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Summary 
The structures of [RhCl(CO)(l)] and [PdC1,(1)], where 1 is the bidentate ligand 

(C6H5)2P . CH2 . ClsHlo . CH2 . P (C6H5),, have been determined from three- 
dimensional X-ray counter data collected on single crystals of the C6H5. CN 
solvates. The two compounds are isomorphous and crystallize in the triclinic 
system, space group P 1, Z=2:  a= 14.580(8), b= 13.029(10), c= 11.909(6) A, 
a = 106.33 ( 5 ) ,  p = 100.47 (4), y = 95.73 (5)" for the rhodium complex; a= 14.361 ( 5 ) ,  
b= 13.044(7), c= 11.897(4) A, a=  105.97(4), p= 100.27(3), y=94.76(4)", for the 
palladium complex. In both complexes the metal atom is four-coordinate with 
slightly distorted square-planar configuration. In both cases the ligand 1 spans 
trans positions with M-P bond lengths in the ranges of the literature data. Also the 
other bond distances fall in regular ranges. Ligand 1 has almost the same confor- 
mation in both complexes and is characterized by a strong out-of-plane deformation 
of the benzophenanthrene system as a consequence of severe overcrowding. 

Introduction. - The bidentate ligand 2 , l l  -bis (diphenylphosphinomethy1)benzo- 
[clphenanthrene (1) easily forms mononuclear square-planar complexes [MX2 (l)] 
and [MX(CO)(l)], where M is a d8 transition metal ion (M=Pd(II), Pt(I1) [2] or 
Rh (I), Ir (I) [ 11 and X is a halide ion). These complexes show electronic and NMR. 
features characteristic of the square-planar complexes of these metal ions with 
monodentate phosphine ligands in trans-positions. 

As these complexes are being used as models for reactions related to homo- 
geneous catalytic processes, it was of interest to establish the detailed features of 
their molecular structures. 

l) Part Iv: see 111. 
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Furthermore, relatively few crystal structure investigations have been reported 

[3] [4] of mononuclear square-planar complexes containing bidentate ligands which 
coordinate spanning trans-positions. As in these compounds the two donor atoms 
are joined by flexible chains, structural comparisons with similar complexes 
containing a more rigid ligand was thought worth-while. 

Discussion. - The crystal data for the complexes [RhCl(CO)(l)] (2), 
[PdCl2(1)](3), [IrCl(CO)(l)] (4), and [PtC12(1)] (5 )  (see Table 1) show that the four 
compounds are strictly isomorphous and, therefore, a complete structural analysis 
was carried out only on complexes 2 and 3. 

The structure analyses showed that the crystals of both compounds contained 
one molecule of benzonitrile per molecule of complex. The two structures consist 
of discrete molecules of complex and benzonitrile. In each unit cell the relative 
positions of these two molecules are practically identical, as shown in Figure I. 
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Table 1. Summary of Crystal Data (All the crystals were grown from benzonitrile solutionsa)) 

Compound [RhC1(CO) ( l)]C#sCN [IrCI(CO) (I)] [PdCl2( l)] . C&CN [PtC12( I)] 
Formula C52H39CINOP2Rh C45H34CIIrOP2 C~lH39ClzNP2Pd C44H34C12P2Pt 
Formula-Wt. 894.19 880.4 905.1 890.70 

a (4) 14.580(8) 14.592( 15) 14.36 l(5) 14.388(5) 
b (A) l3.029( 10) 13.034 ( 15) 13.044(7) 13.044 (6) 
c (A) 11.909(6) 11.857(7) 11.897(4) 1 l.865(5) 

(") 106.33 (5) 106. I 1  (8) 105.97(4) 105.91(3) 
B ("1 100.47(4) 100.44 (6) 100.27 (3) 100.08 (3) 
Y (7 95.73 (5) 95.76(9) 94.76(4) 94.90(3) 
v (A3) 2107.4(22) 2 103.5 (36) 2087.6(15) 2087.2 (15) 
Dmb) ( g ~ m - ~ )  1.40(1) 1.46(1) 1.35(1) 1.43( 1) 
Deb) ( g ~ m - ~ )  1.431 1.390 1.440 1.417 
,u (MoKu) (cm-l) 5.77 35.28 6.80 37.68 

a) 

b, 

A molecule of benzonitrile per molecule of complex was found during the X-ray analysis of the 
rhodium and palladium complexes. 
Measured by flotation in CaBr2 or Cd(N03)2 solutions. Z = 2  for all the crystals in the space group 
P1 (triclinic). 

Figure 2 shows the molecular structures of the two complexes. In both cases the 
coordination about the metal atom is distorted square-planar with the two phos- 
phorus atoms trans to each other. 

The distortion tends towards a tetrahedral coordination, i.e., the angles P-M-P. 
Cl(1)-Rh-C and Cl(l)-Pd-C1(2) are less than 180". 

The planes defined by P (l), M and Cl(1) and P (2), M and L2) make angles of 
12.4 and 13.3" in 2 and 3 respectively. Repulsions between the Cl(1)-M-L system 
and benzophenanthrene part of ligand 1 may be responsible of this type of distor- 

b 

Fig. 1. The cell contents of the benzonitrile solvates of [RhCl(CO) (l)] and [PdCl2 (l)] 

The symbol L represents Cl(2) in the palladium complex, and the carbon atom of the CO group in 
the rhodium complex. 

2, 
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Fig. 2. Perspective views of the molecules of [RhCI(CO)(l)] and [PdCl2(l)] 

tion. In both complexes ligand 1 occurs in a conformation in which the C (19)-P (1) 
and C(2O)-P(2) bonds point towards the same side of the approximate plane 
defined by the benzo [clphenanthrene system (see Figs. 2 and 3). 

The same conformation was found in the structure of the free ligand as well as 
in [AuCl(l)], while in [CuCl(l)] and in [AgC1(1)] the -CH2PPh2 groups point to 
opposite sides of the benzo [clphenanthrene moiety [ 5 ] .  

In both compounds the benzophenanthrene system of the ligand is strongly 
deformed from planarity but this is the only distortion of the molecule that 
seriously breaks the molecular symmetry with respect to a mirror plane normal to 
the phosphorus-phosphorus axis. This mirror symmetry even extends to the phenyl 
rings bound to the phosphorus atoms. As can be seen in Figure 2, the two phenyl 
groups of each phosphorus atom are nearly eclipsed. 

Fig. 3. Views of the molecules of [RhCl(CO)(I)] and [PdCb(l)] projected dong the direction through 
C(I 7)-C(I8). The hydrogen atoms involved in non-bonded interactions are shown, for the others 

only the bonds to carbon atoms are drawn 
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It was considered of interest to have an estimate of the magnitude of the more 
relevant non-bonded interactions involving hydrogen atoms. Their positions were 
calculated assuming sp*-hybridization of the carbon atoms of the benzophenan- 
threne system of 1. The shortest M . . .  .H contact is 2.85 A for M-H(1O) C(12) in 
both 2 and 3. The short Cl . .  . . H contacts range from 2.70 to 2.90 A, the shortest 
being 2.7 1 and 2.72 A for Cl(1). . . . H (13) C (20) in 2 and 3 respectively. 

The basic geometric structure of the complexes of the type [MCl (L) (l)] (M = Rh, 
Pd, Ir, Pt) is unaffected either by changing L from CO to C1, as in the case of the 
rhodium and palladium complexes, or by the presence of a different metal atom, as 
indicated by the isomorphism of the four compounds. 

Experimental Part. - Crystal data. Preliminary Weissemberg and precession photographs revealed 
that the crystals of the four compounds have the same diffraction pattern and belong to the same space 
group (triclinic, PI), with practically identical cell dimensions. Cell reduction failed to detect the 
presence of a cell of higher symmetry. Accurate unit cell dimensions were determined from the angular 
positions of 15 reflections measured with a Syntex P21 automated diffractometer. In Table I a summary 
of crystal data is reported. 

Intensity measurement. Intensity data were collected for the rhodium and the palladium com- 
plexes by w-scan technique on a computer controlled automatic diffractometer Syntex P2,. 

The data were processed as previously described [6]. For both compounds the ignorance factor, p ,  
was assigned a value of 0.01 according to the variance of the standard reflections [7]. The values of I 
and u(1) were corrected for Lorentz, polarization and shape anisotropy effects. For the latter correction 
the procedure described in the literature was followed [8-lo]. 3861 and 4825 reflections for 2 and 3 
respectively, having Fo2 > 3u (Fo2), were considered observed and used in subsequent calculations. 
Structure analysis and refinement. Both structures were solved by the usual combination of Patterson 
& Fourier methods and refined by least-squares methods. The isotropic refinements converged at 
R=0.090, for 2, and R=0.093, for 3; anisotropic refinement led to R=0.067 and 0.061 for the two 
compounds respectively. At this stage the positions of all the hydrogen atoms were estimated [ l l ]  and 
included in the structure factor calculations, being readjusted after each cycle of refinement. The final R 
indices are 0.055 (Rw=0.046) and 0.050 (Rw=0.045) for 2 and 3 respectively. The refinement was 
carried out with an eight-block approximation of the normal equations matrix. The function minimized 
during the refinement was Zw ( I Fo I - 1 Fcl )2 with w = l/u2 (Fo2). 

The scattering factors for Pd, Rh, C1, P, 0, N and C were taken from [12a] while those for H from 
[ 12bl. The anomalous terms for Pd, Rh, C1, and P were those of Cromer & Liberman [ 12cJ and were 
included in Fc [13]. 

The calculations were performed, using local programmes, on the UNIVAC 11 10 computer of the 
University of Rome [14a] and on the HP 21MX minicomputer of the CNR. Research Area [14b]. 

Results. - Positional parameters for the non-hydrogen atoms are given in 
Table 2. Relevant bond lengths and angles are shown in Table 3 and in Figure 4. 

The Rh-P bond lengths [2.317(3) and 2.313(3)A] are among the shortest Rh-P 
distances in the range (2.31-2.37) of those found in a number of Rh(1) complexes 
containing a trans-P-Rh-P unit [3] [ 15- 191. Rh-C1 bond of length 2.377 (2) A, 
Rh-CO of length 1.798 (8)A as well as C-0 bond of length 1.15 ( l )A compare well 
with the values reported for similar compounds [15, 16, 18,20,21]. 

The Pd-P bond lengths [2.326(3) and 2.322 (3)Al are in the expected range 
(2.30-2.36 A) found in Pd (11) complexes containing trans phosphorus ligands 
[22-261. Also the mutually trans Pd-C1 bond lengths [2.3 11 (2) and 2.293 (2) A] are 
regular [27] [28]. 

The benzo [clphenanthrene system is strongly deformed from planarity in both 
compounds. This distortion is characteristic of compounds containing this aromatic 
system and is caused by the interaction of H (1) and H (12). 
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Table 2. Positionalparameters ( x lo4) of 2 and3. (Standard deviations are given in parentheses) 

X Y Z X Y Z 

Rhodium complex 

Coordination sphere 

Rh 2612(1) 616(1) 
P(1) 3051(1) 1118(2) 
P(2) 2315(1) 181(2) 

C 1509(5) 11 16(7) 
0 768(4) 1344(5) 

Benzophenanthrene system 

Cl(1) 3886(1) - 387(2) 

4940(5) 
4750(5) 
49 18 (5) 
5324(6) 
6062(5) 
6369(5) 
6457(5) 
6 184( 6) 
5 164(5) 

4068(5) 
4391 (5) 
5307(5) 
5543 (5) 
5147(5) 
5495(5) 
5523 (5) 
6 120( 5) 

4475(5) 

Methylene groups 

C(19) 4339(5) 
C(20) 3344(5) 

Phenyl groups 

267 l(4) 
265 l(5) 
2454(5) 
2261(6) 
2261 (6) 
2465(5) 
2634(5) 
3229(6) 
2845(7) 
I882(7) 
1280(6) 
1667 (5) 
1576 (5) 
1920(5) 
1340(6) 

248 1 (6) 
2477(7) 
3468(7) 
4388(7) 
5373(6) 
5348(6) 
4502(7) 
3697(7) 
2023 (7) 
1177(7) 
1057(6) 
1806(6) 
3450(6) 

2680(6) 
2788(6) 
3512(6) 
4432(6) 

4404(7) 

1443(6) 
48(6) 

2333(6) 
2532(7) 
3501 (8) 
4305(7) 
4097(7) 
3138(6) 

67(6) 
- 459(7) 
- 1277(7) 
- 1559(7) 
- 1071(7) 
- 263(7) 
- 1149(5) 
- 2049(7) 
- 3055(6) 

1378(1) 
- 191(2) 

3045(2) 
1420(2) 
1148(7) 
948(6) 

2159(7) 
988(7) 
719(8) 

16 17 (9) 
3727(9) 
4840 (9) 
644 1 (8) 
6871 (8) 
6645 (7) 
5981(7) 
4765 (7) 
4257(7) 
3137(8) 
2824(8) 
4902(7) 
6112(7) 
4413(7) 
5222(8) 

- 13(7) 
4081(7) 

- 462(7) 
- 1562(7) 
- 1707(8) 
- 769(10) 

287(8) 
454(7) 

- 1613(7) 
- 2302(7) 
- 3388(8) 
- 3746(8) 
- 3097 (8) 
- 2028(7) 

26 10( 6) 
2826(7) 
2443 (8) 

423(6) -3173(7) - 1816(8) 

77(5) 
659(5) 

1695 (5) 
1679 ( 5 )  
1245(6) 
815(6) 
839(6) 

1282(5) 

Benzonitrile molecule 

C(45) 632(6) 
C(46) 1174(10) 
C(47) 2085(11) 
C(48) 2491(7) 
C(49) 1968(10) 
C(50) 1014(9) 
C(51) - 339(9) 
N - 1150(8 1 

2275(7) 

1066(6) 
2 125 (6) 
2800(7) 
2421(7) 
1375(7) 
697(6) 

- 1273(6) 

6269(8) 
5892(8) 
6227 ( 12) 
6948 ( 12) 
7386(8) 
7034(9) 
5895( 12) 
5620( 11) 

Palladium complex 

Coordination sphere 

Pd 261 l(0) 655(0) 
P(1) 3032(1) 1162(1) 
P(2) 2305(1) 212(1) 
Cl(1) 3886(1) - 315(1) 
Cl(2) 1158( 1) 1254(1) 

Benzophenanthrene system 

4946(4) 
4738(4) 
4889(4) 
5305(4) 
6053(4) 
6362(4) 
6442(4) 
6 18 l(4) 
5151(5) 
4463 (5) 
4069(4) 
4396(4) 
5308(4) 
5540(4) 
5141(4) 
5492(4) 
5512(4) 
6112(4) 

Methylene groups 

C(19) 4334(4) 
C(20) 3359(4) 

2503 (4) 
2478(5) 
3428(6) 
4340(6) 
5327(5) 
5316(5) 
4470(5) 
3690(6) 
2038(5) 
1193(5) 
1071(5) 
1823 (5) 
3438(5) 
4385(5) 
2680(5) 
2792(5) 
3487(5) 
4407 (5) 

1450(5) 
66(5) 

1607 (8) 
1990(7) 
40 19 (7) 
4028(7) 
4801 (8) 
5593(8) 
56 19 (7) 
4837(7) 

7762(1 I )  
7008(10) 
7305(14) 
8352( 17) 
9125(11) 
8847(1 I )  
7371 (15) 
7128( 15) 

1398(1) 

3071(2) 
1442(2) 
1085 (2) 

- 192(2) 

2134(6) 
951(6) 
622(7) 

1536(7) 
3659(7) 
4769(7) 
6389(6) 
6840(6) 
6624(6) 
5991(6) 
4766(5) 
4258(5) 
3095(6) 
2758(7) 
4877(6) 
6101(6) 
4363(6) 
5 161 (6) 

- 45(6) 
4098(5) 
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Table 2 continued 

X Y Z X Y z 

Phenyl groups C(38) 668(4) - 1230(5) 1919(6) 
2638(4) 
2599(4) 
2400(5) 
2232(5) 
2260(5) 
2473 (4) 
2606(4) 
3191(5) 
2812(6) 
1838(6) 
122 l(5) 
1603 ( 5 )  
1587(4) 
1922(4) 
1349(5) 
441(5) 

98(4) 

2382(5) 
2579(5) 
3568(6) 
4355 (6) 
4166 (5) 
3 187(5) 

108(5) 
- 412(5) 
- 1222(6) 
- 1508(6) 
- 1009(5) 
- 216(6) 
- 1106(5) 
- 1993(5) 
- 2992(5) 
- 3094 (5) 
- 2226(6) 

- 444(5) 
- 1536(6) 
- 1663(7) 
- 721(8) 

368(7) 
507(6) 

- 1590(5) 
- 2296(6) 

- 3701(6) 
- 3004(6) 
- 1967(6) 

- 3345(7) 

2617(5) 
2882(6) 
249 l(7) 
18 13 (7) 
1535(6) 

C (39) 1685 (4) 
C(40) 1677(4) 
C(41) 1243(5) 
C(42) 798(5) 
C(43) 812(5) 
C(44) 1248(5) 

Benzonitrile molecule 

C(45) 599(5) 
C(46) 1279(8) 
C(47) 2205(9) 
C(48) 2413(6) 
C(49) 1746(9) 
C(50) 824(7) 
C(51) - 338(8) 
N - 1115(8) 

1091(5) 
2149(5) 
2839(5) 
2459(6) 
1399(6) 
723(5) 

6244(7) 
5946 (6) 
6432( 10) 
7172(10) 

7014(8) 
5705 (10) 
5324(11) 

7454(7) 

4055(5) 
4078 (6) 
4871(6) 
5640(6) 
5629(6) 
4847(6) 

7667(8) 
7047(8) 
753 1 (12) 
8593 (13) 
9 182(8) 
8727(9) 
7099 ( 13) 
6725 ( 14) 

a) For the numbering scheme of the atoms of the benzophenanthrene system see Figure 5. Coefficients 
bij are defined by the expression T =  exp[ - (bllh2+ b22k2+ b3#+ b12hk+ b,,hl+ bZ3kr)] 

Table 3. Selected bond distances (A)  and angles (4, in the two complexes 2 and 3a) 

2 3 2 3 

M-P(1) 
M-P(2) 
M-CI( 1) 
M-L 
c-0 
P( 1)-C( 19) 
P( 1)-C(21) 

P(2)-C (20) 
P(2)-C(33) 
P(2)-C (39) 
C (2)-C (1 9) 
C( 11)-C(20) 

P( I)-C (27) 

2.317(3) 
2.3 13(3) 
2.377(2) 
1.798(8) 
1.150( 10) 
1 342 (7) 
1.821(8) 
1.807 (7) 
1.8 18 (8) 
1.829(7) 
1.825 (8) 
1.507(9) 
1.521 (9) 

2.326(2) 
2.322(2) 
2.31 l(2) 
2.293(2) 

1.844(6) 
1.8 15 (6) 
1.808 (8) 
1.827(7) 
1.8 17 (7) 
1.81 l(6) 
1.513( 12) 
1.5 19 ( 10) 

P( 1)-M-P(2) 

P( l)-M-L 
P(2)-M-C1( 1) 
P(2)-M-L 
C1( 1)-M-L 

P( 1)-M-Cl( 1) 

M-C-0 
M-P( 1)-C( 19) 
M-P( 1)-C(21) 
M-P( 1)-C(27) 
c (1 9)-P( 1 ) - c  (2 1) 
C(  19)-P( 1)-c(27) 
c (2 1)-P ( 1)-c (27) 

M-P (2)-C (33) 
M-P(2)-C(39) 

M-P(2)-C (20) 

c (2O)-P(2)-C (33) 
C(20)-P(2)-C(39) 
C(33)-P(2)-C(39) 
c (2)-c ( 19)-P ( 1) 
C(1 l)-C(2O)-P(2) 

a) L =  C in 2; L= Cl(2) in 3. 

174.7(1) 175.7(1) 
88.6(1) 89.2(1) 
92.1(4) 91.7( 1) 
88.4(1) 88.7(1) 
91.7(4) 91.3(1) 

168.3(2) 167.1(1) 
174.0(7) 
113.9(3) 113.4(2) 
117.6(3) 117.4(2) 
112.3(3) 111.4(2) 
101.0(4) 101.5(3) 
105.9(4) 105.8(3) 
104.8(4) 106.1(3) 
115.7(3) 115.1(2) 
111.0(3) 110.0(2) 
118.3(3) 118.8(2) 
103.2(4) 103.5(3) 
103.4(3) 102.9(3) 
103.6(3) 105.1(3) 
111.5(5) 110.4(4) 
118.2(6) 117.5(4) 
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In Table 4 some relevant features are reported which give a measure of the 
deformation of the group in the two complexes. A similar deformation was found 
for the structure of 1 [29] and for the structure of benzo [clphenanthrene [30] [3 11. 

Table 4. Distortion evaluation of the benzophenanthrene systema) 
a) Atomic displacements from the best plane through C(6), C(7), C(I7), C(18) 

2 3 2 3 

C(1) - 0.57 - 0.55 C(14) -0.12 -0.11 

C(4) - 0.26 - 0.24 C(17) 0.00 0.00 
C(5) 0.03 0.03 C(18) -0.01 - 0.01 
C(6) 
C(7) 0.00 0.00 
C(8) 0.09 0.08 
C(9) 0.48 0.48 

c (2) - 0.73 - 0.69 (315) 0.23 0.23 
C(3) - 0.53 - 0.50 C(16) 0.25 0.25 

0.00 0.00 
b) Torsion angles 

- 
2 3 

C(10) 0.71 0.71 C(l)-C(l3)-C(17)-C(l5) - 18.8(9) - 18.4(9) 
C(11) 0.76 0.74 C(l3)-C(l7)-C(l5)-C(l2) - 12.4(12) - 11.6(11) 
C ( W  0.55 0.54 C(5)-C(6)-C(18)-C(7) - 177.6(8) - 177.5(9) 
C(13) - 0.20 -0.19 C (6)-C( 18)-C(7)-C (8) l74.8( 8) 174.9(8) 

") This description of the out-of-plane deformation is arbitrary. 

I 2 I 
Fig. 4. Bond lengths (A) and angles (") of the benzophenanthrene system in [RhCl(CO)(l)] and [PdCl2(1)]. 
Standard deviations on bond lengths range between 0.009 and 0.014A; standard deviations on bond 

angles range between 0.5 and 0.8". 
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Bond distances and angles for the aromatic tetranuclear group are reported in 
Figure 4. These data compare well with those found in the structure of benzo[c]- 
phenanthrene [30] and show trends in agreement with the theory which predicts 
that the bond lengths should vary over a range in different parts of a condensed 
aromatic hydrocarbon [32] [33]. In both complexes chirality arises from the out-of- 
plane distortion of the overcrowed tetranuclear system of 1. The optically active 
complex, in both cases, is present in the crystal in the racemic form, the two con- 
figurations being related by the centre of symmetry. 

In both compounds the benzonitrile molecule fills a crystal cavity and its heavy 
atoms are at distances greater than 4 A  from other heavy atoms. 
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