
Vol. 7,  No. 8, August 1968 GUAIAZULENEDIMOLYBDENUM HEXACARBONYL 1545 

CONTRIBUTION FROM THE MALLINCKRODT LABORATORY, DEPARTMENT OF CHEMISTRY, 
HARVARD UNIVERSITY, CAMBRIDGE, MASSACHUSETTS 02138 

The Crystal and Molecular Structure of Guaiazulenedimolybdenum Hexacarbonyl 

BY MELVYN K. CHUKCHILL AND PETER H. BIRD 

Received February 9,  1968 

Guaiazulenedimolybdenum hexacarbonyl, (i-C3H7)( CHI)~CIOH~MOZ( CO) ,  crystallizes in the monoclinic space group P21/n 
(e2,:; no. 14) with unit-cell parameters a = 11.82 =t 0.02 k ,  b = 16.39 =t 0.02 A, c = 10.95 i 0.02 A, p = 99.31 =+ 0.10", 
Z = 4. A single-crystal X-ray struc- 
tural analysis, based on complete three-dimensional data to sin 0 = 0.38 (&Io K a  radiation) collected with a 0.01"-increment- 
ing Buerger automated diffractometer, has been completed. Patterson, Fourier, and least-squares refinement techniques 
have led to the location of all atoms other than the methyl hydrogens. The final discrepancy index is R p  = 7.5775 for 1766 
independent nonzero reflections. The crystal consists of discrete molecular units of (i-C3H,)(CH3)2CtaHiMos(C0)6 sepa- 
rated by normal van der Waals contacts. Two Mo(C0)z groups lie on the same side of the azulene ligand and are linked by a 
molybdenum-molybdenum bond of length 3.267 f 0.006 A. One molybdenum atom is bonded to the carbon atoms of the 
five-membered ring via a 7r-cyclopentadienyl-metal bond, while the other molybdenum atom bonds to the remaining five 
carbon atoms of the azulene skeleton via a rr-pentadienyl-metal linkage. 

Observed and calculated densities are, respectively, 1.75 0.03 and 1.770 g ~ m - ~ .  

Introduction 
A number of azulene-metal-carbonyl complexes have 

been reported during the past 10 years.1-8 While the 
stoichiometry of these complexes is usually well-estab- 
lished, there is often some ambiguity in their detailed 
molecular configuration. Thus, definitive information 
on the structures of C10H8Fe2(CO)e, 9 9 1 0  [CIGHBM~(CO)3- 
C H ~ ] Z , ~ ' . ' ~  CloH&h(CO)s,6 (CH~)~CLOHSRU~(CO) 9,' and 
(CloH&Fe~(CO)lG8 has only recently been obtained via 
X-ray diffraction studies. 

Preliminary crystallographic results on the triclinicl3 
and monoclinicL4 modifications of CI~H8Mo2 (CO)6 have 
revealed that the molecule has the structure proposed 
by King and Bisnette5 but, in each case, disorder within 
the crystal lattice has precluded an accurate determina- 
tion of the molecular geometry. To continue our 
systematic investigations of azulene-metal-carbonyl 
complexes6-13 and to obtain detailed information on the 
geometry of the AzMo2(CO)6 system (Az = azulene or 
substituted azulene), we have examined the crystal 
structure of guaiazulenedimolybdenum hexacarbonyl. 
[Guaiazulene is the trivial name for 7-isopropyl-l,4- 
dimethylazulene (I). ] An account of this structure 

CH, 
I 
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a t  an intermediate stage of refinement has already ap- 
peared.13 

Collection and Reduction of X-Ray Data 

Guaiazulenedimolybdenum hexacarbonyl was pre- 
pared by the method of Burton, et al .3 Crystals of a 
size suitable for X-ray diffraction studies were grown by 
slow cooling of a saturated solution in cyclohexane- 
ethylene dichloride. The complex is air stable and is 
not X-ray sensitive. 

Optical examination and the observed reciprocal lat- 
tice symmetry of C2h (2,") indicate that the crystals 
belong to the monoclinic system. Unit-cell parameters, 
obtained from calibrated (apiacl  = 5.640 A) h0Z and hk0 
precession photographs taken with M o  Ka radiation 
(x 0.7107 8) a t  23 =t 2",  are a = 11.82 f 0.02 8, b = 
16.39 f 0.02B, c = 10.95 f 0 . 0 2 8 , p  = 99.31 f 0.10". 
[The errors associated with the unit-cell constants are 
derived from the sum of the inaccuracies involved in 
measuring (from precession films) the positions of dif- 
fraction rows from the crystal under investigation and 
from the standard sodium chloride crystal. They are 
probably overestimates. ] The unit-cell volume is 
2094 A3. The observed density ( p o b s d  = 1.75 * 0.03 
g ~ m - ~ ,  by flotation in aqueous zinc iodide solution) 
is in satisfactory agreement with the value calculated 
for Z = 4 (pcalcd = 1.770 g ~ m - ~  and M = 558.3 for 
CelH180eMo2). A survey of hk0, h k l ,  hk2, h01, hll ,  h2l 
precession photographs and Okl, 1 kl, 2kl Weissenberg 
photographs revealed the systematic absences : h0Z 
for h + 1 = 2n + 1, OK0 for k = 2n + 1. The space 
group is therefore P21/n, a nonstandard setting of space 
group no. 14 (cZh6) having the equipoints: z, y, z;  
-x, - y ,  -2; '/2 + x, ' 1 2  - Y, l / 2  + 2; '/2 - x, '/z + y ,  
'/z - 2 .  

Diffraction data were collected from two crystals, 
each of which was a parallelepiped. Crystal I (0.30 X 
0.10 x 0.10 mm) was mounted on its extended a axis; 
crystal I1 (0.14 X 0.12 X 0.12 mm) was mounted along 
its c axis. [Dimensions in each case refer sequentially 
to the a, b, c directions in the crystal. J Intensity data 
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(Mo Kcr radiation, 0.7107 A) Ti-ere collected with a 
0.01 “-incrementing Buerger automated diffractometer 
using the standard “stationary-background, w-scan, 
stationary-background” counting sequence. The ap- 
paratus, experimental method, and precautions have 
been described a t  length in a previous paper.12 De- 
tails specific to the present analysis follon-. (i) The 
angle scanned (w) is given by (L’ = 12.0 + (o .%L)  l o ,  
where 1/L is the Lorentz factor. (ii) The scan speed 
was 2”/min. (iii) Backgrounds ( 1 j l  and I& counts) 
were measured for half the time of the main scan (C 
counts). (iv) Ll-ithin a level, check reflections were 
remeasured after data had heen collected for each batch 
of 20 reflections. No appreciable (ix.) 3 3(count)’”) 
variations from the mean were detected, indicating 
stability both of sample and of electronics. (v) I ( h k l ) ,  
the intensity of the reflection hkl, m-as calculated os 

I(hkl)  = C(hki)  - [Bl(hkl) + R s ( h k l ) ]  

Data were assigned standard deviations according to 
the follon-ing scheme (where 6(hkl)  = B[C(izkl)  + 
B l ( h k l )  + H,(hkl) the maxiinurn probable 
error based solely on counting statistics): I ( /&/)  > 
625, g(hk2) = 0.1 [ I (hkZ)];  625 3 I(izkl) 3 6(hkl), ujhkl) 
= 2.5 [I(hkZ)]’”; I (hk l )  < 6(hkZ), reflection rejected. 

Equiinclination geometry was used in collecting data 
for the zones Oki through 12kl from crystal I. [This 
represents data complete to sin 6 = 0.38, which includes 
over 95Yc of the data visible on long-exposure Okl,  l k l ,  
and 2kl Weissenberg photographs. %Thile a fei\ further 
data cozild have been collected, the ratio of observable 
data to unobservable data beyond sin 6 = O.:3S is very 
low.] Levels hk0 through hk3 were collected from 
crystal I1 in order to correlate the ii-axis data. The 
maximum counting rate was -5 x l o 4  countslsec; 
since the dead time of the counter is appreciably less 
than 1 psec, no corrections for coincidence losses vere 
applied. 

The linear absorption coefficient, p = 12.2 c n r ’  for 
Mo K a  radiation, is sufficiently small and the crystals 
are sufficiently close to cylindrical and spherical (re- 
spectively) that  no absorption corrections were applied, 
[The maximum variations in transmission coeficient 
are estimated a t  less than 574. l  Following correction 
for Lorentz and polarization effects [Lp-’ = 2 cos“ 
p sin T/(1 + cos2 28) ] s l ~ , I R  data were placed on a common 
scale using a least-squares procedure which minimize> 
a sum of residuals linear in the logarithms of the indi- 
vidual scale factors.” A Wilson plot based on the 
resulting 17Rfi independent reflections yielded an 
approximate absolute scale factor and the over-all 
isotropic thermal parameter, /3 = 2.1 :3 A>. 

Elucidation and Refinement of Structure 

Coordinates for the two molybdenum atoms (xl = 

0.223, ~1 = 0.082, z1 = -0.178; x? = 0.22i ,  yt = 0.212, 
zz = 0.043) were obtained from a three-dimensional 

(15) p i s  the  equiinclinatiun angle. 7 the  vertical Yeissenberg coordinate,1l’ 

(16) C. T. Prewitt, Z. Krisl.,  13, 3:; (19601. 
(17) A. D. Rae, Acta C r ~ s t , ,  19, 683 (1965). 

and B the  Bragg angle, 

Patterson synthesis‘* n-hich had been sharpened such 
that the average intensity was independent of sin 0 and 
which had the origin peak removed. h three-dimen- 
sional difference-Fourier synthesis, phased only by the 
two molybdenum atoms (X, = 0.28),1y revealed the 
positions of all 27 of the. remaining nonhydrogen atoms. 
Five cycles of full-matrix least-squares refinement of 
])ositional and isotropic thermal parameters for all 
nonhyclrogen atoms led to convergence jvith Rp = 

0.093, = 0.055. X second difference-Fourier 
synthesis now showed evidence of anisotropic motion 
for many atoms and also indicated the positions of the 
six nonmethyl hydrogens. [Peak heights lor these 
hydrogen atoms ranged from 0.4 to 0.8 e- k3; this may 
be compared to values of 5.0-5.6 e-. .k8 for carbon 
atoms and 8.3-7.4 e- A--3 for oxygen atoms on an 
“observed” Fourier synthesis. ] Inclusion of these six 
hydrogen atoms in a structure-factor calculation led to 
a reduction in the discrepancy indices to R,. = 0.09 I ,  
I<,,, = 0.03:3. 

Refinement was continued using anisotropic thermal 
parameters (7‘) in the form 

7‘ = exp(-lillh,2 - O,,k2 - h8J2  - blvhk - h13hl - bZ3kl)  
On-ing to a limitation in storage space in the IHM 7094 
computer, parameters were divided into two sub- 
matrices which were refined in a single cycle. Matrix A 
contained the scale factor along with positional and 
anisotropic thermal parameters for Mol ,  Moz, O1-Oa, 
CI-Ca, CB-CII, and C16-CI8; matrix €3 contained the 
corresponding parameters for 01-06, Ce-Cx, CpZ-Cl5, and 
ClY~-Cz1. The six nonmethyl hydrogen atoms were 
included in calculated positions,,2o with I3 = 6.0 K2, and 
\\-ere not allon-ed to refine. After five cycles of least- 
squares refinement of positional and anisotropic thermal 
parameters, the suggested shifts mere each less than 
of the appropriate standard deviation, and refinement 
was judged to be complete. The final discrepancy 
indices Irere I<,, = 0.(176 and /<t , ;F% = 0.(137, and the 
standard error for an observation of unit weight was 
1.73 (indicating an underestiniate in the standard devi- 
ation of the intensity data). It should be noted that 
a Hamilton /<-factor ratio test“ indicates that the aniso- 
tropic refinement is meaningful a t  a level of confidence 
considerably better than 99,50,<, 

X final difference-Fourier synthesis showed no signifi- 
cant features, thus providing an independent check of 
the correctness of the structure. [Although there were 
miscellaneous peaks of height 0.2-0.4 e- within the 
vicinity of the methyl carbon atoms (C11. CU, CU, CIS) ,  

no distinct Cav patterns of methyl hydrogens could be 
distinguished. I t  is assumed then, that the inethyl 
hydrogen atoms are undergoing substantially greater 

(18) All crystallographic calciilations including Pourier syntheses, stt‘uc- 
ture-factur  calculations, l e a a t - \ r j u a ~ e s  refinernrnt, ~listances-angle~-~~lanes 
calculations and atomic vibration ellipsoids were performed using cnymr- 
an  integrated set of crystallographic rout ines  for the IBM 7094 written 
by I<. E. Marsh and cowoi-kei-s a t  the California Institute of Technology. 

(19) Ri. = Z!lF,,; - Fc,\!/ZIP,,:; R 
(20) Hydrogen atom positions RCI-P calculated with d(C-€1) = 1,080 

and the appropriate angular Reometry. 
oi the third, fourth, and fifth cycles of anisotropic refinement. 
were, howeves, small. 

= Zw(~1;,12 - (F,l?(2//ZwlFo14. 

They were recalculated a t  the rnd 
“Shifts” 

(21) W. C. Hamilton, Acta Ciyst..  18, 302 (1965). 
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TABLE I 
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR (i-CaH?)(CH~)zCioHjMor(Co)e~ 

L * L  I' " 

. . . . . . . . . . . . . . . . . . .  

. 8 "  

'6 Table shows h, k :  1 lOF,I, and 11OF,j in blocks of constant 1 

thermal motion than the other hydrogen atoms in the The residual minimized was Bwj I Fol - I Fci 1 l  2 ,  

molecule. J Final observed and calculated structure factors are 
Throughout the analysis, scattering factors for shown in Table I. Positional and thermal parameters 

neutral molybdenum, oxygen, carbon, and hydrogen Atomic vibration ellipsoids 
(as compiled by Ibers22a) were used. Dispersion cor- 
rectionsZzb are small ( A j ' b f 0  = -1.7 e-; A f " b ~ ~  = +0.9 
e-) and were ignored, since our version of CRYRM'~ had 
no facility for such a calculation. Figure 1 shows the molecule projected down "b . ' !  
Kynoch Press, Birmingham, England, 1YB2: (a) pp 202 ,211;  (b) p 216. Interatomic distances (with esd's) are collected in 

are collected in Table 11. 
(for nonhydrogen atoms) are defined in Table 111. 

The Molecular Structure 

( 2 2 )  "International Tables lor X-Rap Ci-ystaliopl-aphy," 1'01. 111, The 
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TABLE I1 
FISAL -&TOIvfIC COORDIKATES AND h I S O T R O P I C  THERMAL PARAMETERS ( x lo4) FOR ( i ' C 3 H 7 )  (CH~)LC~~H, ,MO~(CO)~ ,  WITH ESD'SQ 

b l l  22 33 b12 b23 I3 ATOM X Y 2 
H01 0 . 2 2 5 7 6 1 1 0 1  0 . 3 8 2 4 5 1  8 1  - 0 . 1 8 0 3 2 1 1 4 1  
!:2 0 . 2 3 0 4 1 1  9 1  0 . 2 1 3 1 3 1  8 1  0 . 0 4 5 7 2 1 1 3 1  

0 . 1 9 9 7 1 1 1 1  0 . 2 1 2 6 1  8 1  - 0 . 3 8 6 7 1 1 4 1  
0 2  0 . 1 3 0 1 1 1 2 1  - 0 . 0 3 7 0 1  9 1  - 1 . 1 9 L O I i L I  . . . . . , . 
0 3  - 0 ~ 0 3 0 8 1 1 1 1  0 . 0 6 6 ~ 1 1 1 1  - C . 1 5 2 4 1 1 6 1  
0 4  - 0 ~ 0 2 2 7 1 1 1 1  0 . 1 7 1 1 1 1 0 1  3 . 0 7 1 2 1 1 4 I  
05 0 . 1 5 7 5 1 1 2 1  0 . 3 6 3 0 1  8 1  0 . 1 8 1 9 1 1 5 1  
0 6  0 . 1 6 3 5 1 1 1 1  0 .32861 9 1  - 0 . 1 8 0 6 1 1 4 l  
C 1  0 . 3 3 2 6 1 1 1 1  -0.01341 9 1  - 0 . 0 4 4 2 1 1 6 1  
C2 0 . 3 8 4 5 1 1 2 1  - 0 . 0 0 3 8 1 l i l  -0 .15201 1 7 1  . .. . 
C3 0 . 4 2 7 1 1 1 2 1  0 . 0 7 4 7 1 1 0 1  - 0 . 1 5 5 4 1 1 8 1  
C 4  0 .42331101  0 . 2 0 3 9 1 1 0 1  - 0 ~ 0 2 1 5 1 1 6 1  
C5 0 + 4 2 6 8 1 1 2 )  0 . 2 4 0 6 1 1 0 1  0 . 0 9 5 5 1 2 0 1  
C6 0 . 3 8 3 3 1 1 1 1  0 . 2 1 3 3 1 1 1 1  0 . 2 0 0 4 1 1 8 1  
c 7  
C8 
c 9  
c 1 0  
c 1 1  
c 1 2  
C 1 3  
C 1 4  
C15 
C 16 
C 1 7  
C 1 8  
C 1 9  
c 2 0  
c 2 1  
H2 
H3 
H5 
H 6  
H8  
H 1 3  

a Esd's app 

0 . 3 2 4 8 1 1 1 1  
0 .2908 I 1.1 I 
0 . 3 3 7 0 1 1 0 1  
0 . 3 9 8 8 1 1 1 1  
0 . 2 7 9 7 1 1 2 1  
0 . 4 6 1 1 1 1 4 1  
0 . 2 9 0 8 1 1 5 1  
0 . 1 8 4 8 1 1 8 1  
0 .39321 1 7 1  
0 .20621 1 4 1  
0 . 1 6 b 8 I  1 4 1  
G.06131 1 5 1  
0 . 0 6 8 1 1 1 5 1  
0 . 1 8 5 0 1 1 4 1  
0 . 1 8 6 8 1 1 3 1  
0 .3907  
0 . 4 7 3 2  
0.4695 
0 . 3 9 6 8  
0 . 2 1 9 6  
0 .2739  

ear  in pare: 

O r 1 4 0 2 1 1 0 1  
0 . 0 8 0 9 1  8 1  
0 . 0 6 3 3 1  9 1  
0 . 1 1 6 7 1 1 0 1  

-0 ,09351 9 1  
0 . 2 5 6 6 1 1 0 1  
0 . 1 3 3 5 1 1 1 1  
0 . 0 7 8 5 1 1 2 1  
O s 0 8 9 4 1 1 6 1  
0 . 1 6 7 1 1 1 2 1  
0 . 0 0 8 2 1 1 1 1  
0 . 0 7 6 7 1 1 1 1  
0 . 1 8 0 1 1 1 1 1  
0 . 3 0 7 9 1 1 2 I  
0 . 2 8 3 9 1 1 1 1  

-0 .0495  
0 . 0 9 8 4  
0 . 2 9 9 3  
0 . 2 5 3 6  
0 . 0 4 4 0  
0 . 1 9 4 8  

ntheses after ea 

0.2113 I 1 6  1 
0 . 1 2 7 8 1 1 5 1  
0 . 0 1 7 7 1 1 5 1  

- 0 . 0 5 1 8 1 1 7 1  
0 . 0 0 0 1 1 1 7 1  

- 0 . 1 2 5 9 1 1 8 1  
0 . 3 4 7 0 1 1 8 l  
0 . 3 4 9 0 1 1 9 1  
0 . 4 3 6 2 1 2 1 1  

- 0 . 3 0 6 6 1 2 0 1  
- 0 . 3 1 6 0 1 1 9 1  
- 0 . 1 5 6 9 1 1 9 1  

0 . 5 8 3 6 1 1 8 1  
0 . 1 3 i 6 1 1 8 1  

- 0 . 0 9 9 8 1 2 1 1  
-0 .2217  
-0 .2253  

0 . 1 0 5 9  
0 , 2 7 9 2  
0.1456 
0 .3726 

.ch parameter. 

A T O M  B M A X  D.C.15 

5 0 . C I 1 . 2 1  32 .110 .71  75 .911 .91  -2.011.31 14 .412 .11  -1 .5 (1 .6 )  
4 9 * 2 1 1 . 1 1  2 8 . 9 1 0 . 7 1  7 6 . 9 1 1 . 9 1  -2 .311 .21  21 .112 .11  -4.211.51 

1 5 4 1 1 6 1  5 3 1  7 1  1 0 5 1 1 9 1  - 6 6 1 1 8 1  - 1 8 1 2 7 1  - 3 4 1 1 9 1  
6 5 1 1 2 1  1 3 7 1 1 3 )  2 1 4 1 2 5 1  - 9 1 1 1 7 1  1 3 0 1 2 6 1  - 1 8 5 I 2 6 l  
5 8 1 1 1 1  l l O I 1 1 1  1 7 1 1 2 4 1  - 6 9 1 1 7 1  5 8 1 2 3 1  - 7 6  I 2 4 1  

1 4 7 1 1 5 1  441 8 1  1 4 6 1 2 1 1  4 8 1 1 6 1  5 3 1 2 8 1  - 5 9 1 1 8 1  
1 2 4 1 1 4 1  5 3 1  8 1  1 1 3 1 2 0 1  3 5 1 1 6 1  2 8 1 2 5 1  5 1 1 2 0 1  

4 4 1 1 2 1  2 3 j  7 1  7 0 1 2 0 1  5 1 1 4 1  5 1 2 4 1  - 7 1  1 8 1  
4 2 >  9 1  9 6 1 2 3 1  2 7 l i 6 i  3 2 1 2 6 1  - 1 5 1 2 2 1  3 6 1 1 1 1  

4 7 1 1 2 1  2 7 1  8 1  1 0 7 1 2 4 1  1 3 1 1 6 1  3 9 1 2 7 1  - 2 5  1 2 1  I 
3 0 1 1 0 1  3 9 1  8 1  7 2 1 2 1 1  - 2 6 1 1 5 1  4 0 1 2 4 1  0 1 2 2 1  
4 5 1 1 2 1  2 8 1  8 1  1 1 0 1 2 7 1  - 9 1 1 6 1  - 2 6 1 2 9 1  8 1 2 3 1  
2 5 1 1 1 1  4 9 1 1 0 1  9 7 1 2 4 1  - 1 4 1 1 7 1  3 1 2 7 1  2 1 1 2 3 1  

5 0 1 1 1 1  1 3 1  6 1  6 5 1 1 9 1  5 1 1 3 1  141241 1 4 1 1 8 1  
2 6 i 1 0 1  2 3 1  7 1  6 2 1 1 9 1  0 1 1 3 1  - 3 2  1 2 2  I - 1 5 1 1 8 1  
3 1 1 1 1 1  2 9 1  7 1  1 0 7 1 2 4 1  - 2 4 1 1 5 1  - 2 1 1 2 5 1  5 8 1 2 3 1  
5 6 1 1 2 1  2 4 1  7 1  1 2 7 1 2 5 1  - 4 7 1 1 5 1  - 3 1 2 7 1  1 9 1 2 0 1  
881 1 5 1  3 0 1  81 1 0 4 1 2 5 1  0 1 1 7 1  1 0 9 1 3 2 1  9 1 2 1 1  

1 0 7 1 1 7 1  4 2 1 1 0 1  5 9 1 2 3 1  - 2 6 1  2 1  I - 4 3  1 3 1  I 1 3 1 2 2 1  
1 5 0 1 2 2 1  4 2 1 1 0 1  1 0 0 1 2 6 1  6 1 2 3 1  1 2 7 1 3 9 1  - 1 5 1  2 4 1  
1 0 2 1 1 9 1  1 1 6 1 1 8 1  9 0 1 2 7 1  - 3 9 1  28  1 - 5 9 1  3 6  1 7 3 1 3 4 1  

7 9 1 1 5 1  3 3 1  9 1  1 0 4 1 2 7 1  - 8 1 1 9 1  - 4 1 3 2 1  1 8 1 2 5 1  
7 7 1 1 5 )  3 2 1  B I  9 8 1 2 6 1  - 2 1  I 1 9 1  -1(301 8 1 2 4 1  
4 7 1 1 5 1  5 4 1 1 0 1  1 3 4 1 2 8 1  - 3 2 1 1 8 1  7 1 3 1 1  - 7 8 1 2 4 1  
6 1 1 1 6 1  4 7 1 1 0 1  1 0 2 1 2 6 1  7 1 2 0 1  - 2 0 1 3 0 1  - 3 4 1 2 4 1  
8 7 1 1 5 1  3 6 1  9 1  9 2 1 2 5 1  4 0 1 2 0 1  3 8 1 3 0 1  -11 I 2 4 1  
5 6 1 1 3 1  2 5 1  81 1 4 1 1 3 0 1  2 6 1 1 7 1  4 7 1 3 1 1  3 1 2 5 1  

1 3 2 1 1 4 1  3 7 1  7 1  1 2 3 1 1 9 1  - 2 1 1 5 1  5 3 1 2 6 1  4 4 1 1 8 1  

4 8 1 1 1 1  3 6 1  9 1  4 4 1 1 9 1  - 9 1 1 6 1  2 8 ( . 2 4 1  - 8 1 2 0 1  

They are right-adjusted to the last significant digit of the preceding number 

Mol  3.611-2259-220, 9731 3.451-159, 569, 2111 
NO2 3.641 -32.-268s 9561 3.081-1851 949, 2 8 4 1  
01 7.231 944, 57, 1671 6.491-301, 510. 8431 
02  10.221-895. 431, 2 5 9 1  t.271-20?.-635. 7 6 8 1  
0 3  19.8Ll 172.-806, 5311 5.371 -10, 571. 8101  
0L 13.651 1 9 3 % - 8 8 4 ,  3891 6 , 1 6 1 - 1 9 2 .  392, 9:91 
05 9.331-771,-525, k 8 0 1  7.531 5259-203, 7311 
3 6  7.06i 622. 657, 3201 5s i81-7441 327, 6951 
C 1  3.5'+1-412~-284, 9211 2.451 5431 686. 3891 
c 2  5.2L1-259,-8081 5641 4.201 2511 471, 7911 
C3 5.321 -159-342, 9 3 3 1  3.151 683. 6 8 3 ,  ;46I  
c4  4.551 3i2.-941, 771 3.'141 1269 176s 9 4 3 1  
is 5.881-4431 -42, 9 5 t I  3.111 352,-927, 711 
C6 5.951-204, 823. 5511 4.061 -7Ls-553, 8311 

C6 3.2Cl-213. 2k5, 9681 2.731 572. 15", 2 0 )  
c 9  3.921-5369-334. 86,) 2.3UI-j.i4, 9 3 2 ,  2 6 4 1  
C13 7.3Cl-3493 523, 8241 1 . i 5 1  435,-545. 553! 
C1: 6 .771-44t i  3 4 2 1  8 8 3 1  4.581 6239-5159 4531 
C12 6.531 638, 629 6541 3.211-25,s Y 5 4 ~  1 8 4 1  
C13 1.481-868, 3 1 8 .  4571 4.0b1-3b7s-925, I 5 5 1  
C 1 4  8.901 862, -1,  3621 4.781-:$0,-928* 31.81 
C i 5  l ~ . C O i - 3 1 2 ,  899, 3531 6.321-634!-L16. 4 ? 4 !  
C l b  5+561-5661 331. 8351 3.961 6079 4 4 1  4511 
C17 5.0.1-694s 363s 7261 3.961 &11*-"25s 6871 
C!8 8.851 -13%-677. 1281  L.231-6253 579, b171 
C19 6.621-393,-625. 1291 r . 0 6 1 - 4 9 8 s  7611 4 ? l i  
C 2 3  5.931-7831-622. 1 4 9 1  Le421 177s-187, 9 2 5 1  

C7 4 . 3 ~ 1  242.-551. 1521  2.591 852, 304. 28q1 

2,711 961. : O B *  941 
2.561-982,-~69, 6 0 1  
2 . ? 9 1 - 1 2 0 ~ - 8 5 8 ~  5 1 2 1  
2.971 394, 54;. 5 8 6 1  
2.321-9859-1461 2'191 
2.421-962,-255* 6 3 1  
2.661-?61,-827, 4 8 5 1  
3.441 2429-680, 6441 
2,241 732,-669, 8 1  
1.441-9311 355. 2361 
1.821-7301 644. 3391 
0.861-942,-288~ 3231 
1.961 826, 3 7 3 .  2841 
1.311 976, 130, 141 
;.831-465, 61, 9471 
1.241 1 0 2 ~ - 9 5 7 ,  2 5 1 1  
0.531 8 0 7 ,  142, "351 

0q?51-643,-1560 741 
2.401-723,-295* 7341 
2.111 3 3 4 ,  - 3 4 .  8761 
2.911-411, 373. 8 6 5 1  

: . ini-8301-558, 1311 

2.641 454,-162. 7941 
3.231-162,-943. 3151 
2.951 545, 830, 3 5 1  
1.801 7801 453, 2991 
21801 7731 172, 4771 
2.501-591, 761, 3491 

Ci! 6 . i b l  r 6 1  ' 3 ,  9171 ;.?Q1-745,-664, 1831 1.851-656, 1 4 6 .  1061 

a Direction cosines (dc's) for the major, median, and minor axes 
of the vibration ellipsoid are defined relative to the axes of the 
monoclinic cell. The dc's have bceil multiplied by 1000. h Atomic 
vibration ellipsoids are presented in terms of the isotropic ther- 
mal parameter B ,  which may be related to the root-mean-square 
displacement, (U")'" by (u")'/' = [B /8a2]  ' i2 .  

able IV; bond angles and their esd's are given in 
Table V. 

The molecule has an over-all cis configuration-i e. ,  
the two M o ( C O ) ~  groups are bonded t o  the same side of 
the guaiazulene ligand. [A similar stereochemistry is 
observed for the unsubstituted complex, CloHghIoz- 
( C O ) 8 . 1 3 t 1 4 ]  One Mo(CO), group is associated with all 
carbon atoms in the five-membered ring, which may be 
regarded as a trisubstituted n-cyclopentadienyl system 
The second Mo(CO)~ group is within bonding range of 
the five remaining atoms of the azulene nucleus &e., all 
atoms of the seven-membered ring except for the two 
"fused" atoms Cg and Cj0) and may be considered as 
participating in a izoncyclic r-pentadienyl-tmetal 

Figure 1 -Guaiazulenedimolybdenum hexacarbonyl, viewed down 
"b." (Hydrogen atoms are omitted for clarity.) 

linkage. The donation of six electrons from the T -  

cyclopentadienyl anion, six electrons from the x-penta- 
dienyl anion, and two electrons from each of the car- 
bonyl ligands gives each of the d5 Mo(1) ions a con- 
figuration one electron short of the appropriate inert- 
gas configuration ; 2 3  the molybdenum-molybdenum 
distance of 3.26'7 f 0.006 A is indicative of a metal- 
metal bond, each molybdenum atom then obtaining 
the xenon configuration, in keeping with the observed 
diamagnetism of the complex. 24  The molecule may be 
formally described by 11. 

(23j This enumeration of electrons may, of course, be accomplished in an 
equally satisfactory manner by considering ?r-cyclopentadienyl and n-penta- 
dienyl ligands as neutral, five-electron donors bonded to  molybdenum in the 
zei-ovalent state. The  difference is  simply one of formalism. 

(24) The  initial report' t ha t  t h r  parent molecule, C1oH8ll1o2(CO)eI was 
paramagnetic was found later% to be in ersor. 
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TABLE IV 
INTERATOMIC DISTANCES WITHIN THE 

(GC3Hi) ( C H ~ ) ~ C ~ ~ H ~ M O Z ( C O ) ~  MOLECULE WITH ESD'S" 
Atoms Dist, A Atoms Dist, 

(i) Distances from Molybdenum Atoms 
Mol-Moz 3.267 (06) 
Moi-Ci 2.381 (15) MOz-Ca 2.510 (15) 
Mol-Cz 2.329 (17) M0-G 2.340 (17) 
Moi-Cs 2.355 (16) Moz-Cs 2.268 (17) 
Mol-Cio 2.356 (16) M0z-G 2.350 (15) 
Mol-CS 2,367 (14) Moz-Cs 2.409 (14) 

MOl-ClG 
MOi-Ci7 1,959 (18) Nloz-Czo 1,936 (19) 
M 0z-Ci x 2.003 (19) Moz-Czi 1.971 (19) 
Mol. .Oi 3.126 (15) 
Mol. . .Oz 3.120 (14) Moz. . .Os 3,068 (14) 
Mol. . .03 3.107 (16) Moz. . .Os 3.116 (14) 

(ii) Distances around T-Cyclopentadienyl and 
T-Pentadienyl Systems 

c1-cz 1.423 (22) G-C, 1.410 (22) 
cZ-c3 1.384 (23) Cb-Cs 1.405 (24) 
C3-clO 1.413 (23) CB-c7 1.405 (23) 
cia-C9 1.434 (21) c7-C8 1.394 (21) 
Cs-C1 1.424 (20) 

(iii) Other Distances within the Guaiazulene Ligand 
c4-CiO 1.485 (22) Ci-Ci3 1,541 (23) 
CrC5  1.430 (20) C13-ci4 1.547 ( 2 7 )  
ci-ci1 1.564 (22) c13-cij 1.599 (29) 
C4-C1? 1.554 (23) 

(iv) Carbon-Oxygen Distances 
cis-01 1.143 (24) CIS-04 1.115 (24) 
cii-02 1.160 (23) Czo-06 1.131 (23) 
c 1 8 - 0 3  1.110 (25) Czi-06 1.147 (23) 

(v) Contacts between Carbonyl Groups 
0 1 . . . 0 2  4.172(20) 04 . . .Oj  3.882 (21) 

3.890(21) Os...O6 4.022 (21) 
4.591 (22) 

Cis' "Cli 2.565 (26) 
Cli ' ' ' C1R 2.560 (26) Czo ' ' Czi 2.569 (26) 
Cm.. .ClG 2.953 (27) Czi...Ciq 2,941 (26) 

3.033 (20)  Ci6...czi 3.002 (27) 
2.975 (22) Cis...Cis 2.894 (26) 

(vi) Contacts between Azulcne and Carbonyl Ligands 
co. . .C18 3.508 (24) C4. . . C ~ I  3.080 (24) 
c1. . . C18 3.564 (24) Cs.. .Czi 3.341 (25) 
CI. ' . Cli 3.308 (24) Cs. . . C2o 3.146 ( 2 5 )  

2.812 ( 2 5 )  
(23.. .C1, 3.464 (25) C?. . . Cno 3.265 (24) 
CS ' ' ' c16 3.233(25)  C7...Cig 3.310 (24) 
ClO' ' 'el6 3,405 (25) Cg. . Cio 3.082 (23) 
5 Estimated standard deviations, shown in parentheses, are 

right-adjusted to the least significant digit in the preceding 
number. Except for the Mol-Mo2 bond, they do not include any 
contribution from errors in the unit-cell dimensions (which are 
possibly as great as, 1 part in 550). The esd on the MoI-Mo2 
bond is only 0.001 A from the correlation matrix; this has been 
increased to 0.006 A to  allow for possible errors in cell constants. 
Esd's for other bond lengths will not be so drastically affected on 
correction for possible cell errors. 

The Guaiazulene Ligand 
The guaiazulene ligand maintains its essential chemi- 

ical identity as a system containing fused, delocalized 
five- and seven-membered rings, but the n-cyclopenta- 

TABLE V 

MOLECULE, WITH ESDW 
ANGLES WITHIN THE (i-GHi) (CH3)zCioHjMoz(C0)6 

Atoms Angle, deg Atoms Angle, deg 

33.6 (0.7) 
3 5 . 5 ( 0 . 7 )  
35.4 (0.7)  
34.0 (0.7) 
80.0 (0.7)  
91.3 (0 3)  
88.6 (0.5) 

157.1 (0.3)  
157.2 (0.6) 
79.9 ( 0 . 3 )  
78.6 (0 .6)  
77.6 (0.4) 

94.6 (0.4) 
94.9 (0.8) 
81.1 (0.4)  
82.2 (0.8) 

80.9 (0.8) 

(ii) Within Carbonyl Ligands 
Mol-Cis-01 174 .2(1 .7)  M02-Ci9-04 171 .5(1 .7)  
Mol-Cii-02 177.9 (1.7)  MOZ-Czo-05 179.4 (1.7)  
M01-C1s-03 172.6 (1.7) Moz-Czi-Os 176.3 (1.7) 

,... 
.ni) Angles within the Azulene Nucleus 

108.0 (1.3)  Co-C4-Cs 126.1 (1 .4 )  
109.4 (1 .5)  c4-cSc6 130.1 (1.6)  
107.2 (1.5)  C5-C6-Ci 129.3 (1.6) 
109.6 ( 1 , 4 )  Ce-Ci-Cn 126.3 (1.5) 
105.6 (1.3) c7-Cs-C~ 128.8(1.4)  

cs-C8-c10 128.3 (1.3) 
126.1 (1.3)  Cs--Cio-C4 1 2 4 ~ 5 ( 1 . 4 )  
125.8 (1.4)  

(iv) Angles for Substituents on the Azulene Ligand 
cs-c1-c11 125.4 (1.3) C6-Ci-Cl3 112.9 (1 .4)  
c2-c1-c11 126.6 (1.4) Ca-C,-Cis 120.6 (1 .4)  
C1o-C4-C12 116.0 (1.3)  C7-Ci3-Ci4 1 1 2 . 8 ( 1 . 5 )  

c14-Cl3-cl6 105.2 (1 .5)  
cj-c4-c12 117.5 (1.4) C7-Ci3-Cij 108.1 (1 .5)  

a See footnote Q, Table IT:. 

dienyl+Mol and n-pentadienyl+Moz bonding leads to 
some carbon-carbon bond lengths around the azulene 
nucleus that differ significantly from those in the parent 
hydrocarbon.25-28 Figure 2 compares bond lengths 
within the azulene nuclei of guaiazulenedimolybdenum 
hexacarbonyl, azulene-1,3-dipropionic acid, 21 and the 
molecular complex azulene-1,3,5-trinitrobenzene.28 
Specifically i t  can be seen that the main differences in 
bond length between the free and the coordinated 
hydrocarbon involve the C4-Clo, Cs-C9, and C9-Clo 
bonds. There appear to  be no great differences in 
bond angle between the azulene nuclei in the present 
metal complex and in the uncoordinated species. 

Within the limits of experimental error, distances 

(25) Azulene crystallizes in a disordered manner,26 thus precluding the  ac- 
curate determination of bond lengths. However, bond lengths are available 
for the ordered dzulene-I ,3-dipropionic acid27 and the slightly disordered 
azulene-1,3,5-trinitrobenzene molecular complex.22 

(26 )  J. M. Robertson. H. M. M. Shearer, G. A. Sim, and D. G. Watson, 
Acta Cryst.,  15, 1 (1Q62). 

(27) H .  L. Ammon and M. Sundaralingam, J .  Am.  Chem, Soc., 88, 4794 
(1966). 

(28) A. W. Hanson, Acla Cvyst., 19, 16, (lg65). 



1550 MELVYN K. CHURCHILL AND PETER H. BIRD Inorganic Chemistry 

C O O R D I N A T E D  
GdAIAZULE N E 
0 I MOLY BD E N LJM - 
HEXACAR B O N Y L  

C3MPLE X 

H3 

AZULENE 
1.3-01 PROPiOkIC 

A C I D  

C H C 3 0 H  2 4  

A Z U L E N E  
’3-TRI Nl T‘1OBE NZENE 

C O M P L E X  

1.393 

1.498 

1.387 1.397 

Figure 2.---4 comparison of bond lengths for the azulene 
nuclei in (a)  (~-C~H~)(CH~)~CIOH~M~~(CO)~, ( b )  (HOOCCH2- 
CH2j2Cl0HS, and (c) CloH8-s)’iii-CshTj(~O?)3. 

around the n-cyclopentadienyl system are consistent 
with precise D6h local symmetry ; individual carbon- 
carbon bond lengths range from 1.384 * 0.02S to 
1.434 =t 0.021 A and average 1.418 A, bond angles vary 
from 105.6 f 1.3 to  109.6 * 1.4” and average 108.0”, 
and the root-mean-square deviation from planarity is 
0.015 A (see Table VI). The appropriate molybdenum 
atom, Mol, lies -2.02’7 A from the a-cyclopentadienyl 
system (the negative sign may be regarded simply as a 
direction indicator) while the three substituents (C4) 
C,. and CI1) are, respectively -0.030, -0,041, and 
+0.091 Lq out of the plane of the five-membered ring. 
Individual molybdenum-carbon distances for the 
n-cyclopentadienyl system range from 2.32!) f 0 . i ) l i  
to 2.381 f 0.015 A, averaging 2.:358 A. 

The second molybdenum atom, >Io2) is bonded to 
atoms Cq through Cs via a n-pentadienykmetal link- 
age, with individual molybdenum-carbon bond lengths 
being: Mo2-C4, 2.510 * 0.015 8; pIIo2-C5, 2.340 f 
o.017 8; M O ~ - C ~ ,  2.20s * 11.017 A; 2.350 i 
0.015 A ;  Mo2-C8, 2.409 i 0.014 A. [The “fused” 
carbon atoms, C, and C1,, are 2 . i W  f 0.014 and 2.87!) 
i 0.013 A ,  respectively, from 310~. Siuce they are 

TABLE V I  
IMPORTANT LEAST-SQUARES PLASES~ WITHIX THE 

(~-C~H;)(CII~)~C~~H~~IO~(CO)~ MOLECULE 

(i) r-Cgclopentadienyl Plane: 
0.7924X - 0.2813Y f 0.54122 = 2.960@ 

c, * +0.021 (15) C, -0.030 (15) 
Cz * -0.016 (17) Cr, $0.353 (17) 
Ca * $0.006 (16) Cfi +O. 540 (17) 
G o *  f0.007 (16) C; +0.402 (15) 
C9* -0.017 (14) CS -0.041(14) 
XI 01 -2.027 (1) c n  $0.091 (16) 

(ii) r-Pentadienyl Plane: 
0.8200X - 0.4769Y + 0.31622 = 2.4547b 

Ca * +o.u12 (15) C1 f0.787 (15) 
C:, * -0.011 (17) C2 + 1.003 (17) 
Cs * -0.010 (17) CS S 0 . 7 9 6  (16j 
C; * $0.025 (15) c (1 $0.352 (14) 
6 * -0.017 (14) c10 +0.397 (16) 

c13 $0.003 (18) 
Mol -1.797 (1) c12 -0.238 (18) 

(iii) 0. ‘i836X - 0.26.55 Y + 0,5616Z = 2.8369 
C4* -0.003 [15) c1 -0.004 (15) 

Cii * -0.008 (14) CP -0.033 (16) 
c *  $0.007 (16) C; +0.417 117) 

Cy + +0.004 (14) cz -0,069 (17) 

CG +O.626 (17) 
c7 $0.480 (15) 
c11 +0.062 (16) 

Planes are derived using unit weights for atoms with asterisks 
and zero weights for all other atoms. b Planes are defined in 
terms of the orthogonalized coordinates X, Y ,  Z. These arc 
related to the monoclinic cell coordinates by: X = .ua + ZT cos 8, 
I’ = y b ,  and 2 = zc sin p. 

already involved in bonding to Mol (at distances 
2.36’7 =k 0.014 and 2.356 * 0.016 A), it is unlikely that 
they xi11 participate to any appreciable extent in the 
bonding to MOZ. ] Molybdenum-carbon distances vary 
systematically around the 7r-pentadienyl system, the 
longest values being for the “terminal” carbon atoms 
(C4 and C,) and the shortest being for the “central” 
atom (C6). [This pattern appears to be characteristic 
of n-pentadienyl systems, since similar features have 
previously been noted for hexamethylcyclohexa- 
dienylrhenium t r i ~ a r b o n y l ~ ~  and azulenedimanganese 
he~acarbonyl .~]  The n-pentadienyl ligand is ap- 
proximately planar (rms deviation = 0.016 A): Mo2 
lies -1.797 A from this plane while deviations of 
the substituents are: 6(Cs) = $0.352 A, 6(Clo) = 

Carbon-carbon distances around the a-pentadieriyl 
system vary froin 1.394 * 0.021 to 1.410 f 0.022 A, 
averaging 1.403 A. Although this mean value is only 
0.015 A. less than the mean interatomic distaiice around 
the n-cyclopentadienyl ring, it could be indicative of 
stronger carbon-carbon bonding within the noncyclic 
delocalized system. This would be in keeping with thc 
fact that  the n-cyclopentadienyl-+Mol boriditig is 
stronger than the n-pentadienyl-+MoZ bonding. [ 13vi- 
dence for this comes both from this crystallographic 
analysis via a consideration of molybdenum-carbon 

+0.397 A, 6(C1*) = -0.238 A! S(C1,) = +0.00:3 A. 

(29) (a) P. H. Bird  and > I ,  I < .  Churchill, C h r i ~ ; .  Co i ia i i i u i ;  , T77 ( l W 7 ) ;  lb)  
1’. II. Bird and SI. I<. Churchill, unpublished work. 
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distances and from chemical studies5 in which it has 
been shown that the rr-pentadienyl-tmolybdenum 
bond is preferentially cleaved by sodium, giving the 
dimeric 4-exo-4'-exo- [AzMo(C0)3-l2 dianion. 30] 

There is one problem remaining with respect to the 
observed a-pentadienyl-Moz distances, and this in- 
volves the unexpected difference of 0.101 k (&, 6 . 7 ~ )  
between the Mo2-G and Mo2-Cg bond lengths. There 
appears to be no rationale for this phenomenon in terms 
of intermolecular repulsions (see Table VII) and it 
must therefore result from intramolecular forces. 
Figure 3 shows the molecule projected onto the plane of 
the a-cyclopentadienyl ligand and (ignoring methyl 

01 

Figure 3.-Guaiazulenedimolybdenum hexacarbonyl, projected 
onto the least-squares plane through the five-membered ring. 

and isopropyl groups) it can be seen that the molecule 
could possess a mirror plane containing 0 6 ,  GO, c6, Moz 
Mol, Cz, CI7, and Oz. In practice, however, this would- 
be mirror plane is not utilized and the "backbone" of 
the molecule, as defined by 06-Cz0-11102- Mol-Cl7-02, 
shows a discernible zigzag pattern. In addition to the 
Mo2-C4 distance being about 0.1 A longer than the 
Mo2-C8 bond length, there is also a significant difference 
(0.080 A, representing - 5 . 3 ~ )  in the M o z . . * C y  and 
&loz . .  *Clo contacts, with the atom lying next to Cq 
(k,, Clo) being the more distant from Moz. It seems 
probable3' that  these significant asymmetries result from 
a general pattern of strain in the molecule caused by a 
combination of : (i) simultaneous requirements for 
a-cyclopentadienyl+Mol, n-pentadienyl+Moz, and 
Mol-Moz bonding and (ii) intramolecular oxygen-oxy- 
gen repulsions (01. * .os, 3.033 + 0.020 A ;  0 8 . .  .04, 

2.975 i. 0.022 d). 
In keeping with the above indications of intramolecu- 

lar strain, it  should be noted that the Mol-Moz bond 
length of 3.267 i 0.006 d is some 0.045 A longer than 
that for the unstrained linkage of 3.222 d in [r-C5H5- 

(30) The  conformntion of this ion is surmised from the crystal structure 
of its reaction product with CHsI-[C~aHsMo(CO)sCHa]z.~"'2 

(31) As pointed out  by a referee, the asymmetric steric influence of the  
substituents around the azulene ring could nlso cnuse the  observed asymmetry 
of Moz. ,Ca vs. Moz. * .Cs bond distances. We have tended t o  reject this 
possibility, mainly on the grouuds tha t  there are no ahnormnlly short con- 
tacts either t o  CI or Cs directly or to the  methyl or isopropyl substituents on 
the  nzulene ring. 

TAELE VI1 
INTERMOLECULAR CONTACTS WITHIN THE 

(kC3H7)(CH3)zCloHjMon(CO)a CRYSTAL (TO 3 . 5  8) 
Atoms Dist, Atoms Dist, A 

OI...Cs (111) 3.29 cf,. . .Of, (VI) 3 .43  
0 1 . .  .c1 (VIII) 3.43 CI'.. .O' (VII) 3.43 

03...& (111) 3 .44 Cis.. .Hj (111) 3.34 

0 1 .  * .H5 (111) 2.72 cii.. ' 0 4  (I) 3.27 
Oz...Os (VII) 3.29 c16' .Hs (111) 2.86 

Cia. . .He (111) 3.40 
0 3 .  . .Hs (I) 2.89 

2.31 Oa ' . . cn (I) 3 .27 
O4...H6 (111) 3.42 Hz.*.Csi (VIIJ 3 .40 
0s.. .H3 (V) 2.63 H3.*.05 (IV) 2.63 

03...He (111) 3.12 
Czl..'Hz (VIII) 3.40 
Hz.. .Oa (VII) 

O6...02 (VIII) 3.29 Hs...Oi (VI) 2.72 
Oe..  .C2 (VIII)  3.30 HE.. .og (VI) 3 .44 

0 6 . .  .Hz (VIII) 2 .31 Hg.. .Cia (VI) 3.34 

ci. * .c3 (11) 3 .44  Hs...Oa (VI) 3.42 
cZ...o6 (VII) 3 .30 Ha.. .os (VI) 3.39 

o f , . . . c f ,  (111) 3 .43  Hj. "CIS (VI) 2.86 

06. . .Hg (111) 3 .39  Hs...03 (VI) 3.12 

c3.. .C' (11) 3.44 He.. .CIS (VI) 3 .40 
(2s. . .oi (VI) 3.29 Ha.. '03 ( I )  2.89 

Transformations for  above Atoms 

I - X  -Y - Z  

I1 -x + 1 - Y 
TI1 x - '/2 - y  + '/2 z - '/z 
IV x + '/z -Y + '/z - '/z 
V z - '/z -Y + '/z + 'iz 
v I x + ' 1 2  -31 + '/2 z + '/iz 
VI1 --x + '/z Y - '/z -2 - '/z 
VI11 -x + '/z Y + "2 - z  + '/z 

-2 

M O ( C O ) ~ ] ~ ~ ~  and that the azulene ligand is quite badly 
distorted from planarity, pertinent dihedral angles 
being ~ ~ ~ 2 ~ ~ ~ l 0 ~ 9 ~ ~ ~ 0 ~ 9 ~ 8 ~ 4  = 1 O 46' and clOc9c8c4- 

c4c5c6c7cs = 18" 46'. Relative to the plane of the 
a-cyclopentadienyl ring, the r-pentadienyl ligand is 
bent away from the molybdenum atoms by 17" 16'. 
It is interesting that this distortion is in the opposite 
sense to that observed in the CloHsFe2(C0)5 molecule, 9310 

presumably (inter alia) because of the difference in 
unstrained iron-iron (-2.7 fL) and molybdenum- 
molybdenum (-3.2 k)  bond lengths. 

All of the remaining bond lengths within the guaiazu- 
lene ligand are in kgeping with accepted33 interatomic 
distances. 

The Geometry of the MO(CO)~ Groups 
A careful survey of Tables IV and V shows that the 

two MO(C0)3 groups have essentially equivalent 
stereochemistries, the largest difference between com- 
parable angles being about 7" (O1. . .Mol* e - 0 2  = 

84.5 * 0.4', 0 4 .  - . M o g * . * 0 5  = 77.6 + 0.4"). Since 
azulene itself is disorderedz6 and the two independent 
Mo(C0)3 groups in the present complex have very 
similar environments, i t  is now easy to understand why 
azulenedimolybdenum hexacarbonyl is able to crystal- 
lize in a disordered manner.13s14 

Average dimensions within the MO(CO)~  groups are: 
Mo-C = 1.972 A, C-0 = 1.134 h. The carbonyl 
groups trans to the molybdenum-molybdenum bond 

(32) F. C. Wilson and D. P. Shoemaker, J .  Chem. Phys. ,  37, 809 (19.57). 
(33) "Tables of Interatomic Distances and Configuration in Molecules 

and  Ions," Special Publication No. 18, The  Chemical Society, London. 195% 
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approximate to linearity (Mol-C1~-02 = 177.9 f. 1.7", 
l!Ioz-CZo-O6 = 179.4 f 1.7') whereas the remaining 
four 310-C-0 angles vary from 171.5 + l . i  to  176.3 * 
1 . i " .  [Nonlinearity of hf-C-0 groups is, of course, 
expected for carbonyl ligands in environments of low 
symmetry34 and may also result from the known close 
intramolecular and intermolecular contacts. ] 

Since both 7rqclopentadienyl and a-pentadienyl 
groups may be regarded as formally tridentate, six- 
electron donors, the present molecule contains two 
seven-coordinate molybdenum atoms. The coordina- 
tion geometry of the metal atoms is related to  that  in 
the seven-coordinate species ~ - C ~ H S ~ ~ O ( C O ) ~ C ~ H ~ , ~ ~  a- 
C ~ H & ~ O ( C O ) ~ C ~ F ~ ,  36 s 3 7  7r-CsH5M0 (CO)3COCF3, 38 [ a-Cj- 

(34) S. F. A.  Kettle, 1 m v g .  Chent. ,  4 ,  1661 (196,5). 
(36) 11, J. Bennett and R. Nason,  PYOC. Cheiiz. SOL., 273 (1863). 
(36) >I. R. Churchill and  J.  P. Fennessey, Chem. Conznzz~n., 695 (1'366). 
(37) A I .  I<, Churchill and J. P. Fennessey, 1 m i . p .  Ciiem., 6 ,  1213 (1967). 

H6Mo(CO)8 ]2," H - C ~ H ~ M O ( C O ) ~  [P(C6Hb)a]COCH3, 39 a- 
C ~ H ~ M O  (CO) 3CHzCOzH, 40 [CloH&10 (CO) 3CH3 12, l2  [ H- 
CsH5Mo(CO)2]2 (P(CHS)~)  (HI ,41  and T-CSHF,MO(CO)~- 
S ~ ( T - C ~ H ~ F ~ ( C O ) ~ ) ~ C ~ . ~ ~  A unique feature of the pres- 
ent structure is the large trans-Mo-Mo-CO angle of 
-160". In  each of the complexes mentioned pre- 
viously, the corresponding R-Mo-CO or Mo-Mo-CO 
angle is only -130". 
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The Crystal and Molecular Structure of 
Bis(2,4-pentanedionato)bis(pyridine N-oxide)nickel(II), Ni(C8H702)2(C5H5N3)21a 
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The structure of bis(2,4-pentanedionato)bis(pyridine S-oxide)nickel(II), Ni(C~Hi0z)z(C;HaKO)2, has been determined by 
single-crystal X-ray diffraction. The crystals are monoclinic, space group CB/c, with a = 14.653 i 0.005 A, b = 16.972 i 
0.005 A, c = 18.344 i 0.005 A, and /3 = 100.74 It 0.05', For Z = 8 the measured and calculated densities are 1.32 and 
1.324 g / c q 3  respectively. The 
structure was refined, including hydrogens, by least-squares methods t o  a conventional R value of 0.097. The six oxygen 
atoms coordinated to the nickel are in nearly regular octahedral disposition with the pyridine S-oxide molecules cis t o  one 
another and so inclined as to make an average Xi-0-X angle of 121'. 

Counter data were collected for 2319 independent reflections by the 8-28 scan technique. 

Introduction 
Heterocyclic amine N-oxides act as oxygen donor 

ligands in :t variety of transition metal coordination 
compounds.2 Very recently structural studies have 
been reported for compounds which involve pyridine 
N-oxide acting as a bridging ligand between copper 
a t o m ~ ; ~ - j  however, no other structural work dealing 
with complexes of this class of ligand appears to have 
been done. Not long ago Kluiber and H o r r o c k ~ ~ ' ~  
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hydrates,5bg M(A4A)z(H20)z, and dipyridinates,1° 11- 
(AA)2 ( C ~ H Z N ) ~ ,  are known and which involve trans- 
octahedral coordination of the metal in the solid state. 
On the basis of an analysis of the dipolar (pseudo- 
contact) contribution to the isotropic proton magnetic 
resonance shifts in solution in the complexes ill (AA)2- 
(L)2 (M = Co or Xi ;  L = pyridine N-oxide or y- 
picoline N-oxide), Kluiber and Horrocks6 estimated an 
average M-0-N angle in the range 115-130° for the 
coordinated heterocyclic amine N-oxides." These re- 
sults wcre based on a trans-octahedral model for co- 
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