-N(2)-N(1) 112.4(1.9) C(19)-N(4)-N(@3) 115.3 (1.7)
Pd(1)~-C(1)-C(2) 122.6 (1.8) Pd(2)-C(13)-C(14) 119.6 (1.5)
Pd(1)-C(1)-C(6) 119.7(1.5) Pd(2)-C(13)~-C(18) 125.3 (1.7)
C(5)-C(2)-N(1) 178.2 (2.0) C(A7)-C(14)-N(3) 176.0 (2.0)
C(10)-C(7)-N(2) 170.0 (2.0) C(22)-C(19)~-N#) 173.9(2.0)
(¢) Angles within the Triethylphosphine Ligand
Angle Pd(1) Angle Pd(2)
Pd-P-C Angles
PA(1)-P(1)-C(1)E(1)P(1) 109.9(1.0) Pd(2)-P(3)-C(1)E(1)P(3) 116.2(1.0)
Pd(1)-P(1)-C(1)E(2)P(1) 119.9(1.0) PA(2)-P(3)-C( 1)E(2)P(3) 110.9 (1.3)
Pd(1)-P(1)-C(1)E(3)P1) 114.1(0.8) Pd(2)-P3)~-C(L)E(3)P(3) 116.9 (0.9)
Pd(1)- P(2) C(L)E(2)P(2) 117.6 (1.4) Pd(2)-P(4)-C(1)E(8)P(4) 123.7(1.6)
Pd(1)-P(2)-C(1)E(3)P(2) 115.2 (0.8)
C-P-C Angles
C(I)E(DP(I )-P-C(1)E(2)P(1) 95.7(1.3) C(LYE(1)P(3)-P(3)-C(1)E(2)P(3) 93.3(1.7)
(DE(DHP(1)-P(L)-C(LYE(3)P(1) 106.7 (1.0) C(l E(1)P(3)-P(3)-C(1)E(3)P(3) 104.7 (1.4)
C(l)E(2 P(1)-P(1)-C(L)E(1)P(1) 108.3(1.2) CME(2)P)3)-PB)-C(1)E(3)P(3) 112.4 (1.6)
C(E(2)P(2)-P(2)-C(1)E(3)P(2) 114.4 (1.8)
P-C-C Angles
P(1)-C()E(1)P(1)-C(2)E(1)P(1) 111.5(2.0) P(3)-C(1)E(1)P(3)-C(2)E(1)P(3) 110.5(2.0)
P(L)-C(LYE(2)P(1)-C(2)E(2)P(1) 109.2 (2.0) P(3)-C(1HE(2)P(3)-C(2)E(2)P(3) 104.5(2.1)
P(1)-C(L)EB)P(1)~C(2)E(3)P(1) 115.6 (1.7) P(3)-C(1)E(3)P(3)- C(2)E(?) (3 111.001.9)
P(2)- C(I)E(Z) (2)-C(2)E(2)P(2) 118.5(2.0) P4)-C(1)E(3)P(4)-C(2)E(3)P(4) 112.5(2.4)
P(2)-C(1)E(3)P(2)-CR)E(3)P(2) 111.0(2.0)

ands, a chlorine atom, and a o-bonded carbon atom
of the 2-(phenylazo)phenyl group. The nitrogen atoms
of the 2-(phenylazo)phenyl group are not bonded to
the palladium atom, since the closest palladium—ni-
trogen distance is 3.12 A. 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 = interaction between these two
atoms since a Pd-C(sp?) distance of 2.05 A would

be expected from the sum of covalent radii. A Pt-~-
carbon bond distance® of 2.11 (2) A was found in
the complex K{Pt(acac).Cl].

Table V lists bond lengths for some four-coordinate
palladium and platinum(II) complexes. As is seen
in the table, the average Pd—Cl 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 in'® PtH(CI)(P(CsH;)(CsHj)a)a.)

(15) R. Mason, G. B. Robertson, and P. J. Pauling, J. Chem. Soc. 4,
485 (1969).
(16} R. E. Eisenberg and J. A. Ibers, Inorg. Chemn., 4, 773 (1965).



STRUCTURE OF PACI{Cp,HN,)(P(C:H,)s):

TABLE V
A CoMPARISON OF BOND LENGTHS IN SOME SQUARE-PLANAR
PALLADIUM AND PLATINUM COMPLEXES
Pd-P or Pt-P?

Compound distance, A trans ligand
cis-PtCly(P(CHjy)s)e® 2.247(6) CI
trans-PtH(CI)(P(CeHs)o( CoHj))o?  2.268(6)  P(CeHs)o( C:H;)
trans-PtCly( P(C,Hs)s): 2.208(18) P(C:Hs)s
trans-PACI(Azb)(P(CoH;);5)e/ 2.306(5) P(C.H;);
trans-PtBro( P(CyHj)s)e® 2.315(4) P(CoHs)
trans-Ptlo(P(CH3)y(CoHs;))e ¢ 2.334(7) P(CH;)o(CsH;)
/7’anS-PtCI(CO)(P(C2H5>3)2+)‘ 2,34 P(C'sz)ﬂ

Pd-Clor Pt-C1?
Distance, A
trans-PtCly( P(CoHg )3 )af 2.204(9) Cl
trans-PtCI(CO)(P(CyH3)3), T 7 2.30 CcO

trans-PtCly( NHjs)ot 2.32(1) Cl
c15-PtClo( NHj)y? 2.33(1) NH;
f7?‘PtC12(P(CH3)3)2” 2,376 (6) P(CHa)B
trans-PACI(Azb)(P(C.Hs)y)2 7 2.382(5) Azb
l}’llﬂS-PtH(Cl)(P(CeHs)z(CzHﬁ))zd 2422(9) H

¢ The sum of the Pd(II) or Pt(II) 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. ? The
sum of the Pd(II) or Pt(Il) and Cl single-bond covalent radii is
230 4. <G G. Messmer, E. L. Amma, and J. A. Ibers, Inorg.
Chem., 6, 725 (1967). ¢ R. E. Eisenberg and J. A. Ibers, 1b:d., 4,
773 (1965). ¢ H. G. Messmer and E. L. Amma, 4bid., 5, 1775
(1966). f This work. Azb = 2-(phenylazo)phenyl group.
¢ N. A. Bailey and R. Mason, J. Chem. Soc. A, 2594 (1968).
* 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” frams effect of a c-bonded aryl
group. Similarly, in K|[Pt(acac)Cl] the Pt-O bond
lengths® ¢is and trans to the Pt—y-carbon bond differ
by 0.104 (14) A. This lengthening of metal-ligand
bonds frans to a o-bonded alkyl or aryl carbon atom
has also been noted in several six-coordinate com-
plexes such as trimethyl(salicylaldehydato)platinum-
(IV),"  acetylacetonyl - 2,2’ - bipyridyltrimethylplat-
inum(IV),8 [Rh(C,H;)(NHs)s|Br, '® and IrClL(CisHys0)-
((CHy),S0),.20

The strength of the metal-phosphorus interaction
in trans square-planar complexes appears to be related
to the w-bonding capacity of the c¢is ligands.?? Less
d»-dr interaction seems to occur between the metal
and the phosphines when the ¢is groups are strong
m-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 found?? in frans-
PtXy(P(CyHs)s)e, X = Cland Br. Moreover, all three
of these complexes have shorter M-P bond distances
than those determined?? in #rans-PtCI(CO) (P(C.H;)s)s+
which contains a ¢is CO group.

(17) M. R. Truter and R. C. Watling, J. Chem. Soc. A, 1955 (1967).

(18) A. G. Swallow and M. R. Truter, Proc. Roy. Soc., Ser. 4, 266, 527
11962).

(19) A.C.Skapskiand P. G. H. Troughton, Chem. Commun., 666 (1968).

(20) M. McPartlin and R. Mason, tbid., 545 (1867).

(21) P. B. Hitchcock, M. McPartlin, and R. Mason, ibid., 1369 (1969).

(22) G. G. Messmer and E. L. Amma, Inorg. Chem., 8, 1775 (1966).

(23) H.C. Clark, P, W. R. Corfield, K. R, Dixon, and J. A. Ibers, J. 4 mer.
Chem, Soc., 89, 3360 (1967).
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The least-squares plane (Table VI) containing the
Pd, two P, Cl, and os-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 III, that there
is considerable steric crowding in the vicinity of the
palladium atom.

The o-bonded 2-(phenylazo)phenyl group assumes a
trans configuration and has average bond lengths and
angles which do not differ significantly from those
in {rans-azobenzene?* and frawms-p-azotoluene.?® 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) A found?* in trams-azobenzene. The aver-
age N-N bond length of 1.23 (2) A is in accord with
Pauling’s value?® for a nitrogen—nitrogen double dond.
The C-N bond lengths range from 1.41 (3) to 147
(3) A (in azobenzene C-N = 1.433 (3) A) 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 framns-azobenzene. The steric interactions between
C(3) and N(2) and between C(8) and N (1) (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 at the o-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 characteristic? 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(C.Hs)s); is 2 member
of a new class of stable o-bonded transition metal-
carbon bonds containing the 2-(phenylazo)phenyl
group.?® Others include those described by Heck* and

(24) C.J. Brown, Acta Crystallogr., 21, 146 (1968).

(25) C.I. Brown, ibid., 21, 155 (1066).

(268) L. Pauling, ‘‘Nature of the Chemical Bond,” 3rd ed, Cornell Uni-
versity Press, [thaca, N. Y., 1960.

(27) M. R. Churchill and T. A. O'Brien, J. Chem. Soc. 4, 266 (1969).

(28) A recent report describes some palladium complexes of the 2-(pheny!-

azoxy)pheny! ligand: A. L. Balach and D. Petridis, Inorg. Chem., 8, 2247
(1969).
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TaBLr VI

WEIGHTED* LEAST-SQUARES PLANES OF THE ForM! AX + BY + CZ = D

A B C D
0.2856 —0.8873 0.3621 —2.514
0.2090 0.8948 0.3946 4.350
0.2783 —0.8932 0.3531 ~2.700
0.2038 0.8999 0.3856 4.353

—0.8567 —0.0366 0.5146 —-5.391
—0.7932 —0.0787 0.6039 —4.951
—0.8464 —0.0400 0.5310 3.085
—0.7407 —0.0088 0.6718 4.054
—0.7595 —0.0825 0.6453 —4.776
—0.6619 —0.0220 0.7493 4.620

Distances of Atoms from the Planes (A)”

C(1), —0.002; C(2), 0.021; C(3), —0.009; C(4), —0.010; C(5), 0.016; C(6), 0.004; [N(1)], 0.051; [N(2)], 0.258
C(7), —0.031; C(8),0.034; C(9), —0.013; C(10), —0.009; C(11),0.006; C(12),0.014; [N(1)], —0.124; [N(2)], —0.06

Plane no. Atoms

1 Pd(1), P(1), P(2), Cl(1), C(1)

2 Pd(2), P(3), P(4), CL(2), C(13)

3 P(1), P(2), CI(1), C(1)

4 P(3), P(4), Cl(2), C(13)

5 C(1), C(2), C(3), C(4), C(5), C(6)

6 C(7), C(8), C9), C(10), C(11), C(12)

7 C(13), C(14), C(15), C(16), C(17), C(18)

8 C(19), C(20), C(21), C(22), C(23), C(24)

9 C(2), N(1), N(2), C(7)

10 C(14), X(8), N(4), C(19)

Plane

1 Pd(1), 0.034; P(1), —0.074; P(2), —0.083; CI(1), —0.003; C(1), 0.013
2 Pd(2), —0.009; P(3), 0.058; P(4), 0.060; Cl(2), —0.026;, C(13), —0.148
3  P(1), —0.037; P(2), ~0.045; CI(1), 0.007; C(1), 0.192; [Pd(1)], 0.075
4  P(3),0.044; P4), 0.044; Cl(2), —0.014; C(13), —0.186; [Pd(2)], —0.024
(3}
6
7

8
9 C(2),0.014; N(1), —0.014; N(2), —0.012; C(7),0.016
10 C(18),0.007; N(3), —0.005; N(4), —0.005; C(19), 0.005

C(13), 0.000; C(14), —0.011; C(15), 0.013; C(16), —0.005; C(17), —0.006; C(18), 0.010; [N(3)], —0.023; [N(4)], —0.349
C(19),0.005; C(20), —0.007; C(21), —0.002; C(22), 0.018; C(23), —0.017; C(24), 0.003; [N(3)],0.093; [N(4)], —0.024

Dihedral Angles between Planes

Planes Angle, deg
5-6 6.71
5-9 9.67
6-9 3.00

Planes Angle, deg
7-8 10.4
7-10 16.4
8-10 5.45

@ Atoms are weighted by the reciprocals of their variances. ? The direction cosines were computed in an orthogonal coordinate system
in which X, V, and Z are parallel to a, b, and c*, respectively. ¢ Atoms not included in the least-squares plane calculation are in brack-

ets.

Cope and Siekman? as well as complexes of the formula-
tion PAC1(Azb)(PR;)?® obtained by treatment of [Pd-
Cl(Azb)]s with 2 equiv of phosphine. These latter
complexes appear to contain the 2-(phenylazo)phenyl

(29) R. W. Siekman, Ph.D. Thesis, Massachusetts Institute of Tech-
nology, 1965.

group acting as a bidentate ligand and further reaction
with the phosphine cleaves the Pd-IN bond to form
trans-PdCI{Azb) (PRy)..
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