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Dicarbonyl-~~-cyclopentadienyl t r iphenylphosphine( l -~~l , l ,2 ,2- te t racyanopropyl)molybden~im, (n-CjHs)Mo(CO)z- 
(PPh3) [C(CN)K(CN)2CH3],  rormed by the reaction of (T-C~H~).M~(CO)~(PP~~)(CH?) with tetracyanoethylene, has 
been subjectedto a full three-dimensional X-ray structural analysis. The complex crystallizes in the centrosymmetric triclinic 
space group P1  [Ci'; No. 21 with a = 8.606 (1) A, b = 12.158 (2) A, c = 13.987 (2) '4, CY -I 85.60 (2)", 6 = 75.95 ( l ) ' ,  
y = 88.3'1 (I) ' ,  and V = 1415.4 a3. The observed density of 1.468 (5) g cm-3 is consistent with that 3f 1.460 g cm-3 
calculated for mol wt 622.48 and Z = 2. X-Ray difFraction data complete to 28 = 47.5" (Mo ICu radiation) were collected 
with a Picker FACS-1 diffractometer and the structure was solved by means of Patterson. Fourier, and !east-squares refinement 
techniques. Al.1 atoms. including hydrogens, have been located and theii thermal and positional parameters refined. The  
resulting discrepancy indices are RF -- 3.989.6 and H n ~  = 4.76% for the 4346 independent reflections (none rejected). The 
molybdenum atom has a coordination environment resembling a "four-legged piano stool." The MO--C(P-C5Hj) distances 
range from 2.300 (3) to 2.359 (3) the Mo-P bond length is 2.518 (1) A, and the Mo-CO bonds are 1.973 (3) and i ,996 
(3) in length. The  Mo-[C(CW)2C(CN)zCH3] u-bond distance of 2.414 (4) 8, is compared with Mo-C distances in 
molybdenum alkyls, perfluoroalkyls, acyls, and aryls. Within the tetracyanopropyl group, one 2-cyano group and the methyl 
group are  disordered. 

~~~~~~~~~~5~ with various organo--(transition metal) complexes. We have 
We have, for s ~ m e  time, been interested in so-called shown previously that tetracyanoethylene reacts with a o-allyl 

"insertion reactions."' Following some studies on the products via a net [3 i- 21 cycloaddition reaction' (as shown in Scheme 
of the insertion o f  sulfur dioxide into metal-carbon2-4 and I). 
metaI-metal5~6 bonds, w e  have turned our attention to the We  now report the results of a single-crystal X-ray dif- 
products derived from [he interaction of tetracyanoethylene fraction study on (n-esHs)~o(C0)2(PPhr7)  [C(CW)zC- 



Structure of (n-CjHs)Mo(CO)2(PPh3) [C(CN)2C(CN)2CH3] 

Scheme I 

(CN)2CH3], I, formed by the reaction of tetracyanoethylene 
and (T-C~H~)MO(CO)~(PP~~)(CH~).~ In addition to pro- 
viding an unambiguous assignment of the molecular structure 
of (n- C 5 H 5) Mo( CO)  2(PPh3) [ C (  CN)  2C( C N )  2CH3], the 
present study also provides an opportunity for the structural 
characterization of a hitherto uninvestigated type of metal- 
carbon linkage, i.e., a metal-polycyanoalkyl linkage. As 
discussed below, the substitution of a polycyanoalkyl group 
for an alkyl group causes a slight increase in the metal-carbon 
cr-bond length. This result is in marked contrast to the sig- 
nificant (i.e., ca. 0.1 A) decrease in metal-carbon distance 
found on substituting a perfluoroalkyl for an alkyl group in 
(a-CjH(j)Mo(C0)3R derivatives.9?10 

0 0  
I 

Collection of the Diffraction Data 
Yellow crystals of (~-Cslls)Mo(C0)z(PPh3)[C(CN)zC- 

(CN)2CH3] were provided by Professor Wojcicki of The Ohio State 
University. The crystal selected for the X-ray diffraction study was 
a small elongated plate with well-developed (01 1)  and (01 1) faces, 
0.10 mm apart and bounded by (OOl), 0.18 mm apart, and {loo), 0.30 
m m  apart .  

Preliminary (0-2)kl Weissenberg photographs, an a axis rotation 
photograph, h(0-2)1 and hk(0-2) precession photographs, and b and 
c cone axis photographs yielded approximate unit-cell dimensions, 
revealed only Ci(1) Laue symmetry, and showed no systematic 
absences. The triclinic space groups P1 [ G I ;  No. 11 or P1 [G; No. 
21 are  therefore indicated. 

The crystal was transferred to a Picker FACS-1 automated dif- 
fractometer, was centered as accurately as possible, and was aligned 
so as  to place a* precisely coincident with the instrumental 6 axis. 
The  apparatus and experimental procedure have been described a t  
length previously.]* Details specilic to the present analysis are given 
below. 

Using “high-resolution conditions,” the 28, w ,  and x settings of the 
resolved Mo K a i  peaks (X  0.709300 of 12 high-angle (28 = 
38-50’) reflections, which were well-dispersed in reciprocal space, 
were determined automatically.~3 These values were used in a 
least-squares refinement of cell and orientation parameters. The 
resulting cell parameters and their estimated standard deviationsl4-16 
(at 23.0’) are  a = 8.6057 (9) A, b = 12.1581 (15) A, c = 13.9868 
(19) A, cos a = 0.0768 (2), cos = 0.2428 (2), and cos y = 0.0284 
(2).  The derived angles are  a = 85.60 (2)’, /3 = 75.95 ( 1 ) O ,  and y 
= 88.37 ( l ) ” . 1 7  The unit-cell volume is 141 5.4 .&3. The measured 
density (1.468 (5) g cm--3, by neutral buoyancy) is consistent with 
the value of 1.460 g cm-3 calculated for mol wt 622.48 and 2 = 2. 

Intensity data for reflections in the hemisphere defined by *h,rtk,+l 
and 26 I 47.5” were collected by executing a coupled B(crysta1)- 
28(counter) scan from 0.6’ in 28 below the Mo Kai  peak to 0.6’ in 
28 above the Mo Ka2 peak, the scan rate being l.O’/min. 
Stationary-background counts, each of 40-sec duration, were recorded 
at  the two extremes of the scan. The takeoff angle was 3.0’ and the 
diffracted beam was filtered through a niobium p filter (47% 
transmission of Mo Ka radiation) mounted just in front of the detector 
aperture (4 mm X 4 mm,  330 mm from the crystal). 

The stability of the entire assembly ( i .e . ,  X-ray beam, crystal, 
electronics) was monitored by measuring three reflections (in ap- 
proximately mutually orthogonal directions in reciprocal space) after 
each batch of 48 reflections. These reflections decreased steadily in 
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intensity throughout the experiment to about 80% of their initial value. 
[The surface of the crystal became black, due to decomposition.] 
Application of an isotropic linear-decay correction to the entire data 
set led to the root-mean-square fluctuations of the standard reflections 
from their average values being reduced to 1.00, 0.56, and 0.82%. 

The intensity of a reflection, I ,  and its esd, a(Z), were calculated 
as detailed previously,ll using an “ignorance factor”16aJ8 p of 0.04. 
Any negative I was reset to zero.19 

A total of 4346 symmetry-independent reflections were measured. 
None was rejected on the basis of being “not significantly above 
background.” We note here that 520 ( i .e . ,  ca. 12%) of these data 
had I < 3 4 ) .  

N o  corrections were made for absorption since 8-28 scans of the 
axial 300 reflection at  x = 90’ and at  10’ intervals from 6 = 0” to 
@ = 350’ showed a variation of less than 2.5% from the mean [ ~ ( M o  
K a )  = 5.52 cm-1 and WRav = 0.0781. 

Unscaled structure factor amplitudes, F,  and their standard de- 
viations, u(F),  were calculated from the expressions F = ( I /Lp)1 /2 ,  
u(F) = ( u ( I ) / L ~ ) ~ / *  for a(l) 2 I ,  and a(F) = [ F -  [E2 - ( u ( ~ / L P ) I * / ~ I  
for u(I) < I. Here Lp, the Lorentz-polarization correction, is given 
by (1 + cos2 28)/(2 sin 26). 

Solution and Refinement of the Structure 
All calculations were carried out on the IBM 370/ 158 computer 

at the Computer Center of the University of Illinois at Chicago Circle. 
The following programs were used during the course of the structural 
analysis: FORDAP, Fourier synthesis, by A. Zalkin; LSHF, structure 
factor calculation and least-squares refinement, by B. G. DeBoer; 
STAN1,  distances and angles, with esd’s, by B. G. DeBoer; PLOD, 
least-squares planes by B. G. DeBoer; ORTEP,  thermal ellipsoid 
drawings, by C. K. Johnson. 

Scattering factors for neutral Mo, P, 0, N, and C were taken from 
the compilation of Cromer and Waber;*o both the real and the 
imaginary components of anomalous dispersion were included for all 
nonhydrogen atoms, using the values of Cromer and Liberman.21 The 
Stewart, Davidson. and Simpson scattering factors were used for 
neutral hydrogen.22 The function minimized during the least-squares 
refinement process was BwllFol - ~FCII* where w(hkl) = +[F(hkl )] .  

Discrepancy indices used below are  

ZllF,I - lF,ll 
R F  = x loo(%) 

ZIFo I 
and 

Zw(lFol - IF,1)2 1’2 x 100 (%) 
Cw IF, 1 1 

The space group was indicated to be the centrosymmetric Pi, rather 
than as the noncentrosymmetric P1, by means of intensity statistics.23 
The positions of the molybdenum and phosphorus atoms were quickly 
and unambiguously obtained from a three-dimensional Patterson map. 
A Fourier synthesis, phased by these two atoms (RF = 59.8%) revealed 
the locations of all nonhydrogen atoms except one nitrogen atom of 
a cyanide group. Refinement of positional and isotropic thermal 
parameters (with the “missing” nitrogen located in the most probable 
position) led to convergence with RF = 9.8% and = 12.7%. 
Refinement was continued, now using anisotropic thermal parameters 
for the 40 nonhydrogen atoms, and led to convergence with RF = 
5.66% and R w ~  = 7.78%. A difference-Fourier synthesis at this stage 
showed an unexpected feature of height -2 e A-3 about 1 A from 
the methyl group of the C(CN)2C(CN)zCH3 ligand. A survey of 
thermal parameters of atoms within this ligand suggested disorder 
of one cyanide group [C(7)-N(7)] and the methyl group [defined 
by C(3)].  Accordingly, the nitrogen atom was partitioned between 
its old position N(7) and a new position, N(7’),  corresponding to the 
anomalous feature in the difference-Fourier synthesis. The system 
C:(2)-C(3)-N(7’) was approximately linear. Refinement ~ a 5  
continued using coupled occupancy factors of x and (1 - x), re- 
spectively, for N(7) and N(7’);  convergence was reached with RF = 
5.02% and R w ~  = 6.57%. Another difference-Fourier synthesis now 
led to the location of all hydrogen atoms, with peak heights of 
0.71-0.32 e A-3 for those of unit occupancy, ea. 0.35 e A-3 for 
hydrogens associated with the C(3) methyl group (occupancy -65%, 
based upon an occupancy of -35% for N(7’)) ,  and ca. 0.20 e k 3  
for the hydrogens of the C(7) methyl group (occupancy -35%)). 
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Figure 1. View of the (n-C,H,)Mo(CQ), (PPh,)[C(CN),C(CN),CH,? 
molecule, showing the disorder within the tetracyanopropyl ligand. 
[Note that phenyl rings of the PPh, group have been omitted.] 

Figure 2. The (n-C, H,)Mo(CO), (PPh,) [C(CX),C(C;\;),CH,] tnole- 
cule, showing the triphenylphosphine ligand. Only atom C(!) of the 
tetracyanopropyl group is shown. 

In the final phase, all positional parameters, anisotropic thermal 
parameters for nonhydrogen atoms, isotropic thermal parameters for 
hydrogen atoms, coupled occupancy factors [x for N(7), H(1), H(2), 
H(3) and (1 - x) for N(7’) ,  H( l ’ ) ,  H(2’), H(3’)], and the scale factor 
were refined. Parameters for H(l’), H(2’) ,  H(3’ )  were not well 
behaved. These atoms were therefore fixed into positions staggered 
with respect to the geometry about C(2) .  The resulting discrepancy 
indices are RF = 3.98% and R ~ F  = 4.76%. The maximum shifts 
during the last cycle of refinement24 were (A /U) , , ,~~  = 0.05 for a 
nonhydrogen parameter and = 0.24 for a hydrogen pa- 
rameter. The final value for x was 0.688 (13). 

The “goodness of fit,” defined by [Cw(lFol--  It;‘~l)*/(m - n ) ] I P ,  
was 1.47 (where the number of observations (m) is 4346 and the total 
number of parameters refined (n)  is 463; the ratio n m  is 9.39:l). The 
function Cw(lF0l - IFC~)* showed no significant dependence cither 
upon ((sin @ ) / A )  or upon IFo~, thereby indicating a correctly chosen 
weighting scheme. The correctness of the determined structurc was 
confirmed by means of a final difference-Fourier s nthesis on which 
the most prominent features were peaks of 0.98 e l - 3  (at 0.45,0.60, 
0.28),0.81 e~-3(a t0 .33 ,0 .50 ,0 .34) ,0 .74e~-3(a t0 .18 ,0 .44 .0 .28) ,  
0.63 e A-3 (at 0.51, 0.40? 0.72), 0.58 e A-3 (at  0.21, 0.40, 0.30), and 
0.48 e A-3 (at 0.12, 0.18, 0.16); all other peaks were below 0.40 e 
A-3 in height. 

A table of observed and calculated structure factor amplitudes may 
be obtained.25 Final positional parameters, with their esd’s, are given 
in Table I; anisotropic thermal parameters (and root-mean-square 
amplitudes of vibration of atoms along the principal axes of their 
vibration ellipsoids) are  listed in Table II. 

The Molecular Structure 
In t e ra tomic  distances and angles are collected in Tab les  111 

and IV, respectively. Least-squares  planes are given in Table 
V. The molecular s t e reochemis t ry  and label ing of a t o m s  i s  
s h o w n  in Figures 1 and 2 .  

The c e n t r a l  m o l y b d e n u m  a t o m  may be r ega rded  as in a 
formal ox ida t ion  s t a t e  of +II; it has a d4 o u t e r  e lectron 
configuration and achieves t h e  expec ted  “noble  gas”  con- 
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Table I. Final Positional Parameters, with Esd’sa-d 
Atom X V 2 B. A 2  

~ , -  ..__II____ II_____ .I__._ 

Mo 0.191986 (27) 0.401270 (19) 0.230614 (18) 2.77 
P 0.139756 (82) 0.201735 (58) 0.214191 (52) 2.66 
Q(8) 0.51565 (29) 0.32386 (22)  0.09427 (211 5.95 
Q(9) 0.14592 (33) 0.29402 (21) 0.44642 (18j 5.35 
N(4) 0.55761 (35) 0.35533 ( 2 6 )  0.35758 (26) 5.33 
N(5) OS7766 (52) 0.59615 (35) 0.11730 (28) 7.91 
N(6) 0.22347 (54) 0.77104 !28) 0.28767 (34) 7.31 
N(7) 0.62275 (70) 0.66574 (52) 0.37976 (53) 7.14 
N(7’) 0.16494 (130) 0.53543 (105) 0.50940 (83) 0.02 
C(1) 0.39250 (40) 0.50471 (27) 0.278’71 (28) 4.45 
C(2) 0.35560 (44) 0.59564 (29) 0.35336 (29) 4.‘96 
C(3j 0.24493 (49) 0.55095 (34) 0.45069 (30) 5.09 
C(4) 0.48561 (38) 0.41932 (29) 0.32193 (28) 4.28 
C(5) 0.49803 (46) 0.55899 (34) 0.18779 ( 2 7 )  5,24 
C(6) 0.28352 (54) 0.69494 (29) 0.31218 (33) 5.63 
C(7) 0.51244 (51) 0.63708 (33) 0,36967 (34) 5 .28 
C(8) 0.39894 (38) 0.34891 (26) 0.14693 (25) 3.96 
C(9) 0.16703 (36) 0.33276 (24) 0.36592 (23) 3.43 

C(12) 0.14092 (46) 0.56620 (31) 0.15324 (31) 5.04 
(213) 0.10347 (54) 0.48199 (42) 0.09675 (30) 6.24 
C(14) --0.02711 (56) 0.42545 (35) 0.15884 (40) 6.37 
C(15) -0.06957 (43) 0.474,25 (33) 0.24842 ( 3 5 )  5.36 
C(21) 0.06803 (34) 0.18086 (23) 0.10435 (21) 3.11 

C(23) 0.10048 (46) 0.21390 (29) --0.07174 (25) 4.37 
C(24) -0.04665 (51) 0.16931 (31) -0.00432 (28) 4.90 
U 2 5 )  -0.13941 (49) 0.13134 (33) 0.02792 (29) 5.02 
C(26) -0.08131 (40) 0.13626 (29) 0.11083 (26) 4.17 
C(31) 0.31392 (32) 0.40879 (23) 0.20338 (21) 3.04 
C(32) 0.34349 (39) 0.02869 (26) 0.13532 (25) 4.04 
C(33) 0.46677 (45) -0.04775 (31) 0.13460 (30) 5 .07 
C(34) 0.56024 (44) -0.04336 (32) 0.20255 (31) 5.31 
C(35) 0.53086 (42) 0.03595 (32) 0.26990 (29) 4,.86 

C(41) -0.00755 (33) 0.12792 (23) 0.31442 (20) 3.09 

C(43) -0.10693 (49) -0.03932 (34) 0.40893 (32) 5.82 
C(44) -0.23103 (45) 0.01659 (36) 0.4651 2 (28) 5.25 
C(45) -0.24763 (46) 0.12927 (35) 0.44521 (28) 5.29 
C(46) -0.13559 (39) 0.18374 (29) 0.36996 (25) 4.20 

C(11) 0.03215 (43) 0.55991 (29) 0.24453 (32) 4..91 

C(22) 0.15909 (40) 0.21981 (27) 0.01154 (24) 3.87 

C(36) 0.40970 (37) 0.11287 (28) 0.26996 (24) 3.85 

C(42) 0.00590 (42) 0.01523 (27) 0.33338 (27) 4.45 

H(1) 0.1348 (49) 0.5327 (33) 0.4485 (32) 3.7 (8) 
H(2) 0.2910 (49) 0.4836 (35) 0.4856 (31) 4.0 (9) 
H(3) 0.2302 (106) 0.5863 (74) 0.5296 ( 6 8 )  8.5 (19) 
H(1’) 0.490 0.693 0.416 5.5 
H(2’) 0.577 0.667 0.309 5.5 
H(3’) 0.568 0.578 0.395 5.5 
H(11) 0.0289 (56) 0.6104 (40) 0.3013 (35) 8.8 (12) 
H(12) 0.2243 (54) 0.6112 (38) 0.1321 (34) 8.4 (11) 
H(13) 0.1495 (74) 0.4826 (55) 0.0355 (4,8) 13.3 ( 1 5 )  
H(14) -.0.0796 (62) 0.3673 (44) 0.14,81 (38) 9.6 (12) 
H(15) -0.1468 (65) 0.4598 (45) 0.3120 (41) 10.5 (13) 

H(23) 0.1743 (52) 0.2446 (36) -0.1330 (36) 8.0 (11) 
H(24) -0.08.56 (53) 0.1567 (37) -0.1204 (34) 8.0 (12) 

H(26) -0.1385 (54) 0.1054 (40) 0.1780 (35) 8.8 (11) 
H(32) 0.2651 (46) 0.0259 (31) 0.0844 (28) 6 .5  (9) 
H(33) 0.4781 (47) -0.1022 (33) 0.0819 (30) 6.8 (9) 
H(34) 0.6567 (49) -0.0932 (32) 0.2,039 (30) 7 . 1  (10) 

H(22) 0.2612 (64) 0.2540 (42) 0.0128 (39) 9.8 (12) 

H(25) --0.2419 (69) 0.1100 (46) 0.0231 (43) l i . 0  (13) 

H(3.5) 0.5885 (54) 0.0439 (38) 0.3195 (34) 8.1 (11) 
H(36) 0.4071 (48) 0.1700 (33) 0.3216 (30) 7.0 (9) 
H(42) 0.1032 (54) -0.0224 (38) 0.2939 (36) 9.0 (14) 
H(43) -0.0781 (55) -0.1144 (40) 0.4264 (35) 8.8 (12) 
H(44) -0.2945 (52) -0.0357 (36) 0.5232 (33) 8.0 (10) 
H(45) -0.3385 (54) 0.1689 (38) 0.4980 (34) 8.5 (12) 
W(46) -0.1453 (58) 0.2661 (43) 0.3581 (37) 9.2 (13) 

a Estimated standard deviations are righr-adjusted to  the last digit 
of the preceding number and are those derived from the inverse of 
the final least-squares matrix. For  nonhydrogen atoms the “equiv- 
alent isotropic temperature factors” are listed. For anisotropic ther- 
mal parameters, see Table 11. 
for N(7)ctH(1), H(2), H(3) and 0.312 (-13) for N(7’), H(l’), I?!2’), 
H(3‘). C(3) and C(7) are, in fact “composite atoms.” C(3) reprc- 
sents -69% C(methy1) and -31% C(cyanide), while C(‘9) represents 
-69% C(cyanide) and -31% C(methy1). However, the difference in 
the centroids of the superposed part-atoms is no greater than ca. 0.1 M 
(Le., the difference between normal C-CH, and C-CN bond lengths). 

Occupancy factors are 0.688 (13) 
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_~ - Table 11. Anisotropic Thermal Parametersu 

Atom Bl, 4 2  B33 B12 B l  3 4 3  ( Ljb 

2.460 (16) 2.452 (17) 3.291 (18) 0.134 (11) -0.680 (12) 0.314 (12) 
2.501 (41) 
4.19 (16) 
6.94 (20) 
4.03 (19) 
8.97 (33) 

10.56 (39) 
6.31 (37) 
4.57 (59) 
3.96 (21) 
5.04 (18) 
4.53 (20) 
3.14 (19) 
5.23 (25) 
7.63 (32) 
5.48 (23) 
3.72 (20) 
3.79 (19) 
4.32 (23) 
4.71 (24) 
6.25 (31) 
6.49 (32) 
3.28 (21) 
3.39 (17) 
4.15 (20) 
5.73 (25) 
6.81 (29) 
5.54 (25) 
3.85 (20) 
2.65 (16) 
4.07 (20) 
5.13 (25) 
4.10 (23) 
3.80 (21) 
3.36 (18) 
3.16 (17) 
4.19 (21) 
5.40 (27) 
4.37 (24) 
4.65 (24) 
3.69 (20) 

2.650 (42) 
5.97 (19) 
4.96 (17) 
5.15 (21) 
8.31 (32) 
3.82 (22) 
7.21 (36) 
8.37 (78) 
3.89 (21) 
4.08 (16) 
5.25 (21) 
4.37 (22) 
6.18 (28) 
3.12 (22) 
4.45 (19) 
3.55 (19) 
3.02 (18) 
3.88 (22) 
3.89 (22) 
8.14 (38) 
4.41 (25) 
5.35 (26) 
2.97 (17) 
3.77 (19) 
4.12 (21) 
4.39 (23) 
5.12 (25) 
4.68 (22) 
2.88 (16) 
3.41 (19) 
4.33 (23) 
4.90 (25) 
5.47 (26) 
4.06 (20) 
3.21 (17) 
3.53 (20) 
4.85 (25) 
6.74 (31) 
6.58 (30) 
4.19 (21) 

7.16 (25) 
5.62 (26) 

10.14 (38) 
8.55 (48) 
4.41 (66) 
5.43 (25) 
5.41 (19) 
4.89 (21) 
5.46 (25) 
3.63 (22) 
7.16 (32) 
6.13 (25) 
4.23 (21) 
3.54 (20) 
6.80 (30) 
6.50 (30) 
4.28 (25) 

10.16 (44) 
7.50 (33) 
2.89 (17) 
3.41 (19) 
3.26 (19) 
4.20 (23) 
4.93 (25) 
4.07 (21) 
3.29 (17) 
4.09 (20) 
5.17 (25) 
6.28 (29) 
5.09 (25) 
3.95 (20) 
2.78 (16) 
5.08 (23) 
6.46 (30) 
4.16 (23) 
4.02 (23) 
4.24 (21) 

0.94 (16) 

0.41 (23) 
-4.56 (27) 

-1.05 (26) 
-1.22 (51) 

0.00 (16) 
0.01 (13) 
0.12 (16) 
0.05 (17) 

-0.73 (21) 
0.25 (21) 

-0.24 (17) 
-0.06 (15) 
-0.07 (14) 

1.59 (18) 
0.50 (18) 
3.73 (29) 
2.20 (23) 
1.07 (19) 
0.50 (13) 
0.83 (16) 
1.17 (18) 
0.57 (20) 

-0.93 (20) 
-0.63 (17) 

0.07 (12) 
0.58 (15) 
1.28 (19) 
1.41 (19) 
0.70 (18) 
0.60 (15) 

-0.19 (13) 
-0.03 (16) 
-0.67 (21) 
-0.82 (21) 
-1.56 (21) 
-0.46 (16) 

-0.509 (33) 

-1.54 (14) 
-2.19 (18) 
-0.22 (24) 
-4.87 (32) 
-2.74 (29) 

1.10 (51) 
-1.25 (18) 
-1.81 (15) 
-0.21 (19) 
--1.32 (18) 
-0.02 (19) 
-3.84 (27) 
-1.76 (21) 
-0.57 (17) 
-1.02 (15) 
-2.07 (21) 
-2.03 (22) 
-1.97 (23) 
-5.85 (32) 
-1.89 (21) 
-0.68 (13) 
-0.61 (16) 
-1.27 (18) 
-2.74 (21) 
-2.27 (20) 
-1.12 (16) 
-0.31 (13) 
-0.04 (16) 
-0.27 (20) 
-0.37 (22) 
-0.98 (18) 
-0.75 (15) 
-0.64 (13) 
-0.58 (18) 
-0.86 (23) 
-0.47 (19) 

1.04 (15) 

0.43 (18) 
0.08 (16) 

0.185 i33j  
-0.01 (16) 

-0.31 (19) 
0.36 (14) 

1.41 (23) 
0.22 (23) 

-1.18 (30) 
-2.80 (54) 

-0.21 (14) 

-0.36 (19) 

-0.32 (21) 
-0.52 (18) 

-0.14 (15) 
-0.41 (20) 

0.43 (18) 

0.38 (17) 

0.71 (20) 

0.79 (16) 

1.73 (21) 
0.59 (25) 

0.79 (24) 

0.07 (15) 

- 1.06 (27) 

-0.03 (13) 

-0.05 (16) 
-0.35 (18) 
-0.08 (20) 
-0.09 (17) 

-0.21 (16) 
-0.32 (19) 

0.30 (14) 

0.33 (22) 
0.49 (21) 
0.22 (16) 
0.26 (13) 
1.31 (17) 
2.58 (23) 
1 .13 (21) 

-0.63 (21) 
-0.51 (17) 

0.164,0.180, 0.215 
0.171, 0.177, 0.201 
0.200, 0.271, 0.335 
0.220, 0.255,0.300 
0.198, 0.268,0.303 
0.199,0.308, 0.408 
0.215, 0.308, 0.395 
0.247, 0.315, 0.334 
0.178,0.253,0.364 
0.212, 0.224, 0.271 
0.227, 0.239, 0.269 
0.222, 0.247, 0.288 
0.195,0.235,0.263 
0.194, 0.278, 0.290 
0.198, 0.244, 0.339 
0.234, 0.259, 0.281 
0.189,0.217,0.260 
0.195, 0.209, 0.220 
0.171, 0.265, 0.295 
0.170,0.251, 0.315 
0.164,0.253, 0.382 
0.155, 0.256, 0.390 
0.171, 0.265, 0.323 
0.179,0.193,0.222 
0.196, 0.207,0.257 
0.192,0.218,0.286 
0.198,0.235,0.303 
0.216, 0.246, 0.288 
0.210,0.225,0.252 
0.177,0.183,  0.225 
0.204,0.249,0.299 
0.195, 0.253, 0.315 
0.208,0.241, 0.289 
0.192, 0.215, 0.251 
0.182,0.229,0.288 
0.178, 0.201, 0.212 
0.182, 0.229, 0.288 
0.185, 0.267, 0.340 
0.202, 0.251, 0.310 
0.195,0.252,0.315 
0.197, 0.226,0.264 

a These anisotropic thermal parameters are analogous to the usual form of the isotropic thermal parameters and have units of A2.  They enter 
the expression for the structure factor in the form e~p[-0.25(B,,h~a*~ + B , , k 2 b C 2  + B,,1Zc*2 + 2B1,hka*b* + 2B,3hla*c* t 2B,,klb*c*)]. 

These values correspond to the root-mean-square amplitudes of vibration (in A)  of the atom along the three principal axes (minor, median, 
major, respectively) of its vibration ellipsoid. For relative orientations, see the figures. 

figuration by the donation of six electrons from a x-cyclo- 
pentadienyl anion, two electrons from each of the two carbonyl 
ligands, two electrons from the triphenylphosphine ligand, and 
two electrons from the tetracyanopropyl ligand. The overall 
coordination geometry about the molybdenum(I1) atom is, 
perhaps, most graphically described as “resembling a four- 
legged piano stool.” Angles between the monodentate ligands 
show considerable variation, with large “trans angles” [P- 
MwC(1) = 136.84 (8)O and C(8)-MwC(9) = 108.41 (13)OI 
and smaller “cis angles” [P-Mo-C(8) = 76.70 (9)”, P- 
Mo-C(9) = 76.31 (9)O, C(1)-Mo-C(8) = 75.93 (13)O, and 
C(l)-Mo-C(9) = 81.50 (12)Oj. As might be expected, this 
pattern of angles is very similar to that found in (x-CsH5)- 
Mo( CO) 2( PPh3) (COCH3)26 [ P-Mo-C( acyl) = 1 32.7 (4) O ,  

OC-Mo-CO = 107.9 ( S ) O ,  P-Mo-CO = 78.3 (3) and 79.8 
(4)O, C(acy1)-Mo-CO = 73.2 ( 5 )  and 74.2 (5)O] and in such 
related species as (~-CsHs)Mo(C0)3(CzH5),27 (7r-CsHs)- 

[ (azulene) Mo( CO) 3CH3] 2,29 (x-CsH5) W(CO)s( u-CsH5) ,30 

C5H5)Cr( CO) 31 2,33 (x-CsHs) W( C0)3  (AuPPhs) ,34 ( x- 
C5H5) Mo( C0)3-Mo( C 0 ) 2 (  CNMe)  (x-CsH5) ,35 [ (x- 
C5Hs)Mo(C0)3]3Tl,36 [ ( R - C ~ H ~ ) M O ( C O ) ~ ]  [ ( T - C ~ H ~ ) F ~ -  
(CO)2] 2SnC1,37 [ ( R - C ~ H ~ ) M O ( C O ) ~ § ]  [RezMo(?r-CsHs)- 
(CO) 81 (S) ,38 ( x-C5Hs) Mo( CO) 3C1,39 and ( P - C ~ H ~ )  Mo- 
(CO)2(NHNC(C02Et)COH.40 

M o ( C O ) ~ ( C ~ F ~ ) , ~ O  ( T - C ~ H S ) M O ( C ~ ) ~ ( C H ~ C O ~ H ) , ~ ~  

[ ( T - C ~ H ~ ) M O ( C O ) ~ ]  2,313 [ ( T - C ~ H ~ ) W ( C O ) ~ ]  2,3’ [ (P- 

Angles from “c.0.g.” (the centroid of the .rr-cyclopentadienyl 
ligand) to the monodentate ligands show considerably less 
variation, with c.0.g.-Mo-P = 11 I .5 1 O ,  c.0.g.-Mo-C( I )  = 
111.42’, c.o.g.-Mo-C(8) = 124.20°, and c.0.g.-Mo-C(9) = 
127.34’. The overall rotational conformation of the molecule 
is such that the triphenylphosphine-metal linkage passes 
essentially below C(14) [P-C(13) = 3.706 ( 5 ) ,  P-C(l4) = 
3.171 (4), P-C(I5)  = 3.733 (4) A], C ( l )  lies beneath the 
C(ll)-C(12) bond [C( l ) . .C(I l )  = 3.294 ( S ) ,  C(l).-C(12) = 
3.163 ( 5 )  A], and the carbonyl ligands lie asymmetrically below 
the C(12)-C(13) and C(ll)--C(15) bonds [C(8).-C(12) = 

( 5 ) ,  C(9)-C(15) = 3.286 ( 5 )  A]. The immediate coordination 
environment of the molybdenum(I1) atom thus approximates 
to G ( m )  symmetry. 

Individual molybdenum-carbon distances for the R- 
cyclopentadienyl ligand vary significantly, from Mo-C( 12) 
= 2.300 (3) to Mo-C(15) = 2.359 (3) A [difference = 0.059 
A or - 18~1.41 We note here that this seems to be a general 
phenomenon for this type of complex: Mo-C distances from 
2.310 (13) to 2.376 (14) A were found in (r-CsHs)Mo- 
(C0)2(PPh3)(COCH3),26 while the range in [(azulene)- 
Mo(C0)3CH3]229 is from 2.286 (10) to 2.439 (9) A. 

Nevertheless, the five carbon atoms of the x-cyclo- 
pentadienyl ligand are coplanar within the limits of experi- 
mental error, the root-mean-square deviations from the 

3.397 ( 5 ) ,  C(8)..C(13) = 3.168 ( 5 )  A; C(9 ) -C( l l )  = 3.451 
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Table H I .  Interatomic Distances (in A) with Estimated 
Standard Deviationsa 

l____l-l _- -__- 
Atoms Dist Atoms Dist 

_______._I__-_ ___-__ - 

(a) Distances from the Molybdenuin Atom 
Mo-C(1) 2.414 (4) Mo-P 2.5175 (8) 

1.996 (3) Mo. .0(8) 3.135 (2) 
MO-C(9) 1.973 (3) Mo. . . 0 (9 )  3.132 (2) 

Mo-C(I1) 2.330 ( 3 )  Mo. . . H ( l l )  2.99 (5) 
Mo-C( 12) 2.300 (3) Mo. .H(12) 2.79 (5) 
MoX(13) 2.327 (4) &IO, . .11(13) 2.93 (7) 
Mo-C(l4) 2.345 (4.) Mo' . 'H(14.1 2.90 (5) 
Mo-C(15) 2.359 (3) Mo. . .I1(15) 2.95 (5) 

Mo-c.o.gb 2.007 

C(1 )-C(4) 1.475 ( 5 )  C(1). . .N(S) 2.615 ( 5 )  
C(l)-C(5) 1.491 (5) C(2) .  . .N(7') 2.46'7 (11) 
C(2)-C(3)' 1.530 (5) C(2). "W(6) 2.599 (5) 
C(2)-C(6) 1.483 ( S )  C(2). . .N(7) 2.592 (7) 
C(2)-C(7)' 1.529 (6) C(5)-W(5) 1.126 (5) 
C(3)-N(7')' 0.947 (10) C(6)-N(6) 1.118 (5) 
C(4)-N(4) 1.141 (4) C(7)-K(7)c 1.064 (6) 

(c) Distances within Carbonyl Ligands 
C(S)-O(S) 1.141 (4) C(9)-0(9) 1.161 (4) 

(d) Dis'tanccs within n-C5H5 Ligand 
C(l1)-C(12) 1.407 16) C( l l ) -R( l  1) 1.03 (5) 
C(12)-C(13) 1.411 (6) C(12)-N(12) 0.89 (5) 
C(13)-C(14) 1.403 ( 7 )  C(13)-H(13) 0.85 (6) 
C(14)-C(15) 1.391 (6) C(14)-11(14) 0.89 (5) 
C(15)-C(11) 1.369 ( 5 )  C(15)-H(15) 0.98 (5) 

(e) Distances within PPh, Ligand 
C(21)-C(22) 1.399 (4) C(21)-P 1.826 (3)  
C(22)-C(23) 1.384 (5) C(22)-.H(22) 0.99 (5) 
C(23)-C(24) 1.369 (5) C(23)-1-1(23) 0.99 (5) 
C(24)-C(25) 1.386 ( 5 )  C(24)-H(24) 0.95 (5) 
C(25)-C(26) 1.386 (5) C(25)-H(25) 0.94 (6) 
C(26)-C(21) 1.389 (4) C(26)-H(26) 1.00 (5) 

C(31)-C(32) 1.389 (4) C(31)-P 1.835 (3) 
C(32)-C(33) 1.389 (5) C(32)-H(32) 1.09 (4) 
C(33)-C(34) 1.391 (6) C(33)-H(33) 1.01 (4) 
C(34)-C(35) 1.375 ( 6 )  C(34)-H(34) 1.02 (4) 
C(35)-C(36) 1.381 (5) C(35)-H(35) 0.96 (5) 
C(36)-C(31) 1.190 ( 5 )  C(36).-H(36) l .04  (4) 

C(41)-C(42) 1.383 (4) C(41)-P 1.838 (3) 
C(42)-C(43) 1.309 ( 5 )  C(42)-H(42) 1.00 (4) 
C(43)-C(44) 1.361 (6) C(43)-H(43) 0.97 (5) 
C(44)-C(45) 1.387 (6) C(44)-H(44) 1.04 (4) 
C(45)-C(46) 1.383 ( 5 )  C(45)-H(45) 1.07 (4) 
C(46)-C(41) 1.380 (4) C(46)-W(46) 1.01 (5) 

C(3)-H(1) 0.99 (4) C(3)-H(3) 1.19 (9) 
C(3)-H(2) 1.04 (4) 

P- C ( 1 3 )  3.706 (5) C(8). . .C(12) 3.397 ( 5 )  
P. . G.14)  3.171 (4) C(8). . .C(13) 3.168 (5) 

(f) Carbon-Hydrogen Distances within Methyl Groups 

(8 )  Contacts within Coordination Sphere (to 4.0 A) 

a Esd's, shown in parentheses, are right-adjusted to the last digit of 
the preceding number. They are calculated from the full positional 
correlation matrix using the FORTRAN IV program STAN1 by  B. 6. 
DeBoer. Contributions from errors in the unit cell parameters are 
included. No distances have been corrected for possible librational 
effects. c.0.g. is the centroid of the rr-cyclopentadienyl ligand. 

least-squares plane being only 0.002 A (see Table V),  The 
molybdenum atom lies +2.086 from this plane, while de- 
viations of hydrogen atom range from +0.07 to -0.13 w. (u 
= 0.06 A). 

Unreiiable, due to disorder. 

Melvyn R.owen Churchill and Shirley W.-Y. Chang 

Carbon-carbon distances within the n-cyclopentadienyl 
ligand range from C(l5)--C(ll) = 1.369 ( 5 )  to C(12)-C(13) 
= 1.41 1 (6) A, the mean value being 1.396 rf: 0.020 A , 4 2  This 
i s  contracted from the true C-C(n-cyclopentadienyl) distance 
of -' 1.43 A as a result of libration of the five-membered ring 
about its molyljdenum.,.c.o.g. axis. (See relative orientations 
of the atomic -Jibration ellipsoids in Figure 1 .) 

Carbon--hydrogen distances within the n-cyclopentadienyl 
ligand range from 0.85 (6) to 1.03 (5) A, with an average value 
of 0.93 f 0.07 A,4? which is less than the accepted internuclear 
distance o f  1.88 A, but is consistent with other X-ray- 
determined C-I.1 distances.43 Angles within the .ir-cyclo- 
pentadienyl system are as expected, with C-C-.C angles 
ranging from 106.28 (37) to 108.95 (40)' [mean 108.00'1 and 
H--G-C angles 1-X.ging from 115.0 (33) to 136.4 (34)" [mean 
125.9'1. 

The carbonyl ligands are slightly, but significantly, distorted 
from linearity, with h40-C(8)-0(8) = 175.50 (30)' and 
Mo--G(9)-8(9) = 177.20 (29)".44 Molybdenum--carbonyl 
distknces are Mo-C(S) = 1.996 (3) and Mo-C(9) = 1.973 
(3) A [average 1.985 f 0.016 A42] ,  while carbon--oxygen 
distances are C(8)-0(8) = 1,141 (4) and C(9)-0(9) = 1.161 
(4) W [average 1 . 1 ~ i  & 0.014 A42]. 

The ~~~~~~~~~~~~§~~~~~ Ligand 
The molybsienurn-phosphorus distance of 2.5175 (8) is 

slightly longer ihan that of 2.473 (3) A found26 in (n- 
C~K.);%/ro(caj~(P~h3)(eCBg-,P%3) but i s  still substantially 
contracted from thc predicted single-bond length of 2.72 
A [based on ~ ( 7 4 ~ )  ..-: 1.62 A, using half the MWMQ distance 
of 3.235 (1) '4 in [ I ~ ~ - C ~ H ~ ) T ~ Y O ( C B ) ~ ] ~ ~ ~  and r(P) = 1.10 
Ab4.51~ This suggests significant K character in the rnetal- 
phosphorus bond, presumably through d,r-d, back-donation. 

%Phosphorus--care,on distances are 1.826 ( 3 ) ,  1.835 (3), and 
1.838 (3) A: givirig an average value of 1.833 A 3.006 w.42  
As i s  generally observed for metal complexes of triphenyl- 
phosphine,dh angles about the phosphorus atom show pro- 
nounced deviations from perfect Ih symmetry. Thus, M-P-C: 
angles are all substantiaDy greater than the ideal tetrahedral 
angle of 109.47' [Mo--P--C(21) -I 112.84 (9)", Mo-P-C(31) 
= 115.58 (9)01 Mo-P--C(41) = 118.37 ( l O ) O l ,  while C-P-C 

racted from this value [C(Zl)--P-C(31) = 
)--P.-C(41) zz 103.27 ( 1 3 ) O ,  C(31)--P--C(41) 

= 101.12 (13101. 
The 18 independent carbon--carbon distances range from 

1.361 (6) to 1.399 (4) A~, averaging 1.384 $1: 0.009 A,42  as 
compared to the accepted C-C(aroniatic) distance of 1.394 
& 0.005 w . 4 7  G C - C  angles within the phenyl rings range 
from 118.64 (30) to 121.16 (34)', averaging 120.00'. The 
internal angles at the P-bonded carbons are all less than 120°, 
individual values being C(26)-C(21)-C(22) = 118.64 (30)", 
C(36)-C(31)--C(32) I= 119.61 (28)", and C(46)-C(41)-C(42) 
= 118.81 (28)". This pat'tern of small angles at the P-bonded 
carbons has beer! rioted previously in (PPh3CuBr)4,48 
( PPh 2 Cu C 1 4,49 a nd 
(PFhzMe)2Ni(~-@ch;s)25~ and is probably a general phe- 
nomenon.'* 

Carbon-hydrogen distances within the triphenylphosphine 
ligand vary from 0.94 (6) to 1.09 (4) A, the average of the 
15 independent values being 1.01 I 0.04 A,42 as opposed to 
the expected value of -20.95 A.43 11-C-C angles within the 
phenyl rings range from 110.1 (24) to 130.0 (25)", the mean 
value being !19.8', 

Each of the phenyl rings is planar, rms deviations from 
planarity being 0.004 A for C(21)-C(26), 0.006 A for 
p3(31)<(36), and 0.007 A for C(41)-C(46). Hydrogen atoms 
are (within the limits of axperimental error) coplanar with the 
carbocyclic rings, the greacest deviations being (in order) 0.16 
A for ~ ( 4 3 ) , 0 . 1 4  A for ~(45), 0.12 A for ~ ( 4 4 ) ~  0.10 A for 

( PP h 2 M e) 2N i ( cr- C 6 F 5 )  B r , 50 
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Table IV. Interatomic Angles (in deg) with Estimated Standard Deviationsa 
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Atoms Angle Atoms Angle 

P-Mo-C( 1) 
P-Mo-C(8) 
P-Mo-C(9) 
C( 1)-Mo-C(8) 
C( 1)-Mo-C(9) 
C(8)-Mo-C(9) 

MoC(l)-C(2) 
Mo-C( 1)-C(4) 
Mo-C(l)-C(S) 
C(2)-C( 1 )-C(4) 
C(2)-C(l)-C(5) 
C(4)-C(1 )-C(5) 

C(l)-C(4)-N(4) 
C(l)-C(5)-N(5) 

C(15)-C(ll)-C( 12) 
C(11)-C(12)-C(I 3) 
C(12)C(13)-C(14) 

H(ll)-C(ll)-C(15) 

H(12)-C(12)-C(ll) 
H(12)-C(12)-C(13) 
H(13)-C(13)-C(12) 

H(l l ) -C( l l ) -C(12)  

C(26)-C(21)-C(22) 
C(21)-C(22)-C(23) 
C(22)-C(23)-C(24) 
C(23)-C(24)-C(25) 
C(24)-C(25)-C(26) 
C(25)-C(26)<(2 1 ) 

C(46)-C(41)-C(42) 
C(41)-C(42)-C(43) 
C(42)-C(43)-C(44) 

P-C(21 )-C(26) 
P-C(2 114322)  

H(23)-C(23)-C(24) 
H(24)-C(24)-C(23) 
H(24)-C(24)-C(25) 
H(25)-C(25)4(24)  
H(25)-C(25)-C(26) 
H(26)-C(26)-C(25) 
H(26)-C(26)-C(21) 

P-C(4 1)-C(4 6) 
P-C(41)-C(42) 
H(42)-C(42)-C(41) 
H(42)-C(42)-C(43) 
H(4 3)-C(43)-C(42) 
H(43)-C(43)-C(44) 

(a) Angles around Molybdenum Atom 
136.84 (8) c.0 .g.-Mo-Pb 

76.70 (9) c.O.g.-Mo-C(l) 
76.31 (9) c.o.g.-Mo-C(8) 
75.93 (13) C.O.g.-MO-C(9) 
81.50 (12) 

108.41 (13) 

(b) Angles around Phosphorus Atom 
112.84 (9) C(2 1 )-P-C( 3 1 ) 
115.58 (9) C(21)-PC(41) 
118.37 (IO) C(3 1)-P-C(41) 

(c )  Angles within C(CN),C(CN),CH, Ligand 
124.66 (23) C(1)-C(2)-C(3) 
103.81 (21) CU)-C(2)*(6) 
108.36 (25) C(l)-C(2)-C(7) 
105.50 (31) C(3)-C(2)-C(6) 
104.79 (29) C(3)-C(2)-C(7) 
109.11 (31) C(6)-C(2)-C(7) 
177.91 (44) C(2)-C(6)-N(6) 
177.20 (51) C(2)-C(7)-N(7) 

C(2)-C(3)-N(7’) 

(d) Angles within Carbonyl Groups 
175.50 (30) Mo-C(9)-0(9) 

(e) C-C-C Angles within nC,H,  Ligand 
108.31 (39) C(13)-C(14)-C(15) 

106.28 (37) 

(f) H-C-C Angles within n-C,H, Ligand 
125.2 (27) H(13)€(13)-C(14) 

108.01 (37) C(14)-C(15)-C(11) 

126.5 (27) H(14)-C(14)-C(13) 
125.8 (31) H(14)-C(14)-C(15) 
125.9 (31) H( IS)€( 15)-C( 14) 
118.2 (47) H(15)-C(15)-C(11) 

(s) C C C  Angles within PPh, Ligand 
118.64 (30) C(36)-C(3 1 )-C(32) 
120.29 (33) C(3 1)-C(32)-C(33) 
120.44 (34) C ( 3 2 ) 4 ( 3 3 ) 4 ( 3 4 )  
120.13 (34) C(33)C(34)<(35) 
119.83 (36) C(34)-C(35)<(36) 
120.65 (33) C(35)-C(36)-C131) 

118.81 (28) C(43)-C(44)-C(45) 
119.90 (34) C(44)C(45)-C(46) 
120.99 (37) C(45 )-C(46)-C(4 1) 

(h) (Substituent)-C-C Angles within PPh, Ligand 
121.85 (23) P C ( 3 1  )-C(36) 
119.25 (24) P-C(3 1 ) C ( 3  2) 
114.4 (31) H(32)-C(32)-C(31) 

113.3 (27) H(33)4(33)<(32)  
126.3 (27) H(33)-C(33)4(34)  

125.2 (31) H(32)-C(32)-C(33) 

122.7 (28) H(34)-C(34)-C(33) 
117.0 (28) H(34)-C(34)4(35) 
11 1.7 (36) H(35)-C(35)4(34) 
128.3 (37) H(35)-C(35)-C(36) 
123.8 (27) H(36)-C(36)-C(35) 
115.5 (27) H(36)-C(36)-C(31) 

120.51 (23) H(44)-C(44)-C(43) 
120.67 (23) H(44)-C(44)-C(45) 
11 7 .O (27) H(45)<(45)-C(44) 
123.0 (28) H(45)-C(45)-C(46) 
114.7 (28) H(46)C(46)-C(45)  
123.1 (28) H(46)-C(46)4(41) 

(i) Angles within Methyl Groups 
116.5 (26) H(l)-C(2)-H(2) 

126.3 (46) H(2)-C(2)-H(3) 
114.5 (23) H(l)-C(2)-H(3) 

111.51 
111.42 
124.20 
127.34 

103.77 (13) 
103.27 (13) 
101.12 (13) 

110.29 (30) 
111.27 (33) 
109.49 (30) 
110.48 (34) 
111.14 (34) 
104.02 (31) 

175.14 (56) 
178.79 (51) 
169.23 (98) 

177.20 (29) 

108.95 (40) 
108.46 (41) 

134.6 (48) 
129.9 (35) 
121.2 (35) 
136.4 (34) 
115.0 (33) 

119.61 (28) 
120.22 (35) 
119.43 (36) 
120.30 (34) 
120.40 (38) 
120.04 (33) 

119.63 (34) 
119.47 (36) 
121.16 (34) 

119.13 (23) 
121.04 (24) 
118.5 (20) 
121.3 (20) 
113.8 (24) 
126.8 (24) 
124.1 (24) 
115.5 (24) 
125.4 (28) 
114.2 (28) 
111.4 (23) 
128.6 (23) 

110.1 (24) 
130.0 (25) 
115.1 (25) 
124.8 (26) 
119.0 (29) 
119.7 (29) 

107.6 (33) 
104.4 (47) 

8 1.6 (46) 

a See footnote a to Table 111. See footnote I ,  t o  Table III .  
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'Table V. Least-Squares Planes and Deviations of Atoms 
from Those Planesajb 

Atom Dev, A Atom Dev, A 
___. 

Plane I: 0.7341SX - 0.57696Y + 0.357972 =--2.0910 
C(11)" -0.000 H(11) 0.01 
C(12)" 0.002 H(12) 0.07 
C(13)"' -0.003 H(13) -0.13 
C(14)" 0.003 H(14) 0.02 
C(15)"' -0.002 H(15) 0.05 

Mo 2.006 
C(1) 2.841 P 2.973 
C(8) 3.09 I o ( 8 )  3.634 
C(9) 3.239 O(9) 3.919 

C(21)" -0.001 P 0.160 
(322)" 0.001 H(22) 0.05 
C(23)* 0.002 H(23) 0.01 
C(24)"' -0.006 H(24) -0.10 
C(25)" 0.009 W25) 0.09 
C(26)* -0.003 H(26) -0.06 

Plane TI: -0 .399048 + 0.90689Y + 0.135332 = 1.9288 

Plane 111: 0.49105X + 0.58133Y -0.648792 =0.8226 
C(31)" -0.006 P -0.180 
C(32)" -0.000 H(32) .-0.03 
C(33)"' 0.003 W33) 0.01 
(334)" 0.000 H(34) 0.06 
C(35)X -0.006 H(35) .-0.02 
C(36)" 0.009 H(36) 0.06 

C(41)" 0.009 P 0.004 
C(42)" -- 0.004 H(42) 0.05 
C(43)" -0.006 H(43) 0.16 
C(44)" 0.010 H(44) 0.12 
C(45)" -0.005 H(4.5) 0.14 
C(46) "' -0.004 H ( W  0.03 

Dihedral Angles 

Plane IV: 0.72768X i- 0.23167Y -t 0.645612 = 3.8961 

Planes Value, deg Planes Value, deg 
1-11 140.15 11-m 75.91 
1-111 101.95 11-IV 89.5 9 
I-IV 129.17 1III-W 85.81 

Equations for planes are in Cartesian coordinates such that X= 
nu sin y + [zc(cos p - cos cy cos ?)/sin 71, Y - y b  + xu cos y + zc 
cos a ,  and Z = z c [ ( l  - cos2 cy - cos2 p - cos2 y + 2 cos cy cos p cos y)/ 
sin'' 1 2 ,  This corresponds to defining the mutually orthogonal 
directions o s  (ti X c*) ,  b ,  and e*. Planes are derived using unit 
weights for atoms marked with an asterisk and zero weight for all 
other atoms. 

Scheme II 
N N  
F F  

\fo-CH, -i- C,(CN), 3 Mo-C-C-CH, 
I 1  c c  
N N  

H(24), and 0.09 for H(25) [O = 0.05 A]. The phosphorus 
atom is essentially coplanar with the phenyl ring defined by 
C(41 j through C(46) [deviation 0.004 A] but is displaced 
significantly from the planes of the other two phenyl 
groups--by 0.160 from the C(21)-C(26) plane and by 0.180 

from the C(31j-C(36) plane. 
The Tetracyanopropyl Ligand 

'The present crystallographic study confirms that tetra- 
cyanoethylene "inserts" into a molybdenum-methyl linkage, 
as indicated in Scheme 11. 

However, as clearly shewn in Figure 1, the resulting 1,- 
I ,2,2-tetracyanopropyl ligand is subject to disorder in the 
crystalline state. Thus, one 2-cyano substituent and the methyl 
group are disordered such that in -69% of the molecules the 
cyano substituent is defined by C(7)-N(7) and the methyl 
group by C(3), H(l) ,  H(2), and H(3); in the remaining -31% 
of the molecules in the crystal, the cyano group is defined by 

Melvyn Rowen Churchdl and Shirley W.-Y Chang 

Table VI. Molybdenum-Carbon o-Bond Lengths (in A) 
_______x_____ - - - -- --- 

Complex Bond Length Ref 
2.414 (4) 

2.39'7 (19) 
2.383 (10) 
2.370 (22) 

2.288 (9) 
2.264 (14) 

2.244 (9) 
2.291 ( 3 )  

T l ~ s  

21b 
29 
28 

10 
26 

h 
d 

work 

a See footnote 53.  b M. 1%. Cliurchill and T. A. Q'Bricn, J. Chern. 
Soc. A ,  I110  (1969). C The overall stereochemistry aboa'c molyb- 
denum and oxidation state in this molecule are niarltedly different 
from others in this table. The low Mo.-.c(sp3) bond length thus pro- 
vides no inconsistency with the other data. d J .  1,. Calderon, r. A. 
Cotton, and P. Legzdins, .I. Arne?. Ckcm. Soc., 91, 2 5 2 8  (1969j. 

C(3)--N('7') and the meikiyi group by C(7), H(l ') ,  H(2'), arid 
H(3'). The most serious consequence of this is that the refined 
position of C(3) represenrs a "composite aton.1" comprised of 
-69% @(CN) a x 1  -31% z'(CH3); the same argument: 
mutatis midtapzdis9 applies to c;(7). Since C(sp3)-g3H3 and 
C(sp3)-CN bond lengths differ by - d Q . 1  i t  foollows that all 
distances and angles involving at5ms C(3)  and C ( 7 )  should 
be taken cum gram . We rei;trict our discussion, therefore, 
to the initial M+C( 2---0: fragment of bhe tetracyanopropyl 
ligand. [(Sther distances and angles are, however, provided 
in Tables III and IV.1 

The moiybdenum-tetracyaPlopropyl o bond, Mo--C( l ) ,  is 
2.414 (4) A in length. This may be w m p a r d  with the reportcd 
rnelybdenui.n--alkyl diseaii~es of 2.383 ( 1  0 )  A [for Me-CH3 
in [(azulene)Mo(E3033CPI3]229], 2.39'7 (19) A [for Mo---C2Hs 
in (n-CsHj)jll%O(CO)j(C28a5!"7b], and 2.370 (7.2) A33 [for 
Mo-CHK02R in (rr-CiHs)Me(eOj3(CH2C~2~~)28]; the 
weighted average of these three values is 2.384 f 0.008 A.54 

It thus appears that a rnolybdenum-polycyafioal~y~~~ bond 
is slight!y, but significantly, longer than a normal molybde- 
num-alkyl distance. [The differelice of 0.030 A corresponds 
to 3.3~7.1 This result is in contrast to studies on the molyb- 
denum--perfluoroalkyil coinpiex (wCjf15) Mo( Co) 3(C3F7), I o  
where the M o - C ~ F ~  linkage o f  2.288 (9) A is 0.096 A (ix., 
-9.80) shorter than the above molybdenum-alkyl distance. 
Our present result is particu!arly surprising in view of the fact 
that both fluoro arid cyano substituents act as net eiectron 
withdrawers in both aromatic and aliphatic organic systems. 

The molybdenum-polycyarroalE;yl bond length is compared 
with related melybdenum-carbon g-bond lengths in Table Vi .  

Angles about C(1) show pronounced deviat.ioris from Ilh 
symmetry with Mo--C( l)--C(2) = 124.46 (2.3)"; other angles 
are Mo-C(I)-C(4) 103.81 (21)'. Mo-C(1)-C:(5) = 108.36 

104.79 ( 2 9 ) O ,  and C(4,)~-C(I)-C(s) = 109.11 (31)". The 
increase of the Mo-C(a)-G(@) angle from a regular tetra- 
hedral angle of 109.47' seems to be cfirninon to all species with 
a Mo-C(sp3)-C(sp3) moiet,y; thus the Mo-GH2-CM3 angle 
in ( ~ - C ~ H ~ ) M O ( C O ) ~ ( C ~ H ~ ) " ~ ~  is 120.9 (1 I)', while the 
;"\~o-CF~-C~F~ angle in (n-CsHs)Mo(C0)3(C3F7) 10 is 123.3'. 
There is thus no correlation between this angle and the observed 

Within the tetracyanopropyl ligand, the accurately de- 
termined C-CN distances are C(i)-C(il) =: 1.4'75 (5 ) ,  

average C-CN distancc of i .483 rt: 0.008 may be com- 
pared with t h a i  of 1,473 * 0.004 A found in (rr-Csbl,)Fe- 
(Cca)z[C1~~7(CiZT)~j,7 while the G(l)-C(2) distance of 1.552 
(5) A. is comparable io the previously determined -- 

C(CN)pC(CN)p boid length of 1.602 B 0.005 A ~ '  

(25)0, C(2)-C(l)-C(4) = 105.50 ( 3  110, C(2)--C( I)--C(5) = 

Mo-C(oi) borld length. 

@(1)-G(5) = 1.491 (51, and C(2)--C(6) := 1.483 (5) A. The 
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