
A Fumaronitrile Complex of Rh(1) 

> Ir > Co > Ru, Os.9 These observations, together with the 
M-N bond distances and other facts mentioned above, indicate 
that the most active catalysts are those metals which have the 
greatest tendency to back-donate electrons to the ligands. This 
electron transfer would tend to make the presumed five- 
coordinate catalytic intermediates9.10 more reactive and could 
provide the driving force for the coupling of the nitrosyl groups, 
thus increasing catalytic activity. Back-donation into NO K* 
orbitals should also make the oxygen transfer in reaction 1 
more facile. 

We believe that the structural differences observed in this 
series of complexes primarily result from the different elec- 
tronic requirements of the metals, as the packing forces around 
the metal atoms should be very similar. The structural trends 
are consistent with the observed catalytic behavior and may 
provide some help in elucidating a mechanism for the catalysis 
of reaction 1 by systems containing these complexes. 
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The solid-state structure of the title complex which exhibits dynamic solution behavior has been determined from 
three-dimensional X-ray data collected by counter techniques. The material crystallizes in space group Czh5-P21/c of the 
monoclinic system with four molecules of the complex in the unit cell. Crystal data are a = 15.252 (7) A, b = 11.454 
(6) A, c = 21.933 (1 1) A, 6 = 103.62 (2)O, and V = 3723.7 A3. The observed and calculated (2 = 4) densities are 1.57 
(2) and 1.577 g/cm3, respectively. The structure, including the H atoms of the fumaronitrile ligand, has been refined (on 
F )  by a full-matrix least-squares procedure to a conventional agreement index of 0.040 for 4357 observations having Fo* 
> 3u(F02). The structural results reveal trigonal-bipyramidal coordination about the Rh atom with trans-axial isocyanide 
ligands (C-Rh-C = 177.7 (2)’) situated a t  1.964 A (average) from the metal. The equatorial plane contains an iodo, 
a triphenyl phosphite, and a symmetrically ?r-bonded fumaronitrile ligand. The olefinic carbon atoms lie almost exact1 
in the plane defined by Rh, I, and P (average deviation 0.05 A) and are equidistant from the metal: Rh-C = 2.139 1 
(average). The distance from the Rh atom to the midpoint of the olefinic bond (Ct) is 2.013 A. There is considerable 
angular distortion in the equatorial plane: I-Rh-P = 102.37 (5)O, I-Rh-Ct = 118.9 (2)O, and P-Rh-Ct = 138.7 (2)O. 
The distortions within the olefin are about as expected: the olefinic C-C distance is 1.444 (IO) A and the substituents 
are bent back and away from the metal center by 28’ (average). Other distances of interest are Rh-P = 2.265 (2) A and 
Rh-I = 2.739 (2) A. The implications of the solid-state structure on the interpretation of the dynamic solution behavior 
of this and related complexes are discussed. 

Introduction 
Solid-state structures of isolable transition metal-olefin 

complexes are useful models for the interaction of the olefinic 
bond with transition metals in homogenously catalytic re- 
actions. Spectroscopic studies of the various dynamical 
processes that certain of such complexes undergo in solution 
provide valuable insight into the possibly facile and important 
rearrangements that occur during such reactions. Generally 
these isolable complexes contain olefins substituted with various 

electron-withdrawing groups, such as halogen or cyanide. As 
a result the determination by X-ray diffraction of the metrical 
details of the metal-olefin interaction is facilitated. In addition 
the activated olefinic systems are of intrinsic interest because 
they occasionally mimic the catalytically induced hydro- 
genation of simple olefins1 

Over the past decade a large number of accurate transition 
metal-olefin structures have been reported. In particular, those 
of dS metals in complexes containing monodentate ligands have 
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Figure 1. A stereoscopic view of the contents of the unit cell of  R h I ( i r a n s - H ( N C ) C = C ( C N ) ~ ) ~ ~ ( O C ~ H ~ ) ~ ) @ - e ~ ~ ~ ~ ~ ~ ~ ~ ~ N ~ ) ~ .  The origin is 
at the lower left rear. The x axis is vertical, the z axis is horizontal, and t h e y  axis points out of the plane of the paper. The shapes of the 
atoms represent 20% contours of thermal motion. All H atoms except those of the fumaronitrile ligand have been omitted for the sake of 
clarity. 

been shown to be trigonal bipyramidal with the olefinic carbon 
atoms in the equatorial plane and essentially equidistant from 
the metal. Recently, Kaneshima et al.2 have prepared a series 
of new d* transition metal-cyanoolefin complexes containing 
isocyanide ligands and they have studied the dynamics of 
rearrangement of certain of these complexes in solution. Their 
results indicate that the dynamic behavior of these complexes 
is markedly dependent upon the nature of the other ligands 
bonded io the metal center. They have interpreted their results 
in some instances to indicate that the cyanoolefin is undergoing 
hindered rotation about the coordination bond either in a 
tetragonal pyramid or in a trigonal bipyramid. If the coor- 
dination geometry is that of a trigonal bipyramid, then the 
olefin rotation accompanies a Berry pseudorotation of the other 
four ligands. In view of the propensity of five-coordinate d8 
metal complexes to assume a trigonal-bipyramidal geoinetey 
and those of d6 metals to be tetragonal pyramids the possibility 
of a d* tetragonal pyramid would indicate a unique metal- 
olefin interzction. Consequently, a structural study of one such 
complex seems warranted. The results are presented here. 
Experimental Section 

Crystals of RhI(trans-H(NC)C=C(CN)II)(P(OC6H[5)3~~- 
CH30C6H4NC)2, which exhibits dynamic behavior in solution,3 were 
kindly supplied by K. Kawakami and were suitable without re- 
crystallization. Preliminary characterization of the material was 
undertaken employing precession and Weissenberg techniques. A 
total of 7265 intensity data including space group extinct and 
equivalent reflections were collected by the 8-20 scan technique OR 
a computer-controlled Picker FACS- 1 automatic diffractometer. 
Crystallographic and data collection details are given in Table I. The 
data processing was carried out as previously d e ~ c r i b e d . ~ , ~  The value 
of p was 0.04. The appropriate members of (hkl)  in the inner core 
of complete data (3O 5 28 5 1 5 O )  were averaged under the p i n t  group 
G2h6. The R index for averaging was 1.1%. The data were then 
corrected for absorption.7 The transmission coefficients varied from 
0.760 to 0.841, The inner data were again averaged yielding an R 
index of 0.9%. Only the 4357 unique data with Fo2  > 3U(Foz) were 
useckin the ensuing solution and refinement. 

The structure was solved by direct methods using a symbolic 
addition procedure.7 Two hundred and forty-nine normalized structure 
factors with E 2 1.76 were utilized in the initial sign-determining 
process. The subsequent E map yielded trial positions for the heavy 
atoms as well as a variety of light-atom fragments. The complete 
trial structure was obtained from a subsequent structure factor- 
difference Fourier calculation. The ensuing refinement was uneventful. 
The final model involves anisotropic thermal parameters for the 20 
nongroup, nonhydrogen atoms, individual isotropic thermal parameters 
for the five rigid phenyl groups,* and isotropic thermal parameters 
for the hydrogen atoms of the fumaronitrile ligand. The hydrogen 
atoms of the phenyl rings and the methyl groups were located on 
difference Fourier maps, idealized? and added as fixed contributions 
in the final least-squares refinement. This refinement (on F) of 249 
variables over 4357 data converged to si and RW indices of 0.040 and 
0.048, respectively. The msximum electron density on a subsequent 

Pigwe 2. A perspective view of the inncr coordination sphere of 

The 50% probability ellipsoids are shown. 

difference Fourier map was 0.82 (9) e/A3, about 15% of the height 
of a typical carbon atom in this structure. An analysis of Cw(lFol 
-- lFc/)2 for various classes of reflections based on Miller indices, JFol, 
and setting angles shows no significant dependence on any of these 
quantities. The final error in an observation of unit weight is 1.38 
e. A tabulation of  I0lF0l and 10lF~I for those reflections used in the 
refinement has been deposited.loJ' Qf the 2214 reflections having 
FOz < 3u(F02) which were omitted from the refinement, nine had lFo2 
- Fc21 > 3g(F02) and none had IF02 - Fc~I > 40(F02). 

Tab!e I1 lists the final positional and thermal parameters for the 
nongroup atoms and Table 111 gives the rigid-group parameters as 
well as the derived positions for the group atoms. A tabulation of 
the idealized positions for the hydrogen atoms is available.]] In Table 
IV the root-mean-square amplitudes of those atoms refined aniso- 
tropically are presented. 

Rhn(trans-H(NC)C=e(CN)H)(P(OC, H,) )@-CH, OC, B,NC),. 

pdiQII Of the ~ ~ r M ~ ~ ~ ~ ~  and ~ o ~ p a ~ ~ ~ Q n  W i t h  
a ~~~~~~~~~ 

The crystal structure consists of the packing of individual 
molecules of RhI (c rans - I4 (NC)61=C(CN)~~  (P- 
(OesH5)3)4p-CH304361LH4N@)2 situated a t  the general 
equipoints of the space group. All intermolecular contacts are 
normal. The molecular packing is dominated by van der 
Waals type interactions between phenyl substituents on both 
the triphenyl phosphite and p-methoxyphenyl isocyanide 
ligands of adjacent molecules. The resulting arrangement is 
depicted in a stereoview of the unit cell in Figure 1. 

Selected intramolecular distances and angles will be found 
in Table V and a perspective view of the inner coordination 
sphere is shown in Figure 2. As might have been anticipated 
the arrangement of coordinated ligands about Ehe Rh atom 
is trigonal bipyramidal12 with axial p-methoxyphenyl iso- 
cyanide groupings and an equatorial plane consisting of an 
iodo, a triphenyl phosphite, and a fumaronitrile ligand. The 
principal angular distortions that occur in the trigonal- 
bipyramidai description are localized in the equatorial plane 
(Figure 3) for which a convenient rationale exists (vide infra). 

The ligand set in the present complex is somewhat unusual: 
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Table I. Crystallographic and Data Collection Details for 

Crystal Data 

RhI(trans-H(NC)C=C(CN)H)(P(OC,H,),)(p-CH3OC~H~NC)* 

Molecular formula 
Unit cell (22") 

C,,H,,IN,O,PRh; mol wt 884.48 
u = 15.252 (7) A, b = 11.454 (6) A, 

c = 21.933 (11) A, p = 103.62 
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P 

Density 

Space group 
Morphology 

(2)", V =  3723.7 A 3 ,  h(Mo Ka, )  
0.70930 A 

dmeasd = 1.57 (2) g/cm ', dc&d = 
1.577 g/cm3; Z = 4; M(MO Ka) = 
13.58 cm-' 

c2,,5-p2 c 
OW, d o o ~ t i o 2 1 ,  tiio), 

(0121, (oi2); v =  7.84 x 1 0 - ~  
mm3 

Radiation Mo Ka 
Monochromator Graphite, (002) 
Takeoff angle 1 .go 
Crystal mounting -7" off [OlO] 
Scan rate 2"/min 
Receiving aperture 

Data collection limits 

Scan range (-Ka,, t K a , )  
Background times 

Data ColleGion 

4.7 mm wide X 4.3 mm high, 32 
cm from crystal 

3" 4 26 d 15', (hki); 15" < 28 < 
49", th , tk ,+ l  

0.75', 0.75" 
10 sec at scan limits 3" 4 26 < 38"; 

20 sec at scan limits 38" < 2e 4 

k J 
I 

Figure 3. Metrical details of the equatorial plane in RhI(trun8- 
H(NC)C=C(CN)H)P(OC,H,),(p-CH30C6H4NC), . 

49" 

counts/sec 

3u 

with I > 3 4 1 )  

distances in the present complex and its P(C6H5)3 analogue2 
is not possible as was the case in Cr(C0)5L2' (L = P(C6H5)3, 
P(OC6H5)3), the short Rh-P distance is consistent with the 
notion21 that P(OC6Hs)s by virtue of the highly electronegative 
0 atoms is capable of a stronger r-bonding interaction with 
a metal center than is P(C6H5)3. 

The averaged P-0 and 0-C(pheny1) distances, 1.599 ( 5 )  
and 1.377 (7) A, respectively, agree within experimental error 
with averaged values for Cr(CO)sP(OC6Hs)321 and trans- 

of the P(OC6H5)3 ligand on the average show an ca. 9 O  

expansion and contraction, respectively, relative to the tet- 
rahedral value. Similar distortions are found in Cr(C0)s- 
P(OC6H5)3,21 Cr(C0)4(P(OC6H5)3)2,22 and cis-Fez- 
(CSHS)~(CO)~P(OC~H~)~,~~ suggesting that this is a general 
feature of P(OC6Hs)3 complexes. These distortions are 
reminiscent of a similar effect in the M-P-C and C-P-C 
angles of P(C6H5)3 complexes242 where the magnitude of the 
distortion is less, ca. 5 O .  Since P(OC6H5)3 is less sterically 
hindered than P(C6H5)3, it appears that this effect is electronic 

Attenuators Cu foil, ratio 12.3; inserted at 7000 

Standards 6 every 100 reflections; all with&-' 

No. of data 4357 space group unique reflections 

there have been few structural determinations of transition 
metal complexes involving fumaronitrile, triphenyl phosphite, 
or iodo ligands, and none to our knowledge involving 

is in good agreement with other M-I (M = metal) distances 
found in comparable d* and formally d6 complexes: 2.707 (1) 
8, in Pt(CH3)(P(C6H5)3)2I'S02,l3 2.666 (3) 8, in [IrI- 
(NO)(CO)(P(C6H5)3)2]+,14 2.726 (2) A in IrI(CH3)(N- 
o ) (P (CsH~)3)2 , '~  and 2.767 ( 5 )  A in IrI(02)(CO)(P(C6- 
H5)3)2.16 The Rh-P distance, 2.265 (2) A, is somewhat 
shorter than the M-P distances found in a number of four- 
and five-coordinate P(C6Hs)3 complexes of Rh17-19 and Ir.20 
The M-P distances in these systems range from 2.315 (8) to 
2.408 (3) 8,. Although a direct comparison between the Rh-P 
Table 11. Positional and Thermal Parameters for the Nongroup Atoms of R~I(~~~~~-H(NC)C=IC(CN)H)P(OC,H,) ,@CH,OC~H~NC)~ 

methoxyphenyl isocyanide. The Rh-I distance, 2.739 (2) Cr(C0)4(P(OC6H5)3)2.22 The Rh-P-0 and 0-P-0 angles 

:!2..*** .... I: .I.... .......I ....... ..*.... !. ......... ... 1!!~99.11rt .. ~SS'.......*.~~~.'.*.*..,..,~~~**.* ..... .e!!.......*..lS!. .... 
R H  Oe211612128)  0.3146341411 0.3741761211 3 0 . 0 1 1 2 1 )  67.351421 16.431111 -0 .16124)  3.691111 0 . 2 0 1 1 8 1  
I 0.234410130I 0~5506911361 0.391216122) 56.01126) 64.411391 31.38114) 1.76124) 2.881151 3.19118) 
P 0.207290191) 0.253201131 0.4723041701 36.24173) 64.01131 17.36137) -1.03178) 4 . 9 3 1 4 2 1  -1.66156) 
011)  -0.36712126) 0.346891451 0.26717122) 29.7120) 156.7161) 32.21141 -4.7128) 4 .6114)  -20 .5123)  
O ( 2 )  0.77095128) 0*139981441 0 .41400123)  38.0123)  131.0154) 37.1115) 1 3 . 8 1 2 8 )  12.0115l -5.5124) 
0 1 3 )  0.244211231 0 .33124133)  0.533271171 37.4119) 74.1138)  19.34196) - 1 . 2 1 2 1 1  4 . 4 1 1 1 )  -7 .9115)  
0 1 4 )  0.10609125) 0 . 2 3 5 4 8 1 3 6 1  0.47847118) 39.0120) 91.4141)  19.4110) -7.8123) 7.1112) -1.31171 
015)  0.25926128l 0.13449135) 0.497621181 63.91261 68.01371 17.91101 10.3125) 5.61131 1 .0116)  

M I 1 1  0.00422133l 0.34612146) 0.33985123) 35.1126) 104-8158) 23.21141 6 . 0 1 3 0 )  4.5115) 8.5122) 
N I L )  0.417781311 0.265751451 0.400071241 35.51251 82.4151)  26.0115) 0.5127) 8.41151 2.1121) 
N 1 3 )  0 . 3 4 4 4 6 1 4 8 )  0.381421191 0.24467131) 70.5143) 260.1121 29.9120) -29.1159) 22.9124) 2.5140) 
N 1 4 )  0 .04765143)  0.07665154) 0.27473130) 63.7138) 116.4167) 3 3 , 3 1 2 0 )  -20.1141l 4 .91221  -15.1129) 
C1ll 0.08081139) 0.33744151) 0.35419127) 37.2131) 78.7157) 18.7115) - 2 . 0 1 3 3 1  4 . 4 1 1 7 )  7.21231 

0,5(2ll C 1 t )  0.34269(391 0.28721150) 0.39295125) 42.7131) 10.1152) 17.3113) -5.1(32) 4.61161 
C 1 3 )  0.21257151) 0.34557173) 0.25622131) 56.11411 158.71981 18.8116) -10.6151) 7.5121) -1 .8132)  
C l k )  0 . 1 1 4 1 8 1 4 8 )  0.12771165) 0 .28681(31 )  56.71401 91.9170) 2 3 . 2 1 1 l l  - 0 . 8 1 4 4 )  6.91221 -5.71291 
C 1 5 )  0 . 2 0 3 2 2 1 4 4 )  0.304771681 0.27617129) 46.21351 1 2 4 . 4 0 0 )  19.31151 - 1 4 . 5 1 4 C )  5.4(19) -0 .5 (301  
Clb) 0.19955140) 0.18890163I 0 . 3 0 1 4 1 1 2 0  45.8131)  lOI.2168) 22.7115I - 4 . 1 ( 4 0 1  7.4118) - 2 0 . 6 1 2 8 )  
MEtll -0.418i9(44) 0.43787176l 0.2.8748139) 34 .0134)  181.1111 4 0 . 3 1 2 5 )  12 .6148)  8 .8124)  -23.9142) 
M E I C )  0.84191t43) 0.202481751 0.45475137) 34.6133) 153.6192) 38.8124) 9.91471 7.41231 1 5 . 4 1 4 0 1  

HC15) 0.1484152) 0.3243167l 0.25931371 5.2121) 
HC 16) 0.2422 1521 0.1296 170) 0.3028 135) 7.6121) *........~.............~~*..........***..*..**.**.....*...*.....*.*...*.........**......*.*...*....*~~.,...*.**....*~*..~~~**.*~*.* 
A E S T I I I A T E D  STANDARD O E V I A T I P N S  IN THE L E 4 S T  S I G H I F I C A N 7  F I G U R E I S )  ARE G I V E N  IH PARENTHESES I N  THXS AND ALL SUBSEQUENT TABLES. 'THE 

FORM OF THE A N I S O T R O P I C  THERMAL E L L I P S O I D  IS1 E X P I -  1 8 1 1 H 2 t B 2 2 Y 2 t B 3 3 L Z * 2 ~ 1 2 H ~ + ~ B l ~ H ~ ~ 2 ~ 2 3 ~ L ~  1. THE O U I H T I T I E S  G I V E N  I N  THE T l B L E  

I R E  THE THERMAL C O E F F I C I E N T S  X l o 4 .  
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Table 111. Derived Parameters for the Rigid-Group Atoms of RhI(trans-H(NC)C=C(CN)H)P(OC,H,),(pCH,OC,H,NC), 

Arthur P. Gaughan, Jr., and James A. Ibers 

A T O H  
2 

P T O W  ............. E . . . ,  .......... :..............!.. ...... *...?&e* .................. :.........,....:.........~....*~*~.**...~.**~~~**.. 
R l C I l I  - 0 . 0 8 9 2 2 1 1 8 1  

9 1 C I Z I  - 0 . 1 5 6 5 6 1 2 5 1  

R 1 C  ( 3 1  - C . 2 3 0 4 1  1 2 5 1  

Q l C l 4 l  - 0 . 2 7 6 9 7 1 1 8 I  

R l C 1 5 1  - 0 . 2 2 9 5 9 1 2 5 1  

Q l C l 6 1  - C . 1 3 5 7 4 1 2 5 1  

Q Z C ( 1 )  0 . 5 0 6 2 7 1 1 8 1  

Q Z C l Z l  0 . 5 7 3 8 1 1 2 5 1  

R Z C 1 3 1  C . 6 6 3 5 4 1 2 1 1  

9 2 C l 4 1  C . 6 8 5 7 7 1 2 0 1  

9 2 ~ 1 5 1  o . t i n l 5 ( z e i  

Q 2 C l b l  C . 5 2 5 4 5 1 ? 4 1  

Q 3 C l l )  C . 3 3 4 2 C  I 1 9 1  

Q 3 C 1 2 1  0 . 3 9 2 0 5 1 2 6 l  

QJC131 C ~ 4 8 1 ? 1 1 ? 4 1  ..................... 

0 . 3 ~ 8 6 ~ 1 3 5 1  

0 . ~ 4 1 9 9 1 1 c 1  

0 . 4 4 3 4 4 1 3 0 1  

0 1 3 5 1 5 8  I 3 6 1  

0 . 2 5 8 2 6 1 3 1 1  

0 . 2 5 6 9 1 1 3 C I  

0 . 2 3 2 3 7 1 3 t l  

0 . 2 7 8 7 5 ( 3 3 )  

0 . 2 4 8 5 9 1 3 6 1  

0 . 1 7 ? 0 5 1 3 7 1  

0 . 1 2 5 6 7 ( 3 6 )  

0 . 1 5 5 5 3 1 3 7 1  

0 . 3 3 5 6 0 1 3 5 1  

0 ~ 4 1 5 1 5 1 3 3 1  

0 . 4  2 4 3 0  1 3 5 1  ............... 

0 . 3 2 2 0 1 1 1 9 1  

0 . 3 3 9 1 2 r  1 9 1  

0 . ~ 2 i m 6 1 2 0 1  

o . ? n 7 i 2 1 2 0 )  

0 . 2 6 4 8 4 ( 1 9 1  

0 . 2 8  7 2 9  120 I 

0 . 4 0 5 4 8 1  1 9 1  

0 . 4 5 3 3 6 1 1 7 1  

O r  4 5 7 9 3 1  161 

0 . 4 1 4 6 2  1191 

0 . 3 6 t 7 5 1 1 8 1  

0 . 3 6 2 1  8 I 1 7 1  

0 . 5 6 4 5 5 ( 1 8 1  

0 . 5 4 6 1  O ( 1 6 1  

0 . 5 8 C 0 3 1 2 1 l  ................. 

3 . 1 7 1 1 2 1  

4 . 4 6 1 1 3 1  

2 . 5 8 1 1 3 1  

3 . 9 9 1 1 2 1  

4 . 7 ' 3 1 1 4 1  

4 . 4 1 1 1 3 1  

3 . 5 8 ( 1 1 1  

4 . C 5 1 1 2 1  

4 . 2 1  I 1 3 1  

4 . 0 2 ( 1 2 1  

5 . 4 7 1 1 5 1  

5.  C5 I 1 5 1  

I . ? b l l l )  

1 . 9 7 1 1 2 l  

4.011141 ................ 
R I G 1 0  GQOUP 

R 3 C 1 4 1  0 . 5 1 2 5 3 ( 2 1 1  
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Table IV. Root-Mean-Square Amplitudes of Vibration along 
Principal Ellipsoid Axes (A) 

in the exo angles of the phenyl rings at the methoxy terminus 
than at the isocvanide terminus (Table VI. This is probably 

Atom Min Intermed Max 
0.1810 (6) 
0.2050 (6) 
0.195 (2) 
0.181 (6) 
0.191 ( 6 )  
0.190 ( 6 )  
0.202 (6) 
0.201 ( 6 )  
0.193 (7) 
0.196 (7) 
0.210 (9) 
0.219 (9) 
0.194 (8) 
0.198 (8) 
0.208 (9) 
0.224 (9) 
0.209 (8) 
0.184 (9) 
0.186 (10) 
0.193 (9) 

0.1992 (6) 
0.2404 (6) 
0.204 (2) 
0.249 ( 6 )  
0.284 ( 6 )  
0.207 ( 5 )  
0.211 ( 6 )  
0.209 (6) 
0.228 (7) 
0.232 (7) 
0.295 (9) 
0.293 (8) 
0.204 (8) 
0.208 (8) 
0.247 (9) 
0.253 (9) 
0.221 (9) 
0.226 (8) 
0.272 (10) 
0.280 (10) 

0.2116 (7) 
0.2885 (6) 
0.210 (2) 
0.345 ( 6 )  
0.309 ( 6 )  
0.240 ( 6 )  
0.251 (6) 
0.275 (5) 
0.273 (7) 
0.247 (7) 
0.423 (10) 
0.310 (8) 
0.243 (9) 
0.230 (9) 
0.328 (10) 
0.263 (9) 
0.295 (9) 
0.296 (9) 
0.378 (1 1) 
0.340 (10) 

rather than steric in nature. The angles at the 0 atoms average 
124.1 (9)O, in good agreement with the results of other 
workers.21-23 The exo angles of the phenyl rings at  the 0 
atoms are very close to 120' (Table V). 

As noted above, the two isocyanide ligands occupy trans 
axial positions in the coordination sphere. The Rh-C( 1) 
distance, 1.957 (6) A, is not si nificantly different from the 
Rh-C(2) distance, 1.970 (6) l. The average, 1.964 (6) A, 
is intermediate between a range of 1.819 (5)-1.924 (14) A 
found in a series of nickel-tert-butyl isocyanide complexes26-29 
and the range 2.05 (1)-2.151 (8) A in two molybdenum- 
methyl isocyanide complexes.30.31 The C( l)-Rh-C(2) angle 
as well as the angles a t  the nitrile C and N atoms are, as 
expected, very close to 180" (Table V). The averaged C a N  
distance, 1.143 (7) A, agrees well with comparable distances 
in tert-butyl isocyanide complexes.26-29 The averaged N- 
C(pheny1) distance, 1.384 (6) A, is ca. 0.07 A shorter than 
the N-C(CH3)3 distances in tert-butyl isocyanide 
complexes26-29 no doubt reflecting, in part, the difference in 
hybridization (sp2 vs. sp3) at the C atoms attached to the 
isocyanide N atoms. There is considerably more distortion 

caused by van der Waals repulsion between the methyl anh 
phenyl protons since the methoxy groups are coplanar with 
the phenyl rings. Why this repulsion is not relieved by a 
rotation about the 0-C(pheny1) bond is not readily apparent 
from packing considerations. However, the short (pheny1)C-O 
distances32 (average 1.349 (6) A) would seem to suggest some 
involvement, perhaps R interaction, of the 0 atom with the 
aromatic ring. Such an interaction would account for the 
planarity of the anisole grouping. The angles at the methoxy 
0 atoms (average 117.0 (5)') may be rationalized either as 
a tendency toward sp2 hybridization at  Q or as a result of 
repulsion between the methyl and phenyl protons. The average 
O-CH3 distance, 1.43 (1) A, is in good agreement with that 
expected32 for an 0-C(sp3) bond. 

The fumaronitrile (trans-1 ,2-dicyanoethylene = EN) ligand 
is symmetrically a bonded to the Rh atom through the olefinic, 
C(5)-C(6), bond. Both C(5) and C(6) are situated almost 
exactly in the equatorial plane of the trigonal-bipyramidal 
coordination sphere. The dihedral angle between the plane 
defined by Rh, I, and P and the one defined by Rh, C(S), and 
C(6) is 4.2 (4)O resulting in the displacement of C(5) and C(6) 
by 0.09 and 0.02 A, respectively, from the Rh-I-P plane. 
Small displacements of this general order of magnitude are 
a common feature of trigonal-bipyramidal complexes of 
monoolefins and may be attributed to nonspecific packing 
effects. 

The two Rh-C(o1efin) distances (Table V) are not sig- 
nificantly different and average 2.139 (6) A. This value is 
in satisfactory agreement with the average M-C(o1efin) 
distance in the only other trigonal-bipyramidal complex in- 
volving F N  reported to date, 2.110 (9) A in IrH(CQ)(F- 
N)(P(CsH5)3)2.33 These values may be compared with 
M-C(o1efin) distances of 2.025 (6) and 2.162 (6) A for the 
unsymmetrically a-bonded FN in Pt(FN)(P(C6H5)3)2.j4 
Other cyanoolefin complexes from which useful comparisons 
of the M-C(o1efin) bond length may be drawn are as follows: 
Pt(TCNE)(P(C6H5)3)2,35 2.1 1 (3) A (average) (TCNE = 
(tetracyanoethylene); Ni(TCNE)(t-(CH3)3CN=)2,*7 1.954 
(4) A (average); IrBr(CO)(TCNE)(P(C6H5)3)2,33a 2.166 (1 5) 
A (average); Fe(C0)4(AC),36 2.10 (1) A (average) (AC = 
acrylonitrile, cyanoethylene); N~(AC)(P(O-CH~C~H~O)~)~,~~ 
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Table V. Interatomic Distances (A) and Angles (deg) in RhI(tmns-H(NC)C=C(CN)H)(P(OC,H,),)@-CH,OC,H,NC),a 
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Rh-I 
Rh-P 
Rh-C(l) 
Rh-C(2) 
Rh-C(5) 

Rh-Ctc 
P-0(3) 
P-0(4) 
P-0(5) 
0(3)-R3C( 1) 
0(4)-R4C(l) 
0(5)-R5C(1) 

C(2)-N(2) 

RhK(6)  

C(l)-N(I) 

I-P 
I-C(1) 
I-C(2) 
I-C(5) 
P-CW 
P-C(l) 
P-C(2) 

I-Rh-P 
I-Rh-C(l) 
I-Rh-C(2) 
I-Rh-C(S) 
I-Rh-C(6) 
P-Rh-C( 1 ) 
P-Rh-C( 2) 
P-Rh-C(5) 
P-Rh-C(6) 
C(l)-Rh-C(S) 
C(l)-Rh-C(6) 
C(2)-Rh-C(5) 
C(2)-Rh-C(6) 
C(l)-Rh-C(2) 
C(5)-Rh-C(6) 
I-Rh-Ct 
P-Rh-Ct 
C(1)-Rh-Ct 
C(2)-Rh-Ct 
Rh-C( 1 )-N( 1 ) 
Rh-C(2)-N(2) 
C( 1 )-N(1 )-R1 C(1) 
C(2)-N(2)-R2C(l), 
N( 1 )-R1 C( 1 )-RlC(2) 
N( I)-RlC( 1 )-RIC(6) 
N(2)-R2C(1 )-R2C(2) 
N(2)-R2C(1 )-R2C(6) 
R1 C(3)-RlC(4)-0(1) 
R2C(3)-R2C(4)-0(2) 
RlC(5)-RlC(4)-0(1) 
R2C(5)-R2C(4)-0(2) 

Bonding Distances 
2.739 (2) N( 1 )-R 1 C( 1) 
2.265 (2) N(2)-R2C(l) 

(6) 1 1,964b RlC(4)-0(1) 
1.970 (6) R2C(4)-0(2) 
2.141 (6) 0 ( 1  )-Me( 1 ) 
2.137 (611 2'139 0(2)-Me(2) 
2.013 (7) C(5)-C(6) 
1.597 (4) C(5)-C(3) 
1.594 (4)}1.599 C(6 1-C (4) 
1.606 (4) C(5)-HC(5) 
1.383 (4) C(6)-HC(6) 
1.382 (6))1.377 C(3)-N(3) 
1.367 (6) C(4 )-N (4 1 
1.140 (7) 
1.146 (7 ) i  

Nonbonding Distances 
3.910 (2) C(I)-C(5) 
3.349 (6) C(2)-C(5) 
3.436 (6) C(1)-C(6) 
3.737 (7) C(2)-C(6) 
3.794 (7) Rh-HC(5) 
3.002 (6) Rh-HC(6) 
3.023 (7) 

Bond Angles 
102.37 (5) R 1 C(4)-0( 1 )-Me(1) 

89.4 (2) R2C(4)-0(2)-Me(2) 
92.3 (2) R h-P-O( 3) 
99.2 (2) Rh-P-0(4) 

138.6 (2) Rh-P-0(5) 
90.3 (2) 0 (3)-P-0 (4) 
90.8 (2) 0(3)-P-0(5) 

158.3 (2) 0 (4)-P-0 (5) 
11 9.0 (2) P-O(3)-R3C(I) 

87.6 (2) P-0(4)-R4C(l) 
90.8 (2) P-O(5)-R5C( 1) 
90.6 (2) 0(3)-R3C( 1)-R3C(2) 
87.0 (2) 0(3)-R3C( l)-R3C(6) 

177.7 (2) 0(4)-R4C( 1)-R4C(2) 
39.5 (3) 0(4)-R4C(l)-R4C(6) 

118.9 (2) 0(5)-RSC( 1)-R5C(2) 
138.7 (2) 0(5)-R5C(l)-R5C(6) 
89.1 (2) Rh-C(5)-C(6) 
88.7 (2) Rh-C(6)-C(5) 

176.3 (6) Rh-C(5)-C(3) 
175.2 (5)1 175'8 Rh-C(6 )-C(4) 
176.2 (6) Rh-C(S)-HC(S) 
175.4 (6 ) i  175.8 R h-C(6)-HC(6) 

C(3 )-C(5 )-C(6) 

C(3)-C(5)-HC(5) 
C(4)-C(6)-HC(6) 
C(6)-C(5)-HC(5) 
C(5)-C(6)-HC(6) 
C(5)-C(3)-N(3) 

115.5 (4)I 115*7 C(6)-C(4)-N(4) 

C(4)4(6)-c(5) 
120.3 (4) 

119.6 (4) 
120.4 (3) 

124.5 (3) 
116.0 (4) 

124.0 (411 124,3 

Conformational Angles 
146.0 (6) (7) HC(6)-C(6)-C(5)-Rh 
107.4 (6) (6) HC(5)€(5)-C(6)-Rh 
106.6 (6) (6) 

1.387 (6) 
1.381 (6) l  1*384 
1.343 ( 5 ) i  
1.354 (6) 
1.433 ( 1 O ) i  1,429 
1.424 (8) 
1.444 (10) 
1.436 i ioj  \,1.442 
1.447 (9) 
0.86 (8) 
0.94 (8) 1 '0'90 

1.147 (8) I 

1.131 1.139 

2.839 (9) 
2.926 (8) 
2.916 (9) 
2.829 (8) 
2.49 (8) 
2.75 (8) 

11 7.4 (5) 
116.6 (5)) 117'0 

11 7.9 (2) 
99.1 (2) 
94.8 (2)) 100.9 

105.8 (2) 

123.5 (3) 

118.5 (4) 119.9 

120.2 (3) 
119.7 (4) 

121.3 (4) 
121.5 (4) 
118.5 (3) 

70.1 (3) 
70.5 (4) t  70'3 

114.0 (4) 
114.0 ( 4 ) l  
104 (5) 
122 (5) 
121.0 (7) 
118.3 (6) 
126 (5) 
104 (5) 
106 (5) 
126 (5) 

1 

Vector-Plane Normal Angles 
[ C(5)-C(6)1-[HC(6)-C(6)-C(4) 1 60 (4) (P) [C(6)-C(5)l-[HC(5)-C(5)-C(3)1 63 (5) eel) 

The numbering system is as follows. The moiety N(1)-ring 1-O(1)-Me(1) is attached to C(1); similarly N(2)-ring 2-0(2)-Me(2) is 
These are average values. attached to C(2). The moieties O(n)-ring n, n = 3-5, are attached to P. 

olefinic (C(5)-C(6)) bond. Estimated uncertainties in the positional coordinates of Ct are taken to  be those of C(5); see Table 11. 

2.016 (10) and 1.91 1 (12) A. The Rh-Ct distance38 in the 
present complex is 2.013 (7) A. 

The olefinic C(5)-C(6) bond length, 1.444 (10) A, is ca. 
0.10 8, longer than the expected value for the free olefin33b 
as a result of the synergistic u v  interaction39." with the metal 
center. The C(5)-C(6) distance is the same (within exper- 
imental error) as the olefinic C-C distance in IrH(CO)(F- 
N)(P(CsH5)3)233 and marginally shorter than the corre- 

Ct is defined as the midpoint of the 

sponding distance in Pt(FN)(P(C6H5)3)234 and a series of 
TCNE complexes.1727J3a 

There is considerable angular distortion in the equatorial 
plane. The appropriate angular data are represented sche- 
matically in Figure 3. The most significant distortions are 
found in the P-Rh-Ct41 and P-Rh-I angles which deviate by 
ca. 18O, respectively, above and below the expected 120°. The 
I-Rh-Ct angle, on the other hand, is very close to the expected 
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value. This result suggests that the angular position of the 
P(OC6&)3 ligand in the equatorial plane is dictated primarily 
by steric considerations. Model building demonstrates con- 
vincingly that within the constraints imposed by the particular 
rotational conformer adopted by the P(OC6H5)3 group in the 
solid state, a P-Rh-Ct angle of 120' would lead to impossibly 
close contacts between R5 of the P(OC6Hs)3 ligand and the 
terminal C=N grouping (C(4), N(4)) of FN; see Figure 2. 
Modeling also reveals that a reorientation of the coordination 
sphere leading to an axial P(OC6H5)3 in trigonal-bipyramidal 
geometry is sterically possible although certainly not as fa- 
vorable as the equatorial configuration. This result is consistent 
with modeling experiments on IrH(CO)(FN)(P(C6H5)3 for 
which it has been shown33a that an axial disposition for the 
two P(C6H5)3 ligands is exceedingly unfavorable owing to 
steric repulsion between the phenyl rings of P(C6H5)3 and FN. 
Such findings are also consistent with the cone-angle calcu- 
lations of Tolman42 which suggest that P(OC6H5)3 is con- 
siderably less sterically demanding than P(C6H5)3. The 
presence of the sterically innocuous iodo ligand in the 
equatorial plane is obviously of some import in allowing for 
the above noted angular distortions: replacement of the iodo 
ligand with P(OC6H5)3 leads to extensive dissociation of FN 
in solution.3 A similar effect is found in the corresponding 
P(C6H5)3 complexes.2 The internal angles of the three- 
membered 

metallocycle (Table V) are within l a  of those found in 
IrH(CO)(FK)(P(C6H5)3)233 and midrange for a large number 
of monoolefin complexes.l,'6J7,37)43 

The angular distortions within the olefin itself are confined 
to a bending back (vide infra), away from the metal center, 
of the substituent H and CEN. Aside from the lengthening 
of the central C=C bond of the olefin (vide supra), all other 
distances within the olefin are apparently unaffected by co- 
ordination. The average C-CN distance, 1.442 (10) A, is in 
excellent agreement with 1.44 A expected32 for a sp2(C)-(C)sp 
bond and 1.44 1 (5) A in TCNE.M.45 The two -N distances 
are equivalent and the average (Table V) is only marginally 
longer than the corresponding distance in TCNE,45 

The deviations from planarity of the olefin may be con- 
veniently described by the angles a and 0 given in Tables V 
and VI. Although no direct comparison of these angles with 
those in other F N  complexes is possible, typical values for 
TCNE in five-coordinate Ir complexes are about 69" (cy) and 
56O (p).46 Hence, as expected, the bending back of the olefin 
(as measured by 90" - 6) is greater for the more highly 
activated olefin, TCNE. 

Comparing RhI(FN)(P(OC6Hs)3)(p-CH30C6H4NC)2 and 
IrH(CO)(FN)(P(C6H5)3)233b we find little to distinguish the 
two metal-olefin interactions from a consideration of either 
the M-C distances, 2.139 (6) and 2.110 (9) A, or the C=C 
distances, 1.444 (10) and 1.431 (20) A. One therefore might 
conclude that the strength of the metal-olefin interaction is 
roughly the same in both complexes and rationalize this 
equivalence in terms of the disparity of the two donor sets 
fortuitously leading to equivalent electron-donating capability 
at  the two metal centers. However, a comparison of the 
bending back of the coordinated FN groups in the two 
complexes indicates a difference in the strength of the met- 
al-olefin interaction. Since the H atoms of the F N  group in 
the Ir complex were not located, a comparison of the ge- 
ometries of the two coordinated olefins must be made ignoring 
the H atom positions in the Rh complex. Convenient measure 
in this instance are the angles46 6 and y (Table V). The angle 
6 increases from 90" and the angle y decreases from 180' as 

Arthur P. Gaughan, Jr., and James A. Ibers 

Table VI. Selected Weighted Least-Squares Planes in 
R~I(~~u~~-H(NC)C=C(CN)H)(P(OC,H,) , ) (~-CH,OC, H41\7C)? 

A X  f BY + CZ=Da 

Plane A B C D 
1 14.75 -1.41 -0.27 2.58 
2 -1.03 8.19 15.18 6.4'7 
3 -2.62 -1.60 21.68 5.71 

Distances (A) of Various Atoms from Selected Planes 

Atom 1 2 3 
Rh 0.00 (0) 
I 0.00 (0) 
P 0.00 (0) 
C(3) -0.01 (1) 
C(4) 0.00 ( I )  
( 3 5 )  - 0.08 (1) 0.01 (1) 
C(6 ) 0.02 (1) 0.00 (1) 
N(3) 0.01 (1) 
N(4) 0.00 (1)  

HC(6) 0.01 (7) 

-___ 

HC(5) -0.03 (8) 

Dihedral Angle between Planes 2 and 3 = oi = 54" 

a Monoclinic coordinates. 

the bending back increases. These angles are 107 and 146' 
in the Rh complex and 112 and 136' in the Ir complex. Thus 
a stronger metal-olefin interaction appears likely in the Ir 
complex. This result is in line with the general expectation 
that Ir(1) is more electron rich than Rh(I) and hence capable 
of greater electron donation into the a* orbitals of the olefin. 
Such a result is consistent with the occurrence of rotation of 
the FN group in the present Rh(1) complex, since the barrier 
to olefin rotation should be a function of the magnitude of the 
a interaction.47 

Conclusions 
The present structural results demonstrate convincingly that 

the solid-state configuration for the complex is trigonal bi- 
pyramidal with equatorial fumaronitrile rather than tetragonal 
pyramidal with apical fumaronitrile. The extension of this 
result to the solution configuration of RhI(FN)(P-  
(OC6H5)3)@-CH3OC6H4NC)2 is fraught with uncertainty. 
It is, however, generally assumed that the solid-state geometry 
is equivalent to the solution ground-state geometry in the 
absence of specific solvation effects. If one is willing to accept 
this proposition, then the dynamic solution behavior of 
R ~ T ( F N ) ( P ( O @ ~ H ~ ) ~ ) ~ P - C H ~ O C ~ H ~ N C ) ~  and its P(C6Hs)3 
analogue would be a rotation of the fumaronitrile accom- 
panying an axial-equatorial interchange of the four remaining 
ligands of the trigonal-bipyramidal coordination sphere in the 
Berry pseudorotation mechanism.48 Such an explanation 
would adequately account for the dynamic solution behavior 
of the complex.2 
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Electron Paramagnetic Resonance Spectra of Vanadium(1I) and Nickel(I1) 
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The crystal structure of CsCdC13 has been redetermined using diffractometer-measured intensity data. The compound 
crystallizes in the hexagonal space group P63/mmc with unit cell dimensions of a = 7.403 (2) A and c = 18.406 (3) A. 
Based on 354 observed reflections the structure was refined by fubmatrix least-squares methods to R I  and Rz values of 
0.044 and 0.050, respectively. There are two crystallographically distinct types of cadmium ions in CsCdCl3. One of the 
cadmium ions, Cd( l), occupies a site having D3d symmetry, while the other, Cd(2), exhibits C ~ U  site symmetry. The coordination 
sphere of Cd( 1 )  contains six equivalent chloride ions which form a nearly perfect octahedron with a cadmium-chloride 
separation of 2.598 A. In contrast, the coordination sphere of Cd(2) contains two distinct groups of chloride ions which 
form a noticeably distorted octahedron; the cadmium-chloride distances are 2.639 and 2.588 A. The EPR spectrum of 
CsCdCb doped with V(I1) shows that both types of cadmium ion are replaced. The spectrum can be satisfactorily interpreted 
with an axial spin Hamiltonian. An analysis of the spin Hamiltonian parameters indicates that 90-95% of the V(1I) ions 
enter sites normally occupied by Cd(1) while the remaining 5 1 0 %  enter the sites that would contain Cd(2). The spectrum 
of CsCdCb containing Ni(I1) shows resonances from only one kind of Ni(I1) ion which suggests that only one of the two 
sites is occupied. 

Introduction 
When crystallized from the melt, CsCdC13 adopts a hex- 

agonal lattice in which there are two crystallographically 
distinct types of cadmium ions.3 Both cadmium ions ( 1  and 
2) are surrounded by octahedra of chloride ions. Two oc- 
tahedra containing type 2 cadmium ions share a face forming 
a CdzC195- unit which then shares corners with six different 
octahedra containing type 1 cadmium ions. Figure 1 shows 

a simplified view of the CsCdC13 structure. The point 
symmetry at cadmium 1 is D3d while it is C3u at cadmium 2. 
This structure can be considered as intermediate between the 
CsNiC13 structure which consists of infinite linear arrays of 
octahedra sharing faces and the perovskite structure which 
consists of a three-dimensional network of octahedra sharing 
corners. 

An investigation of the EPR spectra of single crystals of 


