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Abstract

Two group-8, mixed-metal tetrahedral clusters have been crystallographically
characterized. For [H,RuOs,(CO);;] (I): triclinic, P1, a 9.046(4), b 9.140(4), c
26.560(9) A, a 81.88(3), B 91.81(3), y 112.07(3)°, V 2014(6) A, Z=4, R; 491%.
For [Ph,As][H;Ru0;(CO),,] (ID): monoclinic, P2,/n, a 21.580(5), b 8.165(1), c
21.815(6) A, B 91.16(2)°, V 3843.2(9) A’, Z=4, R 4.40%. The two crystallo-
graphically independent molecules of I exhibit a wide range of bent semi-bridging
metal carbonyl bond parameters, and all conform to the Crabtree—Lavin empirical
equation. The structure of II contains a u-H edge-bridged basal plane of two Os
atoms and one Ru atom positionally disordered. This plane is capped by an
Os(CO), group. In both I and II, structural heterogeneity created by mixed-metal
atom identities was seen and quantitatively measured by occupancy refinement.

Introduction

Organometallic clusters are suitable precursors for the preparation of supported
catalysts with molecular structures [1]. Our recently communicated results char-
acterizing RuOs; clusters on y-Al,O; supports showed that the cluster anion
[H,RuOs,(CO),,]~ was relatively stable on the support and an apparent precursor
of a surface-bound molecular catalyst for alkene isomerization [2]. To provide a
fuller understanding of the processes involved in the formation of molecular cluster
anions on basic supports, we undertook the single-crystal structural characteriza-
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tions of a precursor molecule, [H,RuOs,(CO),;] (1), and a discrete ionic derivative.
[Ph4As][H;RuOs(CO),, ] (II), which contains the supported anionic unit.

Experimentation with crystal growth techniques for I led to the discovery of two
crystalline polymorphs: from pentane we oMained a monoclinic forra and from
CH,Cl,. a wiclinic form. Full data collection and refinement of both forms was
carried out: we found that the triclinic form produced more satisfactory results.
Since the initiation of our structural studies, Shore et al. have obtamed the structure
of the monoclinic form [3]. They also encountered both forms. but in their hands the
monoclinic form produced the superior results. A comparison of the two forms is of
much interest; each of the forms contains two erystallographicatly independent
molecules with different bridging carbonvl geometries.

Experimental

Synthesis

A full disclosure of the synthesis and spectroscopic characterization of 1 and 11
will appear elsewhere {2b]. 1 was obtained from the combination of Ru(CQ), and
[H,05:(CO),,] in hexane 4t room temperature, 10-12 h, and purified by column
chromatography. ! was converted into [H,RuOs,(CO);,] by heating an oclane
solution of I with H, bubbling. Il was obtained by treatment of [H,RuOs,(CO),]
with EtOH /KOH followed hy addition of {Ph, As]CHL 1T was punified bv recrvstalli-
zation from CH,Cl,

X-ray structure determinations for [H.RuQOs (CO), .} (Iyand fPh  As]TH RuOs (CO), >
()

Specimens of [H,RuOs (CO) 5] (I) and [Ph,As)[H,RuOs,(CO);-] (11 suitable
for single-crystal. X-ray diffraction were obtained as follows: 1, slow evaporation of
a pentane solution, and I, slow diffusion of hexane into a CH,CI. solution at room
temperature [3]. Both were affixed to fine glass fibers with epoxy cement which was
also used to coat the crystals to provide a barrier 1o the atmosphere. The unit-cell
parameters, provided in Table 1. were determined from the angular settings of 23
reflections. 25° < 26 < 30°. which included Friedel related reflections 1o check both
diffractometer and crystal alignment.

Systematic absences in the diffraction data uniquely defined the space group for
Il as P2, /n. and the choice of the centrosymmetric space group. PL. for T was
confirmed by the successful and chemically reasonable solution and refinement.
Corrections for absorption were made by the empirical J-scan method: max.,/min.
transmission: I, 0.053 /0.020: 1. 0.148 /0.124.

Both structures were solved by the direct methods routine SOLV (all software,
SHELXTL-ver. 4.1. Nicolet XRD Corp.. Madison, WI) which was successful in
locating the Os and Ru atoms in I, and the Os, Ru and As atoms in 1L The
remaining non-hvdrogen astoms were located in subsequent difference Fourier
syntheses. In both T and I, the locations of the bridging hydrido ligands were
deduced from the metal-metal distances: those 2.95 + 0.02 A were considered
bridged, whereas those 2.82 + 0.02 A were deemed unbridged. Hydrido H atoms for
1T were calculated at Os—H distances of 1.80 A and allowed to refine isotropically
with fixed thermal factors (L 0.08 ,\2) In [. no attempt was made to include
hydrido contributions in the refinement process. The phenvl hvdrogen atoms in 11
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Crystal data and data collection, reduction and refinement parameters for H,RuOs;(CO),53 (I) and

{Ph4As][H;RuOs3(CO);,] (D)

I II
(a) Crystal data
Formula C3H,0,,0s;Ru CysH13As80,,05;Ru
Space group Pi P2, /n
a, b, c, A 9.046(4), 9.140 (4), 21.580(5), 8.165(1),
26.560(9) 21.815(6)
a,B,v, deg 81.88(3), 91.81(3), 112.07(3) 90, 91.16(2), 90
v,A 2014.1 (10) 3843.2 (15)
V4 4 4
d (caled), g cm ™3 342 24
Crystal size, mm, 0.06 X0.20 < 0.38, 0.20x0.20%x0.41,
Color orange orange
(b) Data collection
Diffractometer Nicolet R3
Radiation Mo-K, (A 0.71073 A)
Temperature, °C 22 23
s, cm ! 196.8 111.9
Scan method w (full profile) w (full profile)
Scan limits, deg. 4<20<46 420<47
Data collected +h, +k, +1 +h, +k, +1
Unique data 5397 (5532 collected) 5059 (5475 collected)
Unique data 4576 4312

E,>30(F,)

(c) Data reduction and refinement

Standard reflections

35td /197 rflns
( <1% decay)

3 stds /97 rflns
( <1% decay)

R (int) 0.019 0.007
Rg, R,p (%), GOF 491, 4.85,1.379 4.40, 4.57, 1.181
g 0.008 0.001
A /o(max), final 0.176 0.166

cycle

were treated as idealized contributions, C—-H = 0.95 A, U’ =1.2 U attached carbon

atom.

In both structures, a refinement of occupancies of the metal atoms revealed

disordering of the metal atom identities, more so in 1I than in L. In II, Os(1) has no
Ru contribution and was refined normally (Os scattering factors, s.o.f. = 1.00 [15*]),
but those metal atoms in the hydrido-bridged basal plane labeled OsRu(2), OsRu(3)
and OsRu(4) are each 2/3 Os and 1/3 Ru in character. These hybrid atoms were
treated as Os atoms of reduced occupancy, i.e., Os scattering factors with s.o.f. =
0.88(1). The s.o.f. obtained by refinement agrees well with the value of 0.86 for
uniform disorder (2/3 Zo,+1/3 Zg,)/Zo,=0.86. In I, The Ru atom positions
were more clearly defined, although some Os atom character is found in Ru(2) in
molecule B, refined s.o.f. = 1.15 reflecting only 79% Ru character; the s.o.f. for the

* This and other references marked with asterisks indicate notes occurring in the list of references.
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Table 2

Atom coordinates (X 10%) and temperature factors (A2 X 10%) for H, RuOs;(CO) +

Atom X z [
Os(1) 7197.1(&) 3194.0(8) 496.2(3) IND
Os(2) 7072.1(1) 636.6(11) 1265.7¢4} REINS]
Os(3) 9028.7(10) 39.8.1(10) 1434.8(4) 34
Ru(1} 5687.9(17) 2809.2(19) 1431.9(6; 23l
Os(4) 4094.3(9) 8992.6(9) 3R05.6(1; EATRY!
Os(5) 1778.0(10) 5701.6(10} 3820.2(3% 421}
Qs(6) 1370.2(9) 8160.3(9; 3116.3(3) 431
Ru(2) 936.5(13) B073.7(1%) 416054 Y
Oy 9033(223 2331023 - 2687 TG
O(2) 752523 6189(22) =235y T4y
O(3) 4014(15) 11590153 10205 56(6)
O4) S861(17) 5931(17) R12(6) [
O(5) 213717 1096(21) 12447 8619
O(6) 5332(19) 44R82(2Sy 2295y [ARTR R
O(7) 3898(16) - 1682(15) 944(%) 626}
(8) 7480(24; ~1723(21) 214606} i)
O(9) S418(1% 372021 23547

o1 9049(19) ~312(18) 563(5)

O 8919(18) 3350020) 2593(5)

0(12) 12618(13) 4754(16) 13706(6)

O(13) 9381(20y 7369(19) 14347y

O(14) 5205¢19j 8493(20) 4895(6)

O(15) 7298(16) 9567(20) 32997y

O(16) 4720(19} 12528(19) 37R6(8}

OO7) 2341020) 7232(19) 2151¢63 R5(H}
O(18) 1197(23) 11138(20) 2480¢7y Q&I
0O(19) —2175(17) 6092(20) 3043(6) 878
O(20) 813(17) 11247(16) 3645(5) (R
O21) —2690(19) 6559(21) 4247y S
0(22) 1392(19; 9453(22) S152% 7 A
023) 1733(17) 5891(17) SO06(5) STy
O(24) - 1662(17) 3286(17) 3BIS(Ty Ty
O(25) 2799(23) 3334(20) 456247y LO0C 1
0O(26) 2664(20; 4535(19) 2893(6) 82(¥3
(1) 8408(20) 2654(23) T J6(8Y
C(2) 7390(22) 5072(20) 49(7) 438
(&) S180(21) 1894(22) 246(8) 49(#)
C(4) 3926(21) 4691(20) 959(8) 47(%}
C(5) 3458(22) 172227y 1322(8) 63(10)
C(6) 5469(23) 3841(26) 1970(8) ST
(7 5103(19; ~877(17) 1064(7) 35T
C(8) 7358(26) - 809(24) 18218} S9¢3(H
C(9) S707(24) 1105(20) 1938(7) Sy
C(10) 8352(23) 122(23) 809¢3) SH%
C(11) 8995(21) 3594(21) 2164(7) 42(83
C(12) 11282(19) 4411(18) 1336(%) 4006}
C(13) 9252(19) 6097(21) 1416473 43¢y
C(14) 4835(26) 8773(28) 4474010, 6801
C(15) 6097(23) 9340(22) 34918 3%
C(16) 4494(22) 11181(23) 1794(9) STy
(7 1963(25} 7514(25) 2513(8) SR
C(18) 1259(26) 10027(22) 27448y G0
C(19y —865(25) 6853(27) 3069(7) 390100

C(20) 883(22) 9965(20) 3T70(8) 49¢%}
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Table 2 (continued)

Atom x y z [
C(21) —1328(22) 7102(27) 4217(9) 63(10)
C(22) 1209(24) 8995(27) 4777(8) 60(10)
C(23) 1510(19) 6383(19) 4597(8) 44(8)
C4) —385Q27) 4171(23) 3814(7) 56(10)
C(25) 2404(26) 4176(26) 428%(9) 63(10)
C(26) 2340(25) 5022(24) 3228(8) 58(9)

¢ Equivalent isotropic U defined as one third of the trace of the orthogonalized U;; tensor.

Os atoms in molecule B averaged 0.97 reflecting 93% Os character. The s.o.f.’s for
molecule A did not deviate significantly from unity on refinement.

All non-hydrogen atoms were refined with anisotropic temperature factors except
for the AsPh,™ carbon atoms in II. In both structures, the final difference maps
showed somewhat noisy backgrounds in the vicinity of the metal atoms (1.1 to 0.8 e
A3 at distances of 0.4 to 1.1 A; a typical C atom was scaled at 3.6 ¢ A™?).

The atomic coordinates for I and II are given in Tables 2 and 4, respectively.
Selected bond distances and angles are given in Table 3 for I, and Table 5 for IL
Additionally, observed and calculated structure factors, anisotropic temperature
factors, complete lists of bond distances and angles, and hydrogen atom coordinates
are available from the authors.

Results and discussion

The structure of H,RuQs;(COj,; (I). The triclinic form of I crystallizes as
discrete molecules with two independent molecules forming the crystaliographic
asymmetric unit [4*]. Both molecules (A and B) are shown in Fig. 1. The major
features of the structure resemble closely the structures of the monoclinic form of 1
[3], and also those of H,FeRu;(CO),; [5], H,FeOs;(CO),; [6], and H,Ru ,(CO),,
[7]. A tetrahedral metal atom frame is bridged on adjacent edges by bent semi-bridg-
ing carbonyl groups. In all of the heterometallic cases, the angle formed by the
carbonyl-bridged edges is centered at the single lighter metal atom. The two p-H
ligands form edge bridges to the metal atom not involved in the p-CO bridges. The
charge distribution factors involved in the locations of the bridges have been
thoroughly discussed previously [6].

A rare, if not unique, opportunity exists in the four independent molecules of the
two polymorphs of I (combining our data with that of Shore et al. for the
monoclinic form [3])) to examine some of the very recent thoughts about the
structural forms of bent semibridging carbonyl bonding [8]. The two polymorphs
contain eight semibridging CO groups in identical chemical environments. Table 6
provides the Crabtree—Lavin parameters for all eight. While the eight independent
p-CO structures show a wide range of distances and angles (e.g.,  varies from
146(1) to 163(1)° and b varies from 2.28(2) to 2.74(2) A), all eight are, within
experimental error, linearly related by the empirical expression, § = ny + m. These
data give n =1.52 and m = 64.6, in remarkable agreement with 35 data from iron
carbonyl bent semi-bridging structures, n=1.51 and m =64.5 [8]. Because the
differences among the individual bond distances and angles must arise from lattice
energy factors alone, the wide range seen provides a clear warning against drawing

(Continued on p. 88)
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Table 3

Selected bond distances and angles for [H, RuQOs(CO), ] (1)

mol. A

mol. B

(a) Bond distances (A}

Os(1)-0s(2)
0s(1)-0s(3)
0s(2)-0s(3)
Os(1)~Ru(l)
Os(2)-Ru(1)
Os(3)»-Ru(l)
Os(1)-C(1)
Os(1)-C(2)
Os(1)-C(3)
OQs(1)-C(4)
0s(2y-C(7)
Os(2)-C(8)
0s(2)~C(9)
Os(2)-C(10)
Os(3)-C(11)
Os(3)--C(12)
Os(3)-C(13)
Ru(1)-C{4)
Ru(1)-C(5)
Ru(1)-C(6)
Ru¢13-C(9
C(hH-O(h
C(2)-0(2)
C(3)-0(3)
C(4)-O(4)
C(5;-0(5)
C(6)-0(6)
C(NH-O7)
C(8)-O(8}
C(9)-O(9)
C10)--O(10)
C(I1)-0O(11)
C(12)-0(12)
C(13)-0(13)

(b} Bond angles (deg)
0s(2)-0s(1)-0s(3)
Os(2)-0s(1)-Ru(l)
0s(3)-0s(1)—-Ru(l)
Os(1)-0s(2)-0s(3)
0s(1)-0s(2)-Ru(1)
0s(3)-0s(2)-Ru(1)
Os(1)-0s(3)-03(2)
Os(1)-0s(3)~Ru(l)
0s(2)--0s(3)-Ru(1)
Os(1)}-Ru(1)-0s(2)
Os¢1)-Ru(1)-0s(3)
Os(2)-Ru(1)-0s(3)
0s(2)-0s(1)-C(1)
Os(3)-0s(1)-C(1)
Ru(1)-Os(1)~-C(1)
Os(2)-0s(1H)-C(2)
Os(3)-0s(1)-C(2)

2.850(1)
2.963(1)
2.945(1)
27872
2.803(2)
2.803(2)
1.89(2)

1.90(2)

1.92(2)

25423

1.92(2;

1.92(2)

2382}

1.92(%)

1.92(2)

1.92(2s

1.92(2)
1.9%2;
1.92¢23
1.87%;
1.91¢2)
1133
1.15(33
L1
1.17(%)
1.14¢2)
L1
11302y
1.15(3
1.19¢2)
113(H
1130
1.13(2)
1133

60.8(0)
59.6(0)
58.3(0)
61.5(0)
59.1(0y
5R.3(0)
ST
5770y
5%.3(0)
61.3(0;
64.0(0)
63.4(0)
93.5(6)
109.0(5)
153.1(6)
172.6(6}
112.0(5)

Os(5)-0s(6)
Os(4)-0s{63
Os(4)-0s(5)
Os(6)-Ru(2)
Os(5)-Ru(2)
Os(4)-Ru(2)
Os(6)-C(1 7y
Os(6)-C(18)
Os(6)-C(19y
Os(6)-C(20)
Os(5)-C(24)
Os(5)—C(25)
Os(5)-(23
Os(5)-C(26)
Os(4)-C(14)
Os(4)--C(15)
Os(d)-C6)
Ru(2)-C(20)
Ru(2)-C(21}
Rui2y-C(22)
Ru(2)-C(2%
C(17H-00173
C8)-(18)
C(19)-0(19)
CRM-O20)
C2D-0i21)
C(22)-0(22)
C{24)--(24)
C(25)-002%)
C231)-0023%
C(26)-0(26)
C(14)-014;
Ci15)-0(15)
Ci16)-0016)

Os(5)~-0s(63-0s(4)
Qs(5)-0s(6)-Ru(2)
Os(4)-0s(6)-Ru(2)
Os(4)~05(5)~0Os(6}
0s(6)-0s(5)~-Ru(2)
Os(d)~-0s(5)~Ru(2)
Os(5)-0s(4)--Os(6)
Os(6)-0s(4)-Ru{ 2}
Os(5)~Os(4)-Ru(2)
Os(5)~Ru(2)~0s(6&)
O5(4)-Ru(2)-Os(6}
Os(4)-Ru(2)-0s(5)
Os(5)-0s(6)-C(173
Os(4)-Os(63-L(17}
Ru(2)~Os(6)-C(17}
Os(5)-0s(6)-C(18}
Os{d3--Os(6)-C(18)

2.842(1)
2.950¢
2.945(1;
27991
TRIT(
K003
942

T

O S J T S Y

S0
S

R

i e v e e s

FERES
(o]

o e ot ek e b e e e

61.7¢(0
59.9(0)
S8.5(0)
61,3y
59 3¢y
583
()
SRy
S8.S5(y
60.8¢03
63.53(0)
61.1i¢h
96247y
10947}
156.0(7)
169.5(7)
i09.9(6)




Table 3 (continued)

mol. A

mol. B

Ru(1)-0s(1)-C(2)
0s(2)-0s(1)-C(3)
0s(3)-0s(1)-C(3)
Ru(1)-0s(1)-C(3)
0s(2)-0s(1)-C(4)
0s(3)-0s(1)-C(4)
Ru(1)-0s(1)-C(4)
Os(1)-0s(2)-C(7)
0s(3)-0s(2)-C(7)
Ru(1)-0s(2)-C(7)
Os(1)-0s(2)-C(8)
0s(3)-0s(2)-C(8)
Ru(1)~0s(2)-C(8)
0s(1)-0s(2)-C(9)
0s(3)-0s(2)-C(9)
Ru(1)-0s(2)-C(9)
0s(1)-0s(2)-C(10)
0s(3)-0s(2)-C(10)
Ru(1)-0s(2)-C(10)
0s(1)~-0s(3)-C(11)
0s(2)~0s(3)-C(11)
Ru(1)-0s(3)-C(11)
0s(1)~-0s(3)-C(12)
0s(2)-0s(3)-C(12)
Ru(1)-0s(3)-C(12)
Os(1)-0s(3)-C(13)
Os(2)-0s(3)-C(13)
Ru(1)-0s(3)-C(13)
Os(1)-Ru(1)-C(4)
Os(2)-Ru(1)~-C(4)
Os(3)-Ru(1)-C(4)
Os(1)-Ru(1)-C(5)
Os(2)-Ru(1)-C(5)
Os(3)-Ru(1)-C(5)
Os(1)-Ru(1)-C(6)
Os(2)-Ru(1)-C(6)
Os(3)-Ru(1)-C(6)
Os(1)-Ru(1)-C(9)
Os(2)-Ru(1)-C(9)
0s(3)-Ru(1)-C(9)
C(1)~0s(1)-C(2)
C(1)~0s(1)-C(3)
C(2)~0s(1)-C(3)
C(1)~-0s(1)-C(4)
C(2)~0s(1)-C(4)
C(3)-0s(1)-C(4)
C(7)-0s(2)-C(8)
C(7)-0s(2)-C(9)
C(8)-0s(2)-C(9)
C(7)-0s(2)-C(10)
C(8)-0s(2)-C(10)
C(9)-0s(2)-C(10)
C(11)-0s(3)-C(12)
C(11)-0s(3)-C(13)
C(12)-0s(3)-C(13)
C(4)-Ru(1)-C(5)
C(4)-Ru(1)-C(6)

115.7(7)
90.3(6)
143.4(6)
88.5(6)
101.5(4)
73.6(5)
42.1(4)
96.4(5)
149.9(6)
93.3(6)
169.3(5)
108.6(6)
120.5(8)
101.4(5)
75.9(4)
42.4(5)
86.5(6)
104.2(5)
145.5(6)
146.8(5)
98.7(5)
90.7(5)
116.8(6)
113.5(5)
171.5(6)
99.4(6)
149.4(5)
93.1(5)
62.0(7)
123.0(7)
86.9(5)
105.3(7)
104.4(8)
166.2(8)
145.1(6)
137.4(7)
96.1(6)
118.1(7)
56.8(7)
86.7(6)
90.8(9)
93.9(8)
95.4(8)
163.6(7)
73.6(8)
92.4(8)
94.2(7)
90.1(7)
78.7(9)
93.9(8)
92.6(10)
170.6(8)
93.2(8)
91.7(8)
94.4(7)
95.4(9)
90.0(10)

Ru(2)-O0s(6)-C(18)
0s(5)-0s(6)-C(19)
0s(4)-0s(6)-C(19)
Ru(2)-Os(6)-C(19)
05(5)-0s(6)-C(20)
0s(4)-0s(6)-C(20)
Ru(2)-0s(6)-C(20)
0s(6)-0s(5)-C(24)
0s(4)-0s(5)-C(24)
Ru(2)-0s(5)-C(24)
0s(6)-0s(5)-C(25)
Os(4)-0s(5)-C(25)
Ru(2)-0s(5)-C(25)
05(6)-0s(5)-C(23)
Os(4)-0s(5)-C(23)
Ru(2)-0s(5)-C(23)
05(6)-0s(5)-C(26)
Os(4)-0s(5)-C(26)
Ru(2)-0s(5)-C(26)
0s(6)-0s(4)-C(14)
0s(5)-0s(4)-C(14)
Ru(2)-0s(4)-C(14)
0s(6)-0s(4)-C(15)
0s(5)-0s(4)-C(15)
Ru(2)-Os(4)-C(15)
0s(6)-0s(4)- C(16)
Os(5)-0s(4)-C(16)
Ru(2)-Os(4)-C(16)
0s(6)-Ru(2)-C(20)
0s(5)-Ru(2)-C(20)
Os(4)-Ru(2)-C(20)
0s(6)-Ru(2)-C(21)
0s(5)-Ru(2)-C(21)
0s(4)-Ru(2)-C(21)
0Os(6)-Ru(2)-C(22)
Os(5)-Ru(2)-C(22)
Os(4)-Ru(2)-C(22)
0s(6)-Ru(2)-C(23)
0s(5)-Ru(2)-C(23)
Os(4)—Ru(2)-C(23)
C(17)-0s(6)-C(18)
C(17)-0s(6)-C(19)
C(18)-0s(6)-C(19)
C(17)-Os(6)-C(20)
C(18)-Os(6)-C(20)
C(19)-0s(6)-C(20)
C(24)-0s(5)-C(25)
C(24)-0s(5)-C(23)
C(25)-0s(5)-C(23)
C(24)-0s(5)-C(26)
C(25)-0s(5)-C(26)
C(23)-0s(5)-C(26)
C(14)-0s(4)-C(15)
C(14)-Os(4)-C(16)
C(15)~0s(4)-C(16)
C(20)-Ru(2)-C(21)
C(20)~Ru(2)-C(22)

111.3(7)
89.9(7)
144.3(6)
89.9(6)
100.0(6)
72.17)
40.4(7)
97.2(T)
151.4(8)
95.2(8)
171.5(6)
111.7(6)
122.5(8)
104.1(5)
74.4(4)
45.0(5)
84.5(7)
104.2(5)
143.8(7)
147.6(6)
98.0(6)
91.9(7)
114.2(6)
112.8(6)
170.2(6)
99.2(7)
149.0(6)
92.4(6)
67.2(7)
127.4(7)
87.9(6)
100.0(7)
102.7(8)
161.7(8)
154.2(6)
134.8(8)
102.6(6)
113.8(6)
53.3(6)
81.5(5)
92.1(10)
93.1(9)
96.1(9)
161.8(9)
70.9(8)
95.0(8)
91.9(9)
95.0(7)
T14(9)
91.2(9)
93.0(10)
168.7(9)
94.1(10)
93.4(11)
95.0(9)
92.8(9)
91.8(10)
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Table 3 (continued)

mol. A mol. B

C(5)-Ru(1)~C(6) 97.4(10; Co-Ru-C2zy o
C(4)~Ru(1)=C(9) 172.5(7) CR0)- Ru(-C (23}

C(5)-Ru(1)~C(9) 91.4(9) C(21)-Ru(2)-C(23)

€(6)-Ru(1)-C(9) 86 8(9) C(22)-Ru()-C123)

Os(1)-C(1)-0(1)
Os(1)-C(2)- 02}
Os(1)-C(3)-0(3
Os(1-C(4)-O(d)
Ru(1;-C(4)-G(4)
Ru(1)-C(5)-0O(5
Ru(1y-C(6)-0O(6}
Os(2)-C(NH-O(7)
Os(2)~C(8)-O(8)
Os(2)-C(9)~-O(9)
Ru(1)-C(9)-O)
Os(2)--C(10)-O(10)
Os(3)-C(1H)-0(1 1)
Os(3)-C(12)-0(12)
Os(3)-C(13)-0(13)

Os(6)-C{1731-O(1 7
Os(6)--CI8)-008)

Os(0)- 193 O i
Os(6)-C20)--O0 20
Ru(2y--Co20)- G20y
Ru( 2210021
Ru(2)-C2y-O0E
Os(5)-C(24 -0 24)
Oy L2525y
Os(S)-C{231-0O02 3
Ru(2)-C(23)-O 2
Os{5)- 263 O 26
Os(43-< (1) -
Os{d)- 13-
Q{1 O 163

detailed conclusions about intramolecular steric and electronic effects {rom sohd-
state u-CO bond parameters.

Refinement of the crystallographic site occupancies for the metal atoms in 1
revealed that the sites designated for Ru differed in their site purity: in mol. A,
Ru(1) is 100% Ru within experimental error, but in mol. B. Ru(2) ts only 79% with
the residual 21% Ru evenly distributed among the three Os sites.

The structure of [Ph Asj{H RuOs (CO);.] (11}, The ionic compound 1] con-
tains no noteworthy interionic contact distances. The structure and labeling scheme
for the tetrahedral anion are shown in Fig. 2. The four metal atoms form a
tetrahedron with an Os(CQy, group capping a (p-Hj;RuOs, (CO), basal plane. All
carbonyl groups are terminal. The structures of the related single-metal salts
[PPN]H;Ru ,(CO),,] (two isomers) [9] and [Mey,NJ[H-Os,(COy,,] [10] have been
determined. The two isomers of the Ru, structure represent different edge u-H
bonding patterns; one isomer has p-H bridging on the three sides of an Ruy basal
plane (C;, ), the other has ¢, symmeiry. The former isomer 13 the only one found for

the Os, structure. The mixed-metal [H;RuOs (CO} .1 structure has C., symmetry:
the three p-H ligands were found and refined. As previously noted {910} the
carbonyl groups are somewhat bent away from the hydrido bridges: the hvdrde
bridges are below the basal plane.

As in I, disordering of metal identity is seen in 1I. While the apical Os atom,
Os(1), was found to be pure Os, the three basal plane metal atoms are each 1,73 Ru
and 2 /3 Os in character and are labeled as * OsRu™ atoms. The average Os(1)--OsRu
distance, 2.803(1) A, and the average bridged OsRu--OsRu distance, 2.941¢1) A, are
both very similar to those found in I, and not significantly different from those
found in the all-Os analogue (2.798 and 2.948 A) [10] and the all-Ru analogue (2.787
and 2.937 A). The stmilarity of all three structures suggests that the Os/Ru disorder
in II creates no structural artifacts. In [1, the hydrido bridges favor attachment to

(Centinued an p. 921



Table 4
Atom coordinates (x 10*) and temperature factors (A% x10%) and [Ph 4+ As[H;Ru0s,(CO),5]

atom X y z Uiso
0s() 2913.0(3) 7691.7(7) 157.4(3) 51(1) ®
OsRu(2) * 2395.1(3) 6036.8(7) —855.9(3) a1 b
OsRu(3) @ 1699.2(3) 8542.5(7) ~203.9(3) 48(1) *
OsRu(4) ° 1985.0(3) 5404.1(8) 405.3(3) 47(1) °
As 36.3(6) 3757.8(7) 2632.9(3) 49(1) ®
o) 2995(5) 2930(13) 686(5) 83(5) ¥
0Q2) 1962(5) 6704(14) 1697(5) 76(4) b
0(3) 872(5) 3125(14) 552(6) 83(5) *
o) 3549(5) 3895(13) —752(5) 80(4) ®
oG5) 3038(5) 8360(13) —1717(5) 72(4) ®
0(6) 1721(5) 4115(13) —1860(4) 78(4) b
o7 4062(5) 5686(13) 393(5) 82(5) ®
0(8) 3005(6) 9437(14) 1380(5) 90(5) *
009) 3608(5) 10255(13) —556(5) 80(4) *
0(10) 2235(5) 11334(11) —920(5) 70(4) b
o(11) 1659(6) 10366(14) 982(5) 97(5)
0(12) 364(4) 9153(14) — 600(5) 80(4) *
c) 2615(6) 3897(16) 595(6) 53(5)
Q) 1983(7) 6249(18) 1218(7) 55(5)
c3) 1308(7) 3994(18) 482(7) 62(6) *
(4 3110(7) 4675(15) —788(6) 51(5) ¥
c(5) 2792(6) 7490(17) —1384(6) 55(5)
C(6) 1947(6) 4858(16) —1476(6) 51(5) ¥
(T 3594(8) 6431(15) 290(7) 63(6)
C(8) 2915(8) 8777(17) 908(6) 67(6) *
co) 3334(7) 9316(16) —310(6) 58(5)
C(10) 2043(7) 10288(15) —656(6) 54(5) #
can 1715(7) 9675(17) 540(6) 62(5)
C(12) 861(7) 8891(16) —465(6) 53(5) ®
cR1) —1213(7) 2839(18) 2848(6) 57(4)
C(22) —1747(10) 1862(23) 2763(9) 80(6)
c23) ~171409) 471(22) 2420(8) 72(5)
CQ4) —1185(8) —25(22) 2187(7) 80(5)
C(25) —627(7) 963(18) 2248(7) 67(4)
C(26) —678(7) 2396(17) 2597(6) 4503)
C(31) 728(8) 1011(19) 3055(7) 75(5)
C(32) 1249(9) —62(25) 3049(8) 91(6)
C(33) 171909) 258(22) 2698(7) 81(5)
C(34) 1743(9) 1537(22) 2843(8) 92(6)
C(35) 1244(7) 2627(20) 2314(7) 71(4)
C(36) 746(7) 2350(18) 2673(7) 50(4)
C(41) 370(8) 4956(21) 3816(7) 74(5)
C(42) 357(10) 6117(25) 4297(10) 93(7)
C(43) ~51(8) 7489(23) 4228(9) 92(6)
C(44) —399(8) 7704(21) 3740(8) 81(5)
C(45) —376(7) 6578(17) 3266(7) 62(4)
C(46) 17(7) 5231(17) 3299(6) 55(4)
C(51) —315(7) 4609(18) 1415(6) 53(4)
C(52) —338(8) 5518(22) 896(8) 87(5)
C(53) ~2(8) 6896(22) 885(8) 84(5)
C(54) 352(8) 7446(22) 1359(8) 83(5)
C(55) 375(8) 6482(18) 1901(7) 71(4)
C(56) 3707) 5026(17) 1907(6) 54(4)
Hb(1) © 2071 8046 —946 80
Hb(2) 2393 4552 —238 80
Hb(3) 1614 7369 492 80

@ s.0.f. = 0.88, each 2/3 Os, 1/3 Ru. ® Equivalent isotropic U defined as one third of the trace of the
orthogonalized U;; tensor. © The hydrido ligands were not refined in the final cycles.
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Table 5

Selected bond distances and angles for [Ph As][H.RuOs .{CO),,] (1D

(a) Bond distances (A:)
Os(1)-0OsRu(2)
Os(1)-0OsRu(3)
Os(1)-0sRu(4)
OsRu(2)-0OsRu(3)
OsRu(2)-0sRu(4)
OsRu(3)-0OsRu(4)
Os(1)-C(7)
0s(1)-C(8)
Os(1)-C(9)
OsRu(2)-C(4)
OsRu(2)-C(5)
OsRu(2y-C(6)
OsRu(3)-C(10)
OsRu(3)--C(11)
OsRu(3)-C(12)
OsRu(4)-Ci1)
OsRu(4)-C(2)
OsRu(4)-C(3)

(h) Bond angles (deg.)
OsRu(2)-0s(1)~0OsRu(3)
OsRu(3)-0s(1)-OsRu(4)
OsRu(3)-0s(1)-C(7)
OsRu(2)-0s(1)-C(8)
OsRu(4)-0s(1)-C(8)
OsRu(2)-0s(1)-C(9)
OsRu(4)-0s(1)-C(9)
C(8)-0s(1)-C(9)
0Os(1y-OsRu(2)-0OsRu(4)
Os(1)-0sRu(2)-C(4)
OsRu(4)-OsRu(2)-C(4)
OsRu(3)-0sRu(2)-C(5)
C(4)-OsRu(2)-C(5)
OsRu(3)-0sRu(2)—C(6)
C(4)-0OsRu(2)-C(6)
Os(1)-0sRu(3)-0OsRu(4)
0s(1)-OsRu(3)-C(10)
Os(4)--0s(3)-C(18)
0s(2)-0s(3)-C(11)
C(10)-0OsRu(3)-C(11)
OsRu(2)-0OsRu(3)-C(12)
Ct10)-0sRu(3)-C(12)
0s(1)-0OsRu(4)-0sRu(3)
Os(1)-OsRu(4)-C(1)
OsRu(3)-0sRu(4)-C(1)
OsRu(2)-OsRu(4)-C(2)
C(1H-OsRu(4)-C(2)
OsRu(2)-OsRu(4)-C(3)
OsRu(2)~0s(1)~0sRu(4)
OsRu(2)-0s(1)-C(7)
OsRu(4)-0s(1)-C(7)
OsRu(3)-0s(1)-C(8)
C7)-0s(1)-C(8)
OsRu(3)-0s(1)-C(9)
C(7)~-0s(1)-C(9)
Os(1)~OsRu(2)-OsRu(3)

2.804(1)
2.807(H)
2.799%1)
2.924(1)
29531
2.946(1)
TR
1.86(1)
L9T)
1.91(1)
L7
12D
189D
L7
1

|

!

1911
BT
(13
.2

62.8(0)
63.40)
is9.14)
156.4(5)
97.8(5)
95. 714y
156.2(4;
98.4(6)
58.1(0y
84.9(4)
94.7(4)
594y
92.2(6)
116.2(4)
99 (6
58.2
87.74)
144.0¢4)
140.2(5)
94.6(6)
116.9(4)
96.4{6)
58.4
87.8(4)
144.6(4)
144.2(4)
G276
116.1¢5)
63.6(4)
G9.3(4)
G9.G(5)
96.6(5)
98. 2T

O()--C(1y
O2)-C(2)
O 2
O(4)--C(4y
O(51-C(5)
O(6)--C(6)
O(7)--C{ T
O(8)-C(8}
O9)-C(D)
O(1h~C10)
OO h-Cab
OAODH-C(1)
OsRu(2)-Hb( 1}
OsRu(2)-Hb(2}
OsRu(3)--Hb(1)
OsRu(3)-Hb(3}
OsRu(4)- b2y
OsRu(4)-Hb(3

OsRu(3)-0sRu(2)-OsRu(4)
OsRu(3)-OsRu(2)~-C(4)
Os(1)-OsRu(2)--C(5y
OsRu(4)~OsRu(2)-Ci5
Os(13-OsRu(2)—-C(6;
OsRu(4)-OsRu(2)--(6;
C(5)-0OsRu(2)-C(6)
Os(13-O0sRu(3)-OsRu(2y
OsRu(23--OsRu¢ 3)-OsRu(dy
OsRu(2)-OsRu(3)-C (1)
Os5(11-0sRu(3-Ce 11y
OsRuid)—OsRuf 3)-Ci 1t
Os(13-OsRu(3)-C(12;
OsRut4)-GsRu( -1y
COID-0sRu(31--C1
OsRu( 2}~ OsRu()y~OsRu(3)
OsRu(2)-OsRu( - 1
Os(1-OsRutd) - (2
OsRu(3)-OsRu(dy-C ()
Os(1)--OsRu(4)-C(3)
OsRu(3)-OsRu(4)-C( 3y
Os(1)-OsRu(dy--OsRu( 2y
C(hH-0sRu(4)-- (3}
OsRu(4)--C(2)-0(2)
OsRu(2)-Cdy~ O 4y
OsRu(2)--C6)-O(6)
Os(1)-C8)- (&)
OsRu(3)-CHh-O(10)
OsRu( HO-C(12;- 000y
C(2)-OsRu(d)-C1 3
QsRu()-C(1)-OG(
OsRu(d)-C(3)--O 3y
OsRu(2)--Ci5y- 5
Os(1)=-C(T1-OT
Os(11-C(93- O
OsRu(3-C1H-O(11)

a&.2(0)
142.5(4)
90.0(4)
146 54y
17214
THAS(d
96 7(6)
AR5
il d
ERRVE)
X35
XY
174204y
RERES)
HL 7063
S
G3.2(4
KT 3(d)

45 R(dy
172.4(5)

P7RI(12

[P RP R S A 1

T e -

[RRN RN CUREBORE AU O N S A )

)

TT50012)

FAOL6(TS

!

178.6(12)
176.8(13)

G716}
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(B)

Fig. 1. The molecular structure and labeling scheme for the two crystallographically independent
molecules of 1.
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Table 6

A comparison of the Crabtree-Lavin {8] parameters for the eight chemically 1dentical semibridging
carbonyl bonds in both polvmorphs of 1

O
e
a-
C.
o% NP
v AN
Mo e M,
M, e ¥ i b ¢
I (triclinic) Ru(1) 157¢1) 62(1) 1.93(2) 2 LI7(3)
152(1) 5 1.91(2) 2 1092
Rui2) 1631 67N 1.50¢2y 2 1.20(3
146(1) S3(1) 22000 2 Lis
I (monoclinic) [3] Ru(l4y 157(hH 61(1) 2.0y 2 T
S50 60(1) 1.97(2) 2 P4y
Ru(24; 160(1) 63(1 1.95() 2.5 1142y
1511y 5601 200 2 J32

the Ru-rich basal edges in contrast to both I and H,FeOs.(COj,; [8] in which the
hydrido bridges involve only Os-Os edges.

Formal electron counts for the metal atoms of HyRuOs (CQO),. provide 18e” for
each basal plane atom, and 17¢~ for the apical Os(CO), group. suggesting signifi-
cant localization of the anionic charge at this position. Three neutral 60-electron

F
‘,,% \"‘%\ o)
) 014
cl4 o ;
N
=y //' -
23 ’; Hbi2) £
/Jl".s/ (28 G 0(3)
[ &) cle! = ¥
06) (g o Ct3)
':\'\\‘ cn Y OsRud
OsRu2 i; & )
N Ci2
p\\\\ % oz
I NE
NI S2VAP. Z
Y (1) ‘g Hb(3) 0f2)
0t5) { N

Y S -
oa (N , AT
< UsRUSICR e N

)
col Q\Z@ (’///g 0i8)

3 >
€S 101 D &
= 0 i ot Sy
¢ (@) O
2 010 N\

Fig. 2. The molecular structure and labeling scheme for Il
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clusters that are isolobal analogues have been structurally characterized, (n°-
C¢H;CH,)Rh[Os;(CO)H;], [11] CpNi[Os;(CO)H;] [12*] and (CO);Co[Os;-
(CO),H;] [13*]; all contain Os; basal plane u-H bridging analogous to II. The av.
Os-Os distances in the (arene)Rh complex, 2.888 A, in the CpNi complex, 2.871 A,
and in the Co(CO), complex, 2.901 A, are all significantly shorter than in II and the
all-Ru and all-Os anion complexes. It is difficult, however, to provide a detailed
rationale for these differences except to suggest that the localization of charge on
the Os(CO),;" apex lengthens the Os—H-Os bridges. Electron “deficiency” at the
apex as in the 59-electron complex CpCo[Os;(CO)gH ;] does not significantly affect
the Os-Os distance, av. 2.897 A [12*]. Calculations of charge distribution in a
different, but clearly related analogue, CH ;C[Fe;(CO),H;], indicate a very substan-
tial negative charge localization at the apical carbon atom [14*]. Apparently, further
increase in the electron density at the apical position leads to redistribution to basal
plane antibonding levels.
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