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Abstract

The reaction between (pu-H),0s,(CO),, and (n’-CsH)Rh(CO), in toluene at
90 ° C produces (7°-CsH)RhOs,(CO), (1) and (u-H),(7’-CsH)RhOs,(CO),, (ID),
as the principal products while the pentanuclear cluster (u-H),(%’-CsH;)RhOs,-
(CO),; (III) is obtained in low yield. When added hydrogen is present during the
reaction, replacement of the cyclopentadienide ligand by toluene occurs and the
principal product is (p.—H)3(n6—C6H5CH3)RhOs3(CO)9 (VD). Also produced in this
reaction are (p-H),(#’-CsH;),Rh,0s,(CO), (IV) and cluster II, but in low yields.
In benzene in the presence of H,, an analogous reaction occurs. The cyclopenta-
dienide ligand is replaced by benzene to give (p-H),(1°*-C H,)RhOs,(CO), (VII) as
the main product and clusters 11 and (p-H),(%’-CsH)RhOs,(CO), (V) are formed
in small yields. Conversion of clusters I and II to clusters IV and V, respectively,
was achieved by bubbling H, through toluene solutions of 1 and 1I at 90° C. Cluster
V is moderately unstable in solution, with significant decomposition occurring
during the reaction. The molecular structures of clusters 11, 111, IV, and VII have
been determined by single crystal X-ray diffraction studies. Clusters II, IV, and VII
have tetrahedral metal cores, while the pentanuclear cluster III has an Os tetra-
hedral core which is edge bridged by a Rh atom. For compound 11I: space group
P2,/n, a 8.120(3), b14.932(3), ¢ 16.277(3) A, B 91.29(4)°, V 1972.9 A’, Z = 4, mol
wt = 1020.73, p.q 3434 gm cm™°, and p4 201.5 cm™' for Mo-K,; 3885
independent reflections > 36(/); 4 < 28 < 55° obtained at —35°C; final R; 5.7%,
R, 74%. For compound III: space group P2,/c, a 11.134(2), b 16.649(2), ¢
14.015(2) A, B 109.98(1)°, V 2441.6 A®, Z = 4, mol wt = 1294.95, Peatea = 2.773 gm
cm ?, and @ .4 162.6 cm™! for Mo-K,; 5695 independent reflections > 30([1);
420 <50° at —30°C; final R; 2.95%, R,, 4.0%. For compound IV: space
group P2, /c, a 8.186(3), b15.651(5), ¢ 15.723(2) A, B 97.32°, ¥ 1998.25 A, Z = 4,
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mol wt =914.49, p_ .4 3.038 gm cm 3, and p g 143.34 cm ! for Mo-K,,; 3619
independent reflections = 30([1); 4 <26 <55° at 25°C,; final R, 3.3%, R,; 4.5%.
For compound VII: space group R3, a = b = ¢ = 10.003(4) A, a = =y = 92.16(3)°.
V=29983 A’, Z=2, mol wt=1006.5, p_.q 3.34 gm cm™ ", and p_,, 2148 cm !
Mo-K_; 3017 independent reflections > 3a(/); 4 <20 <50° at 25°C; Final R,
44%. R, 6.3%.

Introduction

A number of studies in this and other laboratories have focused on the use of
(n-H),0s,(CO),, as the starting material for triosmium based mixed metal clusters
[1-12]. Reaction of (u-H),0s,(CO),, with carbonyls of the first row transition
metals has led to the formation of a variety of clusters. In our studies of first row
metal carbonyls, tetranuclear clusters with MOs, (M = Fe, Co, Ni) metal cores were
the only products identified [1-3a)]. We found that the product composition and
distribution was dependent upon the absence or presence of added H, during the
reactions studied. In the absence of added H,, the only product was (u-H),(%’-
C,H)MOs,(CO),, (M = Co, Ni) [3a]. In the presence of added H, this cluster was
produced in low yield and the principal products were (p-H)(7°-C,H)MOs,(CO),
(M = Co, Ni) and (p-H),(n-CsH)MOs,(CO)4 (M = Co).

This type of reaction, in the absence and presence of added hydrogen, was
extended to carbonyls of the second row transition metals. We found that clusters
with trinuclear MOs, (M = Rh) {5,6}], tetranuclear MOs; (M = Mo, Rh) [5.6,10-12].
M.,Os, (M= Rh) [10], and pentanuclear M,0s, (M = Mo) [11] cores were pro-
duced. When the pentamethylcyclopentadienide complexes [(n°-C(CH,)Rh(CO)},
and (7°-C5(CH,))Rh(CO), were allowed to react with (p-H),0s,(CO),, [10] in the
absence of added hydrogen, the products were (u-H),(17°-C5(CH ;)< )RhOs(CO),,.
(p-H),(7°-C5(CH;)5),Rh,0s,(CO),, and (7°-C5(CH,)5),Rh,0s,(CO). In the
presence of added H,. (p-H),(7’-Cs(CH,)5),Rh,0s,(CO), and (u-H),(n'-
C5(CH;)5)RhOs,(CO), were formed. In a similar reaction of Ru,(CO),, with
(7>-CsH,)Rh(CO), in the presence of H, in octane Lindsell, Knobler, and Kaesz
{13] obtained ([.L-H)Z(TIS—CSHS)RhRUB(CO)m. an analogue of (pu-H),(n -
C,H;)RhOs (CO),,, as the principal product.

Earlier results from this laboratory indicated some significant differences be-
tween reactions of (7>-CsH )RhCO), and (7°-C5(CH,)5)Rh(CO), with (p-
H),0s,(CO),, with respect to yields of analogous products and product types
[5.6.10]. In the present study we have investigated reactions of (9°-C H;)Rh(CO),
with (p-H),0s,(CO),, in additional detail in order (o obtain a more complete view
of the dependence of products on the type of cyclopentadienide ligand bound to
rhodium.

Experimental

All reactions were run on a vacuum line using standard techniques [14]. Air and
moisture sensitive compounds were weighed out under N, in a Vacuum Atmo-
spheres glovebox. TLC separations were carried out in air, as all of the neutral
products are air and moisture stable.
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Chemicals and solvents. Triosmium dodecacarbonyl (Strem), rhodium trichloride
hydrate (Aldrich), cyclopentadiene (Aldrich), and prepurified hydrogen (AGA) were
used without further purification. Toluene, diethyl ether, and tetrahydrofuran
(Mallinckrodt) and their deuterated analogs (ICN, Biomedicals Inc.) were dried by
having them refluxed and storing them over sodium benzophenone ketyl. Dried
methylene chloride (Mallinckrodt) was distilied from P,O; or CaH, and stored
under vacuum. (p-H),0s,(CO),, [15] and [Rh(CO),Cl], [16] were prepared accord-
ing to published methods.

Infrared and NMR spectra. Infrared spectra of solutions were recorded on a
Matteson Cygnus-25 FTIR Spectrometer. Proton and carbon-13 spectra were ob-
tained on a Bruker-300 or Bruker-250 spectrometer at 300.13 or 250.13 MHz
respectively. Chemical shifts are referred to Si{CH;), ('"H NMR, & 0.00 ppm) and
Si(">CH,),(**C, & 0.00 ppm).

Mass spectra. Mass spectra were obtained at The Ohio State University Chem-
ical Instrument Center, by use of a Kratos MS-30 (or VG 70-250S) mass spectrome-
ter.

X-ray structure determinations. For X-ray examination and data collection, each
crystal was mounted on the tip of a glass fiber. All X-ray data were collected on an
Enraf-Nonius CAD4 diffractometer with graphite-monochromated Mo-K_, radia-
tion. All crystallographic computations were carried out on a PDP 11 /44 computer
using SDP (Structure Determination Package) [17]. Table 1 gives crystallographic
data for (p-H),(n’-CsH;)RhOs;(CO),, (1), (p-H),(n*-CsH4)RhOs, (CO),, (II),
(p-H), (7°-CsH;),Rh,0s,(CO); (IV), and (p-H);(n*-CeHg)RhOs4(CO), (VI).

Unit cell parameters for each crystal were obtained by least squares refinement of
the angular settings from 25 reflections, well-distributed in reciprocal space and
lying in a 26 range of 24-30°. Intensity data were collected in the «-28 scan mode.
Six standard reflections were monitored and showed no significant decay. Data were
corrected for Lorentz and polarization effects. The intensities were also corrected
for absorption effects by applying an empirical method based on the crystal
orientation and measured psi scans.

Structures were solved by a combination of the direct method MULTAN 11 /82
and the difference Fourier technique, and were refined by full-matrix least squares.
Analytical atomic scattering factors were used throughout the structure refinement
with both the real and imaginary components of the anomalous dispersion included.
The heavy atoms first appeared on the E-map. Then the positions of the carbon and
oxygen atoms were determined from a Fourier synthesis which was phased on the
metal atoms. Full-matrix least squares refinements were carried out using aniso-
tropic thermal parameters for non-hydrogen atoms. Final atomic positional parame-
ters for located atoms are given in Tables 2—5. Positions of hydrogen atoms on the
cyclopentadienyl and benzene rings were calculated (d(C-H) 0.95 A) with their
thermal parameters fixed and incorporated into the final three cycles of refinement.
Molecular structures are given in Figures 1-3, 5.

Preparation of (v’-C;Hs)Rh(CO),. (n°-CsH)Rh(CO), was prepared by a mod-
ification of a method of Fischer and Bittler [18]. In a typical reaction [Rh(CO),Cl],
(1.0 g, 2.5 mmol) was weighed in air and charged to a 50 ml flask. K[C;H;] (0.60 g,
5.8 mmol) was weighed in a glovebox and added to the flask. The flask was sealed,
evacuated under high vacuum and diethylether (15 ml) was condensed into the flask
at —78°C. The solution was warmed to ambient temperature and stirred for 4 h.



424

£00

£90°0
14400
L10€

ZI8t
0s-%
(0€LO1L0) "¥-OW
7
pee

666
1’661
£0¥
£866
(€)91°26
(€916
{£)91°26
(#)£00°01
#0001
(#)€00°01
ST

7

£
>»o:xu>
$9001
(11A) Y4 sQ®0°H "D

S00

900
t£00
619¢

7905
St
(0€L01L°0) "X -0l
g7
LvS

966
TeEpt
8E0°€
£8661
0006
(T)ZE'L6
0006
QL st
(6)169°61
(£)981°8
ST

v

2/'ed
¥oeiq
S'vi6
(AD “yy¥s0to®H D

00

ovoo
6200
$69¢

8618
05-¥
(0€L01L0) " Y-OIN
gi—o
§'sS

866
61T
SLLT

9 IppT
0006
(1)86'601
0006
@s10P1
(D6¥9'91
@11
0f —

v

o/ ed
apdind
05671
(1D YA s0 'O tHBD

00

vL0°0
LSOO
$88¢

619%
SS—p
(0£L01L°0) "Y-OW
4T
vS6

566

S 107
pEV'E
6°TL61
00706

G YA O
00°06
(©)LT 91
(gcevt
(€)ozig
$¢ -

v

u/led
pal yIep
L0201
(1) wa*s0”'0*H* "D

L)+ £)o] =
2wayds FunyIom
ol ol /0] =0 Dwg) =y
iz /gl =1%o ="y

({(7)og £ ) 1Wawsu1)a1 21PN
Ul Pasn SUONIB[Jal JO "ON
SUOI19[j21 anbiun jo "ON
(g7} sy uonds[jod vre(
(y 'Y) uoneipey
Jpouwl ueng
% sueIl Ul
9 'SURI] "XBN
(W i
_wo g *(poreo)d
€Y A
Fop 4
Fop g
op ‘0
v
Y
A"
(D) dway
V4
dnoig soedg

£

[218A10 JO 10]0D)
PO
B[NULIO] [BOTILIDY))

vlEp |BISAL)
[ 219el



425

Diethyl ether was removed by means of rotary evaporation leaving a brown oily
residue in the flask. (n°-CsH5)Rh(CO), was vacuum distilled from the residue and
trapped at —78°C. (#’-CsH;)Rh(CO), is an orange-red mildly air and light
sensitive liquid at room temperature.

Reaction of (p-H),0s,(CO),, with (7’-CsH;)Rh(CO), in the absence of added
hydrogen. In a typical reaction (u-H),0s,;(CO),, (130 mg, 0.15 mmol) was added
to (7°>-CsH5)Rh(CO), (100 mg, 0.45 mmol) in a 50 ml flask and sealed with a
vacuum adapter. Toluene (ca. 15 ml) was condensed into the flask at —78° C. After
warming the flask to room temperature it was placed in a 90° C bath and stirred for
3 days. The toluene was removed by means of rotary evaporation leaving a reddish
brown solid in the flask. Complete separation of the clusters was accomplished by
means of thin layer chromotography on 2-mm silica plates with a mixed solvent,
1/4 toluene /heptane, eluent. This yielded four bands, orange (R, 0.66), green (R,
0.33), pink (R, 0.27) and brown (R, 0.10).

The orange and green bands were (7°-CsH,)RhOs,(CO), (I) and (p-H),(%’-
CsH)RhOs,(CO),, (II) clusters which were previously identified in this laboratory
and reported [5]. Yields: 55 mg, 0.068 mmol, 45%; 60 mg, 0.058 mmol, 42%, based
on (u-H),0s,(CO),,, for clusters I and II, respectively. Crystals of II for single
crystal X-ray analysis were obtained by slow evaporation of solvent from a CH,Cl,
solution at room temperature.

Crystals from the pink band were grown from CH,Cl, /heptane (layered) at
room temperature and were shown to be the new cluster (p-H),(n’-
C,H)RhOs,(CO),; (III), from a single crystal X-ray structure determination.
Yield: 5 mg, 4 pmol, 3.5% based on (u-H),0s,(CO),,. IR spectrum: ((cyclohexane,
»(CO)) 2090 m, 2055 s, 2039 vs, 2019 s, 2006 w, 2000 m, 1990 w, 1973 m cm™'). 'H
NMR spectrum: (25° C (CDCl,) 6.04 (s, SH), —18.24 (s, 2H) ppm). Mass spectrum
parent ion peak m/z calcd. for '%20s,'”*Rh,'¢0,,"2C,,'H;: 1302; found: 1300.

The brown band consisted of (g,-H)(p3, 7°-CsHs)(%°-CsHs);Rhy [19], which
was identified by its '"H NMR spectrum and a mixture of unidentified products.

Reaction of (u-H),0s,(CO),, with (7°-C;Hs)Rh(CO), in the presence of added
hydrogen. In a typical reaction, H, was bubbled through a 20 ml toluene solution
of (p-H),0s,(CO),, (105 mg, 0.123 mmol) and (n’-C;H;)Rh(CO), (73.6 mg, 0.33
mmol) at ambient temperature for 20 minutes in a 50 ml two-neck flask equipped
with a reflux condenser. The solution was then heated to 90°C for 72 h with
continued bubbling of H,. After cooling the flask to room temperature the volatiles
were removed under high vacuum leaving a brown solid. The products were
separated by TLC on 2-mm silica with a 1/4 toluene/heptane eluent. This gave
three bands, red-orange (R, 0.43), green (R, 0.30) and brown (R 0.09).

The red-orange band was (p-H),(7%-C4H;CH;)RhOs,(CO), (VI), a cluster
previously identified and reported from this laboratory [6]. Yield: 31.5 mg, 0.030
mmol, 25% based on (p-H),0s,(CO),,.

The green band was identified from NMR and IR spectra as the previously
reported cluster (p-H),(n*-CsH;)RhOs,(CO),, (I1) [5]. Yield: 10.1 mg, 0.010 mmol,
8% based on (u-H),0s5,(CO),,.

The brown band was identified as (p-H),(7’-CsHs),Rh,0s,(CO), (IV) from a
single crystal X-ray structure analysis. Yield: 6.2 mg, 7 pmol, 7% based on
(p-H),0s,(CO),,. Single crystals were grown by slow evaporation of hexane into a
CH,Cl,/hexane solution of the compound. IR spectrum: (cyclohexane, »(CO))



426

2072 m, 2044 s, 2001 m, 1990 s, 1971 m, 1958 m, 1806 m c¢m '). 'H NMR
spectrum: (25°C (CDCl;) 5.59 (s, 10H), —11.09 (s, 2H) ppm). Mass spectrum
parent ion peak m/z caled. for '?0s,'"Rh,'"°0,"2C,'H,,: 918: Found 918.

Preparation of (p-H),(n"-C,H,)RhOs (CO), (VII). This compound was pre-
pared by the same method as compound VI except that the reaction was carried out
in benzene at 60°C. In a typical reaction H, was bubbled through a benzene
solution (ca. 15 ml) of (p-H),0s,(CO),, (111.2 mg, 0.130 mmol) and (7%’-
C,H)RK(CO), (76.9 mg, 0.343 mmol) in a 25 ml two-neck round bottom flask at
60° C for 72 h. The volatiles were removed under high vacuum leaving a brown
solid. Separation by TLC on 2-mm silica, using 1/4 benzene /hexanes as eluent.
yielded three bands: orange-red, yellow-green, and brown. Crystals from the orange-
red band were grown by slow evaporation of hexane into a CH-,CI,/hexane
solution and were shown to be (p-H),(n°-C,H,)RhOs,(CO), (VII) from a single
crystal X-ray analysis. Yield: 13.1 mg, 0.013 mmol, 10% based on (p-H),0s,(CQO),,.
IR spectrum: ((hexanes, v(CO)) 2070 w, 2048 s, 1994 vs, 1978 m, 1945 vw c¢cm ™~ Y
'"H NMR spectrum: (—60° C (acetone-d, ) 6.68 (s, 6H). —17.43 (s, 3H) ppm). *C
NMR spectrum: (—60°C (CD,Cl,) 176.9 (s, 3O, 172.1 (d. J 9 Hz, 9 ) ppm).
Mass spectrum parent ion peak m/z caled. for ' Os'Rh,'0,'*C,,"Hy: 1012:
Found 1012.

The yellow-green band was found to be a mixture of V and Il identified by their
characteristic 'H NMR peaks. These were present in low yield and were not
separated. The brown band consisted of a mixture of low vield unidentified
products and (p-H),0s(CO),, identified by 'H NMR.

Preparation of (p-H).(n'-C;H)RhOs ,(CO),,) (I}) and (u-H),(n"-Cs H,), Rh 05 -
(CO); (1V) from (nﬁ—C_gH_g)RhOSJ(C())Q (f). Hydrogen was bubbled through a 10
ml toluene solution of (7°-C H,)RhOs,(CO), (21.5 mg, 0.027 mmol) for 40 min at
room temperature in a 30 m! two-neck flask equipped with a reflux condenser.
Then, with continued bubbling of H, through the solution, it was heated to 90°C
for 8 h. The reaction was cooled and the volatiles were removed by means of rotary
evaporation. Separation of the products was carried out by TLC with 1/4
benzene/hexane as eluent, giving three bands. They were, an unknown purple solid
(trace amounts), green (p-H), (9>-CsH)RhOs(CO),, (ID) (Yield: 0.7 mg, 0.7 pmol,
5% based on (7°-CsH,)RhOs,(CO), and brown (p-H),(%'-CsH:),Rh,0s,(CO),
(IV) (Yield: 0.7 mg, 0.8 pmol, 7% based on (7’-CsH)RhOs,(CO),.

Preparation of (u-H)(n"-C.HsJRhOs (CO), (V) from (u-H)n'-CiH,jRhOs -
(CO),, (11}, H, was rapidly bubbled for 10 min at room temperature through a
toluene solution of (p-H)z(ns—CSHﬁ)RhOs3(CTO)1(, (56.9 mg, 0.056 mmoaly in a 50 ml
two-neck flask equipped with a reflux condenser. The solution was then heated to
90°C and the hydrogen flow reduced to a moderate rate. The reaction was stirred
for 48 h. After cooling the flask to room temperature, the volatiles were removed
under high vacuum leaving a dark brown solid in the flask. The solid was dissolved
in 05 ml of CH,Cl, and separated by TLC on 2-mm silica with 1/4
benzene /hexanes as eluent. This gave a dark yellow band (R; 0.69). a green band
(R 0.53), a pink band (R; 0.21) and a brown band (R, 0.12). The pink and brown
bands were present in only trace quantities and were not identified. The green band
was identified as unreacted II, while the dark yellow band was identified as
(#-H) 4(n’-CsH)RhOs (CO), (V) (Yield: 31 mg, 0.031 mol, 56% based on (p-
H),(n*-C;H)RhOs,(CO),,) by IR and NMR spectroscopic comparisons to the
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known pentamethylcyclopentadiene analogue [10]. IR spectrum: (hexanes, »(CO))
2091 w, 2067 s, 2054 vs, 2012 m, 1996 s, 1983 w). '"H NMR (—-80°C (CDCl,) 5.71
(s, 5 H), —18.13 (d, J(Rh—H) =25 Hz, 2 H), —19.47 (s, 2 H) ppm). Mass spectrum
parent ion peak m/z calcd. for '20s,'®Rh,'*0,'C ,'H,: 1000; Found 1000. Anal.
Found: C, 16.74, H, 0.89. C,,H,O,RhOs;, caled.: C, 1691; H, 0.91%.

Results and discussion

Reaction of (u-H),0s,(CO),, with (v’-C;Hs)RI(CO), in the absence and in the
presence of added hydrogen. The reaction of (u-H),0s,(CO),, with (%’
CsH;)Rh(CO}, results in the production of a number of mixed metal clusters whose
compositions and yields depend upon the absence or presence of added H, and on
the solvent used in the reaction. Results are summarized in Scheme 1. When the
reaction (1a, Scheme 1) was carried out in toluene in the absence of added H,, three
major products, (7°-CsH;)RhOs,(CO), (D), (p-H), (7°-CsH5)RhOs,(CO),, (1D),
and (p-H),(n>-CsH4)RhOs,(CO),, (III) were isolated and characterized.

Significantly different products were obtained when additional H, was present
during the reaction of (pu-H),0s,(CO),, with (n°-C;H)Rh(CO), (reaction 1b,
Scheme 1). The three major products were (p-H),(n’-CsH;)RhOs;(CO),, (ID),
(p-H),(n°-C5H;),Rh,0s,(CO), (1V) and (p-H);(7°-C4HsCH,)RhOs,(CO), (V).

< & - @

1 [ OS-_Rh
Rh__ Rh~co ; {
- /" \I _ \Os/ (l)s/ \054 \o\s/
o_ | -— + —_— = | ——— —
i s S N 7 AIIPZAN i
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A £
CpRh(CO}, H, } 20 on,
" NP & &
toluene| 1b 3 Rh-co Rh
e \\H\Rh@ A D s
N9s7 ~N AN = AN
—\;2% ';Sos/ H\Os’H
0 7N N
(V) ()] (v1)

Scheme 1
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When the reaction was carried out in benzene in the presence of added H, the major
product was (p-H),(1°-C,H)RhOs,(CO)y (VII) (Scheme 2).

These products differ with respect to product types or yields from those obtained
from analogous reactions which employed the pentamethylcyclopentadienyl deriva-
tive, (n°-C5(CH;)5)Rh(CO), [10]. In the absence of added H, the products were
(n°-C5(CH,)5),Rh,0s,(CO),, (p-H),(7°-C5(CH,)5)RhOs,(CO),, and (p-H), (7 -
C;(CH),),Rh,0s,(CO),. In the presence of added H, the products were (p-
H),(7*-C5(CH;)5)RhOs,(CO), and (p-H),(n*-Cs(CH,;))Rh,0s,(CO),.

Added H, is required for the formation of clusters (u-H);(7°-C¢HCH;)RhOs ;-
(CO)y (V) and (p-H);(n°-C H YRhOs,(CO)4 (VII) products which contain toluene
and benzene, respectively, in place of the cyclopentadienyl ligand in the starting
complex, (7°-CsH)Rh(CO),. Such substitution did not occur when the starting
material contained the pentamethylcyclopentadienyl ligand (n-C,(CH, )< )Rh(CO),
[10]. The requirement that H, be present for the substitution reaction to occur
suggests that the cyclopentadienyl ligand attached to rhodium is effectively hydro-
genated to yield cyclopentadiene or cyclopentane which is replaced by the toluene
or benzene. It seems likely that hydrogen reacts oxidatively with the starting
material, (7°-CsH{)Rh(CO),, and then reduces the cyclopentadienyl which then
may be eliminated as cyclopentadiene or cyclopentane with addition of the arene to
the rhodium. This possibility is supported by the recent report by Maitlis [20] of
elimination of pentamethylcyclopentadiene from the hydrido compound {7’-
C;(CH;);)RhH,(SiEt,) and its replacement by trimethyl phosphine. We were
unable to isolate any likely intermediate species when the starting material (n’-
C,H,)Rh(CO), was treated with H, in toluene under conditions required to form
V1.

Since the yield of (p-H),(n*-CsH4)RhOs,(CO),, (I1) is significantly smaller
when added H, is present in the reaction (reaction 1b, Scheme 1), the possibility
was also considered that the n°-substituted products VI and VII can be formed by
the hydrogenation of the cyclopentadienide ligand on cluster II, accompanied by
reaction with the toluene or benzene solvent. To test this possibility we examined
the reaction of (u-H),(n’-CsH,)RhOs,(CQ),, (II) with H, in toluene under condi-
tions similar to those under which VI was formed (reaction 2b, Scheme 1). This
reaction produced the cluster (p-H),(n’-CsH;)RhOs,(CO)y (V). There was no
indication for the formation of (u-H),(3*-C¢H,CH,)RhOs,(CO), (VI). In princi-
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ple, cluster V could be converted to VI in toluene by the transfer of a hydrogen
atom to the cyclopentadienyl ligand with elimination of cyclopentadiene and CO in
the formation of the #°-C4H;CH, complex. However, since no VI was observed as a
product in the reaction in which V is formed in significant yield (56%) this is an
unlikely pathway to VI under normal reaction conditions.

The presence of added H, is required for the formation of (p-H),(n’-
C,H)RhOso(CO), (V) (reaction 2b, Scheme 1). The absence of V as a preduct from
reaction 1b, Scheme 1 and the relatively low yield of (p-H),(%’-CsH4)RhOs,(CO),
(IT) compared to that of (p-H),(7n°-C4H;CH,)RhOs,(CO), (VI). implies that I and
VI are formed through competing reactions and that replacement of the cyclo-
pentadienide ligand by toluene predominates. Since VI is not formed from II or V
and since there is no evidence of toluene substituting for cyclopentadienide ligand
on the starting rhodium complex, the pathway to VI undoubtedly requires an
intermediate hydridorhodium species which has not been identified.

The presence of H, is also required for the formation of (p-H),(7%’-
C,H;),Rh,0s,(CO), (IV), a cluster with an Rh,0Os, core. In the analogous
reactions with the pentamethylcyclopentadienyl derivative, (n°-C5(CH;)5)Rh(CO),,
Rh,0Os, core clusters are the favored products [10]. It has been proposed that under
the reaction conditions employed, monomeric rhodium starting material slowly
forms a dimer which then goes on to form the Rh,Os, mixed metal clusters [10].
The greater tendency for the (7°-C5(CH,)sRh group to form rhodium-rhodium
bonds than the (7°-CsH;)Rh group is probably responsible for the difference in
product distribution observed in previous studies [10,21,22,23] and the low yield of
cluster IV obtained in this study. .

The major products in the absence of added H, are clusters which contain an
RhOs, or RhOs,; metal core. MOs, (M = Fe, Co. Ni) clusters were the principal
products for reaction of (p-H),0s,(CO),, with the first row metal carbonyls [1-4].
The yields of (n°-CsH4)RhOs,(CO)y (I) and (p-H),(7’-CsH;)RhOs (CO),, (11)
were comparable and account for more than 85% of the reaction products. The
pentanuclear cluster, (u-H),(7°-CsH;)RhOs (CO),, (11I) was obtained in low yield.
No trinuclear clusters with MOs, cores were observed in the products of any of the
previous reactions of (u-H),0s,(CO),, with metal carbonyls [1-4,6-12] and cluster
I was not found when added H, was present. When H, was bubbled through a
solution of cluster 1 (reaction 2a, Scheme 1) in toluene at 90°C, (p-H),(7’-
C;H;),Rh,0s,(CO), (IV) was produced in low yield. In addition, some of cluster
IT was also produced. This explains the absence of cluster I when added H, was
present and suggests that cluster IV may result from reaction of cluster I with H,.

{p-H).(7°-CsH;)RhOs (CO),, (11). The molecular structure of compound II is
shown in Fig. 1. Positional parameters, selected bond distances, and selected bond
angles are given in Tables 2, 6, and 7, respectively. This structure is consistent with
the structure in solution proposed from 'H and '*C NMR spectra at —60° C [5]. It
consists of an RhOs, tetrahedral metal core in which each osmium atom is linked to
three terminal carbonyls. The rhodium atom is bound to the three osmium atoms,
an 7°-CsHy ligand and an asymmetric bridging carbony! which spans the Rh-0s(2)
atoms (Rh-C(1) 1.90(1) A, Os(2)-C(1) 2.226(9) A). As indicated in our earlier
report of the proposed structure of 11, the absence of any coupling of the hydride
with ' Rh in the "H NMR spectrum indicates that the hydrides must bridge Os-Os
bonds [5a). Although the positions of the two hydrogens were not determined
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Fig. 1. Molecular structure of (p-H), (7°-CsH,)RhOs;(CO),,.

directly from the X-ray data, they are inferred as edge bridging between Os(1)-0Os(2)
and Os(1)-Os(3). The distances Os(1)-0s(2) 2.950(1) A and Os(1)-Os(3) 2.867(1) A
are significantly longer than the remaining osmium-osmium bond in the cluster
(0s(2)-0s(3) 2.782(1) /0\). These osmium—osmium distances correspond very well
with those observed in the related clusters ( p-H),(n’-Cs(CH,)s)RhOs;(CO),, [10]
and (,u-H)z(ns-CﬁH5)C0053(C0)m [1] which have molecular structures very similar
to that of Il. Rhodium-osmium distances are relatively uniform Os(1)-Rh 2.730(1)
A, Os(2)-Rh 2.736(1) A and Os(3)-Rh 2.720(1) A, they correspond well with the
rhodium-osmium distances observed in (p-H),(7’-Cs(CH,);)RhOs,(CO),, [10].
The dihedral angle between the cyclopentadienide ring and the three osmium atoms
is 24.0°.

(u-H),(n’-CsH )RhOs ,(CO),, (I1). The molecular structure of 111 is shown in
Fig. 2. Positional parameters, selected bond distances, and bond angles are given in
Tables 3, 8, and 9. The cluster consists of an Os, tetrahedral core with an Os-Os
edge which is bridged by an Rh(%*-CsH ) CO) unit. This is only the second
example of a pentanuclear cluster and the first heteronuclear cluster with this core
geometry. Osmium—osmium bond distances in cluster 111 compare well with those
reported for the pentanuclear, homonuclear analogue (p-H),0s:(CO),, {24]. Each
Os atom 15 bound to three terminal carbonyls. Bridge hydrogens were located. They
span Os(1)-0s(4) and Os(2)--Os(4) with respective metal-metal distances of 2.954(1)
and 2.941(1) A, the longest osmium-osmium distances in the structure. The osmiums
which are bridged by rhodium have the shortest metal-metal distance in the
structure (Os(1)-0s(2) 2.758(1) A). The dthedral angle between the
Os(1)-0s(2)-0s(3) and Rh(1)-0s(1)-0s(2) planes is 3.6° and the angle between
0s(1)-0s(2)-0s(4) and Rh(1)-0s(1)-0s(2) is 117.1°,

The proton NMR spectrum of cluster III is consistent with the reported struc-
ture. At 25°C in CDCl, the singlet of intensity 5 (6.05 ppm) is assigned to the
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Table 2
Positional parameters and their estimated standard deviations of (p-H), (7°-C;H)RhOs;(CO),o

Atom x y z B (A% ?
Osl 0.48440(6) 0.32057(4) 0.69724(3) 1.584(9)
Os2 0.23601(6) 0.34521(4) 0.56419(3) 1.847(%)
0s3 0.52064(6) 0.24743(4) 0.53580(3) 1.94(1)
Rh 0.2906(1) 0.18392(8) 0.63974(6) 1.87(2)
Cl 0.118(2) 0.265(1) 0.6621(9) 2.6(3)
01 0.001(1) 0.276(1) 0.7038(8) 4.3(3)
C11 0.346(2) 0.333(1) 0.7901(8) 1.9(2)
C12 0.625(2) 0.420(1) 0.7274(8) 2.2(3)
C13 0.620(2) 0.232(1) 0.7516(8) 2.4(3)
c21 0.071(2) 0.431(1) 0.5920(9) 2.6(3)
Cc22 0.340(2) 0.418(1) 0.4835(9) 3.0(3)
C23 0.104(2) 0.283(2) 0.4847(9) 3.5(4)
C31 0.419(2) 0.182(1) 0.447(1) 3.3(4)
C32 0.687(2) 0.159(1) 0.554(1) 3.0(3)
C33 0.655(2) 0.320(1) 0.468(1) 3.5(3)
0o11 0.258(2) - 0.34299) 0.8433(7) 31.5(3)
012 0.711(2) 0.4749(6) 0.747%(7) 3.5(2)
013 0.698(2) 0.1815(9) 0.7831(8) 3.8(3)
021 ~0.0312) 0.481(1) 0.6062(9) 5.0(3)
022 —0.388(2) 0.5363(9) 0.5672(7) 3.8(3)
023 0.029(2) 0.243(1) 0.4375(9) 5.8(4)
031 0.362(2) 0.144(1) 0.3957(8) 4.7(3)
032 0.782(2) 0.106(1) 0.5653(9) 4.9(3)
033 0.726(2) 0.364(1) 0.4261(8) 5.7(3)
C10 0.277(4) 0.072(1) 0.728(1) 6.8(7)
C20 0.408(3) 0.058(1) 0.677(1) 4.4(4)
C30 0.341(3) 0.043(1) 0.596(1) 4.4(5)
C40 0.177(2) 0.052(2) 0.601(1) 5.0(5)
C50 0.135(3) 0.072(1) 0.678(2) 6.8(5)
H10 ¢ 0.284 0.077 0.788 7.8
H20 ¢ 0.526 0.056 0.690 5.4
H30 * 0.395 0.029 0.547 5.4
H40 “ 0.099 0.047 0.553 6.0
H50 “ 0.021 0.084 0.692 7.8

“ Positions calculated. ® Anisotropically refined atoms are given in the form of the isotropic equivalent
thermal parameter defined as: (4/3) a8, + b8y, + 2845 + ab(cos Y)B, , + ac(cos B)IB, 3 + be(cos

a)Bz,]]-

7°-CsHy and the sharp singlet of intensity 2 (—18.24 ppm) is assigned to the
equivalent bridging hydrogens.

(u-H),(n'-CsH,),Rh ,0s,(CO), (IV). The molecular structure of cluster 1V is
shown in Fig. 3. Positional parameters and selected bond distances and bond angles
are given in Tables 4, 10, and 11. This cluster consists of an Rh,0s, tetrahedral unit
in which each osmium atom is bound to three terminal carbonyls and each rhodium
is bound to a C;H, ring. A bridging carbonyl spans the Rh atoms. Positions of
hydrogen atoms were not determined, but the presence of Os(1)-H-Os(2) and
Os(1)-H-Rh(3) bridges are inferred by the metal-metal distances Os(1)-0s(2)
2.822(1) A and Os(1)~-Rh(3) 2.899(1) A. which are significantly longer than the
other metal-metal distances in the molecule. The dihedral angle between the



432

C(31)-C(32)-C(33)-C(34)-C(35) plane and the Os(1)-0s(2)-Rh(4) plane is 25.9°
and the dihedral angle between the C(41)-C(42)-C(43)-C(44)-C(45) and the
0s(1)-0s(2)-Rh(3) plane is 21.1°. The dihedral angle between the two cyclopenta-
dienyl rings is 52.5°. The structure of IV closely resembles that of (u-H),(n’-

Table 3

Positional parameters and their estimated standard deviations of (g-H),(1°-CsH)RhOs(CO),,

Atom X ¥ z B (A%) ¢
Osl 0.16247(4) 0.12287(3) 0.14846(3) 1.960(9)
Os2 0.25406(4) 0.11051(3) 0.35706(3) 1.796(8)
Os3 0.41126(4) 0.06199(3) 0.24524(4) 1.966(9)
Os4 0.37892(4) 0.22652(2) 0.26314¢4) 1.876(8)
Rhl 0.00409(9) 0.16176(6) 0.25692(8) 2.68(2)
Ol 0.075(1) 0.3354(6) 0.266(1) S.6(3)
O11 —0.046(1) 0.4565(6) 0.3834(8) 4.1(2)
012 0.258(1) 0.1017(8) - 0.0283(7) 5.0143)
013 —0.069(1) 0.2072(7) —0.0024(9) 4.9(3)
021 0.5094(8) 0.0863(5) 0.5271(6) 2.9(2)
022 0.152(1) 0.1611(7) 0.5220(8) 5.1(3)
023 0.166(1) —0.0616(5) 0.3640(8) 4.2(2)
031 0.5389(9) 0.0600(6) 0.0853(7) 3.7(2)
032 0.672248) 0.0345(6) 0.4040(7) 372)
033 —0.345(1) 0.1160(6) —0.223(1) 5.2(3)
041 —0.3599(9) 0.2643(6) —0.0691(8) 4.1(2)
042 0.328(1) 0.4057(5) 0.2704(8) 4.6(3)
043 0.491(1) 0.2460(6) 0.0942(8) 4.3(2)
Cl 0.057(1) 0.2686(8) 0.264(1) 3.6(3)
C11 0.088(1) 0.0207(7) 0.1312(9) 2.3(2)
Ci2 0.230(1) (.1075(8) 0.0404(9) 2.9(3)
C13 0.014(1) 0.1754(8) 0.057(1) 323
C21 0.417(1) 0.0923(7) 0.4616(9) 2.3(2)
C22 0.181(1) (1.1450(8) (0.456(1) 3.1(3)
23 0.197(1) 0.0039(7) 0.359(1) 2.%3)
C31 0.492(1) 0.0608(7) 0.1462(9) 2.8(3)
32 0.573(1) 0.0454(7) 0.3408(9) 2.42)
C33 0.366(1) —0.0494(7) 0.2317(9) 2.5(3)
C41 0.541(1) 0.231(7) 0.367(1) 3.0(3)
C42 0.343(1) 0.3385(7) 0.2690(9) 2.3(2)
C43 0.451(1) 0.2388(8) 0.158(1) 3.3(3)
C10 —0.164(1) 0.090(1) 0.170¢2) 7.0(5)
20 —0.204(2) 0.166(1) 0.183(2) 6.4(5)
30 —0.176(1) 0.180) 0.286(1) 5.2(4)
C406 —0.117(1) 0.114(1) 0.335(2) 8.3(6)
<50 —0.113(1) 0.054(1) 0.257(2) 1E.5(9)
H1 0.30(1) 0.211(8) 0.36(1) a4

H2 0.22(1) 0.220(8) G.17(1) 4.0
H10 -0.170 0.066 0.104 8.7
H20 —0.243 0.205 0.129 5.5
H30 -0.195 0.227 (0.319 5.0
H40 —-0.078 0.103 0.407 5.7
H50 —(.083 —0.001 0.270 6.7

“ Anisotropically refined atoms are given in the form of the isotropic equivalent thermal parameter
defined as: (4/3)a’fy , + I'lei'l2 + 2By + ab(eos Y)B 5 + acleos B)B 1 + befcos a)ffs ).
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Table 4

Positional parameters and their estimated standard deviations of (p-H), (7°-CsHj) ,Rh,0s,(CO),

Atom x y z B (13;2) a
Os1 0.11606(4) 0.02569(2) 0.31301(2) 2.358(6)
Os2 0.09068(4) —0.14739(2) 0.26304(2) 2.608(6)
Rh3 0.36977(8) —0.10096(4) 0.35996(4) 2.23(1)
Rh4 0.30082(8) —0.04267(4) 0.19842(4) 2.22(1)
O 0.5940(9) 0.0295(5) 0.3032(5) 4.7(2)
011 —0.141(1) 0.0838(5) 0.1704(5) 4.8(2)
012 0.325(1) 0.1860(5) 0.3024(6) 5.7(2)
013 0.057(1) —0.0920(6) 0.5411(5) 7.6(2)
021 —-0.195(1) —0.1469(6) 0.1204(7) 7.8(3)
022 0.273(1) —0.2857(4) 0.1784(5) 5.2(2)
023 —0.054(1) —0.2657(5) 0.3880(6) 5.6(2)
C 0.478(1) —0.0137(6) 0.2898(5) 2.8(2)
cn —0.048(1) 0.0624(5) 0.2210(6) 3.3(2)
C12 0.246(1) 0.1264(6) 0.3065(6) 3.2(2)
C13 0.005(1) 0.0667(6) 0.4049(7) 4.1(2)
C21 —0.089%(1) —0.1485(7) 0.1757(8) 4.9(3)
€22 0.207(1) —0.2338(5) 0.2105(6) 3.2(2)
C23 0,000(1) —0.2218(6) 0.3388(7) 3.92)
C31 0.416(1) -0.2353(6) 0.4034(8) 4.9(2)
32 0.560(1) —0.2006(8) 0.3782(7) 5.8(2)
C33 0.609(1) —0.1355(8) 0.4356(9) 6.7(3)
C34 0.492(2) —0.1283(8) 0.4889(8) 1.4(3)
C3s 0.378(1) —0.1865(8) 0.4716(7) 6.3(2)
C41 0.397(1) —0.0976(7) 0.0793(6) 3.9(2)
C42 0.462(1) —0.0168(8) 0.0970(6) 4.7(2)
C43 0.338(2) 0.045%(7) 0.0917(6) 5.2(3)
c44 0.189(2) 0.0004(8) 0.0726(6) 49(2)
C4s 0.224(2) —0.0853(3) 0.0613(3) 5.2(3)
H31 0.3564 —0.2837 0.3777 7.0
H32 0.6137 -0.2191 0.3304 7.0
H33 0.7072 —0.1003 0.4365 7.0
H34 0.4901 —0.0868 0.5349 7.0
H35 0.2805 -0.1950 0.5003 7.0
H41 0.4563 —0.1508 0.0785 7.0
H42 0.5786 —0.0047 0.1112 7.0
H43 0.3519 0.1060 0.0991 7.0
H44 0.0816 0.0261 0.0681 7.0
H45 0.1423 —-0.1292 0.0450 7.0

¢ Anisotropically refined atoms are given in the form of the isotropic equivalent thermal parameter
defined as: (4/3) [a?B,, + bB,, + ¢?B+; +ab(cos v)B, 5 +ac(cos B)B 3 +be(cos a)By ;).

Cs(CH,)5),Rh,05,CO, [10] including the proposed arrangement of the bridging
hydrogens.

Additional evidence for the positions of the hydrogen atoms in 1V is provided by
the proton NMR spectrum at —60°C in CDCIl,. A singlet of intensity 1 (—15.40
ppm) is assigned to the bridging hydrogen along the Os—-Os bond, while a doublet
of intensity 1 (—20.03 ppm, J(Rh-~H) 30.7 Hz) is assigned to the bridging hydrogen
along the Rh—Os bond. As the temperature is raised the signals begin to merge to
give one peak of intensity 2 (—11.09 ppm). This is consistent with the previously

(continued on p. 436)
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Table 5

Positional parameters and their estimated standard deviations of (;L-H)3(1]"-C6Hé)RhOs'w(C())9

Atom X y z B (Az) ¢
Os 0.13359(2) 0.06681(2) 0.15816(1) 1.901(5)
Rh 0.000 0.000 0.28578(3) 2.416(9)
01 0.2761(4) 0.1379(5) 0.0084(3) 4.0(1)
02 0.2517(5) 0.2820(5) 0.2427(4) 4.8(1)
03 0.2514(4) —0.0309(4) 0.2428(4) 4.7(1)
C1 0.2188(5) 0.1091(5) 0.0628(4) 2.6(1)
C2 0.2096(5) 0.2023(5) 0.2107(4) 2.9(1)
C3 0.2093(5) 0.0080(¢5) 0.2109(4) 3.0(1)
C4 —~0.1131(8) —0.056(1) 0.3926(6) 6.9(4)
Cs 0.1118(3) 0.055(1) 0.3503(6) 7.1¢4)
H4 —0.1905 —0.094] 0.3943 7.5

H5 0.1892 0.0939 0.3874 3.5

“ Anisotropically refined atoms are given in the form of the isotropic equivalent thermal parameter
defined as: (4/3)[a’B, | + b2y, + ¢*By 5 + ab{cos ¥)B 5 + ac(cos B)B 5+ be(cos a)fiy,].

Table 6
Interatomic distances (A) and esd’s for (u-H),(7>-CsH4)RhOs 5 (CO),,

(A) Metal — meral distances

Os(1)-0s(2) 2.950(1) Os(1)-Rh 2.730(1)
Os(1)-0s(3) 2.867(1) Os(2y-Rh 2.736(1)
0s(2)-0s(3) 2.782(1) Os(3)-Rh 2.729(1)
(B) Carbonyl distances

Rh-C(1) 1.90(1) C(H-0O(1) 1.19(1)
(C) Metal—ring distances

Rh-C(10) 2.21(1) Rh-C(20) 2.19(D)
Rh-C(30) 2.26(1) Rh-C(40) 225
Rh-C(50) 2.19(1)

Table 7

Bond angles (deg) and esd’s for (u-H), (n>-CsHYRhOs,(CO),,

(A) Metal angles

Os(1)-0s(2)-0s(3) 59.95(1) 0s(2)-0s(3)-0s(1) 62.93(1)
Os(1)-0s(2)-Rh 57.24(2) 0s(2)-0s(1)-0s(3) 57.12(1y
Os(1)-Rh-0s(3) 63.49(2) 0s(2)—-0s(1)-Rh 57.44(2}
Os(1)-Rh-0s(2) 65.32(2) 05(2)-0s(3)-Rh 59.63(2)
Os{1)-0s(3)-Rh 58.43(2) 0s(3)-Rh-0s(2) 61.31(2)
Rh-0s(1)-0s(3) 58.08(2) Rh-0s(2)-0s(3) 59.06(2)
(B) Metal — carbonyl angles

Rh-C(1)-0O(1) 143.1(9) Os(2)-C(1)-0O(1) 134.2(8)
Os(1)-Rh-C(1) 83.0(3) Os(1)-0s(2)-C(1) 73.0(3)
Os(2)-Rh-C(1) 53.8(3) 0s(3)-0s(2)-C(1) 102.1(3)

0s(3)-Rh-C(1) 114.7(3)




Fig. 2. Molecular structure of (u-H),(5>-CsHs)RhOs 4(CO)y;.

Table 8

Interatomic distances (A) and esd’s for (&-H), (0°-CsH)RhOs ,(CO), 4
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(A) Metal — metal distances
Rh(1)-Os(1)
Os(1)-0s(2)
Os(1)~0s(4)
Os(2)-0s(4)

(B) Carbonyl distances
Rh(1)-C(1)

(C) Metal - ring distances
Rh(1)-C(10)
Rh(1)-C(30)
Rh(1)-C(50)

2.770(1)
2.758(1)
2.954(1)
2.941(1)

1.87(1)

2.20(1)
2.19(1)
2.21(2)

(D) Metal - hydride distances

Os(1)-H(2)
Os(4)-H(1)

1.7(1)
1.8(1)

RKi(1)-0(2)
Os(1)-0s(3)
0s(2)-0s(3)
0s(3)-0s(4)

C(1)-0(1)

Rh(1)-C(20)
Rh(1)-C(40)

Os(2)-H(1)
Os(4)-H(2)

2.789(1)
2.824(1)
2.837(1)
2.876(1)

1.13(1)

2.19(1)
2.15(2)

1.7(1)
1.8(1)
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Table 9
Bond angles (deg) and esd’s for (u-H)Z('nS—CsHs)RhOs4(CO)l3

(A} Metal angles

Os(1)-Rh(1)-0s(2) 59.20(2) Rh(1)-0s(2)~-0Os(1) 59.92(2)
Rh(1)-Os(1)-0s(2) 60.58(2) Os(1)-O0s(4)-0s(3) 58.85(1)
0Os5(1)-0s(4)-0s(2) 55.80(1) Os(1)-0s(3)-0s(4) 63.55(1)
Os(1)-0s(3)-0s(2) 58.32(1) Os(1)-0s(2)-0s(4) 62.34(1)
Os(1)-0s(2)-0s(3) 60.60(1) 0s(2)-0s(1)-O0s(4) 61.86(1)
0s5(2)-0s(1)-0s(3) 61.08(1)

(B) Metal — carbonyl! angles

Os(1)~Rh(1)-C(1) 90.3(4) Rh(1)-C{1)-O(1) 172(1)
Os(2)-Rh(1)-C(1) 91.2(3)

reported structure of the pentamethylcyclopentadienyl analogue. (p-H),(%’-
C5(CH,),),Rh,0s,(CO), [10].

(u-H) ,(n’-C;H;)RhOs ,(CO), (V). The proposed structure of compound V is
shown in Fig. 4. This structure is based on '"H NMR and IR spectral comparisons
with the known structure of the pentamethylcyclopentadienyl analogue, (p-H) (-
C5(CH,;)5)RhOs;(CO), [10]. Figure 4 displays the IR spectrum of V and the related
clusters (p-H),(n°-CsH;)CoOs,(CO), and (u-H),(1°-C5(CH,);)RhOs,(CO),. The
metal hydride region of the '"H NMR spectrum of V at —80°C in CD,Cl, consists
of a doublet of intensity 2 (—18.13 ppm (J(Rh-H) 25 Hz)) assigned to the
hydrogens bridging the Rh-Os bonds and a singlet of intensity 2 (—19.47 ppm)
assigned to the hydrogens bridging the Os-Os bonds. A signal of intensity 5 (5.71

C45

C41

Fig. 3. Molecular structure of (1u-H),(n°-CsH), Rh,0s,(CO).



Table 10

Interatomic distances (A) and esd’s for (p-H), (7°>-CsHj), Rh,0s, (CO),
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(A) Metal —metal distances

Os(1)-0s(2) 2.822(1) Os(2)-Rh(3) 2.680(1)
Os(1)-Rh(3) 2.899(1) Os(2)-Rh(4) 2.670(1)
Os(1)-Rh(4) 2.716(1) Rh(3)-Rh(4) 2.691(1)

(B} Metal - ring distances

Rh(3)-C(31) 2.229(8) Rh(4)-C(41) 2.290(7)
Rh(3)-C(32) 2.196(8) Rh(4)-C(42) 2.235(7)
Rh(3)-C(33) 2.227(9) Rh(4)-C(43) 2.229(8)
Rh(3)-C(34) 2.186(10) Rh(4)-C(44) 2.178(8)
Rh(3)-C(35) 2.204(8) Rh(4)-C(45) 2.268(8)

(C) Metal - carbonyl distances

Rh(3)-C 2.029¢7) Rh(4)-C 1.958(7)
Table 11

Bond angles (deg) and esd’s for (p-H),(#°-CsH;),Rh,0s,(CO),

(A) Metal angles

0s(2)-0s(1)-0s(3) 55.87(1) Os(1)-0s(2)-Rh(3) 63.52(1)
0s(2)-0s(1)-Rh(4) 57.61(1) Os(1)-Os(2)-Rh(4) 59.21(1)
Rh(3)-0Os(1)-Rh(4) 57.16(1) Rh(3)-O0s(2)-Rh(4) 60.39(1)
Os(1)-Rh(3)-0s(2) 60.62(1) Os(1)-Rh(4)-0s(2) 63.18(1)
Os(1)—Rh(3)-Rh(4) 58.01(2) Os(1)-Rh(4)-Rh(3) 64.83(2)
Os(2)-Rh(3)-Rh(4) 59.61(2) Os(2)-Rh(4)-Rh(3) 60.00(2)
(B) Metal— carbonyl angles

0s(1)-Rh(3)-C 75.4(2) Os(1)~-Rh(4)-C 81.0(2)
0s(2)-Rh(3)-C 105.8(2) 0s(2)-Rh(4)-C 108.4(2)
Rh(4)-Rh(3)-C 46.4(2) Rh(3)-Rh(4)-C 48.7(2)
Rh(3)-C-0O 134.0(6) Rh(4)-C-O 141.1(6)

ppm) is assigned to the (n°-CsH,) ligand. The 'H NMR spectrum closely resembles
that of the analogues (p-H), (7°-CsHs)CoOs,(CO),
C5(CH;)5)RhOs;(CO), [10].

(u-H)3(1-Cy Hy JRROs(CO), (VIL).

3] and (p-H),(n*-

The molecular structure of compound VII

is shown in Fig. 5. Positional parameters, selected bond distances, and bond angles
are given in Tables 5, 12 and 13. C; symmetry is crystallographically imposed on the
molecule which has C;, point symmetry. The structure contains an RhOs, tetra-
hedral core, the bond distances for which are in excellent agreement with those in

Table 12

Interatomic distances (A) and esd’s for (p-H);(7%-C4Hg)RhOs,(CO),

(A) Metal-metal distances

Os-Os 2.887(1)

(B) Metal-ring distances

Rh-C(4) 2.271(8)

Os—Rh

Rh-C(5)

2.701(1)

2.230(8)
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1 H/M\T
!
M=Rh;R=H i ;mm-——s/—
, \ 7
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j 1 Os
1 { 7N
M=Co;R=zH
M = Rh; R = CH,
r T T T T
2200 2000 1800

Fig. 4. IR spectra of (p-H),(1*-CsH)RhOs;(CO),. (p-H) 4 (7*-CsH)C00s,(COYq, and (p-H) (7 -
C5(CH;)5)RhOs(CO)q. * Asterisk denotes two strong peaks due to (p-H),0s,(C0O);» impurity.

Fig. 5. Molecular structure of (u-H);(7°-C Hg )RhOs ,(CO)..
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Table 13
Bond angles (deg) and esd’s for (p-H),(7°-CyHg)RhOs,(CO),

(A) Metal angles

0s5-05-0s 60.00(1) Os—-0s-Rh 57.69(1)
Os—Rh-Os 64.62(1)

(B} Metal - carbonyl angles

0s-0s-C(1) 118.9(2) Os-0s-C(2) 93.6(2)
0s-0s-C(3) 142.92)

the related complex (p-H),(%*-C4H;CH,)RhOs,(CO)y (VI) [6]. Three terminal
carbonyls are bound to each osmium atom and the benzene ring is bound to the
rhodium atom. Based upon the long Os—Os distances (Os—Os’ = 0s-0s =
Os’—0s” = 2.887(1) A) and the absence of spin-coupling between bridge protons
and 'Rh in the 'TH NMR spectrum, the H atoms are believed to bridge adjacent
osmium atoms. The "H NMR spectrum in acetone-d, at —60°C contains a signal
of intensity 3 (—17.43 ppm), which is assigned to the three bridge atoms. A low
field signal of intensity 6 (6.68 ppm) is assigned to the benzene hydrogen. These
assignments are consistent with the previously reported structure of (p~H),(n®-
C.H;CH,)RhOs;(CO), (VI) [10].

Summary

The reaction of (p-H),0s5,(CO),, with (1;5-C5H5)Rh(CO)2 in toluene in the
absence of added H, favors the formation of the trinuclear and tetranuclear clusters
(7°-CsH5)RhOs,(CO)y and (u-H),(7’-CsH)RhOs,(CO),, in about equal yields
(ca. 40%). A minor product is (u-H),(7°-CsH5)RhOs,(CO),; (3.5% yield), a penta-
nuclear cluster with a tetrahedral RhOs; core that is Os—Os edge bridged by a
Rh(7’-CsH)(CO) group. This is the first example of a pentanuclear heteronuclear
cluster shown to contain an edge-bridged metal atom and only the second penta-
nuclear cluster of this shape. On the other hand in the presence of added H, the
cluster (p-H),(n°-C,H;CH,)RhOs,(CO), is the principal product (25% yield). It
appears that hydrogen reacts oxidatively with the starting material, (n’-
C,H,)Rh(CO),, and then reduces the cyclopentadienyl group which then may be
eliminated as cyclopentadiene or cyclopentane with addition of an arene solvent
molecule to the rhodium. Minor products formed are (p-H), (7*-CsH)RhOs,(CO),,
(8% yield) and (p-H),(7’-CsHs),Rh,0s,(CO), (7% yield). When the reaction is
carried out in benzene in the presence of added H, the cyclopentadienyl ligand is
replaced by the benzene and (p-H),(7°-C4H,)RhOs,(CO), is produced (10% yield).

There is a marked difference between the reactions cited above and the previ-
ously reported reactions with (7°-C5(CH,)s)Rh(CO), under equivalent conditions.
In the absence of H, the principal product is (n>-C5(CH;)s)Rh,0s,(CO)5 (35%
yield); (p-H),(n>-C,(CH,;)5)Rh,0s,(CO), is the main product (36% yield) in the
presence of added H,.

Supplementary material. A complete list of observed bond distances and bond
angles and calculated structure factor amplitudes is available upon request from the
National Auxilliary Publications Service (NAPS). See NAPS document no. 04719
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for 149 pages of supplementary material. Order from NAPS c¢/0 Microfiche
Publications, P.O. Box 3515, Grand Centeral Station, New York, New York
10163-3513. Remit with your order, not under separate cover, $46.45 (U.S. funds on
a U.S. Bank only) for photocopies or $4.00 for microfiche. Outside the U.S. and
Canada, add postage of $4.50 for the first 20 pages and $1.00 for each additional 10
pages of material thereafter, $1.50 for microfiche postage. institutions and Orgamn-
zations may order by purchase order. However, there is a billing and handling
charge for this service of $15. plus any applicable postage.
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