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Abstract

The title complex, Os;(CO)(PMes);(13-1%n%Nn>*Cyo) (3), has been prepared by decarbonylation of Os;(CO)y(15-n%n1>Nn*-Ce)
with three equivalents of Me;NO in the presence of excess PMe; ligand. The solid-state structures of Os;(CO),(PMes),(15-
n%n%n>Cy) (2) and 3 have been determined by single-crystal X-ray diffraction studies. Compound 2 has two inequivalent
equatorial phosphine ligands on adjacent osmium atoms and compound 3, with a distorted C; symmetry, has one equivalent
equatorial phosphine ligand on each osmium center. The fluxional processes of Os;(CO)g(PMes)(p;-n2n%n>-Ceo) (1), 2, and 3
have been examined by variable-temperature *C- and *'P-NMR studies. Only one isomer exists in solution and a restricted ligand
rotation on each phosphine-substituted osmium center appears to occur for all three compounds, 1-3. Activation barriers for the
carbonyl exchange process increase with increasing phosphine substitution, presumably, due to the steric effect of the phosphine

ligands. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Addition reactions to the double bond at the 6:6 ring
junction of electronegative alkene-like Cg, are a promi-
nent feature of exohedral organometallic fullerene chem-
istry [1]. While numerous reports on metal coordinated
C¢o complexes have revealed - or u-n2,n2-Cq, bonding
modes for mono- or dinuclear metal complexes [2-5],
the face capping p;-n%,n%n?-Cg, is the dominant form of
Cqo interaction with multinuclear cluster frameworks.
Cluster frameworks that can form stable p;-n2,n2%,n-Cyo
complexes include Os; [5,6], Rus [7], RusC, RuC, and
PtRu;C [8] clusters.

Most of the reports on the exohedral Cy,—metal com-
plexes have been focused on their synthesis and struc-
tural characterization, but little has been reported on the
reactivity studies of these compounds. We have shown
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previously that triosmium carbonyl C4, compounds can
be activated by Me;NO in the presence of external lig-
ands to provide acetonitrile or phosphine derivatives [4—
6]. As an extension of our previous work, we have
prepared a tris(trimethylphosphine) derivative Os;-
(CO)6(PMe3)5(H3-n% N’ n*-Cq) (3) by an analogous
method. In this paper, we report the synthesis and the
characterization of 3, and the structural determination
of 0s;(CO),(PMe;),»(11;-1%n>,n*-Cq) (2) and 3, together
with a systematic investigation on the fluxional processes
of Os;(CO)s(PMe;)(1;-n%n%n2-Cyp) (1), 2 and 3 by vari-
able temperature (VT) '3C- and 3'P-NMR studies.
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2. Results and discussion
2.1. Synthesis and characterization of 3

The synthesis and characterization of compounds 1
and 2 have been reported in our earlier accounts [5,6].
Complex 3, Os;(CO)(PMes);(us-n*n*n*Cq), has
been prepared in 55% yield together with 2 (9%) as a
minor product, by initial decarbonylation of
0s5(CO)o(n3-n%N%Nn>Cq,) with three equivalents of
Me;NO-CH,;CN at 0°C in the presence of excess PMe,
and subsequent heating at 70°C for 1 h. Formulation of
3 is established by elemental analysis and positive-ion
FAB mass spectroscopy. The molecular ion [M*] iso-
tope multiple in the mass spectrum of 3 matches the
calculated pattern perfectly: the highest peaks in the
M™ multiplet (m/z, found, Anal. Calc.) are (1688,
1688). The carbonyl bands in the IR spectrum of 3 are
shifted to the lower energy region by ca. 40 cm ~! than
those of 2 [6], reflecting a significant donor effect of the
PMe; ligand. Compound 3 is soluble in common sol-
vents such as dichloromethane, carbon disulfide, and
chlorinated benzenes to form a brown solution. It is
stable in refluxing chlorobenzene over 1 day, and does

sp3 carbons : a, a' (2)

sp2 carbons: b,b', ¢, c',d, ¢, f, T, g,
ghhij i kK, LI' (18)
Fig. 1. '3C-NMR spectrum (100 MHz, 0-CcH,Cl,—C,Dy, Cq, region)

of 3 and an analysis of the different carbon types in Cg,. Resonances
with an intensity of two are labeled as @.

not undergo any further reaction either by treatment
with Me;NO or under prolonged irradiation of ultravi-
olet light.

The *'P{'"H}-NMR spectrum of 3 shows a singlet at
0 —54.3, indicating that three phosphorus atoms are
positioned in the same environment. The 'H-NMR
spectrum of 3 exhibits a doublet at 6 1.89 for the
methyl groups on the phosphine ligands due to a
coupling (Jpy = 9.8 Hz) to the phosphorus atom. The
13C-NMR spectrum of the Cq, region at the low tem-
perature (233 K) shows 18 resonances including two
signals (0 145.7 and 144.3 denoted as @) with double
intensity as shown in Fig. 1. This observation indicates
the idealized C; symmetric nature of 3 in solution,
which contains 20 resonances of an equal intensity for
the C,, moiety, i.e. three atoms of each sp* carbon (two
types; a and a’) and three atoms of each sp? carbon (18
types; b ~1). The '*C-NMR resonances of the Cg,
ligand for metallofullerenes are typically in the regions
of 6 175-135 for sp? carbon atoms and J 85-50 for sp?
carbon atoms [1b]. The two unique high-field reso-
nances of 3 at 6 61.8 and 55.3 are assigned to the sp?
carbon atoms (a and a’) bonded directly to the metal
atoms, and are comparable to the resonances of the sp*
carbon atoms in Os;(CO)e(u5-1n2,Nn>N>*-Cso) (6 61.2) and
1 (5 57.2, 57.1, and 56.7) [6]. In 1n*-C,, complexes, the
sp? carbon atoms adjacent to the sp® generally resonate
at uniquely low fields above ca. 150 ppm [1b]. If this
generality were to hold for the p;-n%n?n3-Cg, moiety
in 3, the two lowest-field resonances at 6 165.1 and
158.0 can be assigned to the ¢ and ¢’ carbon atoms.

2.2. Crystal structures of 2-CS, and 3-2CH,CI,

The overall molecular geometry and the atomic label-
ing scheme of 2 and 3 are illustrated in Figs. 2 and 3,
respectively. Selected interatomic distances and angles
are listed in Tables 1 and 2 for compound 2, and in
Tables 3 and 4 for compound 3.

Compound 2 has two inequivalent PMe; ligands,
which are equatorially positioned, at two osmium cen-
ters. This is in contrast with the previously reported C,,
structures of disubstituted triosmium complexes,
0s5(CO),o(PR3), (R =Ph, OCH,CF;, OMe) [9], where
the two equatorial phosphine ligands on adjacent os-
mium atoms are trans to each other at the ends of the
Os-Os vector. However, a crystal structure analogous
to that of 2 has recently been reported for
0s5(CO),((PPhj;),, in which the two phosphine ligands
are cis and trans with respect to the phosphine-substi-
tuted edge [10].

A six-membered carbon ring (C4 ring) of the Cg,
ligand positions centrally over the Os; framework as
shown in other reported p;-n?n%n>-Ce, complexes.
The Cg4 ring is parallel essentially with the Os; plane
with a dihedral angle of 1.3° [cf. 0.9° for Ru;(CO)y(pi5-



H. Song et al. /Journal of Organometallic Chemistry 599 (2000) 49-56 51

Fig. 3. Molecular geometry and atomic labeling scheme for 3.

n’n’n*-Ce) [7] and 1.2° for Os;(CO)g(PPh;)(ps-
nN%Nn%N*-Ce)] [6]. The two Os(CO),(PMe,;) and one
Os(CO); units are twisted slightly, all in the same
direction, so that the three axial carbonyls are disposed
in a propeller-like configuration and each pair of equa-

torial ligands is placed one above and one below the
Os; plane. The bulky phosphine ligands are oriented
away from the Cg, ligands, presumably, due to their
unfavorable steric interaction with the Cg, ligand. The
carbon—carbon bonds in the Cg4 ring of Cg, alternate in
length (av. 1.48(2) and 1.44(2) A), and osmium atoms
are m-bonded to the short carbon—carbon bonds. Os-
mium-carbon (Cg,) bonds also alternate in length (av.
2.29(1) and 2.24(1) A), resulting in a slight twist of the
Os;-triangle with respect to the Cg ring.

The crystal of 3 includes two independent Os;,-
(CO)¢(PMe;)5(13-12,m%n>-Cy) molecules of mirror im-
ages (A and B) and four CH,CIl, solvate molecules in
an asymmetric unit. The osmium triangular cores are
disordered in both molecules: the osmium triangle in
the minor disordered portion is related to that in the
major disordered form by a rotation of ca. 54° and a
dihedral angle of 4°. This ‘Star-of-David’ type disorder
has been reported previously in several triosmium and
triruthenium derivatives [11,12].

Compound 3 has a distorted C; symmetric nature
with three equatorial phosphine ligands, which are ar-
ranged as far from the other two as possible, as re-
ported in Os;(CO)y(PPh;); [11]. The general structural
features of 3 are similar to those of 2, adopting an
analogous propeller-like configuration of carbonyl and
phosphine ligands. The three bulky phosphine ligands
are also disposed away from the Cg, ligand. The planes
of the osmium triangle and the C; ring of Cg, are
parallel (dihedral angles: 0.4° for molecule A and 0.1°
for molecule B). The Os—C(C,,) bonds alternate in
length, (av. 2.28(1), 2.22(1) A for molecule A and av.
2.29(1), 2.26(1) A for molecule B). However, the car-
bon—carbon bonds in the Cg ring do not show apparent

Table 1 .
Selected interatomic distances (A) and estimated S.D.s for 2-CS,

Metal-metal distances

Os(1)-0s(2) 2.916(1) Os(1)-0s(3) 2.960(1)
0s(2)-0s(3) 2.897(1)

Metal-carbon (carbonyl) distances

Os(1)-C(101) 1.89(2) Os(1)-C(102) 1.87(2)
0Os(2)-C(201) 1.89(2) 0s(2)-C(202) 1.89(2)
0Os(3)-C(301) 1.95(2) 0Os(3)-C(303) 1.89(2)
0Os(3)-C(302) 1.89(2)

Metal-phosphorus distances

Os(1)-P(1) 2.352(5) Os(2)-P(2) 2.349(4)
Metal-carbon (Cg,) distances

Os(1)-C(1) 2.23(1) Os(1)-C(2) 2.28(1)
0s(2)-C(3) 2.28(1) 0Os(2)-C(4) 2.31(1)
Os(3)-C(5) 2.22(1) Os(3)-C(6) 2.27(1)
Distances within the Cg, ligand

C(1)-C(2) 1.44(2) C(2-C(3) 1.49(2)
C(3)-C4) 1.45(2) C4)-C(5) 1.47(2)
C(5)-C(6) 1.43(2) C(1)-C(6) 1.49(2)
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Table 2
Selected interatomic angles (°) and estimated S.D.s for 2-CS,

Intermetallic angles

0s(2)-0s(1)-0s(3)  59.09(2) Os(1)-0s(2)-0s(3)

M-M-CO and M—M-P angles

Os(2)-0s(1)-C(101)  80.4(6)  Os(3)-Os(1)-C(101)  97.8(5)
Os(2)-0s(1)-C(102) 119.8(6) Os(3)-0Os(1)-C(102) 172.2(5)
Os(2)-0s(1)-P(1) 152.4(1)  Os(3)-Os(1)-P(1) 95.1(1)
Os(1)-0s(2)-C(201)  94.5(5)  Os(3)-0s(2)-C(201)  82.1(5)
Os(1)-0s(2)-C(202) 170.7(5)  Os(3)-0s(2)-C(202) 113.1(5)
Os(1)-0s(2)-P(2) 98.0(1)  Os(3)-0s(2)-P(2) 157.7(1)
Os(1)-0s(3)-C(301)  75.8(5)  Os(2)-0s(3)-C(301)  99.6(5)
Os(1)-0s(3)-C(302) 133.6(5) Os(2)-0s(3)-C(302)  77.8(5)
Os(1)-0s(3)-C(303) 128.4(6) 0Os(2)-0s(3)-C(303) 166.9(5)

C-0s-C, and C-Os—P angles
C(101)-0s(1)-C(102)  89.4(7)
C(301)-0s(3)-C(302)  95.4(7)
C(302)-0s(3)-C(303)  97.0(8)
C(102)-0s(1)-P(1) 87.2(6)
C(202)-0s(2)-P(2) 88.6(5)

61.21(2)

C(201)-0s(2)-C(202)  91.9(7)
C(301)-0s(3)-C(303)  92.8(7)
C(101)-0s(1)-P(1)  95.0(6)
C(201)-0s(2)-P(2)  92.5(5)

Angles involving metal coordinated carbon in Cyg,

C(2)-C(1)-C(6) 16(1)  C(1)-C(2)-C3) 124(1)
C2)-C(3)-C(4) (1) CB3)-C@4)-C(5) 122(1)
C(4)-C(5)-C(6) 19(1)  C(1)-C(6)-C(5) 122(1)

alternation, probably due to the disorder. The average
Os—Os distances become longer as carbonyl ligands are
substituted with phosphine ligands: 2.877(3) A for
0s5(CO),, [13], 2.917(1) A for Os;(CO)g(PPhy)(ps-
M2MAN2Coo) [6], 2.924(1) A for 2, and 2.941(1) A for 3.

All other features of the molecular geometry of 2 and
3 are within the expected range. The average C—C bond
length of the Cy, moiety at the junctions of the 5,6 ring
and the 6,6 ring are 1.45(2) and 1.38(2) A for both
compounds. The Os—CO distances range from 1.87 to
1.95 A and from 1.78 to 1.92 A, C-O bond lengths
range from 1.11 to 1.17 A and from 1.13 to 1.23 A, and
0s-C-O angles are in the range of 174-179° and
171-178° for 2 and 3, respectively.

2.3. Fluxional behaviors of 1, 2, and 3

The fluxional processes of 1, 2, and 3 in solution have
been investigated by variable-temperature (VT) !3C-
NMR spectroscopy using '*CO-enriched samples, 1%,
2* and 3*. Based on the spectroscopic data, compound
1 is assumed to be isomorphous with Os;(CO)s-
(PPh3)(u5-n%n2,n%Cy), in which the phosphine ligand
adopts one of the less sterically hindered equatorial
positions of the cluster [6]. The "*C-NMR spectrum
(CO region) of 1* at 213 K reveals three broad signals
at 0 189.1, 181.8, and 178.6 with relative intensities of
1:1:6. The broad signal with an intensity of six may be
an overlap of two broad resonances in a 3:3 ratio due
to the two inequivalent Os(CO); centers. As the temper-
ature increases to 297 K, the two signals at 6 189.1 and
181.8 coalesce to a single peak (doublet, Jp- = 6.2 Hz),

while the broad signal with an intensity of six becomes
sharp. Based on this observation, the two low-field and
one high-field resonances can be assigned to the two
carbonyl ligands on the osmium atom coordinated with
PMe; and the remaining six carbonyls, respectively.
This assignment is consistent with the general trend
that carbonyl resonances shift to lower fields as the
number of phosphine ligands on metal atoms increases
[14]. Furthermore, the lowest field resonance at ¢ 189.1
can be assigned to the axial carbonyl, based on earlier
observations that the resonances of axial carbonyls
generally occur at lower fields than those of equatorial
carbonyls [4]. The temperature behavior of 1 can be
explained by a fast-localized threefold rotation of the
three ligands at each osmium center. The phosphine-
substituted osmium center may undergo a restricted
threefold rotation proposed by Pomeroy and cowork-
ers, without requiring the bulky phosphine ligand to
enter an axial site [14]. It is apparent that activation
barriers increase as Os(CO); < Os(CO),(PMe,).

The VT *C-NMR spectrum (75 MHz) of 2* at 213
K (Fig. 4) shows seven resonances at ¢ 192.9, 191.2,
186.5, 185.3, 184.5, 183.8, and 170.5 with equal intensi-

Table 3
Selected interatomic distances (A) and estimated S.D.s for 3-2CH,Cl,

Molecule A Molecule B
Metal-metal distances
Os(1)-0s(2) 2.934(1) 2.944(1)
Os(1)-0s(3) 2.947(1) 2.949(1)
0s(2)-0s(3) 2.942(1) 2.927(1)
Metal-carbon (carbonyl) distances
Os(1)-C(101) 1.89(2) 1.87(2)
Os(1)-C(102) 1.88(2) 1.83(2)
Os(2)-C(201) 1.91(2) 1.91(2)
0s(2)-C(202) 1.78(1) 1.84(2)
0Os(3)-C(301) 1.85(2) 1.92(2)
0Os(3)-C(302) 1.88(2) 1.83(2)
Metal-phosphorus distances
Os(1)-P(1) 2.344(4) 2.336(5)
Os(2)-P(2) 2.353(4) 2.336(4)
Os(3)-P(3) 2.343(4) 2.354(5)
Metal-carbon (Cg,) distances
Os(1)-C(1) 2.23(1) 2.27(2)
Os(1)-C(2) 2.29(1) 2.30(1)
0Os(2)-C(3) 2.22(1) 2.25(1)
0s(2)-C(4) 2.27(1) 2.31(1)
0s(3)-C(5) 2.21(1) 2.25(1)
Os(3)-C(6) 2.28(1) 2.27(2)
Distances within the Cg, ligand
C(1)-C(2) 1.46(2) 1.46(2)
C(2-C(3) 1.46(2) 1.47(2)
C(3)-C4) 1.50(2) 1.47(2)
C(4)-C(5) 1.47(2) 1.48(2)
C(5)-C(6) 1.50(2) 1.40(2)
C(1)-C(6) 1.46(2) 1.53(2)
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Table 4
Selected interatomic angles (°) and estimated S.D.s for 3-2CH,Cl,

Molecule A Molecule B

Intermetallic angles
0s(2)-0s(1)-0s(3) 60.04(2) 59.56(2)
0s(1)-0s(2)-0s(3) 60.21(2) 60.30(2)
M-M—-CO and M—M-P angles
0s(2)-0s(1)-C(101) 79.6(5) 79.3(5)
0s(3)-Os(1)-C(101) 93.3(5) 96.3(5)
0s(2)-0s(1)-C(102) 118.3(5) 117.9(6)
0s(3)-0s(1)-C(102) 172.7(5) 172.8(5)
0s(2)-0s(1)-P(1) 153.4(1) 153.0(1)
0s(3)-0s(1)-P(1) 95.4(1) 95.7(1)
0s(1)-0s(2)-C(201) 94.4(4) 93.5(6)
0s(3)-0s(2)-C(201) 79.1(4) 78.7(6)
0s(1)-0s(2)-C(202) 172.1(5) 173.5(6)
0s(3)-0s(2)-C(202) 117.9(5) 115.4(5)
0s(1)-0s(2)-P(2) 95.1(1) 97.6(1)
0s(3)-0s(2)-P(2) 153.0(1) 155.8(1)
0s(1)-0s(3)-C(301) 80.5(6) 80.0(6)
0s(2)-0s(3)-C(301) 96.6(5) 95.9(5)
0s(1)-0s(3)-C(302) 118.9(5) 116.7(7)
0s(2)-0s(3)-C(302) 172.4(5) 171.6(6)
0s(1)-0s(3)-P(3) 152.5(1) 153.9(1)
0s(2)-0s(3)-P(3) 95.0(1) 95.9(1)
C-0s—C, and C-Os—P angles
C(101)-Os(1)-C(102) 93.3(7) 89.6(7)
C(101)-Os(1)-P(1) 92.9(5) 94.0(5)
C(102)-Os(1)-P(1) 87.4(5) 87.9(6)
C(201)-0s(2)-C(202) 92.7(6) 90.2(8)
C(201)-0s(2)-P(2) 93.0(4) 94.1(6)
C(202)-0s(2)-P(2) 88.0(5) 87.5(5)
C(301)-0s(3)-C(302) 90.4(7) 91.0(7)
C(301)-0s(3)-P(3) 92.8(6) 93.8(7)
C(302)-0s(3)-P(3) 87.6(5) 88.5(7)
[3]Angles involving metal coordi-

nated carbon in Cg,
C(2)-C(1)-C(6) 120(1) 117(1)
C(1)-C(2)-C(3) 121(1) 122(1)
C(2)-C(3)-C4) 119(1) 120(1)
C(3)-C(4)-C(5) 121(1) 119(1)
C(4)-C(5)-C(6) 119(1) 123(1)
C(1)-C(6)-C(5) 121(1) 120(1)

ties and is consistent with the molecular structure ob-
served in the solid state. Interestingly, compound 2
exists as one isomer in solution, in contrast to the
disubstituted derivatives, Os;(CO),,(PPh;),, where dif-
ferent structural isomers are in a rapid equilibrium [10].
Increasing the temperature causes the three broad reso-
nances at 0 186.5, 184.5, and 170.5 to broaden and
become a sharp single peak at 373 K. These three broad
resonances are assigned to the carbonyls on the unique
Os(CO); center, which undergoes a fast localized three-
fold rotation. At higher temperatures, the remaining
four resonances due to four carbonyls on the two
Os(CO),(PMe,) center start to broaden at similar rates,
coalesce, and merge into two distinct peaks (o 187.4
and 187.3) at 373 K. The two carbonyls on ecach

Os(CO),(PMe,) are diastereotopic and thus cannot be
equilibrated by any threefold rotation process at each
osmium center. However, it is probable that coupled
restricted rotation at each Os(CO),(PMe,) center would
serve to equilibrate the two enantiomers of 2 as shown
in Scheme 1. This is implied by the *'P-NMR of 2 that
reveals two resonances at 6 —41.3 and —49.0 of an
equal intensity at 213 K, and at high temperatures a
typical exchange behavior of the two resonances. The
coupled restricted rotation mechanism could lead to
equilibrate an axial carbonyl on the osmium center with
an equatorial carbonyl on the other, and vice versa
(a<>d and b<>c). If the four lines (6 192.9, 191.2, 185.3
and 183.8) observed at low temperature exchanged pair-
wise such as 6 192.9 with 183.8 and 191.2 with 185.3,
this could lead to two peaks that are closely spaced at
around 0 187, observed at high temperature. This pat-
tern of exchange was proved by obtaining *C-NMR
spectrum of 2* at 393 K on a higher field (100 MHz)

373K “‘M

283K

273 K “

253%

7 el
el

-———r————
190 180 170
ppm
Fig. 4. VT "*C-NMR spectra (75 MHz, 0-C4H,Cl,—C,Dg, carbonyl

region) of 2*. The inset is resonances due to (a, d) and (b, ¢)
carbonyls at 393 K (100 MHz, o-C4,H,Cl,—C;Dy).
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Coupled restricted rotation mechanism

a->»d
b <> ¢

Scheme 1.

Table 5
AG# values for the fluxional processes on the Os(CO),(PMe;) centers

Compound AG% T. (K) Resonances employed
(kcal mol—")

1 11.2+0.3 253+5 6 189.1 and 181.8
in C-NMR

2 123+0.3 283+5 6 —41.3 and —49.0
in 3'P-NMR

3 149+0.2 333+5 6 195.1 and 188.0
in C-NMR

spectrometer (see the inset in Fig. 4), which exhibits a
broad peak and a doublet (Jpc = 7.2 Hz) for the (a, d)
and (b, ¢) carbonyls.

The C-NMR spectrum of 3* at 233 K exhibits two
resonances at 6 195.1 and 188.0 with an equal intensity,
which can be assigned to the three axial and three
equatorial carbonyl ligands, respectively. The two sig-
nals broaden at higher temperatures and coalesce at 333
K, which also implies a restricted ligand rotation on
each osmium center.

The free-energy activation values (AG?) of the flux-
ional processes for the phosphine-substituted centers
were calculated from the coalescence temperature and
peak separation of the two resonances employed using
the Eyring equation [15]. The results for compounds 1,
2, and 3 are summarized in Table 5: AG} values in-
crease according to the degree of phosphine substitu-
tion. The well-known, pairwise terminal-bridge
carbonyl exchange process has been proposed in the
clusters Os;(CO),, _,,[P(OMe)s;], (n =2-4) [14]. The ac-
tivation barriers for the carbonyl exchange of these
complexes are reported to decrease due to the electronic
donor effect as substitution of a carbonyl ligand by
phosphorus donor ligand increases. However, this ter-
minal-bridge carbonyl exchange process occurring in a
plane perpendicular to the Os; plane is precluded in
complexes 1-3 due to the axially substituted p;-
n%,n2%n2%-Cg ligand. Therefore, activation barriers for
the restricted threefold ligand rotation of these com-
plexes increase with increasing phosphine substitution,
presumably, due to the steric effect of the phosphine
ligands.

3. Experimental
3.1. General comments

All reactions were carried out under a nitrogen atmo-
sphere with the use of standard Schlenk techniques.
Solvents were dried appropriately before use. Cg,
(99.5%, Southern Chemical Group) and trimethylphos-
phine (97%, Aldrich) were used without further purifi-
cation. Anhydrous trimethylamine N-oxide (m.p.
225-230°C) was obtained from Me;NO-2H,O (98%,
Aldrich) by sublimation (three times) at 90—100°C un-
der vacuum. Os;(CO)o(15-n%N%N>-Cyp), Os3(CO)g-
(PMe3)(3-1°n?n*-Cep) (1), and Os;(CO);(PMes), (k-
n%,n%n>Ce) (2) were prepared according to the litera-
ture methods [5,6]. *C (*C) CO-enriched complexes
1*-3*, were prepared by using Os;(¥*CO),, (ca. 35%
enrichment) [14]. Preparative thin-layer chromatogra-
phy (TLC) plates were prepared with silica gel GF,s,
(type 60, E. Merck).

Infrared spectra were obtained on a Bruker Equinox-
55 FT-IR spectrophotometer. 'H (300 MHz), '3C (75 or
100 MHz), and *'P (122 MHz)-NMR spectra were
recorded on either a Bruker AM-300 or an Avance-400
spectrometer. Positive-ion FAB mass spectra (FAB™)
were obtained by the staff of the Korea Basic Science
Center, and all m/z values were referenced to '°?Os.
Elemental analyses were provided by the staff of the
Agency for Defense Development.

3.2. 13C (carbonyl region) and 3'P-NMR data of 1 and
2

Compound 1: BC{'H}-NMR (0-C;H,Cl,—C,Dg) &
189.1 (s, br, 1CO), 181.8 (s, br, 1CO), 178.6 (s, br,
6CO) at 213 K; 6 185.1 (d, 2Jpe = 6.2 Hz, 2CO), 178.2
(s, 6CO) at 297 K. ¥P{'H}-NMR (CS,~C,D,) ¢
—474 (s) at 297 K. Compound 2: BC{'H}-NMR
(0-CeH,Cl,—C,Dg) § 192.9 (s, 1CO), 191.2 (s, 1CO),
186.5 (s, br, 1CO), 185.3 (s, 1CO), 184.5 (s, br, 1CO),
183.8 (s, 1CO), 170.5 (s, br, 1CO) at 213 K; & 187.4 (s,
2C0), 187.3 (s, 2C0O), 179.3 (s, 3CO) at 373 K.
3IP{'H}-NMR (0-CgH,Cl,—C,Dg) & —41.3 (s), —49.0
(s) at 213 K; 6 —47.1 (s) at 297 K.

3.3. Preparation of Os;(CO)s(PMe;);(15-n°n°1°-Csp)
3)

A chlorobenzene (15 ml) solution of Os;(CO)y(p5-
n%,n%n>Ce) (30.0 mg, 0.0194 mmol) and PMe; (0.01
ml, 0.1 mmol) was prepared in a 100 ml Schlenk flask
which was connected to a bubbler. The solution was
cooled to 0°C, and Me;NO (4.4 mg, 0.059 mmol, three
equivalents) in 5 ml acetonitrile was added dropwise.
The reaction mixture was stirred at 0°C for 30 min, and
then heated at 70°C for 1 h. Evaporation of solvents
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Table 6
Crystallographic data for 2-CS, and 3-2CH,Cl,

2-CS, 3-2CH,Cl,
Formula C;3H,s0,P,0s; - C;5H,,04P;0s; -

CS, 2CH,Cl,
Formula weight 1715.54 1857.33
Crystal system Triclinic Monoclinic
Space group P1 P2,/c
a (A) 9.9577(5) 26.7007(5)
b (A) 14.6125(7) 13.1288(3)
¢ (A) 17.3557(9) 32.5947(7)
o (°) 97.142(1) 90
£ (©) 90.457(1) 90.200(0)
7 (°) 95.578(1) 90
V(A% 2493.4(2) 11425.9(4)
z 2 8
Peate. (g cm™3) 2.285 2.159
Temperature (K) 293(2) 293(2)
Crystal size (mm) 0.39x0.22x0.21 0.21 x1.51x0.09
2 (Mo-K,) (A) 0.71073 0.71073
4 (mm~1') 7.843 6.991
Reflections measured 10 200 46 590
Unique reflections 6681 15898
Reflections 5597 11999

(F,>40(F,)

R ® 0.0654 0.0651
WR,® 0.1684 0.1482
Goodness-of-Fit ¢ 1.061 1.057

R, = ZHFO‘ - |FCH/E|F0|‘
P wR, = {Z[w(Fo— FO)I/Zw(Fo)} 2.
¢ GOF = Z[w(F2— F2)?)/(no. reflections—no. parameters)}'/2.

and purification by preparative TLC (CS,) provided
compound 2 (2.7 mg, 0.002 mmol, 9%, R;=0.23) and
compound 3 (18.1 mg, 0.011 mmol, 55%, R;=0.17) as
black solids. IR (CS,) v(CO) 2040 (w), 2000 (vs), 1965
(vs), 1935 (m), 1911 (m) cm~'. '"H-NMR (CDCl,, 298
K) 6 1.89 (d, 2Jpy=9.8 Hz). BC{'H}-NMR (o-
CH,Cl,—C,Dg, CO region) ¢ 195.1 (s, 3CO), 188.0 (s,
3CO) at 233 K; 6 190.8 (s, br, 6CO) at 373 K. *C{'H}-
NMR (0-C¢H,CL,—C,Dg, 233 K, Cq, region) 6 165.1
(3C), 158.0 (3C), 155.0 (3C), 148.6 (3C), 148.0 (30),
146.4 (3C), 145.9 (3C), 145.7 (6C), 145.1 (3C), 144.9
(30), 144.7 (3C), 144.3 (6C), 143.3 (3C), 143.3 (30),
142.8 (3C), 141.3 (3C), 61.8 (3C, sp* carbon), 55.3 (3C,
sp? carbon). *'P{'H}-NMR (CDCl,, 298 K) § — 54.3(s).
MS (FAB*) m/z 1692 [M™*]. Anal. Calc. for
C,5.sH,,0.P;S0s; (3-0.5CS,): C, 52.6; H, 1.58; S, 1.86.
Found: C, 52.9; H, 1.34; S, 1.56%.

3.4. X-ray data collection and structure determination
of 2-:CS, and 3-2CH,CI,

Crystals of 2 and 3 suitable for X-ray diffraction
studies were grown by slow recrystallization at room
temperature from a carbon disulfide solution of 2 and a
dichloromethane solution of 3. Brown crystals of 2
(0.39 x0.22x0.21 mm?* and 3 (0.21 x 1.51 x 0.09

mm?) were mounted on a Siemens SMART diffractome-
ter. Data were collected at room temperature over 14
and 13 h for 2 and 3, respectively. Preliminary orienta-
tion matrix and cell constants were determined with a
set of 20 data frames with 30 s collection per frame,
followed by spot integration and least-squares refine-
ment. A hemisphere of data was collected using 0.3°
scans at 30 s per frame. The raw data were integrated
(XY spot spread = 1.60, Z spot spread =0.6) and the
unit cell parameters were refined using SAINT [16]. Data
analyses and absorption corrections were performed by
using Siemens XPREP [17]. The data were corrected for
Lorentz and polarization effects, but no correction for
crystal decay was applied. Details of relevant crystallo-
graphic data are summarized in Table 6.

The structures of 2 and 3 were solved by direct and
difference Fourier methods, and were refined by the
full-matrix least-squares methods based on F?. Hydro-
gen atoms were not included in the final structure factor
calculations. All non-hydrogen atoms were refined with
anisotropic thermal coefficients. For all computation,
the SHELx97 package was used [18], and function mini-
mized was X w(|F,|—|F|)% with w=1/[¢c*(F2)+
(0.1123P)?], where P = (F? + 2F?)/3. For 2, the number
of parameters refined was 793, and the final reliability
factors for 5597 unique observed reflections [F, >
40(F,)] were R,=0.0654, wR,=0.1684, with (A/
e = 0.000, Ap,i/Apmin = 2.865/ —2.766 ¢ A~3 in
the final Ap map and S =1.061. For 3, there were two
molecules (A and B) in an asymmetric unit, and their
geometries were similar. The triangular osmium car-
bonyl portion in each molecule was disordered in two
orientations. However, the carbonyls of minor disor-
dered component could not be located due to their low
intensities. All osmium atoms were refined anisotropi-
cally, and their occupancies were allowed to vary. The
refinement was converged to the following occupancy
values: for molecule A, 0.93 and 0.07; for molecule B,
0.87 and 0.13. The number of parameters refined was
1732, and the final reliability factors for 11 999 unique
observed reflections [F, >4a(F,)] were R, =0.0651,
wR, =0.1482, with (A/0)max = 0.001, Apa/ AP min =
3.591/ — 1.906 ¢ A ~3 in the final Ap map and S = 1.057.

4. Supplementary material

Crystallographic data for the structures of 2 and 3
have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos.
CCDC-133679 and CCDC-133680, respectively. Copies
of the data can be obtained, free of charge, on applica-
tion to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (Fax: +44-1223-336033 or e-mail: deposit@
ccdc.cam.ac.uk).
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