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Guaiazulenedimolybdenum hexacarbonyl, (i-CsHr7)(CHjs)2CioHsMo:(CO)s, crystallizes in the monoclinic space group P2,/n
(CaS; no. 14) with unit-cell parameters @ = 11.82 = 0.02 4,5 = 16.390 = 0.02 4, ¢ = 10.95 £ 0.02 4, 8 = 99.31 =+ 0.10°,
Z = 4. Observed and calculated demnsities are, respectively, 1.75 £ 0.03 and 1.770 g cn ™% A single-crystal X-ray struc-
tural analysis, based on complete three-dimensional data to sin 8 = 0.38 (Mo Ka 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 Ry = 7.57%, for 1766
independent nonzero reflections. The crystal consists of discrete molecular units of (¢-CiH;)(CHy)aCioH:Mo2(CO)g sepa-
rated by normal van der Waals contacts. Two Mo(CO); groups lie on the same side of the azulene ligand and are linked by a
molybdenum-molybdenum bond of length 3.267 £ 0.006 A. One molybdenum atom is bonded to the carbon atoms of the
five-membered ring via a w-cyclopentadienyl—metal bond, while the other molybdenum atom bonds to the remaining five

carbon atoms of the azulene skeleton via a m-pentadienyl—-metal linkage,

Introduction

A number of azulene-metal-carbonyl complexes have
been reported during the past 10 years.!=® 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 CyoHgFey(CO)5,% 10 [CioHsMo(CO);-
CH3]2,11’12 Cngl\Ing(CO)s,G (CH3>3C10H5RU4(CO) 9,7 and
(C1oHs)2Fes(CO) o has only recently been obtained vig
X-ray diffraction studies.

Preliminary crystallographic results on the friclinic'®
and monoclinic'* modifications of C;)HsMo0,(CO)s have
revealed that the molecule has the structure proposed
by King and Bisnette® 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
complexes®—13 and to obtain detailed information on the
geometry of the AzMo,(CO)s system (Az = azulene or
substituted azulene), we have examined the crystal
structure of guaiazulenedimolybdenum hexacarbonyl.
[Guaiazulene is the trivial name for 7-isopropyl-1,4-
dimethylazulene (I).] An account of this structure
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at an intermediate stage of refinement has already ap-
peared.!?

Collection and Reduction of X-Ray Data

Guaiazulenedimolybdenum hexacarbonyl was pre-
pared by the method of Burton, ef a/.? 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 Can (2/m) indicate that the crystals
belong to the monoclinic system. Unit-cell parameters,
obtained from calibrated (awac1 = 5.640 A) A0l and hk0
precession photographs taken with Mo Kea radiation
(X0.7107 A) at 23 + 2°, area = 11.82 + 0.02 4,5 =
16.39 = 0.02A, ¢ = 10.95 = 0.02A, 8 = 99.31 = 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.
probably overestimates.] The unit-cell volume is
2094 A3, The observed density (popsa = 1.75 = 0.03
g em~3, by flotation in aqueous zinc iodide solution)
is in satisfactory agreement with the value calculated
for Z = 4 (peatea = 1.770 g em=3 and M = 558.3 for
CuHi1s0sMo,). A survey of kRO, hk1, hk2, h0l, h1l, h2!
precession photographs and Okl 1k, 2kl Weissenberg
photographs revealed the systematic absences: k0!
fora 47 =2n + 1,0k0 for 2 = 2n + 1. The space
group is therefore P2;/n, a nonstandard setting of space
group no. 14 (Cu®) having the equipoints: x, y, z;
—x, =y, =z Yot u Ve =3 Yotz Ve~ 24y,
1/ — 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 ¢ axis;
crystal IT (0.14 X 0.12 X 0.12 mm) was mounted along
its ¢ axis. [Dimensions in each case refer sequentially
to the g, b, ¢ directions in the crystal.] Intensity data

They are



1546 MerLvyx R. CHURcHILL AND PETER H. BirD

(Mo Ke radiation, X 0.7107 A) were 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 at length in a previous paper.’? De-
tails specific to the present analysis follow. (i) The
angle scanned (@) is given by « = [2.0 4+ (0.8/L)]°,
where 1/L is the Lorentz factor. (ii) The scan speed
was 2°/min. (iii) Backgrounds (5, and B, counts)
were measured for half the time of the main scan (C
counts). (iv) Within a level, check reflections were
remeasured after data had been collected for each batch
of 20 reflections. No appreciable (i.e., > 3(count)”?)
variations from the mean were detected, indicating
stability both of sample and of electronics. (v) [(hkl),
the intensity of the reflection ikl was calculated as

I{hkl) = C(hkly — [Bi(hkl) + Balhkl)]

Data were assigned standard deviations according to
the following scheme (where §(hkl) = 3[CUhkl) +
Bi(hkl) + By(hkD)]*—ie., the maximum probable
error based solely on counting statistics): I[(hkl) >
625, o(hkl) = 0.1[I(hkD)]; 625 2 I(hkD) 2 6(hkl), o (k)
= 2.5[I(hkl)]7*; I(hkl) < 5(kkl), reflection rejected.

Equiinclination geometry was used in collecting data
for the zones 0k] through 12k/ from crystal I. [This
represents data complete to sin § = (.38, which includes
over 959 of the data visible on long-exposure Okl, 1k,
and 2kl Weissenberg photographs.  While a few further
data conld have been collected, the ratio of observable
data to unobservable data beyond sin § = (.38 is very
low.] Levels k() through hk3 were collected from
crystal II in order to correlate the «-axis data. The
maximum counting rate was ~3& X 10 counts/sec;
since the dead time of the counter is appreciably less
than 1 usec, no corrections for coincidence losses were
applied.

The linear absorption coetficient, ¢ = 12.2 cm—? for
Mo K 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 coefficient
are estimated at less than 59.] Following correction
for Lorentz and polarization effects [Lp~! = 2 cos?
g sinT/(1 -+ cos? 260} ],'5-1% data were placed on a common
scale using a least-squares procedure which minimizes
a sum of residuals linear in the logarithms of the indi-
vidual scale factors.” A Wilson plot based on the
resulting 1766 independent reflections yielded an
approximate absolute scale factor and the over-all
isotropic thermal parameter, B = 2.13 Ax

Elucidation and Refinement of Structure

Coordinates for the two molybdenum atoms (x; =
0.223, v, = 0.082, 21 = —0.178; x = 0.227, 3, = 0.212,
22 = 0.043) were obtained from a three-dimensional

(15) fis the equiinclination angle. T the vertical Weissenberg coordinate,"
and 6 the Bragg angle,

(16) C.T. Prewitt, Z. Krist., 13, 355 (1960).
(17) A. D. Rae, Acta Cryst., 19, 683 (1965).
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Patterson synthesis® which had been sharpened such
that the average intensity was independent of sin # and
which had the origin peak removed. A three-dimen-
sional difference-Fourier synthesis, phased only by the
two molybdenum atoms (Rp = 0.28),' revealed the
positions of all 27 of the remaining nonhydrogen atoms.
Five cycles of full-matrix least-squares refinement of
positional and 1sotropic thermal parameters for all
nonhydrogen atoms led to convergence with R, =
0.093, Ryp: = 0.055. A 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 for these
hydrogen atoms ranged from 0.4 to 0.8 e~ A—¥; thismay
be compared to values of 5.0-3.6 e~ A—% for carbon
atoms and 6.3-7.4 e~ A~? 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 K = (.091,
Ryw = 0.033.

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

17 = exp(—bnhz —_ [)92k2 - bggl2 - bl-}hk - bnhl — bggkl)

Owing to a limitation in storage space in the IBM 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 Mo,, Mos, O;-Os,
C,-C;, CyCyy, and CiCis; matrix B contained the
corresponding parameters for Q04 CCq, Ci-Cys, and
Ci9~Cs. The six nonmethyl hydrogen atoms were
included in caleulated positions,® with 3 = 6.0 A2 and
were not allowed to refine. After five cycles of least-
squares refinement of positional and anisotropic thermal
parameters, the suggested shifts were each less than /sy
of the appropriate standard deviation, and refinement
was judged to be complete. The final discrepancy
indices were R, = 0.076 and R, = 0.037, and the
standard error for an observation of unit weight was
1.73 (indicating an underestimate in the standard devi-
ation of the intensity data). It should be noted that
a Hamilton R-factor ratio test®! indicates that the aniso-
tropic refinement is meaningful at a level of confidence
considerably better than 99.5%.

A 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 (Cyy, Cia, Cus, Cus),
no distinct Cs. patterns of methyl hydrogens could be
distinguished. Tt is assumed then, that the methyl
hydrogen atoms are undergoing substantially greater

(18) All crystallographic calculations including Fourier syntheses, strue-
ture-factor calculations, least-squares refinement, distances—angles—planes
calculations and atomic vibration ellipsoids were performed using CRYRM—
an integrated set of erystallographic voutines for the IBM 7094 written
by R. E. Marsh and coworkers at the California Institute of Technology.

(19) Rp = 3|[Fo = Fll/sIP; Rupt = Zwl|Folt — |Fole(2/2w|Fo|4

(20) Hydrogen atom positions were calculated with J(C-H) = 1,080 A
and the appropriate angular geometry. They were recalculated at the end
of the third, fourth, and fifth cycles of anisotropic refinement. ‘“Shifts”’
were, however, smull,

(21} W. C. Hamilton, Acte Cryst., 18, 502 (1965).
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OBSERVED AND CALCULATED STRUCTURE FACTORS FOR
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thermal motion than the other hydrogen atoms in the
molecule. |

Throughout the analysis, scattering factors for
neutral molybdenum, oxygen, carbon, and hydrogen
(as compiled by Ibers??) were used. Dispersion cor-
rections??® are small (Af'mo = —1.7e™; Af"'no = +0.9
e~) and were ignored, since our version of cRyrRM!® had
no facility for such a calculation.

(22) “International Tables for X-Ray Crystallography,”’ Vol. I1II, The
Kvynoch Press, Birmingham, England, 1962: (a) pp 202, 211; (b) p 216.
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The residual minimized was Zw[‘FO‘ — U‘,[ .

Final observed and calculated structure factors are
shown in Table I. Positional and thermal parameters
are collected in Table II. Atomic vibration ellipsoids
(for nonhydrogen atoms) are defined in Table 11T.

The Molecular Structure

Figure 1 shows the molecule projected down ‘‘b.”
Interatomic distances (with esd’s) are collected in
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TasrE 11
Fixar Atomic COORDINATES AND ANISOTROPIC THERMAL PARAMETERS (X 104) FOR (2-C3H7) (CH; ):CioHsMo,(CO);, wiTH ESD’S®

ATOM X ¥ z 5y b2z Ba3 b2 bas bi
MOl 0422576(10) 0.08245( 8) -0,18032(14} 80,C(142) 32,1007 75490149} ~2.0(143) l14,40201) ~1le8(146)
MO2  0423041( ) 0,21313( 8)  0,04574(13) 4902(141)  28.49(047)  76.9(1.9) -243(1e2) 2141(241) ~4e2(1e5)
o1 041957(11) 0.21264 BY  =04386T114) 132014) 370 7) 123019} ~2(15) 53(26) 441(18)
02 041301(12)  =0.0370( 9)  -D43940(14) 154016} 53( 7) 105(19) -66(18) -18(27) ~34(19)
03 -0,0308(11) 0,0667(11)  =0,1524(16) 65012} 137(13) 214(25) ~-91(17) 130026 -185(26)
04 -040227(11} 041711(10) 240712(14) 58(11) 110(11) 171(24) -69(17) 58(23) ~76(24)
05 0.,1%75(12) 0+3630( 8) 0.1819(15) 147015} 4410 8) 1461021 48116) 53(28) -591(18)
06 0e1635(11) 0.32860 9)  =0.1806(14) 124114) 53( 8) 113(20) 35016} 28(25) 51120}
c1 043326(11)  =0,0134( S)  =0,0442(16) 44(12) 230 73 70(20) 5(14) 5(24) -7(18)
c2 0.3845(12)  =0,0038(11)  =041520(17) 360111 420 9) 961231 27036} 32(26) ~15¢221
c3 0e6271(12) 0,0747(10)  —0.1554(18) 47(12) 27¢ 8) 107241 13016} 39(27) -25(21
cs 044233010 04,2039(10)  =0,0215(16) 30(10) 390 8) 72021 -26(15) 40 (24} 0122)
c5 0.4268(12) 0.,2406¢10) 0.0955(20) 45(12) 28¢ 8) 110¢27! ~9{16) -26(29) 8123)
43 0.3833(11) 0,2130(11) 042004118) 25(11) 49(10) 97(24) ~16(17) 3(27) 21(23
c? 0,3248(11) 0,1402(10) 042173(16) 48111 360 9) 44019} -9(16) 28(24) -8(20}
c8 0.29081111 0.0809¢ 8) 041278(15) 50(11) 130 6) 65(19) 5(13) 14(24) 14(18)
€3 043370010} 0,0633¢ 9} 040177(15} 26110} 23t ) 62(19) 0613} -32(22) -15(18)
c10 0.3988(11}) 0.1167(10)  -040518(17) 31011) 290 7) 107(24) -24(15) -21(25) 58123)
c1l 042797012}  =0,0935( 9) 040001117 56(12) 260 7) 127¢25) -47(15) -3(27) 19020)
c12 044611114) 0.2566¢101  =04125%(18) 88(15) 30( 8) 1040251 0Ty 109(32) 9(21
c13 042908(15) 0.1335(11) 043470181} 107017 42010} 59(23) -z6(21) ~43131) 13122)
Cl4 0.1848(18) 0.,0785(12) 043450119 150(22) 42¢10) 10010261 6(23) 127139) ~15(24)
c15 043932(17) 0,0894(16) 0e4362121) 102(19) 116118) 90(27) -39(28) -59(36) 73(34)
c16 042062(14) 0,1671(12)  =043066(20} 79(15) 33({ 9) 104127} ~8(19) ~4(32) 18125)
c17 0s1668(14) 0s00820(11) —-043160(19) T1015) 32¢ 8) 98126) -21(19) =1(30} 824}
c1e 0.0613(15) 0.0767(11)  =041565(19) 47(15) 541101 134(28) -32(18) 7(31) -78(24)
cl9 0,06811{15) 0.,1801(11) 045836(18) 61(16) 47010} 102126} 7(20) ~20(30} ~34124)
c20 0,1850(14) 0.2079(12) 041316(18) 87(15) 360 9) 92(25) 401201 38(30) ~11124)
c21 0.1868(13) 0.2835(11)  ~=0.,0998(21) 56(13) 250 &) 141030} 26(17) 47131} 3(25)
H2 0a3907 =0+0495 “0e2217

H3 044732 04,0984 -0s2253

H5 044695 0429992 041059

H6 043968 0.2536 0.2792

H8 042196 04,0440 041456

H13 0,2709 0.1948 043726

2 Esd’s appear in parentheses after each parameter.

TasLg 111

AToMIC VIBRATION ELLIPSOIDS®? FOR
(i'C3H7)(CHE)ZCIUHBLI(M(CO)EE

ATOM BMAX DeCe's BMED DeCots BMIN CeCo's

MOY 3461(=2259-220y 973} 3445(-159y 969y 211) 20710 961le 108+  94%)
MO2 3464( ~32+=268y 956) 3,08(-1851 949y 284) 2066(-9B82+-169s 80)
o1 Te23( S44y 5Ty 167) 6¢591=-307» 5104 B&43} 2499(-1204-858» 512)
Q2 10422(-895s 431y 259) €e27{~2059=635y 768} 24970 354y 64iy 586)
03 19,841 1725-806s 531y £435( -10y 574, 810} 2032(-985y=1464 249)
Qe 134660 193+-884y 389) 6a76(=1529 392y 919) 2042(=9629=255,  63)
05 9e33(=T7Ls=5254 4BO} T7450( 52549-2034 731) 2466(=-3619=827 485)
06 T406{ 6229 657y 320) o8 =Thty 327y 693) 3eb4Gl 26429-680 6606)
cl 3454(-412+=2B0y 921} 2445( 543y €86y 389) 2e241 1329669 8)
<2 5424(-2591~8084 564) 44200 257 471y 791) led4a(=931y 3554 238)
<3 5320 =154-342, $30) 3415( 683y 6B3y 146) 1e82(=730r 6464 339}
C4 44580 312,~941s 7T 3ab4l 1265 1764 243) 04B6(~9429=288y 323)
(9} 5¢88(-4404s =42y $56) 3411t 3525-927y 71} le36( B26» 373» 284)
(<3 5,96(=2C4s 823y 557y 4y08Y =T6a-553y 831) 1a31( 976> 130y 16}
c? 4y0C1 262+~951y 152} 24591 8524 304y 284} 1483(=455r 61y 967)
8 342C(=213y 245, 368} 20730 972y 154y 201} 1e24( 1025=957y 251)
s 2.92(=5064=334y 867) 243B1=300y 932y 244) 0s930 807y 142y 635)
Clo Te0C{=349y 523 824) L1351 435y-6454 550) 1418(-830,~558y 137)
il 677 bbby 342y 889) 4408( £23+=545, 453) 0495(=643)=766 T74)
<12 bes53( 638y 62y 654) 3427{-26%s 9563 184) 244%0(=7234-295y 734)
i3 To4B(~868r 378y 4571 4406({~3671-925, 153} 20174 3349 =344 876)
Ci4 8900 B62r =1» 362} 44TB{~:509-928y 348} 2097¢{~471ly 373y 865)
Cis 14.G0{=-312 899 353) Be32({-834)~414y 494 266410 4549=14624 194)
Cle Ss+661=56By 331y 833) 3496( BOTy  4hw G451 3423(-162+-943y 315)
€7 5.6.(~8694y 363, 7261 3360 4T14-425+ 687) 24950 545, 830y 35)
<ls BeB8SL -134=-6779 728} Le22(=622 579y 617) Le80( 780y 453y 299)
Cl9 3934-625y 729) 4e05(=498y 761y 4511} 24801 773y 1724 477)
(3] ~7831-6224 149) Get2{ 1774-187y 925) 2450(=5974 T6ly 349)
Czl 642EL 46y L2y 3771 3¢79(-T7454-654y 183) 1e85(=656r T46s 106)

= 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 been multiplied by 1000, * Atomic
vibration ellipsoids are presented in terms of the isotropic ther-
mal parameter B, which may be related to the root-mean-square
displacement, @) by u2)* = [B/Bnﬂ]l//z.

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

The molecule has an over-all ¢is configuration—i.e.,
the two Mo(CO); groups are bonded to the same side of
the guaiazulene ligand. [A similar stereochemistry is
observed for the unsubstituted complex, CiHsMog-
(CO)s. %] One Mo(CO); group is associated with all
carbon atoms in the five-membered ring, which may be
regarded as a trisubstituted r-cyclopentadienyl system.
The second Mo(CO); group is within bonding range of
the five remaining atoms of the azulene nucleus (i.e., all
atoms of the seven-membered ring except for the two
“fused’” atoms Cy and Cy) and may be considered as
participating in a #moncyclic w-pentadienyl—metal

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

Figure 1.—Guaiazulenedimolybdenum hexacarbonyl, viewed down
“b.” (Hydrogen atoms are omitted for clarity.)

linkage. The donation of six electrons from the =-
cyclopentadienyl anion, six electrons from the w-penta-
dienyl anion, and two electrons from each of the car-
bonyl ligands gives each of the d® Mo(I) ions a con-
figuration one electron short of the appropriate inert-
gas configuration;?® the molybdenum-molybdenum
distance of 3.267 % 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.?* The molecule may be
formally described by II.

H, i-CH,
%
(0C);Mo—Mo(CO);
II

(23) This enumeration of electrons may, of course, be accomplished in an
equally satisfactory manner by considering =-cyclopentadienyl and =-penta-
dieny! ligands as neutral, five-electron donors bonded to molybdenum in the
zerovalent state. The difference is simply one of formalism.

(24) The initial report! that the parent molecule, CipHsMo2(CQ)s, was
paramagnetic was found laters to be in error,



Vol. 7, No. 8, August 1968

TaBLe IV

INTERATOMIC DISTANCES WITHIN THE
(1-C3H7)(CHj3)2CroHsM 02(CO)s MOLECULE WITH Esp’s®

Atoms Dist, A Atoms Dist, A
(i) Distances from Molybdenum Atoms

Mo;—Moy 3.267 (06)

Mo-Cy 2.381 (15) Moy-Cy 2.510 (15)
Mo~Ce 2.329 (17) Mo-C; 2.340 (17)
Mor-Cy 2.355 (16) Mop-Cs 2.268 (17)
Mor—Cyo 2.356 (16) Mor-Cy 2.350 (15)
Mor—Cy 2,367 (14) Moy-Cs 2.409 (14)
Moy - Cy 3.336 (15) Moy » - Co 2,799 (14)
Moy Cs 3.337 (14) Moy - Cyo 2,879 (16)
Mo;~Cie 1.946 (19) Moy-Cis 2.019 (18)
Mo,—Cyr 1.959 (18) Moz—Cao 1.936 (19)
Moy—Cis 2.003 (19) Mop—Ca 1.971(19)
Moy- - -Oy 3.086 (14) Moz - -O4 3.126 (15)
Mo« - - Oq 3.120(14) Moy Os 3.068 (14)
Moy« -0 3.107 (16) Moy - -Os 3.116 (14)

(ii) Distances around w-Cyclopentadienyl and
m-Pentadienyl Systems

Ci—Cq 1.423 (22) Cs—Cs 1.410 (22)
Co—Cs 1.384 (23) C:—Cs 1.405 (24)
Cs—Cro 1.413 (23) Ce—Cy 1.405 (23)
Ci0-Cs 1.434 (21) Ci—Cs 1.394 (21)
Co-Cy 1.424 (20)

(iii) Other Distances within the Guaiazulene Ligand
CeCyo 1.485 (22) Ci—Cus 1,541 (23)
Cs-Co 1.430 (20) Cu—Cus 1.547 (27)
Ci—Cu 1.564 (22) Cis—Cis 1.599 (29)
Co—Cho 1.554 (23)

(iv) Carbon-Oxygen Distances
Ci6-04 1.143 (24) Ci19-04 1.115 (24)
Ci11—02 1.160 (23) Co—Os 1.131(23)
Ci5-0; 1.110 (25) Co~Os 1.147 (23)
(v) Contacts between Carbonyl Groups
O+ 02 4.172 (20) O4+++0; 3.882 (21)
O30 3.890 (21) Os- -+ 05 4,022 (21)
0z Oy 4.688 (21) O+ - Oy 4.591 (22)
Cise - Cur 2.644 (26) Cis+ - Coo 2.565 (26)
Cy--Cus 2.560 (26) Co -+ Ca 2.569 (26)
Cis - Cus 2,953 (27) Cor -+ Cro 2,941 (26)
O+ Os 3.033 (20) Cis - Cu 3.002 (27)
(] TERYCN 2.975 (22) Cis- - -Cry 2.894 (26)

(vi) Contacts between Azulene and Carbonyl Ligands

Co - Cis 3.508 (24) Cso - Cu 3.080 (24)
Ci- - Cus 3.564 (24) GCs...Cn 3.341(25)
CiCyr 3.308 (24) Cse - Cyo 3.146 (25)
Co o Cig 2.897 (25) Cs+ - - Cno 2.812 (25)
Ci--Cnr 3.464 (25) Cr.. . Cy 3.265 (24)
Gy Cis 3.233 (25) Ci---Coo 3.310 (24)
Cio- - Cus 3.405 (25) Cs -+ Cyo 3.082 (23)

o Fstimated standard deviations, shown in parentheses, are
right-adjusted to the least significant digit in the preceding
number. Except for the Mo,—Mo; 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 Mo~Mos
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 =-cyclopenta-
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TABLE V

ANGLES WITHIN THE (3-C3H7)(CH;)2CioH;Mo:(CO)q
MOLECULE, WITH Esp’s®

Atoms Angle, deg Atoms Angle, deg
(i) Around Molybdenum Atoms

Ci-Mo-C; 35.2(0.7) Ci—Mor-C; 33.6(0.7)
Cy-Mo-Cs 34.4(0.7) Cy—Mor—Cs 35.5(0.7)
Cs—Mo1—Cyg 34.9(0.7) CeMorCq 35.4(0.7)
Cio-Mo-Co 35.4(0.7) Ci-Mo—Cs 34.0(0.7)
Cy-Mo-Cy 34.9(0.7) CsMor—Cy 80.0(0.7)
Moz—Mo; - - - Oy 95.1(0.3) Mo,-Moy- - -Oq4 91.3(0.3
MOZ—MOr*Cls 93 B 2 (0 6) MOl—l\/IOr_),—Clg 88 6 (0 .5

Mo~Mo—-- 0O, 160.0(0.3)
MOQ-MOl‘ N 'Cu 1604 (0 6)
Mos—Moy - - - O3 83.0(0.3)

MOl—MOQ" ‘Oa 1571 (03
Mo;~-Mor—Cay 1567.2(0.6
M01*M02" ‘Os 79.9 (03
MOl—MOZ—Cn 78 6 (0 .6
4
8

Mos—Mo;—Cis 80.3(0.5)

01"'M01"‘Oz 845(04) Oq"'MOz"‘O.’; 776(0
Cm"‘MOl_CU 852 (08) ng—MOZ—Cm 809 (0
Cw“MOl“Cm 968 (08) CIQ—MO2"C21 949 (08)
Oy Moy 03 77.3(0.4) Oz - -Mos-- 05 81.1(0.4)
C17—M01—C13 80.5 (0 . 8) Czo—MOz—Cm 82.2 (0 . 8)

(ii) Within Carbonyl Ligands

MOl—C15—01 1742 (17) M02~C19—O4 1715 (17)
MOL—C17—02 177 9 (1 . 7) MOz—Cgo—Os 179 .4 (1 . 7)
Moi~Cis-Os 172.6 (1.7) Mop—Co—~0s 176.3 (1.7)
(ifi) Angles within the Azulene Nucleus

Co-Ci—Cy 108.0(1.3) C1p—Cs—Cs 126.1(1.4)
Ci-Co—Cs 109.4 (1.5) Ci+Cs-Cs 130.1(1.6)
Co—Cs—Cro 107.2(1.5) Cy-Ce=C; 129.3(1.6)
Co—C10—Cy 109.6 (1.4) Ce—Ci—Cs 126.3 (1.5)
Cio—Co-C, 105.6 (1.3) Ci-Ce-Co 128.8 (1.4)

Cs—Co—Cuo 128.3(1.3)
Ci—CeCs 126.1(1.3) CoCi-Cy 124.5(1.4)
Cs—Cio—C4 125.8 (1.4)

(iv) Angles for Substituents on the Azulene Ligand
CeCi—Cuy 125.4 (1.3) C¢Ci—Cis 112.9(1.4)
Cop-Ci—Cu 126.6 (1.4) Ca-Cr-Cys 120.6 (1.4)
Ci—Ci—Cro 116.0(1.3) Cr-Ci~Cus 112.8(1.5)
Ci—Cs—Cr2 117.5(1.4) C-Cis—Cys 108.1(1.5)

Cu—Cy3~Cis 105.2 (1.5)

@ See footnote ¢, Table IV.

dienyl—>Mo, and =-pentadienyl—>Mo, bonding leads to
some carbon-carbon bond lengths around the azulene
nucleus that differ significantly from those in the parent
hydrocarbon.?5—2 TFigure 2 compares bond lengths
within the azulene nuclei of guaiazulenedimolybdenum
hexacarbonyl, azulene-1,3-dipropionic acid,?” and the
molecular complex azulene-1,3,5-trinitrobenzene.28
Specifically it can be seen that the main differences in
bond length between the free and the coordinated
hydrocarbon involve the C&Cy, CegCy, and CgCy
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

(26) Azulene crystallizes in a disordered manner,? thus precluding the ac.
curate determination of bond lengths. However, bond lengths ar¢ available
for the ordered azulene-1,3-dipropionic acid?’ and the slightly disordered
azulene-1,3 5-trinitrobenzene maolecular complex.22

(26) J. M. Robertson, H, M, M. Shearer, G. A. 8im, and D. G. Watson,
Acta Cryst., 16, 1 (1962).

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

(1968).
(28) A. W. Hanson, Acta Cryst., 19, 18 (1865).
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i-C:,)H7

CH

COORDINATED
GUAIAZULENE
DIMOLYBDENUM- 1423

1.405

HEXACARBONYL
COMPLEX [\ aos
1,384
CHy
C.H COOH
¢ 1384
AZULENE
1,3-DIPROPIONIC 1412
ACID

1.395
1413

OH
C2H4CO

AZULENE

S-TRINITROBENZENE
COMPLEX

Figure 2.—A comparison of bond lengths for the azulene
nuclei in (a) (i-CyH7)(CHy)CiuH:Mos(CO)s, (b) (HOOCCH,-
CH:):CioHe, and (¢} CioHg—sym-CeHz(NOz);.

around the w-cyclopentadienyl system are consistent
with precise Dy, local symmetry; individual carbon-
carbon bond lengths range from 1.384 =+ 0.023 to
1.434 £ 0.021 A and average 1.418 A, bond angles vary
from 105.6 = 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, Moy, lies —2.027 A from the w-cyclopentadienyl
system (the negative sign may be regarded simply as a
direction indicator) while the three substituents (Cy,
Cs, and Cyy) are, respectively —0.030, —0.041, and
+0.091 A out of the plane of the five-membered ring.
Individual molybdenum-carbon distances for the
w-cyclopentadienyl system range from 2.320 =+ (.017
to 2.381 = 0.015 A, averaging 2.358 A.

The second molybdenum atom, Mo,, is bonded to
atoms C, through Cs vie a 7-pentadienyl—metal link-
age, with individual molybdenum-carbon bond lengths
being: MogCs, 2.510 = 0.015 A; Moy-Cs, 2.340 =
0.017 A; Moy-Cs, 2.268 % 0.017 A; Mor-Cy, 2,350 *
0.015 A; MorCs, 2.409 = 0.014 A, [The “fused”
carbon atoms, Cy and Cy, are 2.799 £ 0.014 and 2.879
+ 0.015 A, respectively, from Mo, Since they are

Inorganic Chemasiry

TABLE VI
IMPORTANT LEAST-SQUARES PLANES? WITHIN THE
(i—C3H7>(CI‘Ia)zCloHal\IOz(CO)a MOLECULE

(1) w-Cyclopentadienyl Plane:
0.7924X ~ 0.2812Y + 0.5412Z = 2.9606°

Cy* +0.021 (15) C —0.030 (15)
Co* —0.016 (17) ¢y +0.353 (17)
Cy* +0.006 (16) Cs +0.540 (17)
Cio* +0.007 (16) < +0.402 (15}
Co* —0.017 (14) Cs —0.041 (14)
Moy ~2,027 (1) o +0.091 (16)

(ii) w-Pentadienyl Plane:
0.8200X — 0.47697 + 0.31627Z = 2.4547

Cy* +0.012 (15) C +0.787 (15)
Cy* —0.011 (17) Ce +1.003 (17)
Ce* —0.010 (17) Cy +0.796 (16)
C* +0.025 (15) Cy +0.3852 (14)
Cs* —0.017 (14) Cio +0.397 (16)
Mo, —1.797 (1) Cu —0.238 (18)

Cu +0.003 (18)

(iii) 0.7836X — 0.2655Y + 0.5616Z = 2.9365"

Cy* —0.003 [15) Cy —0.004 (15)
Cy* +0.004 (14) Cy —0.069 (17)
Cy* —0.008 (14) Cs —0.033 (16)
Cpo* +0.007 (16) Cs +0.417 (17)

Cs +0.626 (17)

Cr +0.480 (15)

Cu +0.062 (16)

¢ Planes are derived using unit weights for atoms with asterisks
and zero weights for all other atoms. ? Planes are defined in
terms of the orthogonalized coordinates X, ¥, Z. These arc
related to the monoclinic cell coordinates by: X = xa¢ + zc¢ cos 8,
7= yb,and Z = zc¢sin 8.

already involved in bonding to Moy (at distances
2.367 = 0.014 and 2.356 = 0.016 A), it is unlikely that
they will participate to any appreciable extent in the
bonding to Mo,.] Molybdenum-—carbon distances vary
systematically around the m-pentadienyl system, the
longest values being for the ‘“‘terminal”’ carbon atoms
(Cy and Cy) and the shortest being for the ‘‘central”
atom (Cg). [This pattern appears to be characteristic
of m-pentadienyl systems, since similar features have
previously been mnoted for hexamethylcyclohexa-~
dienylrhenium tricarbonyl?® and azulenedimanganese
hexacarbonyl.!] The «-pentadienyl ligand is ap-
proximately planar (rms deviation = 0.016 A): Mo,
lies —1.797 A from this plane while deviations of
the substituents are: 8(Cy) = +0.352 A, 8(Cy) =
+0.397 &, 5(C) = —0.238 4, 3(Cy) = +0.003 A.
Carbon-carbon distances around the =-pentadienyl
system vary from 1.394 = 0.021 to 1.410 = 0.022 &,
averaging 1.403 A. Although this mean value is only
0.015 A less than the mean interatomic distance around
the w-cyclopentadienyl ring, it could be indicative of
stronger carbon-carbon bonding within the noncyclic
delocalized system. This would be in keeping with the
fact that the a-cyclopentadienyl—>Mo; bonding is
stronger than the m-pentadienyl—Mo, bonding. [Evi-
dence for this comes both from this crystallographic
analysis vi¢ a consideration of molybdenum-—carbon

(29) (a) P. H. Bird and M, R. Churchill, Chem. Commun., 777 (1967); {(b)
P. I, Bird and M. R, Churchill, unpublished work.
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distances and from chemical studies® in which it has
been shown that the w-pentadienyl-molybdenum
bond is preferentially cleaved by sodium, giving the
dimeric 4-ex0-4'-exo0-[AzMo(CO);3~]; dianion.®]

There is one problem remaining with respect to the
observed w-pentadienyl-Mo, distances, and this in-
volves the unexpected difference of 0.101 A (ie., 6.70)
between the Moge—C, and Moy,—Cs 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 ntramolecular forces.
Figure 3 shows the molecule projected onto the plane of
the w-cyclopentadienyl ligand and (ignoring methyl

05
™

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 Og, Cy, Cg, Moy
Moy, Cs, Ciz, and O, In practice, however, this would-
be mirror plane is not utilized and the ‘‘backbone’ of
the molecule, as defined by O5—Cy—Moy- Mor-Ci—Os,
shows a discernible zigzag pattern. In addition to the
Mos—C, distance being about 0.1 A longer than the
Mo,—Cs bond length, there is also a significant difference
(0.080 A, representing ~5.3¢) in the Mo,--+Cy and
Moy« - Cyy contacts, with the atom lying next to Ci
(i.e., Cyg) being the more distant from Mo, It seems
probable®! that these significant asymmetries result from
a general pattern of strain in the molecule caused by a
combination of: (i) simultaneous requirements for
m-cyclopentadienyl->Mo,;, w-pentadienyl->Mo,, and
Mo;—Mo, bonding and (ii) intramolecular oxygen—oxy-
gen repulsions (O;---Og 3.033 = 0.020 A; Oz -0y
2.975 £ 0.022 A).

In keeping with the above indications of intramolecu-
lar strain, it should be noted that the Mo;—Mo; bond
length of 3.267 %= 0.006 A is some 0.045 A longer than
that for the unstrained linkage of 3.222 A in [r-CsH;-

(30) The conformation of this ion is surmised from the crystal structure
of its reaction product with CHsl- [C1oHsMo(CQO)sCHzls.11:12

(31) As pointed out by a referee, the asymmetric steric influence of the
substituents uround the azulene ring could elso cause the observed asymmetry
of Moz - -Cq vs. Moz +-Cs bond distances. We have tended to reject this
possibility, mainly on the grounds that there are no abnormally short con-

tacts either to Cs4 or Cs directly or to the methy! or isopropy! substituents on
the azulene ring.
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TaBLE VII

INTERMOLECULAR CONTACTS WITHIN THE
(-CsH7)(CHg)2C1oH;Mo03(CO)s CrYSTAL (T0 3.5 A)

Atoms Dist, A Atoms Dist, A
Oy« C5 (IIT) 3.29 Cs+« 05 (VI) 3.43
Oy -+ Cy (VIII) 3.43 Cy« 0y (VII) 3.43
O, -Hy (I1I) 2.72 Cu 04 (I) 3.27
Oy -0 (VII) 3.29 Cie- - - H; (I1T) 2.86
O;- - -Hj (111) 3.44 Cis- - H; (I1I) 3.34
O;---Hg (I11) 3.12 Cus- + - Hg (III) 3.40
O;---Hs (I) 2.89 Cy -+ +H, (VIII) 3.40
Oy - Cyu (I) 3.27 H;- - -0 (VII) 2.31
O.---Hg (IIT) 3.42 H;-+-Cy (VII) 3.40
O+« H; (V) 2.63 H; 05 (IV) 2.63
Qg+ - Oy (VIII) 3.29 H; -0y (VD) 2.72
Oy -+ Cy (VIII) 3.30 H;- . -0 (VI) 3.44
Og- - Ce (I1I) 3.43 Hg- -G (VD) 2.86
Qs - -Hp (VIII) 2.31 H;- - - Cus (VD) 3.34
Os-+ +Hg (I11) 3.39 Hg 05 (VI) 3.12
Cie+ G (ID) 3.44 H;:- -0, (VI) 3.42
Cq++-Og (VII) 3.30 Hg - -0 (VI) 3.39
Cs- -G (IT) 3.44 Hg- -+ Cys (VI) 3.40
Cs -0 (VI) 3.29 H;-- 05 (I) 2.89

Transformations for above Atoms

I —x -y —3

II —x 4+ 1 —y -3z

1 x = 1/ -~y + 12 z =1/
v x4+ 1/ -y + z = 1/
v & — 1/ -y + 1/ 3+ 1/,
VI x+ 1 -3+ z+ 1/
VII —X + 1/2 y - 1/2 —3 — 1/2
VIII —x + s Y+ —z+ 1/

Mo(CO);3]*% and that the azulene ligand is quite badly
distorted from planarity, pertinent dihedral angles
being C1C2C3C10C9_C10C9C8C4 = 1° 46’ and C]ngCgCr—
CiCsCeCiCs = 18° 46’. Relative to the plane of the
m-cyclopentadienyl ring, the m-pentadienyl ligand is
bent cway from the molybdenum atoms by 17° 16
It is interesting that this distortion is in the opposite
senise to that observed in the CiHgFe,(CO)s molecule,® 10
presumably (énter alia) because of the difference in
unstrained iron—iron (~2.7 A) and molybdenum—
molybdenum (~3.2 A) bond lengths.

All of the remaining bond lengths within the guaiazu-
lene ligand are in keeping with accepted?®® interatomic
distances.

The Geometry of the Mo(CO); Groups

A careful survey of Tables IV and V shows that the
two Mo(CO); groups have essentially equivalent
stereochemistries, the largest difference between com-
parable angles being about 7° (O; -+ Moy 0 =
845 =+ 0.40, 04' "MOz"'O5 = 776 =+ 0.4:0). Since
azulene itself is disordered® and the two independent
Mo(CO); groups in the present complex have very
similar environments, it is now easy to understand why
azulenedimolybdenum hexacarbonyl is able to crystal-
lize in a disordered manner, 34

Average dimensions within the Mo(CO); groups are:
Mo-C = 1972 A, C-O = 1.134 A. The carbonyl
groups (rans to the molybdenum-molybdenum bond

(32) F. C. Wilson and D. P. Shoemaker, J. Chem. Phys., 87, 809 (1957).

(33) “Tables of Interatomic Distances and Configuration in Molecules
and Ions,”” Special Publication No. 18, The Chemical Society, London, 1955.
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approximate to linearity (Mo,-Cy-0; = 177.9 £ 1.7°,
Moy—Co—0; = 179.4 %= 1.7°) whereas the remaining
four Mo-C-O angles vary from 171.5 # 1.7 t0 176.3 %+
1.7°.  [Nonlinearity of M-C-0O groups is, of course,
expected for carbonyl ligands in enviromments of low
symmetry? and may also result from the known close
intramolecular and infermolecular contacts. ]

Since both r-cyclopentadienyl and =-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 m-CsH;Mo(CO);CoH;, % 7-
C5H51\IO(CO)3C3F7,36'87 7T-C5H5MO(CO)3COCF3,38 [W—C{,-

(34) S. F. A. Kettle, Tnorg. Chem., 4, 1661 (1965).

(35) M. J. Bennett and R. Mason, Proc. Chem. Soc., 273 (1963),

(86) M. R. Churchill and J. P. Fennessey, Chem. Commun., 695 (1966).
(37) M. R. Churchill and J. P. Fennessey, Inorg. Chem., 8, 1213 (1967).

Inorganic Chemistry

H;Mo(CO)3]s,% m-CsH;Mo(CO), [P(CeHs)s ] COCH;, % -
CsHsMo(CO)sCHyCOH, © [CrHMo(CO)sCHj Jp, 112 [1-
CsHsMo(CO): 12 {P(CHy)s} {H},# and 7-CsH;Mo(CO)s-
Sn(r-C;HsFe(CO)2)»,CL4* 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 structure of bis(2,4-pentanedionato)bis(pyridine N-oxide)nickel(I1), Ni{Cs;H702):(C:H;NO)z, has been determined by

single-crystal X-ray diffraction.

1.324 g/em,? respectively.

The crystals are monoclinic, space group C2/¢, with ¢ = 14.653 = 0.005 ;&, b = 16972 &
0.005 A, ¢ = 18.344 + 0.005 A, and 8 = 100.74 == 0.05°.

For Z = 8 the measured and calculated densities are 1.32 and

Counter data were collected for 2319 independent reflections by the §—26 scan technique. The

structure was refined, including hydrogens, by least-squares methods to a conventional R value of 0.097. The six oxygen
atoms coordinated to the nickel are in nearly regular octahedral disposition with the pyridine N-oxide molecules cis to one
another and so inclined as to make an average Ni~O-N angle of 121°.

Introduction

Heterocyclic amine N-oxides act as oxvgen donor
ligands in a variety of transition metal coordination
compounds.? Very recently structural studies have
been reported for compounds which involve pyridine
N-oxide acting as a bridging ligand between copper
atoms;*—® however, no other structural work dealing
with complexes of this class of ligand appears to have
been done, Not long ago Kluiber and Horrocks®’
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svnthesized and studied complexes of the type bis(2,4-
pentanedionato)bis(heterocyclic amine N-oxide)metal-
(I1), hereafter referred to as M (AA),(ligand),, where M
= Co, Ni. These complexes belong to the class of
neutral donor adducts of M(AA), of which the di-
hydrates,®® M(AA):(H,0);, and dipyridinates,* M-
(AA):(CsH;:N)s, 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 M(AA),-
(L)y M = Co or Ni; L = pyridine N-oxide or -
picoline N-oxide), Kluiber and Horrocks® estimated an
average M—O-N angle in the range 115-130° for the
coordinated heterocyclic amine N-oxides.!’ These re-
sults were based on a frans-octahedral model for co-
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