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The reaction of 4,6,8-trimethylazulene with Ru;(CO);; leads to the formation of 4,6,8-trimethylazulenetetraruthenium enne-
acarbonyl, [(CHj)sCioHs] Ruy(CO)s, which crystallizes in two forms—a monoclinic and a triclinic modification. The crystal
structure of each polymorph has been determined using molybdenum Ke radiation and counter techniques. Monoclinic
crystals are obtained as small red parallelepipeds, crystallizing in space group P2;/n (Con®; no, 14) with ¢ = 8.99 = 0.02 A,
b = 18.56 == 0.03 A, ¢ = 14.44 &= 0.02 A, B =96.5=20.1°% pored = 2.290 = 0.02 g cm 3, and pealed = 2.293 gem~3 for Z = 4,
Triclinic crystals are obtained as thin red platelets crystallizing in space group AT (Cil; no. 2) with a = 15.267 == 0.010 A,
b = 10.610 = 0.007 A, ¢ = 14.862 &= 0.010 A, @ = 92.03 £ 0.05°, § = 101.18 = 0.05°, v = 90.08 == 0.05°, popsa = 2.35 =
0.02 g em~3, and peated = 2.326 g cmm~? for Z = 4. Both structures were refined by the method of least squares, all non-
hydrogen atoms having been located in each case. Final discrepancy indices are Rp = 9.499, (1844 reflections) for the
monociinic and Rp = 6.349; (3158 reflections) for the ¢riclinic modification. The two crystal forms contain experimentally
indistinguishable molecular units of 4,6,8-trimethylazulenetetraruthenium enneacarbonyl, separated by normal van der Waals
distances. The molecule possesses approximate Cy symmetry, with the four ruthenium atoms defining a distorted tetra-
hedron in which interatomic distances are found to range from 2.702 to 2,902 A (=0.005 A) in the monoclinic determination
and from 2.698 to 2.908 A (=20.008 A) in the triclinic study. The 4,6,8-trimethylazulene ligand is arched across the largest
face of the tetrahedral ruthenium cluster (i.e., is directly bonded to three ruthenium atoms) and is bent across C(9)-C(10),
C(8)-+-C(4), and C(7)---C(5) such that there is a dihedral angle of 126° between the planar five-membered ring and the
plane defined by C(5), C(6), and C(7). The three ruthenium atoms that are associated with the azulene ligand are each
bonded to two terminal carbonyl ligands while the apical ruthenium is bonded to three terminal carbonyl groups. The
bonding between the 4,6,8-trimethylazulene ligand and the adjacent three ruthenium atoms is best considered in terms of

delocalized “ligand-to-cluster’” bonding.

Introduction

The present paper is the seventh in a series of struc-
tural studies on transition metal complexes of azulene or
substituted azulenes, and follows detailed crystallo-
graphic reports on CioHsFeo(CO)s?*? [CroHeMo(CO)s-
CHslp,*  [(4-C3H7) (CHs)eCroH; [M02(CO)g,5  CroHsMn,-
(CO)G,G (C10Hs)2Fe,7 and (CmHg)zFez;(CO)lo.S Studies on
C10HsMo02(CO)s have been reported by ourselves®™ and
two other groups of research workers.®1® In each of the
above-mentioned complexes, the azulene w-electrons
are factored between the constituent metal atoms in
such a manner that a certain group of carbon atoms is
obviously associated with one metal atom, while a
second group of carbon atoms is linked to another
metal atom. In no case isa carbon atom of the azulene
system shared between two or more metal atoms.

It is interesting, however, that of complexes with a
1:2 azulene-to-metal ratio, only CioHiFe:(CO); has any
noncoordinated = density, and it is not easy to provide
an unambiguous explanation as to why this is the case.
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It was in attempting to clarify this anomaly that the
reaction of 4,6,8-trimethylazulene with triruthenium
dodecacarbonyl was originally investigated.*** How-
ever, the product isolated from this reaction— [(CHjs)s-
CioH; ]JRuy(CO)g—had a stoichiometry completely
different from that expected.

A brief account of the preparation of this new com-
plex and of a crystallographic study of the monoclinic
crystal modification has appeared previously.’® A
crystallographic investigation of the #iclinic crystal
form was undertaken subsequently in order to ascer-
tain whether or not the configuration of the [(CHs)s-
C10H; ]JRu(CO), molecule in this crystal habit was the
samme as i1 the monoclinic modification.

Experimental Section

Triruthenium dodecacarbonyl (0.48 g) and 4,6,8-trimethyl-
azulene (0.58 g) were heated under reflux in ligroin (bp 90-120°;
25 ml) in an atmosphere of nitrogen. After removal of the solvent
under vacuum, residual Rus(CO); and 4,8,8-trimethylazulene
were removed from the reaction mixture by sublimation. The
resulting dry residue was dissolved in the minimum necessary
quantity of 60:40 1,2-dichloroethane-cyclohexane; chromatog-
raphy of this solution on Florisil yielded two bands. A mass
spectral examination of the products showed them to be Rug-
(CONWCH and {(CH;3);C1eHs]Ruu(CO)s—in order of elution. The
latter compound showed a parent-ion peak at m/e 826, corre-

(11) This substituted azulene was used in order to avoid disorder problems
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A, 2865 (1968).



Vol. 8, No. 9, September 1969

sponding to (CHj)CrpHsW'Ru(CO)*, along with species con-
sistent with stepwise loss of CO—7.e., (CHj)sCioHsRu4(CO)y_pn*
(n = 1-9); an extremely strong feature of the spectrum at lower
mass numbers was the presence of ions of the type (CHz)sCroHs-
RU2(CO)4_n+ (n = 0—4).

An infrared spectrum of [(CHj)3CioH;s]Rus(CO)s (taken in 1,2-
dichloroethane) showed bands typical of terminal carbonyl
stretches at 2059 (s), 2000 (s), 1962 (w), and 1927 (w) cm ™1,

The crystals of [(CHj)3CioHs]Ruy(CO)s obtained by crystal-
lization of the original eluent were extemely small red paral-
lelepipeds which were found (vide infra) to belong to the mono-
clinic system. Subsequent attempts to grow larger crystals by
recrystallization of the complex from solution in 60:40 1,2-
dichloroethane—cyclohexane yielded only bright red platelets
belonging to the triclinic crystal system. Both crystal forms of
the complex are air stable in the solid state; solutions appear to
be stable under nitrogen but decompose slowly on exposure to air.

Unit Cells

Monoclinic Crystal.—Optical examination and X-ray
diffraction photographs for the zones NkI, hNI, hkN
(N = 0-2) proved the initially obtained small red
parallelepipeds to belong to the monoclinic system.
The systematic absences 40/ for 2 + ! = 2n 4+ 1 and
0k0 for £ = 21 + 1 are compatible with space group
P2;/n, a nonstandard setting of space group P2;/c
(Cer®; no. 14) having the equipoints: =(x, vy, 2);
= (/o +x,1/2—y,Y/2+2). Unitcell parameters, from
calibrated (NaCl; ¢ = 5.640 A) precession photographs
taken with Mo K radiation (X 0.7107 A) at 24 + 2°,
area = 8.99 = 0.024,5 = 1856 = 0.034,¢c = 14.44 =
0.024,8 = 96.5 = 0.1°. The unit cell volume is 2394
A3, The observed density (by flotation in aqueous
zinc iodide) was 2.29 % 0.02 g cm—?; that calculated for
Z = 4and M = 826.631s2.293 g cm 3,

Triclinic Crystal.—A survey of 40!, 2k0, hk1 Weissen-
berg photographs (Cu Ka, X 1.5418 A) and 0FI, 1%/,
2kl, h0l precession photographs (Mo Kea, X 0.7107 A)
showed that the thin red platelets were members of the
triclinic system. The systematic extinctions %kl for
k 4+ ! = 2n + 1 are consistent with either of the non-
standard space groups Al (Ci!; no. 1) or AT (Cy%; no. 2).
Unit cell dimensions, obtained by a least-squares anal-
ysis of NaCl-calibrated precession photographs (Mo
Ka;23 + 3% area = 15.267 = 0.010 A, b = 10.610 =
0.007 &, ¢ = 14.862 = 0.010 &, « = 92.03 = 0.05°,
B = 101.18 =+ 0.05°, v = 90.08 = 0.05°, and V' = 2360
A3, Observed and calculated densities are 2.35 = 0.02
and 2.326 g cm™2 (for Z = 4, M = 826.63). The asym-
metric unit is therefore either (i) one molecule in space
group AT or (ii) two molecules in space group Al. Al-
though no piezoelectric test was performed, it is statis-
tically more likely that the true space group is the cen-
trosymmetric AT.1518 The analysis was initiated anti-
cipating AT to be the true space group; the accurate so-
lution to the structure (vide ¢nfra) proves this assump-
tion to be valid.

Although the A-centered cell is used throughout this
paper, it may be noted that the associated primitive

715) J. D. H. Donnay, G. Donnay, E. G. Cox, O, Kennard, and M. V.
King, “Crystal Data, Determinative Tables,” Monograph No. 5, 2nd ed,
American Crystallographic Association, 1963, pp 17—-67.
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“reduced cell,” obtained by a Delaunay reduction,’ is
defined by ¢’ = 15.267 £ 0.010 4, b’ = 9.282 = (0.008
A, ¢ = 8921 0007 A, o’ = 109.15 = 0.05°, 8’ =
99.37 = 0.05°, and v’ = 90.07 =+ 0.05°.

Collection and Reduction of the X-Ray Diffraction Data

For both the monoclinic and triclinic crystal modifi-
cations of [(CH;3)3CioH;Ru(CO)y, intensity data were
collected with a 0.01°-incrementing Supper-Pace
Buerger automated diffractometer operating in con-
junction with a fully stabilized Philips X-ray generator
run at 45kV/18mA, a Philips transistorizeds cintilla-
tion counter, and a Philips electronics panel, which in-
cludes a pulse-height analyzer (PHA). The PHA was
adjusted to receive the central 959, of pulses produced
by Mo Ka radiation (X 0.7107 A), the K8 component
being virtually eliminated by the use of a 3.0-mil zir-
conium filter at the X-ray source.

Using drive tapes prepared vie the IBM 7094 pro-
gram PREPAR (by G. N. Reeke) the diffractometer was
programmed to collect all data within a given zomne
using a ‘‘stationary-background, w-scam, stationary-
background” counting sequence and equiinclination
Weissenberg geometry. Within each zone, the stabil-
ity of the entire assembly was monitored by remea-
suring a carefully preselected check reflection after each
batch of 20 reflections had been collected. No signifi-
cant variations from the mean values were detected ; this
indicates stability of the electronics, the continued align-
ment of the crystal, and the stability (toward X-rays)
of the crystal within ~1-29%,.

A chart recorder was employed to check on peak pro-
file, centering of the reflection within the w scan, and
possible overlap of adjacent reflections.

The intensity of each reflection was recorded by
means of the ‘stationary-background, w-scan, sta-
tionary-background’ sequence that has been described
in detail previously.’® For a reflection Ak! initial and
final backgrounds, Bi(kkl) and B:(hkl), were counted
for one-fourth the time of the w scan, the count asso-
ciated with this scan being C(hkl).

I(hkl), the integrated intensity for reflection ikl, was
calculated as: I(hkl) = C(hkl) — 2[Bi(hkl) + By(hkl)].

Data for the monoclinic modification of [(CHjs)s-
CioH31R1,(CO)y were collected from two very small
parallelepipeds ca. 0.1 X 0.1 X 0.1 mm in size and
mounted along their ¢ and b axes, respectively. The
scan angle was chosen as w = [2.0 4+ (1.0/L)]° (where
1/L is the Lorentz factor)!® after a study of the mo-
saicity of the crystals as determined from Weissenberg
photographs. Intensities for the data sets Hk! and
HEl (H = 0-9) were collected from the a-mounted crys-
tal. This represents data to sin § = 0.38 complete
save for the few reflections with § < 4° which are
shielded from the counter by a lead backstop; the limit

(17) “International Tables for X-Ray Crystallography,” Vol. I, The
Kynoch Press, Birmingham, England, 1965, pp 530-535.

(18) M. R. Churchill and J. P. Fennessey, Inorg. Chem., 7, 1123 (1968).

(19) The term involving the Lorentz factor is included to allow for di-
vergence of the X-ray beam which results in extended low-order reflections on
upper level data when T is positive: D. C. Phillips, Acta Cryst.,, T, 746
(1954).
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sin § = (.38 leads to the inclusion of all reflections vis-
ible on long-exposure Weissenberg films taken with Mo
Ka radiation. Data for the quadrants 2K] and kK]
(K = 0-4; sin fm.x = 0.38) were collected from the b-
mounted crystal in order to provide a basis for correla-
tion of the ¢-axis data.

Two platelike crystals were used during the collec-
tion of data from the triclinic form of [(CHj3);CioH;]-
Ruy(CO)s. Crystal A (0.05 X 0.19 X 0.34 mm) was
mounted along its extended ¢ direction and crystal B
(0.04 X 0.20 X 0.35 mm) was mounted on its » axis.
[Dimensions refer sequentially to a, b, E.] A careful
study of Weissenberg photographs led to the choice of
scan angle as w = [1.5 4+ (1.0/L)]°, the limit of data
collection being sin 6,,, = 0.42. A total of 3731 re-
flections in the quadrants kkL, hkL, hEL, hEL (L =
0-11) were collected from crystal A, and 2423 reflec-
tions in the quadrants AKX, hKi, kKl hKl (K = 0-4)
were collected from crystal B for correlation purposes.

Data for the two species were reduced in approxi-
mately the same way. Standard deviations were as-
signed according to the scheme: I{(kkl) > 1225,
ol I(hkD)} = O.1[I(hED); I(hkl) < 1225, o{I(hkD} =
3.5[(I(hk])1”*. Reflections were rejected from the subse-
quent analysis on two criteria: (1) reflection not sig-
nificantly above background, i.e., I(hkl) < 3[C(hkl) +
Bi(hkl) + By(hkD)]”*;  (2) backgrounds grossly asym-
metric (indicating a possible overlap problem), z.e.,
[B1(hkl)/By(hkl) | or [Ba(hkl)/Bi(hkl)] 2 3.

All data were adjusted for Lorentz and polarization
effects [(Lp)~ = 2 cos? g sin Y/(1 + cos? 26)].20.2
Absorption corrections were not applied to data from the
small monoclinic crystals but were applied??:2¢ to data
from the platelike crystals of the triclinic modification.
With ¢ = 24.74 cm~!, transmission coefficients were
found to range from 0.627 to 0.907 for data from crys-
tal A (volume 0.0031 mm?®) and from 0.547 to 0.906 for
data from crystal B (volume 0.0038 mm?). We esti-
mate that neglect of absorption corrections for the ap-
proximately cube-shaped monoclinic crystals will in-
volve a maximum error of some 5% in F2. For each of
the two species, the corrected data were merged to a
common scale.?*=% The R factors for scaling (based
on F? in each case) were ca. 7.5%, for the monoclinic
crystal and ca. 6.59% for the triclinic form. The struc-
tural analyses were performed using 1844 independent
nonzero reflections from the monoclinic crystal, and

(20) Where g is the equiinclination angle, T is the vertical Weisscuberg
coordinate,?! and 6 is the Bragg angle.

(21) C. T. Prewitt, Z. Krist., 18, 355 (1960).

(22) Using a locally modified version of 6NABS—a general absorption cor-
rection program for the IBM 7094, by C. W. Burnham.??

(23) C. W. Burnham, Am, Mineralogist, 51, 159 (1966).

(24) Owing to the systematic absence & 4 [ = 2n +- 1, diffraction data for
Lhe triclinic crystal fall into two sets—reflections of types 4, 2, 2%/ and 4,
2n 4 1, 20’ 4 1 (n, n’ = integer). Since data have been collected from
b and ¢ mountings of the crystal, there is no correlation between the two sets.
It was assumed initially that the two sets of data were on the same scale.
At a later stage in the analysis a separate scale factor was applied to each set
and allowed to refine (see text),

{25) Data were merged using a least-squares program? which minimizes
a set of residuals linear in the logarithms of the individual scale factors.2’

(26) pIFCOR, by G. N. Reeke.

(27) A. D. Rae, Acta Cryst,, 19, 683 (1965).
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3158 independent nonzero reflections from the triclinic
polymorph.

The absolute scale of each data set was determined by
means of a Wilson plot;*® this showed the data for the
monoclinic crystal form to be about one-third the
strength of the triclinic data. Over-all isotropic
thermal parameters obtained from the Wilson plot were
B(monoclinic) = 1.52 A? and B(triclinic) = 1.64 Az

Elucidation and Refinement of the Crystal Structures

All crystallographic routines were (unless otherwise
stated) performed under the CRym system?® using the
Harvard University IBM 7094 computers. The func-
tion minimized during least-squares refinement proce-
dures was Z)w(iFo‘2 — J‘FCP)? with w = [a{F2
(hkl)} ]=% in each case. Discrepancy indices referred
to are Rp = Z(|F| — |FJ))/Z|F,| and Rer
= Sw(F|* — |F|9%/ZwF|¢ Scattering factors
for neutral oxygen and carbon were taken from
the compilation of Ibers.® The Thomas-Fermi-
Dirac values for neutral ruthenium3’® were corrected to
allow for dispersion (Af/(Ru) = 1.2 e~ and Af/'(Ru) =
+1.1 e~ for Mo Kea radiation).’? The anisotropic
thermal parameter (7') used in the latter stages of re-
finement is defined by: 7T = exp[—buh® — bnk? —
basl? — bishk — bishl — baskl].

For both monoclinic and triclinic [(CHjz)sCioH; | Ruy-
(CO)y, the positions of all four ruthenium atoms were
obtained by inspection of sharpened three-dimensional
Patterson functions. The subsequent solution and re-
finement of the individual crystal structures are out-
lined below.

Monoclinic [(CH;);C;iH;]Ru,(CO)¢—A difference-
Fourier synthesis, phased by the four ruthenium atoms
(Rr = 25.649,), led to the unambiguous location of all
31 carbon and oxygen atoms. Seven cycles of full-
matrix least-squares refinement of individual positional
and isotropic thermal parameters led to convergence at
Rp = 11139, Ryr = 7.319%,. A second difference-
Fourier synthesis now revealed asymmetric features
about each ruthenium atom. Four cycles of refinement
using anisotropic thermal parameters for ruthenium
atoms and isotropic thermal parameters for carbon and
oxygen atoms led to convergence at the reduced dis-
crepancy indices—Ry = 9.88%, Ryr = 5.95%. A
third difference-Fourier synthesis now suggested the use
of anisotropic thermal parameters for oxygen atoms
also. Three cycles of refinement led to convergence
(A/g < 0.05) at Rp = 9.49% and Rur. = 5.61%. A
final difference-Fourier synthesis showed no significant
features, thus validating the results of the least-squares
refinement process. The final “goodness-of-fit"’#? was
2.11. Observed and calculated structure factors for

(28) A. J. C. Wilson, Nalure, 160, 152 (1942},

(29) cRYM is an integrated sequence of crystallographic routines for the
IBM 7094, compiled under the direction of Professor R. E, Marsh at the
California Institute of Technology.

(30) ‘‘International Tables for X-Ray Crystallography,” Vol. 111, The
Kynoch Press, Birmingham, England, 1962: (a) p 202; (h) p 211.

(31) Relerence 30, p 216,

(32) The ‘““goodness-of-fit” or “standard error in an observation of unit
weight'’ is defined as [Zw(lFo‘2 - 'ti|2)2/(n -~ m) ]1/2 where # is the number of
observed reflections and m is the number of variables.
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TaABLE 1

OBSERVED AND CALCULATED STRUCTURE FACTORS (IN ELECTRONS X 10,00)
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monoclinic [(CHj);CioHs]Rus(CO)y are shown in Table
I. Atomic parameters are collected in Table II.
Triclinic [(CH;;) 3C10H5 ]RU4 (CO) 9.—'A three-dimen-
sional difference-Fourier synthesis, phased by the four
ruthenium atoms (Rp = 34.019,), yielded the positions
for all remaining nonhydrogen atoms. Three cycles of
full-matrix least-squares refinement of positional and
individual isotropic thermal parameters resulted in con-
vergence at Rp = 11.219, and R,r = 9.609,. A
second difference-Fourier synthesis now showed evi-
dence of anisotropic motion for inany atoms, but no at-
tempt was made to locate hydrogen atoms. Three
cycles of refinement of individual positional parameters
for all atoms, anisotropic thermal parameters for ruthe-
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and
atoms resulted in convergence at R = 7.719, and

nium atoms, isotropic thermal parameters for other
Ryr = 5.039,. At this point the two sets of data (!
even, [ odd)?* were separated, and the scale factor for
each set was refined. The two sets were found to have
scales which differed by ca. 4%. The two sets were
placed on a common scale and a single scale factor was
used during subsequent refinement processes. Refine-
ment was continued using anisotropic thermal param-
eters for all atoms. The limited size of the computer
storage (32K) necessitated the blocking of variable:
into three submatrices. Matrix I contained the scale
factor, plus positional and anisotropic thermal param-
eters for the ruthenium atoms and C(1) through C-
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TABLE II

FinaL PArRaMETERS FOR MonocLinie [(CH;);CyHs| Rug(CO),y

Inorganic Chemisiry

(A) Atomic Positions and Isotropic Thermal Parameters, with Esd’s®

Atom x ¥ z B, Az

Ru(1) 0.11695 (24) 0.18200 (15) 0.16656 (18)

Ru(2) 0.22572 (27) 0.04454 (15) 0.23734 (19)

Ru(3) 0.25189 (26) 0.16887 (16) 0.35808 (19)

Ru{4) 0.42366 (24) 0.15130 (16) 0.21653 (19)

0(1) 0.2969 (32) 0.3245 (19) 0.3884 (22)

0(2) 0.5268 (28) 0.1526 (14) 0.4902 (22)

0(3) 0.4678 (27) —0.0609 (13) 0.2783 (21)

04) 0.1976 (39) —0.0144 (19) 0.0394 (21)

0(5) 0.1856 (28) 0.1538 (17) —0.0261 (17)

0(6) 0.2671 (26) 0.3260 (15) 0.1526 (18)

o) 0.5956 (28) 0.2906 (14) 0.2268 (26)

0(8) 0.6819 (29) 0.0748 (20) 0.3289 (19)

0(9) 0.5303 (29) 0.0953 (16) 0.0357 (20)

c@) —0.1034 (30) 0.1271 (18) 0.1434 (21) 2.2 (8)

Cc(2) —0.1219 (37) 0.2047 (22) 0.1375 (25) 3.6 (7)

C(3) —0.0748 (32) 0.2260 (18) 0.2341 (22) 2.5 (6)

Cc4) 0.0179 (31) 0.1662 (18) 0.3997 (22) 2.4 (6)

C(5) 0.0982 (30) 0.1145 (17) 0.4417 (20) 2.1 (6)

C(6) 0.1610 (36) 0.0536 (20) 0.3990 (24) 3.4 (7)

C(7) 0.0696 (36) 0.0052 (20) 0.3290 (24) 3.0 (6)

C(8) —0.0187 (35) 0.0218 (20) 0.2534 (24) 2.9 (7)

C(9) —0.0417 (26) 0.0975 (15) 0.2284 (18) 1.0 ()

C(10) —0.0287 (36) 0.1660 (20) 0.2888 (25) 3.2 (7)

Cc(11) —0.0890 (47) 0.2356 (26) 0.4444 (31) 5.4 (9)

c(12) 0.2564 (40) 0.0061 (24) 0.4749 (27) 4.3 (8)

C(13) —0.1062 (42) —0.0331 (24) 0.1999 (27) 4.4 (8)

C(14) 0.2836 (43) 0.2625 (24) 0.3664 (29) 4.2 (9)

C(15) 0.4239 (37) 0.1594 (19) 0.4351 (24) 3.0 (7)

C(16) 0.3827 (44) —0.0263 (24) 0.2666 (28) 4.0 (8)

can 0.2168 (43) 0.0081 (25) 0.1161 (30) 44 (9)

c(18) 0.1659 (37) 0.1625 (21) 0.0489 (26) 3.2 (7)

ca9) 0.2223 (40) 0.2718 (24) 0.1618 (27) 3.5 (8)

C(20) 0.5286 (41) 0.2443 (23) 0.2215 (27) 3.8 (8)

(1) 0.5782 (41) 0.1046 (23) 0.2836 (27) 3.8 (8)

c(22) 0.4861 (38) 0.1174 (22) 0.0988 (27) 3.7 (7)

(B) Anisotropic Thermal Parameters (with Esd's?) for Ruthenium and Oxygen Atoms
Atom 104811 1048s: 104833 104812 104813 104823
Ru(l) 52.3 (2.7) 18.1 (0.9) 30.7 (1.4) 5.4 (2.7) 0.4 (3.2) —0.3(1.9)
Ru(2) 86.3 (3.3) 17.2 (0.9) 37.9 (1.6) 9.0 (3.0) 18.4 (3.7) 2.7 (2.0)
Ru(3) 75.5 (3.2) 21.7 (1.0) 32.5 (1.8) 4.6 (3.0) —10.6 (3.6) —-7.4 (2.0)
Ru(4) 49.6 (2.9) 23.1(1.0) 39.4 (1.6) 6.8(2.8) 12.2 (3.4) 3.2 (2.1)
0(1) 203 (41) 51 (15) 113 (24) —96 (44) ~149 (54) -7 (31)
0(2) 148 (39) 26 (10) 101 (22) 37 (33) —135 (51) —32 (24)
0(3) 114 (33) 20 (9) 107 (23) 46 (31) —5 (45) 20 (23)
0@4) 304 (61) 46 (15) 63 (20) 32 (50) —64 (59) —49 (27)
0(5) 181 (38) 58 (14) 33 (16) — 59 (40) 75 (41) 20 (24)
0(6) 162 (37) 22 (10) 54 (17) 35 (33) 24 (41) —7(21)
o(7) 132 (37) 10 (8) 195 (32) 1 (31) 147 (58) 5 (27)
0(8) 147 (40) 86 (19) 52 (17) —37 (46) 53 (45) 64 (29)
0(9) 174 (41) 34 (11) 67 (19) 19 (37) 69 (48) — 28 (25)
(C) Thermal Vibration Ellipsoids for Ruthenium and Oxygen Atoms?

Atom Bmaj, Az Bmed, A? Bumin, A2 Atom Bmajs Az Bred, Az Bmin, Az

Ru(l) 2.65 2.49 1.60 04) 12.05 6.78 2.91

Ru(2) 3.22 2.79 2.21 0(5) 9.15 5.58 1.38

Ru(3) 3.53 2.66 2.01 0(6) 5.73 4.55 2.45

Ru(4) 3.39 3.07 1.54 o(7) 16.38 3.31 0.144

o(1) 13.91 8.02 J1.95 0(8) 13.28 5.21 2.08

02) 12.19 2.99 2.36 0(9) 6.38 5.84 2.82

0(3) 9.19 4.76 11.44

@ Bsd’s (estimated standard deviations) are shown in parentheses in sections A and B of this table; they are right-adjusted to the least
significant digit of the preceding number. ? The major, median, and minor axes of the thermal vibration ellipsoids are defined in terms
of the isotropic thermal parameter B, which is related to the root-mean-square displacement, (U8, by: (UH/r = [B/8x?) Y2, <The
vibration ellipsoids for monoclinic [(CHjs)sCiwoHs]Rus(CO)s are depicted in Figure 1,
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(13); matrix II contained all parameters for C(14)
through C(17) and O(1) through O(4); matrix III con-
tained appropriate parameters for C(18) through C(22)
and O(5) through O(9). Four cycles of refinement led
to convergence (A/og < (.05 for each parameter) at
Ry = 6.359%, and Ryz: = 3.84%. A final difference-
Fourier synthesis was devoid of significant features, thus
confirming the correctness of the structure. The final
“goodness-of-fit”’3? was 1.99. Observed and calculated
structure factors for triclinic [(CH;)sCioHsJRus(CO)q
are collected in Table III; all atomic parameters are
compiled in Table IV.

The Molecular Structure

The monoclinic and triclinic crystal modifications of
[(CH3)3C1oHs ]JR14(CO)g contain molecules whose con-
figurations are identical within experimental error.
Interatomic distances for the two species are compared
in Table V. Bond angles are similarly collected in
Table VI. Figures 1 and 2 show the monoclinic and

Figure 1,—The monoclinic [(CH;)3CioHs]R1:(CO)e molecule,
projected onto the plane defined by C(4), C(8), C(9), C(10).
The 689, probability envelopes of the thermal vibration ellipsoids
are shown (OTLIPS3? diagram).

triclinic  [(CH;3)3CioH; ]JRu4(CO)y molecules, respec-
tively, projected onto the least-squares plane through
C@4), C(8), C(9), and C(10) and also show the 689
probability envelopes for the thermal vibration ellip-
soids.?* The [(CH;)sCi1oH;]Rus(CO)s molecule pos-
sesses approximate (although not exact) Cs symmetry
about the plane which passes through Ru(1), Ru(4), and
the midpoint of the Ru(2)-Ru(3) bond.

Since the crystallographic analysis of the triclinic crys-
tal form is more accurate (<.e., lower esd’s on bond
lengths, bond angles, etc.) than that of the monoclinic
modification,?* all data in the discussion will (unless
otherwise stated) pertain to the triclinic crystal form,

(33) Diagrams of thermal vibration ellipsoids were construéted using
orLirs—an IBM 1620/caLcomp program written by Dr. P. H. Bird.

(34) The lower accuracy of the crystallographic analysis of the monoclinic

modification may primarily be attributed to the use of very small crystals for
collection of diffraction data (see text).

4,6,8-TRIMETHYLAZULENETETRARUTHENIUM ENNEACARBONYL 1961

Figure 2.—The triclinic [(CH;)CiroH:]Ruy(CO)s molecule,
projected onto the plane defined by C(4), C(8), C(9), C(10)
(orL1ps®? diagram).

In each case, however, the corresponding data for the
monoclinic form are available in the appropriate table.

The [(CH;):CioH; ]Rus(CQ)s molecule consists of a
4,6,8-trimethylazulene ligand arched across the largest
face of an irregular tetrahedron of ruthenium atoms in
which individual ruthenium-ruthenium distances vary
from 2.698 (3) to 2.908 (3) A [2.702 (5) t0 2.90 (5) A in
the monoclinic form]. The three ruthenium atoms
which are associated with the azulene ligand [i.e., Ru(1),
Ru(2), Ru(3)] are each associated with two terminal
carbonyl ligands; the apical Ru(4) is associated with
three terminal carbonyl groups and is not directly linked
to the azulene ligand—rather, it is linked to the other
three ruthenium atoms via ¢ bonds.

The present [(CHs)sCioH;|Ru1,(CO)s molecule may
be regarded as derived from the as yet unknown Rus-
(CO)1s molecule. Although neither Rus(CO)y4 nor the
isoelectronic Fe (CO)1s is known, derivatives of each of
these species have been reported. Thus, salts of the
Fe,(CO)13?~ dianion are known®—* and the crystal
structure of [Fe(Cs;H;N)s2+][Fes(CO)1:2] has been de-
scribed.4*  Similarly, the known ruthenium carbonyl
hydrides HyRu1,(CO)15%:% and HiRus(CO)12* 4 may be
regarded as derived from the unknown Ru,(CO)y4.

The over-all stereochemistry of the [(CH;)sCioHsl-
R (CO) 4 molecule is best seen in Figure 3, which shows
the molecule projected onto the plane defined by Ru(1),
Ru(2), and Ru(4). The 4,6,8-trimethylazulene ligand

(35) W, Hieber and R. Werner, Chem. Ber., 90, 286 (1957).
(36) W. Hieher and R. Werner, ¢bid., 90, 1116 (1957),
(37) W. Hieber and J. G. Floss, i)id., 90, 1617 (1957),
(38) W. Hieber and N. Kghlen, ibid., 91, 2223 (1958).

(39) W. Hieber and N. Kahlen, ¢bid., 91, 2234 (1958),

(40) W. Hieber and A. Lipp, ¢bid., 98, 2075 (1959).

(41) W. Hieher and A. Lipp, ¢bid., 92, 2085 (1959).

(42) F. Hein and H. Reinert, sbid., 98, 2089 (1960).

(43) W. F. Edgell, M. T, Yang, B. J. Bulkin, R. Bayer, and N. Koizumi,
J. Am. Chem. Soc., 87, 3080 (1965).

(44) R, Doedens and L. F. Dahl, ibid., 88, 4847 (1966).

(45) B. F. G: Johnson, R. D. Johnston, J. Lewis, and B. H. Robinson,
Chem. Commun., 851 (1968).

(46) B. F. G. Johnson, R. D. Johéiston, J. Lewis, B. H. Robinson, and
G. Wilkinson, J. Chem. Soc., 4, 2856 (1968).

(47) J. W. S, Jamieson, J. V. Kingston, and G. Wilkinson, Chem. Commun.,
569 (1966).

(48) B. F. G. Johnson, R. D. Johnston, J. Lewis, I. G. Williams, R. Mason,
and W. Duckworth, Proceedings Symposium on Metal Carbonyls, Venice,
Sept 2-4, 1968, p A-1. C
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TaBLE III
OBSERVED AND CALCULATED STRUCTURE FACTORS (IN ELECTRONS X 10.00) ror TRIcLINIC [(CHj)CioH:s]Ruy(CO)pe
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© 4 303 498 & 9 &9 569 9 & 276 276 o | 2300t Uy 125 a0 . Vo232 Tl b o-e 206 leg L de 317 618 L5 1415 1409 ~lé 2 410 388
1o 10 o 436 485 5 | 92 s06 614 15 5 121 4 1 365 400 7 -4 224 146 2 1D V311 287 2 5 1925 1945 =-13 2 1047 1113
N 11 s 596 551 6 1 1259 1237 4% 3 140 1381 s b 28w “ 11525 1516 3 -4 993 1005 3 15 1s57 1536 3 5 1011 1032 -12 2 S$31 836
“ Low 1223 218k T L 2eds 755 1z 1 83l 619 1 1 3 “ 1 shs TPz 3 -4 351 302 & 1G S02 24 4 5 1B00 1702 -1l 2 346 429
s 53583 b33 1C . Jee s5R 13 3 T8 133 2 7 1233 5 1 37 #0E 10 -4 627 450 6 L0 I8l T4l 5 5 4sl 397 -10 2 €3l alo
? 48 533 557 1L 1 2003 629 14 3 635 330 3 7 810 5 1 515 517 13 =4 ST s38 7 10 751 122 & 5 2378 2354 -8 2 409 420
N 2 448 457 5 @ 547 53% 12 1 Llas LO8y 15 3 617 642 4 7 545 s V73 761 1s -4 458 27 -« 1z Be? 749 7 5 900 9ze -7 2 2247 2229
2 425 435 7 & 810 B4s 13 1 1262 1309 k5 3 772 180 5 7 7eb 51 1390 251 15 ~4 275 147 -3 L1z 542 00 8 5 1753 1703 -5 2 1757 1663
2 1045 978 B 4 "3 397 le | 738 910 LT 3 A4 62 6 T 2033 5 L sib b3z 1s -x 5AZ S8 -2 12 R>o T8l 12 5 988 959 -5 2 Re4
213351333 9 8 79 770 1s 1 33 402 1 5 530 S0 8 7 lels 5 1 3e 204 0 -2 B72 898 1 1z 37 339 13 5 Tla 670 -4 2 3456 3516
2 %4 258 10 A 613 425 e 1 227 128 2 5 §Be 933 9 7 73 5 5313 2Ce 1 -2 2775 2898 2 1> 394 386 14 5 939 936 -3 2 931 727
22295 2292 41 4 90T 306 G 3 1760 1722 3 5 671 656 10 7 85 5 3 w28 395 2 -2 407 362 3 12 313 223 -13 7 535 459 -2 2 2845 2812
2 “bre 101 Uo10 1es9 1398 L 3 ISLL 1418 4 5 266 285 11 7 iced 5 3377 874 3 -2 1847 1838 -11 1 571 606 -1 2 9C0 723
21236 1277 2 10 445 478 2 3 1267 1267 5 5 214 226 12 7 718 5 3 260 15G 4 -2 1162 1153  veessecesswewsrs -3 7 470 474 O 2 3284 309B
2 601 84 310 205 TS 3 3 742 7a4 6 5 1124 l086 13 7 9is 5 30993 1007 5 -2 $5& 503 7 12 155 1
2 bz sbe 4 19 573 471 & 3 2335 269 7 > 828 14 7 405 5 3 se1 2tz 6 -z 202 89 7 2 2 1006 1090
2 3sb 274 6 1o 720 742 S 3 1434 1560 8 5 flus 1192 1 9 2085 - 30311 136 7 -2 325 531 ? 3 2 3382 3391
2 337 346 8 10 455 455 6 3 1625 1556 S 5 146D 1503 2 9 317 N 3 61l ske 9 -2 315 293 ¢ T 42 1264 1175
2 808 8%y 73 2182 (283 16 5 313 358 3 9 909 s 3 i 4 52 3183 3254
« 1151 1193 . s 5 670 e5L 13 5 1241 1323 & 9 302 5 2 7 6 2 1
4 1140 1186 9 % 827 853 14 5 306 223 5 9 240 5 3 3 7 T2 1287 1260
4 367 339 Ca 7 163 1die L125 1S 5 1260 1325 5 9 7Tl < 3 “ 7 8 2 5
4 262 245 1L s 285 268 1 71099 1067 9 5 449 s 3 5 i 9 2 643 82
4 1645 1s7¢ D 1 1473 1523 12 3 439 391 2 7 826 806 10 3 385 5 3 g 7 2 7Tz T30
4 1784 1806 L 1 3008 2971 13 3 22 290 3 7 783 732 11 9 895 s 3 i 7 2 767 B8
4 1003 1065 2 1 3385 3320 e 3 370 33 4 7 75t 723 1 11 498 6 3 2 7 2 250 183
4 9T mse 3§ lle2 lles 15 3 147 772 5 1 477 459 3 11 257 . 5 3 M 2 505 b5ls
4 426 &30 & 1 1709 1883 ls ) x5 688 5 7 2256 2215 7 11 54l 6 5 “ 7 2 862 820
4 1081 1085 5 1 747 eéc U7 3 336 7 7 497 8 11 935 s 3 6 7 2 251 253
o sl 6 1 749 806 1 5 lbs4 1859 3 7 ‘ 3 3 7 4353 244
4 530 366 7 1 470 4l 3 5 z6%2 809 3 7 s 3 1 7 4 869 892
4 BT6 bk 51 456 431 4 5 163 127 10 71 “ 3 [ 7 4z i
61179 117¢ 10 1 321 317 5 > 1537 1e9z 33 1 2 3 s 7 4 1351 1462
5 385 3rC Ll 1 799 192 & 5 4ss 4is 13 4 3 1 3 4 205 119
6 322 346 12 L 425 387 1 > 605 600 2 9 ' 3 3 2 s “ 591 s4s
6 g8% 841 13 1 828 83 4 5 143 i597 3 9 3 3 3 “ 9 « 502 776
e 897 838 14 1 TIT 7L 10 5 1051 :i18 4 9 5 s 5 ¢ 9 4 334 w27
6 302 33 16 1 402 ALl 11 5 495 457 5 9 2 8 3 7 9 “ 1356 1247
6 381 376 17t 633 Tey 1z 5 537 602 & % ‘ a 3 9 9 « 132 583
6 510 ST O 3 573 582 13 3 1159 1260 7 9 5 3 3 1o 9 4 635 225
8 812 816 1 3 993 1022 15 5 1295 1418 & 9 s 1 H 1 a 4 110 731
8 810 Tr2 2 3 653 589 L 7 1350 L4ne 2z 11 7 3 3 < s 4 707
8 651 673 3 3 363 363 3 71893.027 3 11 [ 2 5 1 9 4 3436 3430
81053 90T & 3 265 266 & 7 278 264 4 11 s s 5 2 9 4 431 406
8 lie) 1310 7 3 e84 659 5 71049 1150 5 1} 2 . 5 3 9 4 361 3434
8 7ee 697 8 311203 1218 b 7 3¢ 16Az 5 11 3 v 5 4 9 o 1e71 1431
8 1145 105 10 3 1921 2023 77 35w sT 41 5 1 5 5 s « 93 5ud
101612 1900 i1 3 B2 & 71251 1260 & y o 5 7 s « 1398 1666
1o 12031300 1339 4 7 6lT eS 9 ook 5 8 1 4 879 928
13005 518 5Lz Ll 7 s52 453 ° s 5 s 1 “ 455 611
e 153 439 412tz 7 704 159 1 128 5 10 1 « 53> 297
1P 3 667 M2 k4 7 sns 7hD 2 1noe 5 n : 4 932 835
L= L5 16381568 % v 4p4 474 1 1 -5 855 847 =7 10 5 12 L 4 297 308
' + 2 5 aly w25 3 9 430 489 2 3 ~s 1345 1273 -3 12 5 13 L 4 1924 1985
a1 g5 1584 3 5 2377 2006 4 3 331 &2 3 5 -5 1333 1390 <7 10 5 14 1 4 393 409
0oL 1209 12e2 111854 1473 & 5 1077 1052 5 3 10»S 120 & 6 -6 189 178 -y 1C 3 15 o 787 701
Vobo22 2bR 2 L zs0n 2ae? 5 5 1333 1331 o 5 235 318 5 7 -6 1392 1357 -4 19 5 c & 317 325
2l a43s 1esy 3 1 370 5 51181 1135 7§ Aur 175 6 8 -s 1010 %57 =7 1C s 1 4 915 910
o1 340 340 4 1 1965 1391 7 s “51  1¢ 3 497 522 7 5 -6 1641 1400 1 5 2 4 52
“ L 803 65} 5 1 791 g > 773 342 11 9 sal 720 A 10 -6 1130 1125 [t 5 3 4 1172 1213
w1 3% 385 & 1 1139 1184 10 5 1504 1620 12 3 742 503 @ 11 -6 1260 1206 2 12 5 4 4 1044 1036
6L 330 258 7 1 325 245 11 5 529 1 311 eR3 6% 1D 12 -6 41l w89 3 10 5 s 4 61l 5k8
7L e79 100k & 11210 1256 12 51219 1295 4 1L 599 704 L1 13 -6 s;1osa 4 oan 5 7 6 281 297
A1 435 arz 3 1 /38 224 14 5 292 250 5 1l 1194 1220 1k 1 -+ 570 524 3 LS s 5 -3 733 T4l 1-12 1227 1185 -1l & 139 769
41 435 &40 12 L 459 478 1 7 735 786 6 1l 339 391 15 2 -4 2862 2846 o 1T s 1o -3 346 570 2 <12 321 346 -8 6 1429 1435
1711349 1257 4 1 231 1s2 3 71947 1955 7 11 925 932 b 3 -6 1632 1525 P B 11-3 712 Te2 3 -1z 333 915 -7 & 520
13 1 340 233 1S 1 625 642 4 2 643 580 3 11 272 07 17 4 -4 2497 2353 o1 7 12 -3 S4S 529 0 <15 421 433 <6 6 1631 1851
16 11352 1219 ie 1 37l 1S3 5 7 930 797 o s -4 260 152 » 12 i tao-3 437 509 3 <13 293 31T -5 5 1483 1458
O 115 1138 C 3 198 231 & T 63 Tq ' 6 -6 763 wes -l 12 7 1a -3 619 687 5 -10 254 183 -4 & 448 436
13 273 29 1021523 1873 7 7 788 699 2 7 -4 1245 123 112 ? 15 -3 641 336 9 =10 425 41> -3 6 1248 1232
23 134s 3413 2 3 ak} 37 233 233 L 3 8 -4 779 111 Ioae i L -1 «z5 383 0 -3 843 92> -2 & 133 159
W3 843 913 3 3 582 507 9 7 337 381 “ 9 -4 577 54 & 2 M 2 -1 972 9le 1 -3 855 T3z 3 6 145R ledl
5 3 870 831 4 3 747 792 10 7 293 3l 0 Z 1372 1306 3 10 -4 1120 1092 [y 4 3 -1 711 682 2z -3 312 318z 6 804 85¢
o 3 S76 37 5 3 2307 2336 11 T 260 268 1 2 7133 48l 7 1t -6 677 632 & L2 i 4 -1 2343 1983 3 -3 1611 1440 3 6 1196 1139
731226 1239 6 3 238 25 12 7 888 897 2 2 1ull 1274 & 13 -4 382 370 7 5 -1 932 976 & 8 229 21 46 99 93
& 1 591 &09 7 31973 2050 e T TL2 TS2 3 2 2663 M1l 9 1 -4 630 812 s 7 6 -1 95l 30 5 -& 1750 L1151 5 6 172y 1720
03 342 35 8 3 87 701 1 9 404 4l0 &z 2403 318 10 1 -2 43 1002 i 7 -1 sle 883 7 -4 1017 1008 6 & 131D 1399
103 476 498 9 3 1053 1087 2 9 I0el 981 5 2 33¢ 1395 1l 2 -2 200 158 4 £ -1 25 ze5 B -8 31D 286 T b 2123 2247
ItV 835 420 10 3 1495 1832 & 3 274 137 & 2 3212 3329 12 3 -2 11127 93 7 § -l l2ue 1254 9 -3 242 215 8 6 701 802
10y 329 231 11 3 647 686 S 9 eed Tia 7 Q147 1s26 13 « -2 455 503 7 10 -1 344 114 10 -g 281 228 11 & 247 213
133 53 497 31353 1406 & 9 237 187 9z 418 33l 14 5 -z 1999 1877 7 iLo-io2230 2231 A1 -3 339 342 13 6 53¢ 57s
5 713 126 7 % 903 W95 1o 2 A6 8sl  1s 6 -2 1364 1314 14 12 .l 704 487 12 -8 513 453 -13 B 472 456
3 252 20 8 9 wse 3L UL ¢ l 7 -2 3224 3262 7 FER 0 -5 39C 428 -1z 8 1018 1Ca¢
3 148 284 11 3 753 e 12 2 2 8 -2 404 540 7 teo-y 1 -5 993 1009 -0 B 275 377
5107 108L 1 11 333 $76 14 2 3 9 -2 196% 1958 M s -l 2 -6 1031 1042 -8 B 703 749
5 1059 1073 2 11 251 285 15 ¢ 4 1=z 515 330 ’ te -l 3 .o 455 408 -7 8 AIO 8315
5 3 31731 90 11 @ s 12 -2 790 763 7 -1 W -5 1529 1501 -6 5 1145 1116
5 984 1364 5 11 1933 97 0 & 7 13 -2 48l 429 7 -5 5 -5 1439 1412 =5 B 6Tl ess
5 31y 317 [ g 16 -2 693 7107 M -l 5 -5 337 300 -4 8 819 14
5 509 833 2 3 (5 -2 387 331 < - 7T -6 37: 420 -z 8 1152 112}
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9 328 325 12 2 1282 3270 5 5 10C4 (053 13 170 655 527 N - 1L 4 501000 193 7 -4 1638 101l -1 1D 752 138
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9 b27 508 Vo4 1e23 1486 1 59 1 -9 2 1995 1955« 6 il “ 121 256 50 2 -2 847 9i8 -2 12 1062 1072
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adopts a distinetly nonplanar conformation [see Figure atoms is sufficiently distant (>3.34; see Table V) from
4] and bends about C(9)-C(10), C{®&)---C(4), and the azulene-bonded ruthenium atoms as to exclude the
C(7)-+-C(5) such that there is a dihedral angle of 125° possibility of hydride abstraction from a methyl group
44’ between the planar five-membered ring and the with concomitant metal - -methylene interaction (as
plane defined by C(5), C(6), and C(7) [see Table VII].  has been observed in 1,3,5-trimetlyl-7-methylenecy-
The three methyl groups (for which the central carbon cloocta-1,3,5-trienediiron pentacarbonyl+?).

atoms are C(11), C(12), and C(13) ) are each bent away The metal-to-azulene bonding in [(CHj);CioH; | Ruy-
from the Ru,(CO)y moiety. Each of these carbon (49) F. A. Cotton and J. Takats, J. Aw. Chem. Soc., 90, 2031 (1968).
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4,6,8-TRIMETHYLAZULENETETRARUTHENIUM ENNEACARBONYL 1963

TaBLe 111 (Continued)

FO FE W K FO FC M K FO L M K FO FC W K FO FC  H X PO FC
-10 -2 512 Ass -1 A 17271688 3 2 -2 865 922
-9 -2 2607 2697 0 & 2147 2131 & 3 -2 b86 707
-8 -2 1474 1490 L & 790 729 5 3 ~2 1115 113t
-7 -21219 122 2 8 1068 1040 & 3 -2 285 14s
-5 -2 874 8% 3 & 278 320 T 3 9 299 214
10 -9 375 455 -5 -2 386 380 4 & 326 346 B 3 9 441 373
0 -7 beb 682 =4 ~2 381 38 5 4 617 892§ 3 0 567 501
1o-1 439 419 -3 -z 412 49 7 4 S22 491 11 3 ¢ 603 532
2 -7 8% 8s2 -2 O 991 1004 9 v 523 473 1& 3 o 250 35
3 -7 800 83 L 0 752 822 ko 8 242 286 =14 5 ¢ 788 775
& -7 1689 1763 © 0 1640 1551 -9 10 983 956 ~f2 5 o 831 623
& -7 1166 1157 1 0 1115 1046 =7 1o 1232 1235 =11 § o 1959 1791
9 -7 366 M2 2 0 1649 1560 -4 10 304 228 «10 5 0 1278 117
1L -7 318 376 3 0 651 6% -3 [0 731 635 -8 § 0 2907 2846
12 -7 337 408 4 0 1426 1308 <1 10 600 533 ~7 5 o 653 bug
9 -5 1100 1080 S 0 929 868 & 10 836 190 -6 5 o 628 609
1 =5 878 133 & 0 1839 1339 -5 b 0 503 &9
2 -5 102 T35 7 0 1510 1403  sesssssssecavans -4 § ¢ 3015 2907
3 -5 733 852 8 0 699 648 5 ¢ 890 903
“ -5 369 35 g 0 2095 1967 5 © 2085 2990
5 -5 223 128 11 ¢ 832 713 5 0 1534 1283
6 -5 697 5717 12 g 2457 2423 5 0 1652 1537
T -5 265 389 13 0 3651 3187 5 0 246 T4
8 -5 475 &0 1e 0 B¢3 804 5 0 1307 1373
9 =5 320 137 -13 0 2024 Lg8l 5 0 718 61
10 -5 585 580 -12 0 1643 1362 5 0 1825 1843
12 -5 BB 943 -1} o 372 225 5 0 696 609
13 -5 350 363 -1a 0 1347 1372 s o 952 965
14 =5 786 172 -8 0 159 765 5 o 671 480
¢ -31706 1722 -7 o 361 320 5 0 341 313
1 -3 829 soL -6 o 840 780 s o 597 612
2 -3 213¢ 2078 - o 392 39 5 o LT 392
3 -3 838 587 -3 o 431 408 7 0 667 590
4 -3 343 993 -2 o 433 48l 1 2 407 431
5 -3 2112 2170 -y © 1008 954 7 z 318 325
6 -3 1972 2066 O 2 386 374 7 2 115 745
T -3 1603 1869 1 2 351 4n 1 2 402 399
B -3 2003 2119 2 2 362 277 7 1 267 240
9 -3 583 s 5 2 12 TR 7 Z 1814 1635
10 =3 795 795 & 2 38 388 i 2 834 648
12 -3 898 6571 7 2 583 S1s ? 2 2017 2055
16 -3 485 439 g 2 691 684 7 2 1606 1623
o -1 218 1% 9 2 538 540 v 2 8oL 740
1 -1 1852 1508 12 2 1170 1221 o 7 2 466 4ée
2 -1 321 286 -12 2 1449 1392 17 z 600 ST
3 -1 1415 121 -11 2 1308 1249 F] 2 200 159
4 -1 1598 1634 -10 2 3327 3294 o7 2 169 161
5 -1 1190 1262 -8 2 749 797 57 2 1239 1206
6 -1 446 435 -7 2 2821 2721 s 7 2 85 810
7 -1103L 1023 -6 z 88l 853 [ 21218 1141
8 -1 330 425 -5 2 1183 1250 8 7 2 1087 1023
9 -1 432 425 -4 2 808 806 0 -3 600 582 9 7 2 1018 997
10 -1 428 688 =3 2 23% 195 1 -3 1120 1092 0 7 2 1105 1076
11 -1 634 661 -2 2 2617 2527 2 -3 486 480 11 1 2 ses 937
14 -1 584 840 -1 2 573 509 3 -3 695 708 -l11 8 2 2112 2132
-1s 1 352 382 o0 2 591 557 4 -3 204 218 -10 9 2 253 133
-15 sly 319 1 21578 166l 5 -3 2496 2814 -8 9 2 1688 1458
“1% 1187 1351 2 2 26712 2527 6 -3 Bl 798 -5 9 2 506 4s
-13 690 865 3 2 1435 1482 7 -3 2042 2117 -4 S 2 843 660
-12 1515 1656 & 2 800 58 6 -3 1036 1079 -3 ¢ 4 391 430
-1 1418 a4t 7 2 266 235 9 -3 903 943 -2 9 4 bTh The
-10 31 319 8 2 393 386 11 -3 545 623 -1 9 4 526 509
“9 1 19T 252 9 2 338 317 12 -3 483 518 0 9 4 438 449
-6 1 385 388 -4 4 484 108 13 -3 56l 533 L 9 6 1420 1429
-7 L 491 418 -5 4 682 682 O -1 1567 1528 2 9 ¢ 283 286
-6 1 245 231 -3 41962 1962 1 -1 2239 2218 3 9 4 809 B&l
-5 1 633 62l -2 4 Tsz esz 2 68 “ 9 v o232 117
-4 U 32 322 -1 41389 1603 4 6 9 4 416 b1l
-3 11622 1510 | 4 995 §85 5 19 4 199 Te0
-2 1 1s23 1603 2 4 399 445 b 8 9 4 451 465
-1 59 552 4 4 73 9 7 -1 5 738
° 1594 1505 4 2772 2765 8 e 11 & 387
) 1975 1898 4 2295 2246 10 1 “ 27
H 1911 1964 4 738 743 11 2 1 4 2699
3 1916 1927 4 791 12 13 & 271
“ 3718 3924 4 1844 1771 L& -l * 3171
5 554 490 0 4 981 s 1 o 119
6 1876 1949 1 41270 “ 1 L 4
Tl el 725 2 4 1096 31 536 545 .
8 1 89 &2 & s 745 2 113151381 0 -10 4
9 11330 158 7 4 317 0 1 1602 1638 1 -10 .
10t 323 M0 8 41169 -9 | 1264 1265 2 =10 o
111 828 T8¢ 0 s 54l 579 -8 1 2360 zé5s 3 -l0 o
121 339 265 2 4 212 301 -7 11202 1196 & =10 IS
131 27 28 3 4 700 743 -6 L 2001 2072 O -8 s
14 1 506 5L 5 4 381 382 =4 1 811 760 1 =8 6
15 1 462 s 4 4 261 208 -3 11089 1117z - 6
=173 258 309 7 4 400 427 -2 1 2267 2221 4 -B 6
“18 3 273 105 8 4 510 273 -1 1 485 438 6 -8 6
-15 3 673 ™R 10 6 329 119 0 11850 1770 & -8 I3
-13 3 471 498 0 & 473 516 1 1 1085 2020 0 -5 s
-0 3 a9 B3 L 6 435 281 2 1 L4 606 L -8 6
-9 3 a1z 3es 2 6 1567 1628 3 1 431 476 3 -8 &
-8 3 651 657 3 & 1h68 1545 4 1 369 289 5 -5 5
-1 3 204 19T & 6 313 311 5 1 86 836 & =& &
-6 3 892 As6 S 6 400 46 & 1 557 587 1 -6 6
-5 3299 31l 6 & %27 122 7 1 18771882 B -6 6
-4+ 3 918 %26 8 & 820 35¢ 9 [ 1571 1614 KO =6 6
-1 34232 4382 9 61188 1191 10 1 388 401 0 -4 5
-2 3 684 700 10 6 258 266 11 1 540 559 1 -4 s
-l 3329z 1 61842 1827 13 1 262 189 2 =t 6
103 913 sel a2 & 595 638 14 L 539 405 3 =4 6
2 3280 1212 13 & 546 826 =17 3 271 23T 4 =4 I3
33 208 1% 1 6 1626 1609 -15 3 472 4B2 5 -4 5
4 31764 1729 2 & 773 706 -11 3 434 ATH & -4 6
s 3 386 393 3 61297 1219 -12 3 532 $58 T -4 s
7o mo9r & 1460 1350 -~11 3 402 393 10 -¢ 6
8 3 673 705 5 & 959 936 -10 3 749 781 11 -4 8
9 31323 1408 o & 989 9gs -9 3 1556 1620 12 =4 B
103 el9 591 7 & 297 238 -3 3 H17 436 13 -4 e
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@ This table shows &, %, 10

F,,|, IO‘FGI in blocks of constant /.

(CO), is considerably more complex than that found in
previously studied transition metal complexes of azu-
lene.2~10 Ru(l) lies asymmetrically below the five-
membered ring of the azulene system, with ruthenium-—
carbon bond lengths (in order of increasing distance)
being: Ru(1)-C(1) 2.218 (14) A, Ru(1)-C(2) =
2.242 (14) A, Ru(1)-C(3) = 2.244 (13) A, Ru(1)-C-
(9) = 2.336 (13) A, Ru(1)-C(10) = 2.348 (13) A. The
other azulene-bonded ruthenium atoms (z.e., Ru(2) and
Ru(3)] are in approximately equivalent environments
interrelated by a noncrystallographic mirror plane.
Important distances for theseatomsare: Ru(2)-C(8) =
2.260 (13) A, Ru(3)-C(4) 2.260 (15) A; Ru(2)-C-
(7) = 2.213 (14) A, Ru@)-C(5) = 2.182 (14) A; Ru-
(2)-C(6) = 2.489 (13) A, Ru(3)-C(6) = 2.441 (13) A;
Ru(2)-C(9) = 2.613(13) &, Ru(3)-C(10) = 2.559 (13)
A.

[t is immediately apparent that the azulene-to-metal
bonding in this complex cannot be described in any
simple manner. In fact, it is difficult, on any a priori
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basis, to decide which ruthenium-to-carbon distances
are intrinsically bonding and which are nonbonding.
However, the conformation of the azulene ligand does
provide some information on this, strongly suggesting
that C(6) is bonded both to Ru(2) and toRu(3). Thus,
with Ru(2)-C(6) and Ru(3)~-C(6) distances of 2.489
(13) and 2.441 (13) A, respectively, considered as
bonding interactions, it is apparent that the Ru(2)-
C(9) and Ru(3)-C(10) distances of 2.613 (13) and 2.559
(13) A must also be indicative of a bonding situation.

Although it is probably more appropriate to consider
the molecule in terms of a sophisticated molecular or-
bital treatment, it is, nevertheless, possible to show
that each ruthenium atom attains the noble gas config-
uration appropriate to the diamagnetism of the com-
plex. The key to this approach is the recognition that
the p, orbitals on atoms C(6), C(9), and C(10) point to-
ward the midpoints of the metal-metal vectors Ru(2)—
Ru(3), Ru(1)-Ru(2), and Ru(l)-Ru(3), respectively.
This suggests two-electron three-center bonds over
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TABLE IV
FINAL PARAMETERS FOR TRICLINIC [(CHj);CioHs]Rus(CO)q

(A) Atomic positions with Esd’s?

Atom % Ay 2
Ru(l) —0.13316 (7) 0.01653 (11) —0.18355 (7)
Ru(2) —0.26947 (7) 0.10780 (11) —0.32618 (7)
Ru(3) —0.30752 (7) —0.10415 (11) ~0.22052 (8)
Ru(4) —0.20227 (7) —0.12394 (11) —0.34827 (7)
O(1) —0.2340 (11) —0.3276 (12) ~0.1120 (9)
02) —0.4361 (11) —0.2828 (15) —0.3382 (10)
0(3) —0.3844 (8) 0.1069 (14) —0.5136 (8)
04) —0.1372 (9) 0.2593 (12) ~0.4022 (8)
0(5) 0.0120 (8) 0.0845 (12) ~0.2869 (8)
0(6) —0.0458 (7) —0.2383 (11) —0.1529 (8)
o) —0.1452 (8) —0.3960 (11) ~0.3262 (8)
0(8) —0.3487 (9) —0.1932 (13) —0.5074 (8)
0(9) —0.0809 (9) —0.0548 (14) —0.4766 (9)
c() —0.1353 (9) 0.2086 (12) —~0.1199 (10)
C(2) —0.0952 (11) 0.1266 (16) ~0.0500 (9)
c(3) —0.1612 (9) 0.0431 (14) —~0.0413 (8)
C4) —0.3305 (10) 0.0082 (14) -0.0952 (9)
C(5) —0.4036 (9) 0.0177 (13) -0.1695 (10)
C(6) —0.4049 (8) 0.0763 (13) ~0.25692 (9)
() —0.3725 (9) 0.2052 (15) ~0.2639 (9)
C(8) —0.2889 (8) 0.2541 (13) -~0.2176 (9)
Cc(9) -~0.2273 (9) 0.1794 (13) -0.1530 (8)
C(10) —0.2454 (9) 0.0696 (13) —0.1013 (8)
C(11) —0.3472 (13) —0.0494 (16) —0.0100 (10)
C(12) —0.4917 (9) 0.0504 (18) —0.3305 (12)
C(13) —0.2698 (11) 0.3925 (17) —0.2236 (11)
C(14) —0.2650 (11) —0.2495 (18) ~0.1547 (11)
C(15) —0.3859 (11) —0.2126 (20) —0.2936 (13)
C(16) —0.3414 (11) 0.10386 (15) ~0.4398 (9)
cQan —0.1892 (9) 0.1968 (15) —0.3740 (9)
C(18) —0.0458 (8) 0.0560 (16) ~-0.2524 (9)
Cc(19) —0.0853 (10) —0.1493 (17) -0.1717 (11)
C(20) —0.1648 (9) —0.2948 (16) —0.3339 (9)
C(21) —0.2923 (9) —0.1635 (15) —0.4436 (9)
C(22) —0.1250 (10) —0.0785 (15) —0.4254 (10)

(B) Anisotropic Thermal Parameters with Esd’ss

Atom 104811 104822 104833 104812 104812 104818
Ru(l) 27.8 (0.5) 65.7 (1.3) 25.3 (0.6) ~13.5 (1.2) 3.7 (0.8) —8.6 (1.3)
Ru(2) 34.0 (0.8) 53.3 (1.2) 24.6 (0.6) —-0.5 (1.3) 7.5 (0.8) 8.3 (1.3)
Ru(3) 34.0 (0.6) 51.6 (1.2) 37.3 (0.6) —29.7 (1.3) 28.7 (0.9) —15.1 (1.4)
Ru(4) 31.5 (0.6) 35.7 (1.2) 27.6 (0.6) —6.4 (1.8) 16.7 (0.8) —16.0 (1.8)
o) 120 (13) 79 (14) 71 (8) 11 (21) 42 (13) 74 (18)
02) 103 (12) 194 (23) 87 (9) —205 (28) 41 (16) —102 (23)
0(3) 79 (7) 210 (23) 43 (7) —92 (20) —34 (11) 31 (18)
O4) 74 (8) 113 (15) 66 (7) —15 (17) 53 (12) 38 (17)
O(%) 41 (6) 137 (16) 77 (7) —7(16) 43 (11) 27 (17)
o(8) 49 (8) 88 (14) 65 (7) 36 (14) 4 (10) 6 (16)
o(7) 82 (8) 60 (12) 68 (7) 34 (16) 27 (11) 27 (15)
0(8) 76 (9) 156 (20) 56 (7) -3 (20) —7 (13) —05 (18)
0(9) 92 (9) 150 (19) 81 (8) —-92 (20) 100 (14) —51 (19)
C() 49 (7 29 (12) 45 (8) 15 (15) 7 (12) 4 (186)
C©) 58 (10) 96 (19) 29 (7) —18 (22) 12 (13) —41 (19)
Cc®) 48 (7) 78 (17) 23 (6) 7 (17) 12 (10) 9 (16)
C(4) 40 (8) 75 (168) 41 (7) ~63 (19) 32 (13) —-36 (17)
C(5) 48 (7) 38 (14) 62 (9) —9 (16) 63 (13) —36 (18)
Cc(6) 36 (6) 56 (14) 39 (7) -2 (15) 11 (10) —14 (17)
c) 34 (6) 95 (18) 34 (7) —9 (16) 19 (10) —27 (18)
C(8) 32 (6) 49 (13) 40 (7) 7 (14) 21 (10) 7 (16)
C(9) 38 (7) 50 (13) 28 (8) —7 (18) 21 (11) —7 (15)
C(10) 39 (7) 54 (14) 21 (6) —11 (15) 17 (10) —21 (14)
c(y) 89 (14) 80 (18) 33 (8) —10 (25) 44 (16) 22 (19)
c(12) 26 (6) 139 (25) 67 (10) —7 (18) —~16 (12) —50 (25)
C(13) 80 (9) 79 (20) 51 (9) —42 (22) 25 (14) 42 (23)
C(14) 68 (9) 108 (21) 51 (10) —16 (22) 50 (15) 29 (24)

C(15) 60 (9) 148 (26) 69 (11) —08 (25) 22 (15) -5 @7
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TaBLE 1V (Continued)

1965

Atom 104811 104822 104833 104853 10481z 104823
C(16) 57 (9) 96 (18) 21 (6) —27 (20) 15 (21) -5 (17)
C(17) 36 (6) 88 (18) 35 (17) -3 (17) 5 (11) -5 (18)
C(18) 28 (5) 124 (20) 41 (8) 28 (16) 7 (10) 37 (20)
C(19) 44 (8) 109 (20) 50 (9) 8 (21) 28 (13) —29 (22)
C(20) 41 (7) 84 (19) 38 (7) 15 (18) 23 (11) —27 (20)
C(21) 44 (7) 87 (17) 32 (7) 27 (17) 15 (11) —16 (17)
C(22) 43 (8) 87 (18) 41 (8) -6 (19) 35 (13) -11 (19)
(C) Thermal Vibration Ellipsoids for Atoms*

Atom Brnaj, A2 Brmed, A? Bmin, A2

Ru(l) 3.24 2.66 1.83

Ru(2) 3.14 2.45 2.00

Ru(3) 4,22 2.45 1.85

Ru(4) 3.20 2.59 1.83

o(1) 10.81 7.09 2.25

0(2) 15.98 7.51 2.04

0(3) 12.41 6.05 2.69

0@ 7.19 6.12 3.55

0(5) 6.99 5.87 3.13

0(6) 6.33 4.87 3.00

o7 7.60 5.87 2.38

0(8) 9.91 7.01 2.53

09) 12.13 5.07 3.62

C(1) 4.87 3.61 1.24

C(2) 5.50 4.85 1.76

C(3) 4,38 3.50 1.94

C@4) 6.02 2.77 1.45

C(5) 6.65 2.73 1.25

C(8) 3.64 3.21 2.25

C(7) 4.85 2.94 2.37

C(8) 3.52 2.67 2.16

C©9) 3.57 2.43 2.00

C(10) 3.67 2.69 1.31

cQ1) 8.02 3.87 2.08

C(12) 8.17 4.90 1.89

Cc(13) 7.78 4.95 2,22

C(14) 6.52 5.33 2.89

C(15) 9.29 5.89 2.82

C(16) 5.71 3.78 1.78

CQ17) 4.03 3.58 2.69

C(18) 5.99 3.43 2.17

Cc(19) 5.73 4.19 3.08

C(20) 4.59 3.82 2.09

C(21) 4.96 3.34 2.31

C(22) 4.67 3.69 2.60

e See footnotes a and b of Table II. 2 The vibration ellipsoids for triclinic [(CHjs

2 and 3.

Ru(2)-C(6)~-Ru(3), Ru(1)-C(9)-Ru(2), and Ru(l)-
C(10)-Ru(3). It should be understood that the first of
these three-center bonds is symmetric, while the other
two are asymmetric—as may be seen by consideration
of the appropriate metal-carbon distances (see Table
V).

Utilizing the above-defined three-center bonds, the
ruthenium atoms may each be shown to obey the ‘‘noble
gas rule” in the following way. The atom Ru(l) is as-
signed a formal charge of +1 (d” configuration) and ob-
tains four electrons from its two terminal carbonyl lig-
ands, three electrons from its three Ru—Ru bonds, three
electrons from the C(1)~C(2)-C(3) w-allyl system, and
a total of one electron from the asymmetric three-center
bonds over Ru(1)-C(9)-Ru(2) and Ru(1)-C(10)-Ru-
(3). Atoms Ru(2) and Ru(3) are electronically equiv-
alent (although they have different stereochemical en-

~—

3C1oH 5] R (CO)p are exhibited pictorially in Figures

vironments, interrelated by a mirror plane) and it is
necessary to consider only one of the two atoms, Ru(2).
This has a formal oxidation state of zero (d%) and ob-
tains four electrons from its two terminal carbonyl lig-
ands, three electrons from three Ru-Ru bonds, two
electrons from the C(7)-C(8) double bond, and half of
an electron from each of the three-center bonds over Ru-
(2)-C(9)-Ru(l) and Ru(2)-C(6)-Ru(3). Finally, Ru-
(4) is assigned a formal oxidation state of —1 (d%) and
obtains six electrons from its three carbonyl! groups and
three electrons from Ru—Ru bonds.

It should be emphasized that the consideration of
electronic requirements at each metal center in a cluster
is of questionable value. It is probably more mean-
ingful to consider valence electrons as a property of the
Ruy cluster as a whole, The total number of valence
electrons required to achieve an over-all stable, dia-
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TABLE V
INTERATOMIC DISTANCES, WITH ESTIMATED STANDARD DEVIATIONS, FOR MONOCLINIC AND TricLiNIC [(CHj)sCioHsRuy(CO),

Distances, A-

—

—

Atoms Momnoclinic Triclinic

(a) Ruthenium-Ruthenium Distances

Ru(1)---Ru(2) 2.877 (5) 2.864 (3)
Ru(1)---Ru(3) 2.902 (5) 2.898 (3)
Ru(1)-—-Ru(4) 2.827 (5) 2.840 (3)
Ru(2)--Ru(3) 2.886 (5) 2.908 (3)
Ru(2)---Rud) 2.702 (5) 2.698 (3)
Ru(3)-—Ru(4) 2.717 (5) 2717 (3)

(b) Ruthenium-Azulene Distances

Ru(1)---C(1) 2.219 (30) 2.218 (14)
Ru(1)---C(2) 2,182 (36) 2.249 (14)
Ru(1)---C(3) 2.929 (31) 2.244 (13)
Ru(1)-—C(10) 2.332 (35) 2.348 (13)
Ru(1)---C(9) 2.362 (25) 2.336 (13)
Ru(1) - -C(4) 3.501 (31) 3.512 (14)
Ru(l)- - - C(8) 3.498 (34) 3.435 (13)
Ru(2)---C(9) 2.586 (25) 2.613 (13)
Ru(2)---C(8) 2.274 (34) 2.260 (13)
Ru(2)---C(7) 2.161 (34) 2.213 (14)
Ru(2)---C(6) 2.475 (35) 2.489 (13)
Ru(3)---C(6) 2.388 (35) 2.441 (13)
Ru(3)---C(5) 2.182 (29) 2.182 (14)
Ru(3)--C4) 2.252 (31) 2.260 (15)
R11(3)---C(10) 2.606 (35) 2.559 (13)
Ru(2)---C(13) 3.303 (40) 3.335 (15)
Ru(2)---C(12) 3.484 (39) 3.452 (15)
Ru(3)---C(12) 3.457 (39) 3.425 (15)
Ru(3)- - -C(11) 3.417 (45) 3.332 (15)

(¢) Carbon-Carbon Distances in Azulene Ligand

C(1)---C(2) 1.452 (47) 1.424 (21)
C(2)--C(3) 1.466 (48) 1.368 (21)
C(3)---C(10) 1.399 (47) 1.449 (18)
C(10)---C(9) 1,539 (47) 1.472 (18)
C(9)---C(1) 1.401 (39) 1.425 (19)
C(10)---C4) 1.610 (47) 1.472 (19)
C(4)---C(5) 1.307 (43) 1.416 (20)
C(5)---C(6) 1.434 (45) 1.486 (19)
C(6)---C(7) 1.522 (49) 1.462 (19)
C(7)---C(8) 1.311 (48) 1.415 (19)
C(8)---C(9) 1.458 (42) 1.462 (18)
C(4)---C(11) 1.629 (54) 1.491 (23)
C(6)---C(12) 1.580 (52) 1.546 (21)
C(8)---C(13) 1.456 (52) 1.506 (21)
(d) Ruthenium-Carbonyl Distances
Ru(1)---C(18) 1.838 (36) 1.885 (14)
Ru(1)---C(19) 1.922 (39) 1.907 (16)
Ru(2)---C(18) 1.938 (41) 1.826 (15)
Ru(2)---C(17) 1.870 (43) 1.810 (14)
Ru(3)---C(14) 1.763 (42) 1.902 (17)
Ru(3)---C(15) 1.808 (34) 1.827 (19)
Ru(4)---C(20) 1.965 (39) 1.908 (14)

magnetic electronic configuration in a tetrahedral
cluster is 60 (7.e., 18 outer electrons for each of the four
metal atoms, less the 12 electrons which are shared in
the six metal-metal bonds). In the present [(CHj)s-
CioH; ] Rus(CO), molecule, the required 60 electrons are
obtained from the following sources: 32 from the four
d® Ru(0) atoms, 18 electrons from the nine carbonyl
groups, and 10 electrons by the total utilization of the

Distances, A—— —
Triclinic

—

Momnoclinic

Atoms

(d) Ruthenium-Carbonyl Distances ( Continued)

Ru(4)--C(21) 1.820 (39) 1.809 (14)
Ru(4)---C(22) 1.953 (38) 1.871 (13)
Ru(1)---0(5) 2.064 (27) 3.018 (12)
Ru(1)---0(6) 3.011 (25) 3.011 (11)
Ru(2)-.-0(3) 2.935 (26) 2.991 (12)
Ru(2)---04) 3.045 (33) 2.968 (12)
Ru(3)---0(1) 2.942 (32) 2.963 (14)
Ru(3)---0(2) 2.961 (28) 3.027 (15)
Ru{4)--0O(7) 3.007 (30) 3.014 (12)
Ru(4)---0(8) 3.030 (30) 3.012 (13)
Ru(4)---0(9) 3.064 (28) 2.995 (13)
(e) Carbon-Oxygen Distances
C(14)---0(1) 1.196 (52) 1.110 (22)
C(15)---0(2) 1.156 (44) 1.161 (25)
C(16)---0(3) 1.000 (49) 1.165 (20)
C(17)--0(4) 1.179 (54) 1.180 (19)
C(18)---0O(5) 1.129 (45) 1.149 (18)
C(19)---0(6) 1.096 (46) 1.134 (20)
C(20)---0(7) 1.047 (49) 1.118 (19)
C(21)---0(8) 1.209 (49) 1.183 (19)
C(22)---0(9) 1.114 (47) 1.142 (19)

(f) Distances between Carbonyl Ligands

C(14)- - -C(15) 2.440 (54) 2.519 (26)
C(15)- - - C(16) 4.210 (53) 4,123 (24)
C(16)- - - C(17) 2.572 (59) 2,538 (21)
cam)---C18) 3.042 (56) 2.963 (20)
C(18)- - -C(19) 2.616 (53) 2.608 (22)
C(19)---C(14) 2.049 (57) 2.907 (24)
C(20)- - -C(21) 2.764 (56) 2.676 (20)
1) - C(22) 2.714 (54) 2.671 (20)
C(22)- - - C(20) 2.946 (55) 2.792 (21)
C(14)- - - C(20) 3.222 (57) 3.352 (23)
C(15)-- - C(21) 2.903 (52) 2.018 (24)
C(16)---C(21) 2.991 (57) 2.934 (20)
C(17)- - C(22) 3.190 (57) 3.219 (21)
C(18)- - - C(22) 3.005 (52) 2.979 (21)
C(19)- - - C(20) 2.837 (55) 2.920 (22)
o). --02) 3.989 (42) 4.127 (21)
0(2)-+-0(3) 4,999 (38) 5.030 (20)
0(3)---04) 4.081 (42) 4.142 (18)
0@4)---0(5) 3.259 (43) 3.172 (17)
0(5)---0(6) 4.121 (37) 4.141 (18)
0(8)---0(1) 3.387 (41) 3.102 (18)
o) +-0(8) 4.307 (42) 4.278 (18)
O(8)---0(9) 4.317 (41) 4.981 (19)
0(9)---0(7) 4.555 (41) 4.460 (18)
o(1)---0(7) 3.803 (44) 3.765 (18)
0(2)---0(8) 3.192 (41) 3.210 (20)
0(@3)---0(8) 3.204 (39) 3.228 (18)
0@4)---0(9) 3.624 (43) 3.665 (18)
o) --0(9) 3.309 (39) 3.253 (18)
0(6)- - 0(7) 3.095 (39) 3.196 (16)

= electrons of the substituted azulene ligand. We feel
that the latter interpretation of electronic fulfillment is
the more satisfactory, for it requires no charge separa-
tion between ruthenium atoms. Thus, we regard the
[(CH;3)3Ci0H;s JRuy(CO)s molecule as an example of the
“ligand-to-cluster”” bonding which has been observed
in a very few organometallic molecules and of which the
most obvious previous example occurs in (w-CsHj)s-
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TABLE VI
INTERATOMIC ANGLES, WITH ESTIMATED STANDARD DEVIATIONS, FOR MONOCLINIC AND TRICLINIC [{CH;)CioHs]Ruy(CO)g
Angles, deg: —-Angles, deg —
Atoms Monoclinic Triclinic Atoms Monoclinic Triclinic
(a) Angles within Ruthenium Cluster (¢) Angles between Ruy(CO)y Cluster and Azulene Ligand
Ru(2)---Ru(1)---Ru(3) 59.91 (09) 60.61 (04) C(1)---Ru(1)---C(2) 38.5 (13) 37.3 (1)
Ru(2)---Ru(1)---Ru(4) 56.54 (09) 56.47 (04) C(2)---Ru(1)---C(3) 38.8 (13) 35.5 (1)
Ru(3)---Ru(1)---Ru(4) 56.59 (09) 56.51 (04) C(8)---Ru(1)---C(10) 35.6 (12) 36.7 (1)
Ru(1)---Ru(2)---Ru(3) 60.48 (09) 60.28 (04) C(10)---Ru(1)---C(9) 38.3 (11) 36.6 (1)
Ru(1)---Ru(2)---Ru(4) 60.80 (09) 61.32 (04) C(9)---Ru(1)---C(1) 35.4 (10) 36.3 (1)
Ru(3)---Ru(2)---Ru(4) 58.07 (09) 57.83 (04) C(9)---Ru(2)---C(8) 34,2 (10) 33.1 (4)
Ru(1)---Ru(3)---Ru(2) 59.61 (09) 59.10 (04) C(8)---Ru(2)---C(7) 34.3 (13) 36.6 (5)
Ru(1)---Ru(3)---Ru(4) 60.31 (09) 60.66 (04) C(7)---Ru(2)---C(6) 37.5 (12) 35.6 (5)
Ru(2)---Ru(3)---Ru(4) 57.58 (09) 57.22 (04) C(6)---Ru(83)---C(5) 36.2 (11) 36.6 (5)
Ru(1)---Ru(4)---Ru(2) 62.66 (09) 62.21 (04) C(5)---Ru(3)---C(4) 34.2 (11) 36.6 (5)
Ru(1)---Ru(4)---Ru(3) 63.10 (09) 62.83 (04) C(4)---Ru(3)---C(10) 37.8 (11) 34.2 (5)
Ru(2)---Ru(4)---Ru(3) 64.36 (10) 64.95 (04) Ru(1)---C(9)---Ru(2) 70.9 (7) 69.1 (4)
o Ru(1)---C(10)---Ru(3) 71.7 (10) 71.5 (4)
(b) Other Angles within the Ru,(CO)y Cluster Rut1(2)---C(6)---Ru(3) 72.8 (10) 71.4 (4)
Ru(2)---Ru(1)---C(18) 92.7 (11) 90.1 (4)
Ru(2)---Ru(1)---C(19) 129.2 (12) 128.1 (5)
Ru(3)---Ru(1)---C(18) 138.3 (11) 136.1 (5)
Ru(3)---Ru(1)--C(19) 87.3 (12) 86.4 (4)
Ru(4)---Ru(1)---C(18) 82.4 (11) 80.4 (4) (d) Angles within the 4,6,8-Trimethylazulene Ligand
Ru(4)---Ru(1)---C(19) 73.4 (12) 72.2 (5) C(9)---C(1)---C(2) 118.1 (28) 112.1 (13)
C(18)---Ru(1)---C(19) 88.1 (16) 88.4 (7) C(1)-=-C(2)---C(3) 101.1 (28) 105.2 (13)
0(5)- - ‘Ru(1)---0(6) 87.2 (7) 86.8 (3) C(2)---C(3)---C(10) 111.0 (29) 112.5 (13)
Ru(1)---Ru(2)---C(16) 152.6 (12) 155.1 (5) C(3)---C(10)---C(9) 109.8 (28) 105.2 (11)
Ru(1)---Ru(2)---C(17) 90.6 (13) 92.0 (5) C(10)---C(9)---C(1) 99.8 (24) 104.9 (11)
Ru(3)---Ru(2)--C(16) 113.7 (12) 111.0 (5) C(10)---C(4)---C(5) 121.9 (28) 118.7 (13)
Ru(3)---Ru(2)---C(17) 147.9 (13) 148.9 (5) C(4)---C(5)---C(6) 127.0 (30) 127.9 (13)
Ru(4)---Ru(2)---C(16) 92.8 (12) 92.3 (5) C(5)---C(6)---C(7) 122.8 (30) 121.2 (12)
Ru(4)---Ru(2)---C(17) 96.9 (13) 97.8 (5) C(6)---C(7)---C(8) 130.2 (32) 125.7 (13)
C(16)---Ru(2)---C(17) 84.9 (18) 87.9 (7) C(7)---C(8)---C(9) 119.2 (30) 121.8 (12)
0(3)---Ru(2)---0(4) 86.0 (18) 88.1 (3) C(8)---C(9)---C(10) 131.0 (26) 129.6 (12)
Ru(1)---Ru(3)---C(14) 91.7 (14) 93.0 (5) C(9)---C(10)---C(4) 124.1 (27) 130.4 (12)
Ru(1)---Ru(3)---C(15) 146.2 (11) 148.0 (6} C(1)---C(9)---C(8) 128.7 (26) 125.2 (12)
Ru(2)---Ru(3)---C(14) 146.2 (14) 148.2 (5) C(3)---C(10)---C(4) 126.0 (29) 123.7 (12)
Ru(2)---Ru(3)---C(15) 107.4 (11) 109.7 (6) C(10)---C(4)---C(11) 108.7 (27) 123.0 (13)
Ru(4)---Ru(3)---C(14) 93.9 (14) 97.2 (5) C(5)---C(4)---C(11) 129.3 (30) 117.8 (13)
Ru(4)---Ru(8)---C(15) 86.1 (11) 87.7 (6) C(5)---C(6)---C(12) 110.5 (29) 113.9 (12)
C(14)---Ru(3)---C(13) 86.2 (18) 85.4 (8) C(7)---C(6)---C(12) 110.0 (29) 111.3 (12)
O(1)---Ru(3)---0(2) 85.0 (8) 87.1 (4) C(7)---C(8)---C(13) 121.2 (33) 118.5 (12)
Ru(1)---Ru(4)---C(20) 106.4 (12) 108.8 (4} C(9)---C(8)---C(13) 119.3 (30) 119.0 (12)
Ru(1)---Ru(4)---C(21) 153.5 (13) 150.9 (5)
Ru(l)---Ru(4)---C(22) 102.1 (11) 102.5 (4)
Ru(2)---Ru(4)---C(20) 163.7 (12) 164.8 (4)
Ru(2)---Ru(4)---C(21) 93.7 (12) 91.8 (5)
Ru(2)---Ru(4)---C(22) 96.8 (11) 97.0 (4) (e} Angles within Carbonyl Ligands
Ru(3)--Ru(4)---C(20) 100.3 (12) 100.3 (4) Ru(1)---C(18)---0(5) 174.1 (33) 173.5 (13)
Ru(3)---Ru(4)---C(21) 96.9 (12) 95.5 (5) Ru(1)---C(19)---0(6) 171.3 (35) 168.0 (15)
Ru(3)---Ru(4)---C(22) 159.5 (11) 160.2 (4) Ru(2)---C(16)---0(3) 175.8 (39) 175.9 (14)
C(20)---Ru(4)---C(21) 93.7 (17) 93.4 (6) Ru(2)---C(17)---0(4) 174 0 (38) 176.8 (13)
C(20)---Ru(4)---C(22) 97.5 (16) 97.1 (6) Ru(3)---C(14)---O(1) 167.6 (37) 173.6 (16)
C(21)---Ru(4)---C(22) 91.9 (17) 92.9 (8) Ru(8)---C(15)---0(2) 174 .4 (31) 178.4 (18)
O(7)- - -Ru(4)- - -O(8) 91.0 (8) 90.4 (3) Ru(4)---C(20)---0(7) 173.5 (37) 178.4 (18)
O(7)++ -Ru(4)-+-0O(9) 97.2 (8) 95.8 (4) Ru(4)---C(21)---O(8) 178.7 (34) 177.0 (13)
O(8)- - Ru(4)---O(9) 90.2 (8) 90.9 (4) Ru(4)---C(22)---0(9) 174.6 (34) 175.9 (13)

Rh;H where a w-cyclopentadienyl ligand lies above a
triangle of rhodium atoms. 505!

Bond Lengths within the Tetrahedral Ruthenium
Cluster.—Within the tetrahedral cluster, ruthenium-—
ruthenium distances vary from 2.698 (3) to 2.908 (3)—a
range of 0.21 A—i.e., 70¢. This large discrepancy must
restilt from the difference in coordination environment

(50) E. O. Fischer, O. 8. Mills, E. F. Paulus, and H. Wawersik, Chem.
Commun., 643 (1967).

(61) O. 8. Mills and E. F. Paulus, J. Organometal. Chem. (Amsterdam), 11,
587 (1968).

of the various ruthenium atoms. Ruthenium-ruthe-
nium distances in other molecules are 2.848 + 0.006 A
for Rus(CO) " and 2.853-2.956 A (¢ = 0.007 A) for Rus-
C(CO)14[C6H3(CH3)3].53

The mean Ru—C(carbonyl) bond length in [(CHs)s-
CioHsJRus(CO)g is 1.861 (15) A, as compared to 1.91 =+
0.02 A for Rus(C0O)po* and 1.92 = 0.04 A for the ter-
minal carbonyl ligands of RugC(CO)14[CeH3(CHjy)s].53
The mean carbon-oxygen bond length of 1.149 (20) A

(52) R. Mason and A. T. M. Rae, J. Chem, Soc., A, 778 (1968).
(63) R. Mason and W. R, Robinson, Chem. Commun., 468 (1968).
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TABLE VII
IMPORTANT PLANES WITHIN THE MonNocLINIc AND TricLinie [(CH;);CioHs]Ruy(CO)s MOLECULES
(A) Equations of Planes (Monoclinic Molecule)®? Dev, &
Atoms Monoclinic Triclinic
Plane Atoms 31 c2 2] d .
I C), C@), C@3), CO), —0.9643 ~0.1216 -+0.2340 -+1.2032 (ii) From Plane II
C(10) cH) —0.001 (31) +0.006 (15)
I C(4), C(8), C(9), C(10) —0.9860 —0.0817 +0.1452 41,0681 C(8) +0.001 (34) —0.006 (18)
III C(4), C), CT), C(8) —0.8471 --0.3110 -+0.4308 +1.9321 c®) —0.002 (25) +0.015 (13)
IV C(5), C(8), C(T) —0.3204 —0.5836 -+0.7460 -+3.4380 c10) +0.002 (35) —0.015 (13)
VvV Ru(l), Ru(2), Ru(d) —0.9360 —0.2013 --0.2885 —0.7193 ca) +0.186 (31) +0.212 (14)
C@ +0.210 (37) +0.334 (16)
c3) +0.118 (32) +0.169 (14)
6] —0.479 (30) —0.494 (14)
c®) —1.101 (35) —1.147 (13)
(B) Equations of Planes (Triclinic Molecule)s® C —0.479 (35) —0.514 (14)
can +0.740 (45) +0.687 (18)
Plane Atoms €t ée e a cag) —1.595 (40) —1.782 (I7)
I C(1), C@), C@), CO), —0.3988 +0.5875 +0.7040 +0.8036 c(13) +0.663 (41) +0.726 (17)
c10) Ru(l) —1.765 (03) —1.745 (03)
11  C(4), C(8), C(9), C(10) ~0.,2611 +0.5976 +0.7580 +0.2745 Ru(2) —2.259 (03) —~2.258 (03)
III C(4), C(5), C(7), C(8) —0.5822 +0.5896 +0.5597 +2.0880 Ru(3) —2.233 (03) —2.237 (03)
IV C(5), CB), C(M —0.9372 40.3485 +0.0071 +5.3994 Rt (4) —4.252 (03) — 4,250 (03)
VvV Ru(l), Ru(2), Ru(@) —0.4390 -£0.6097 +0.6598 —0. 9365
(iii) From Plane ITI
C4) —0.002 (31) —0.001 (15)
cB) +0.002 (30 +0.001 (14)
(C) Dihedral Angles between Planes [J¢) -0.002 (35) --0.001 (14)
Angl c®) +0.002 (34) +0.001 (13)
Planes Monoclinic Triclinic géé; :(1)132 Eg;i :8;3; Ei;z
I-11 5° 51 8° 35 @) ~0.895 (32) —0.777 (14)
I-I11 17° 057 13° 27 c(6) —~0.447 (35) —0.474 (13)
-1V 56° 17 54° 16’ c) —0.448 (25) —0.400 (13)
LI-IT1 22° 3¢/ 21° 46 o) —0.487 (35) ~0.432 (13)
II-1v 61° 51/ 62° 44/ can +0.520 (45) +0.508 (18)
HI-1v 39° 15/ 41° 00 ca2) —0.326 (40) —~0.542 (17)
c13) +0.581 (41) +0.640 (17)
Ru(1) 2,613 (03) —2.547 (03)
Ru(2) —2.112 (03) —2.121 (03)
(D) Deviations from Planes Ru(3) ~2.115 {03) —2,102 (03)
Dev, A Ru(4) —4.393 (03) — 4,379 (03)
Atom Mounoclinic Triclinie (iV) From Plane IV
. C —0.800 (31) —0.887 (15)
(i) From Plane I C(8) —0.775 (34) —0.895 (13)
c)y +0.026 (31) —0.009 (14) c(12) +1.091 (40} +0.961 (17)
C@ —0.018 (37) +0.011 (16)
c(3) +0.004 (32) —0.010 (14) (v) From Plane V
C(9) —0.021 (25) +0.003 (13) Ru(4) 2,182 (03) —2.184 (03)
C(10) +0.009 (35) +0.004 (13) o +1.928 (31) +1.928 (14)
C4 +0.155 (31) +0.208 (15) C@) +1.760 (37) +1.867 (16)
5 —0.217 (30) —0.111 (14) 8y +1.833 (32) +1.862 (14)
C(8) —0.835 (35) —0.733 (13) . C) +2.215 (31) +2.204 (15)
c —0.281 (35) ~0.180 (14) ) +1.971 (30) +1.972 (14)
(8 +0.073 (34) 40,128 (13) ) +1.428 (35) +1.414 (13)
can +0.885 (45) +0.898 (18) [9¢)) +1.980 (35) +1.980 (14)
cQ2) —1.180 (40) ~1.156 (17) c®) +2.232 (34) +2.223 (13)
ca3) +0.692 (41) +0.808 (17) cw +2.002 (25) +2.008 (13)
Ru(l) —1.894 (03) —1.925 (03) C(10) +1.978 (35) +1.966 (13)
Ru(2) —2.176 (03) —2.107 (03) can +2.856 (45) +2.843 (18)
Ru(3) —~2.086 (03) —2.023 (03) c12) +1.232 (40) +1.077 (17
Ru(4) —4.236 (03) —4.207 (03) C(13) +2.871 (41) +2.927 (17)
¢ Planes are defined as o X + ¥ + ¢Z = d, where X, ¥V, Z are Cartesian coordinates which are related to the monoclinic or

triclinic cell coordinates (%, v, 2) by: X = xa sin v 4 2¢ (cos 8 — c0s a cos v)/sin v, ¥ = yb + xa cos v - zc cos «, and Z = ge[(1 — cos?

o — cos?@ — cos? v + 2 cos & cos B cos v)/sin? v] /2.
of this table.

in [(CHj)sCioH; JRu(CO)4 agrees well with the value of
1.14 & 0.02 A for Rus(CO) 2.5

The 4,6,8-Trimethylazulene Ligand.—In [(CH;);Cy-
H;|]Ruy(CO),, the 4,6,8-trimethylazulene is severely
distorted from planarity (see Figure 4). Relative to
the plane (rms deviation only 0.008 A) of the five-
membered ring, the C(8)~C(9)-C(10)-C(4) plane bends
away from the ruthenium atoms by 8° 35’; the ligand
further bends across C(4)+--C(8) such that there is a
dihedral angle of 21° 46’ between the planes defined by
C(8)~C(9)-C(10)-C(4) and C(5)-C(4)-C(7)-C(8); fi-
nally, the ligand bends .across C(5)---C(7) by 41° 00’

b Planes are derived using unit weights for atoms specified in sections A and B

relative to the plane defined by C(5)-C(4)-C(7)-C(8);
such that C(6) lies 0.733 (13) A below the plane of the
five-membered ring. Methyl substituents on the
azulene ligand are each significantly bent away from the
Ruw(CO); system. Thus, while C(4) and C(8) lie
0.208 (15) and 0.128 (13) A, respectively, above the
plane of the five-membered ring, the methyl substit-
uents at these positions are 0.896 (18) [C(11)] and
0.808 (17) A [C(13)] above this plane. As may con-
veniently be seen in Figure 4, C(12)—which is attached
to C(6)—is similarly displaced upward [by 0.961 (17) A ]
from the C(5)~C(6)~C(17) plane.
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Figure 8.—The triclinic [(CHj;)CroHs]Rusi(CO)s molecule,
projected onto the plane defined by Ru(1l), Ru(3), Ru(4) (oTLI1Ps®
diagram).

Individual carbon-carbon distances within the five-
membered ring range from 1.368 (21) to 1.472 (18) A,
while internal bond angles vary from 104.9 (1.1) to
112.5 (1.3)°. In neither case does any individual value
vary significantly from the mean of 1.428 A and 108.0°,
respectively. The five-membered ring therefore has
Dsy symmetry within the limits of experimental error.

Bond distances within the seven-membered ring range
from 1.415 (19) to 1.486 (19) A, averaging 1.455 A.
The similarity of bond lengths is indicative of delocali-
zation around the system and is in keeping with our
proposal that the azulene binds to the Rus(CO), cluster
as a whole (vide supra), rather than being partitioned
between individual ruthenium atoms.

Angles within the seven-membered ring range from
118.7 (1.3) to 130.4 (1.2)°, reflecting the distortion of
the ring from planarity. [Angles within the planar
seven-membered rings in CypHsCeHs(NO,):% and 1,3-

(54) A. W. Hanson, Acta Cryst., 19, 19 (1965).
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Figure 4.—The triclinic [(CHj;)3CioHs]Ruy(CO) molecule,
projected onto the plane defined by Ru(l), Ru(4), and the
midpoint of Ru(2)-Ru(3).

(HOzCC2H4)2C10H355 range from 127.15 to 129470 and
from 125.9 to 130.2°, respectively. ]

Intermolecular Contacts.—There are no abnormally
short intermolecular contacts either in the monoclinic or
in the triclinic crystal, thus confirming that the crystals
contain discrete molecular units of 4,6,8-trimethyl-
azulenetetraruthenium enneacarbonyl.

Shortest contacts (of each type) in the triclinic crys-
talare O---O = 2.944,C---0 = 3124, C...C =
3.49 A. In the monoclinic crystal, the minimum con-
tacts are O---O = 3.03 4, C-..0 = 8.04 A, and
C..-C>385A.
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