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Abstract

The variable temperature 'H, C and P NMR spectra of the phosphine-sub-
stituted clusters Os,(u-H),(CO)o(L) (28, L = PMe,Ph; 2d, L = PMe,; 2e, L = PPr;;
2, L = P(o-tolyl),; and 2g, L = PPh(1-naphthyl),) are reported. The crystal struc-
ture of 2e shows that the phosphine is substituted at an equatorial site on the
Os(p-H),Os unit, and in solution this isomer (2,) is the major species for all
derivatives. 2a and 2d show minor amounts of the pseudo-axially subsituted isomer
(2,,), which exchanges with the major species. No detectable concentrations of 2,,
were found with the more bulky phosphines, but for 2a and 2e minor amounts of a
non-exchanging third isomer were observed, and this was judged to be a species
with phosphine substitution at an equatorial site on the Os(CO), group. Tripodal
rotation of the Os(CO), group is found in all derivatives. Clusters 2f and 2g show
temperature-dependent effects that may be attributed either to a slowed rotation
about the Os-P bond or to a slowed inversion of chirality of the propellor
configuration of the aryl groups.

Introduction

The study of fluxionality in clusters [1,2] provides information about the mobility
of ligands, which in turn may shed light on the mobility of chemisorbed molecules
on metal surfaces. Investigations in a series of closely related clusters may provide
more quantitative information about the relative importance of steric and electronic
factors in determining the exchange activation barriers. For instance Keister and
Shapley [3] have studied the exchange between the chemically inequivalent hydrides
in the clusters Os;(HY u-HXCO),o(L), and find that there is a clear correlation

* Dedicated to Professor F.G.A. Stone on the occasion of his 65th birthday.
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between an increasing steric bulk of L and a higher activation barrier, and also
between an increasing basicity of L and a lower activation barrier.

The fluxional behaviour of the 46-electron unsaturated cluster Os;(u-H),(CO),o
(1) has been studied in some detail [4-8]. The only CO exchange observed is a slow
tripodal exchange in the two Os(CO); groups, and analysis of magnetization
transfer data [7] and EXSY spectra with various mixing times (¢,,) [8] gave exchange
rate constants k of 1.08 and 1.21 s, respectively, at 300 K. The absence of a
kinetic deuterium isotope effect [6] on this CO exchange has been interpreted to
indicate that the two (chemically eqmvalent) hydride ligands are rigid.

We had occasion to prepare “CO-enriched samples of several phosphine-sub-
stituted analogues of 1, Os;(u-H),(CO)y(PR;) (2), and describe herein their flux-
ional behaviour. At the commencement of these studies the only reports on dynamic

- o | el oo | e
‘08’ 03
SN NLN NN
/OS\H/\ /h\H/\\ /h\H/\\
1ax Yoq . L
"'?g"
/H\ st



517

behaviour of 46-electron derivatives of 1 were brief mentions of a temperature
dependence in the 'H spectrum of 2a (R, = Me,Ph), implying the presence of
exchanging isomers [9], and a report stating that the hydride resonance in 2b
(R = Et) showed no change between 213 and 333 K [10]. X-ray analyses on 2¢
(R =Ph) [11] and 2a [12] show that the solid state structures of both are 2, while
Adams et al. [13] report that the isonitrile derivatives Os;(p-H),(CO)o(CNR) 3a
(R ="Ph) and 3b (R ="Bu) have solid state structures 2,, and 2, respectively.
Clusters 3a and 3b exist in solution as both the 2, and 2,, isomers [13], and very
recently Pomeroy et al. [14] have reported the crystal structure of a third isomer, 1,,,
of 3b, and discussed the dynamic behaviour of the various isomers.

Results and discussion

The derivatives Os;(p-H),(CO)o(PR;) [2a, R, = Me,Ph: 2d, R = Me; and 2e,
R ="Pr) were prepared by the standard method [9] involving decarbonylation of the
decacarbonyl adducts Os3(H)(p.-H)(CO)w(PR3) Unlike Os3(CO)12, these 48-elec-
tron adducts are easily BCO-enriched by stirring under 1 atm 3CO for ca 1 /2 h.
The very bulky triarylphosphines P(o-tolyl); and PPh(1-naphthyl), react only very
slowly at ambient temperatures with 1, and require heating for several hours at
90°C. The resulting decacarbonyl adducts are rather unstable under these condi-
tions and readily decarbonylate, giving the nonacarbonyl species 2f (R = o-tolyl)
and 2g (R, = Ph(1-naphthyl),).

All the phosphine derivatives are purple or purplish-brown in colour except for
2e, which is bluish-green. Although the NMR data (see below) clearly indicate that
the principal solution species for 2e has the structure 2., the possibility that the
solid state structure was different led us to determine the crystal structure. However,
as shown in Fig. 1, the phosphine occupies the same equatorial location on the
Os(p-H),0s bridge as found for 2a [12] and 2¢ [11]. The structure is thus unre-
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Fig. 1. Molecular structure and atomic labelling scheme for Os;(u-H),(CO)s(P'Pr;), 2e.
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Table 1

Final positional parameters (fractional coordinates) with esd’s in parentheses, and isotropic thermal
parameters (A?) (equivalent isotropic parameters U, for anisotropic atoms) for Os,(p-H),(CO)4(P'Prs)
(Ueq = 1/3}:,}:j[],jarafai -a_,-)

x y z U,

‘eq
Os(1) 0.20977(6) 0.11241(8) 0.06853(6) 0.033
0s2) 0.24418(6) —0.06040(8) —0.02652(6) 0.032
0s(3) 0.15722(7) 0.15495(8) —0.11864(6) 0.044
P(1) 0.3275(4) -0.2197(5) 0.0778(3) 0.032
o) 0.0151(14) 0.1962(17) 0.0361(12) 0.085(6)
o) 0.2897(14) 0.3616(18) 0.1127(12) 0.091(6)
00) 0.2752(13) 0.0524(16) 02711(12) 0.084(6)
o) 0.1047(12) —0.2140(15) —0.1778(11) 0.065(5)
0(5) 0.3740(15) -0.0603(18) -0.1129(13) 0.099(6)
o(6) ~0.0286(13) 0.0344(15) -0.1574(11) 0.073(5)
o(7) 0.3629(14) 0.2404(17) —0.0436(13) 0.091(6)
o@®) 0.0726(15) 0.4012(19) —0.1469(13) 0.100(7)
o) 0.1361(16) 0.0963(20) —0.307%(15) 0.115(7)
Q) 0.0914(18) 0.1604(22) 0.0478(16) 0.058(7)
(e'73) 0.2577(16) 0.2616(21) 0.0953(15) 0.048(6)
Q) 0.2512(17) 0.0734(20) 0.1917(16) 0.052(7)
C(4) 0.161717) ~0.1513(20) —0.1149(15) 0.048(6)
c(5) 0.3241(17) ~0.0630(21) —0.0774(15) 0.053(7)
C(6) 0.0411(16) 0.0823(19) -0.1434(14) 0.039(6)
%) 0.2785(18) 0.2049(21) —0.0775(16) 0.054(7)
C(8) 0.1087(19) 0.3018(25) -0137317) 0.068(8)
o0)) 0.144(2) 0.125(3) -0230Q2) 0.0%1)
C(10) 0.4238(14) -0.1617Q17) 0.1903(13) 0.032(5)
can 0.4676(16) -0.2407(19) 0.2717(14) 0.046(6)
c12) 0.5030(16) —0.0952(20) 0.1788(14) 0.050(6)
C(20) 0.3942(16) ~0.3157(20) 0.0346(15) 0.04%(6)
c@2l) 0.4569(19) —0.4154(23) 0.0996(17) 0.071(8)
Cc(22) 0.3364(18) —0.3649(22) —0.0616(17) 0.066(8)
C(30) 0.2557(16) —0.3206(20) 0.1133(14) 0.045(6)
ci31) 0.1765(17) —0.383%(20) 0.0303(15) 0.052(6)
C(32) 0.2136(16) -0.2507(19) 0.1656(15) 0.046(6)
H() 0.31709 0.04204 0.07040 0.050
HQ) 0.17150 ~0.04486 0.03450 0.050

markable and closely resembles that of 2a and 2c. Tables 1 and 2 give the atomic
coordinates and important bond lengths and angles. The short Os-Os distance of
2.689(1) A compares very well with that found in 2a (2.703(1) A [12]), 2¢ (2.683(2) A
[11]) and in 3b (2.690(1) A) [L3a]), as well as that found in 1 (2.681(1) A [15]), and
implies there is little perturbation of the Os(u-H),Os system on ligand substitution.
The Os-P distances in 2a, 2c, and 2e (2.347(5) [12], 2.361(2) [11] and 2.384(5) A
respectively) follow the order of increasing steric bulk of the phosphine (Tolman
cone angles [16] for PMe,Ph, PPh, and P'Pr, are 122°, 145° and 160°, respec-
tively),

Fluxionality of Os;(u-H),(CO)o(PMe,Ph), 2a
As previously reported [9], the low-temperature '"H NMR spectrum of cluster 2a
(Fig. 2) shows an intense doublet in the hydride region at § —10.85 (J(P-H) =179
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Table 2

Selected bond lengths (A) and bond angles (deg) for the complex Os3(p-H);(CO)g(P'Pr;)
Os(1)-05(2) 2.68%(1) 0s(1)-0s(3) 2.816(1)
0s(2)-0s(3) 2.822(1) 0s(2)-K(1) 2.384(5)
0s(1)-C(1) 1.8103) 0s(1)-C(2) 1.793)
Os(1)-C(3) 1.86(3) 08(2)-C(4) 1.74(3)
0s(2)-C(5) , 1.813) 0s(3)-C(6) 1.86(3)
0s(3)-C(7) 1.79(3) 05(3)-C(8) 1.7703)
0s(3)-C(9) 1.7703) P(1)-C(10) 1.87(2)
P(1)-C20) 1.86(3) P(1)-C(30) 187(3)
C-O(carbonyl) mean 1.21(4)

0s(2)-0s(1)-0s(3) 61.6(1) 0s(1)-0s(2)-0s(3) 64.4(1)
0s(1)-05(3)-05(2) 57.01) 0s(1)-0s(2)-PF(1) 108.1(2)
Os(3)-0s(2)-K(1) 168.2) P(1)-0s(2)-C(4) 96.1(8)
P(1)-0s(2)-C(5) 92.%8) C(1)-0s(1)-C(3) 94.4(11)
C(2)-0s(1)-C(3) 93.4(10) 0s-C-O (mean) 177(2)

Hz) and several weak peaks, which indicate that three isomers are present in
solution. The main signal can be attributed to the isomer 2, observed in the solid
state [12]. A doublet resonance at § —11.14 (J(P-H) = 1.2 Hz), with an intensity ca
1% that of the main resonance, is present in carefully purified, highly crystalline
samples of 2a, and is attributed to an isomer with structure 1,,. The small value of
J(P-H) is consistent with this assignment. There is also a sharp doublet at § 2.35
(J(P-H) = 9.8 Hz) assignable to the methyl protons of this isomer. Any exchange
between isomers 1., and 2, must involve concerted CO and hydride migration, or

eq

eq
298K
2&)( zax
233K W ﬂ
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-10.8 -11.0 ~-11.§ -12.0
PPH

Fig. 2. "H NMR spectrum of Os,(p-H),(CO)s(PMe,Ph), 2a, in the hydride region.
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phosphine migration, both of which are likely to be high energy processes. The lack
of any observable exchange between this minor isomer and the major species
provides further circumstantial evidence for this assignment, as does the *'P NMR
spectrum, which shows a weak, sharp, resonance at § —35.7 from 233 to 298 K.
Pomeroy et al. [14] have observed that 1,, isomer of 3b isomerizes slowly (ca 4 days)
to the 2, and 2, isomers, indicating there are pathways for exchange which are not
rapid on the NMR timescale.

In addition to this non-exchanging isomer, there is evidence for another isomer
(ca 5%), attributed to 2,,, which does exchange with the major isomer on the NMR
timescale. The low-temperature 'H spectrum (Fig. 2) shows two equally intense
doublets of doublets at § —11.10 (J(P-H)=6.2, J(H-H)=1.0 Hz) and § —11.94
(J(P-H)=27.3, J(H-H)=1.0 Hz) which may be assigned respectively to the
hydrides which are cis and trans to the PMe,Ph ligand. On warming, these signals
broaden and collapse into the main doublet. Since isomer 2,, does not possess an
effective mirror plane, the two methyl groups in the PMe,Ph ligand are diastereo-
topic, and at low temperatures appear as two doublets at § 2.09 (J(P-H) = 10.6 Hz)
and & 2.08 (J(P-H) = 10.5 Hz). The *'P spectrum at low temperatures shows a low
intensity signal at § —17.1 which exchanges with the main signal at 8 —8.3. The
exchange between isomers 2., and 2,, may readily be accomplished by a tripodal
rotation of the Os(CO),(PR,) group. It has been previously shown that tripodal
rotations of M(CO),(PR ;) and M(CO); groups have similar activation energies [17],
and an analogous tripodal rotation of an Os(CO),(CNR) group has been proposed
to account for the exchange of the 2., and 2,, isomers of 3b [14].

The two hydride signals for 2, show a small mutual coupling, J(H-H) = 1.0 Hz,
and similar small couplings have been reported by Pomeroy et al. [14]. Also clearly
visible in Fig. 2 are two sets of 18705 satellites about the major signal (J(**’Os-H) =
48.5 and 42.3 Hz), due to coupli g to the two chemically distinct Os centres. The
magnitudes are characteristic of '® Os—p-hydride couplings at formally unsaturated
Os-0s bonds [14,18].

The >’C NMR spectrum of 2a at 248 K (Fig. 3) shows six sharp resonances, with
mtens1ty ratios 2:1:1:2:1:2, similar to that reported for cluster 2b [10]. The

"H-coupled spectrum is uniquely consistent with the structure 2, and apart from
resona.nces b and c, all signals may be unambiguously assigned on the basis of '"H
and »'P couplings and the exchange behaviour. Although it might be anticipated
that the carbonyl in the pseudo-trans relationship to the phosphine (either b or c)
would show *'P coupling (as seen for example in Os;(H)(u-HYCO),,(PMe, Ph) [3)),
neither signal has any detectable *'P coupling, nor indeed do the corresponding
signals in any of the other derivatives we have studied. The relative assignments of b
and c are thus unclear In Osz,(CO)m(PMezPh)2 we note that there is no such
detectable long-range *'P-13C coupling [19]. The "H-coupled spectrum shows sec-
ond-order effects on resonances d and f (which are the X part of an AA'MX or
AA’X spin system, respectively) due to a non-zero magnitude of J(H-H). Simula-
tions indicate a value of ca 2 Hz for this coupling.

When the solution is warmed to 298 K, all signals show exchange broadening,
particularly resonances a, d and e. EXSY spectra recorded at various temperature
between 266 and 298 K, with mixing times (¢,,) of either 0.5 or 1.0 s, show cross
peaks between resonances ¢ and f, indicating a direct exchange between these
carbonyls [20]. This is consistent with their assignment as the three CO’s in the



521

L
a d e
bc
@ULJL_JL L .

248 K
H-coupled
T d T T T
185.0 180.0 175.0
PPM

Fig. 3. °C NMR spectra of Os;(i-H),(CO)o(PMe,Ph), 24, in the carbonyl region.

Os(CO), group, and an approximate value of AG},=T0.3(+1.1) kJ mol~! was
obtained for the degenerate tripodal exchange, using the method of Abel et al. [21].
The analysis is only approximate because there is also a non-degenerate exchange
between isomers 2., and 2., which also contributes to the line broadening. Reso-
nances a and d are broadened more than b and c, probably because the former pair
are involved in a 1- to 2-site exchange in going from 2, to 2,,, while b and ¢ are
only involved in 1- to 1-site exchange.

Fluxionality of Os;(p-H),(CO)o(PMe;), 2d

The NMR spectra of 2d show no evidence for an isomer 1., but are otherwise
quite similar to those of 2a. The proportion of the isomer 2,, present in solution (ca
17%) is substantially higher. The *'P spectrum at 234 K shows a major singlet at &
—15.1, and a weaker singlet at § —22.5. These resonances are substantially
broadened at 298 K. The 'H spectrum at 234 K in the hydride region shows a major
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doublet at § —11.00 (J(P-H) = 8.1 Hz), and two lower intensity signals at § —11.2
(J(P-H) = 6.3 Hz) and § —11.69 (J(P-H) = 25.9 Hz). Signals are also observed for
the methyl groups at & 1.95 (major, J(P-H)=10.2 Hz) and § 1.80 (minor,
J(P-H) = 10.8 Hz), and both sets of hydride and methyl resonances are coalesced at
298 K. The variable-temperature Be spectrum is qualitatively very similar to that of
2a, although all resonances are broader at 298 K, indicating slightly faster exchange.
Due to the complexity of the fluxional processes, involving both degenerate and
non-degenerate exchange, and the relatively low abundance of the minor isomer no
quantitative analysis was undertaken.

Fluxionality of Os,(n-H),(CO)o(P'Pr;) (2€)

Both clusters 2a and 2d, with the sterically undemanding phosphines PMe,Ph
and PMe, (Tolman cone angles [16] 122° and 118°, respectively), have measurable
concentrations of the isomer 2,,. The pseudo-axial site is evidently more sterically
congested than the equatorial site. This is borne out by the observation [14] that for
3b, which contains the sterically undemanding ligand CN'Bu, isomer 2, is pre-
ferred to isomer 2, in solution, even through it is the 2, isomer which crystallizes
out [13]. For the derivative 2e with the large phosphine P'Pr, (cone angle 160°
[16]), we find no evidence for a 2,, isomer. There are, however, low-intensity signals
attributable to a 1, isomer, with resonances at § —11.20 (J(P-H) = 7.0 Hz) in the
'H NMR, and 8 42.8 in the *'P NMR. The main *'P signal at § 55.9 is invariant
from 234 to 298 K, as is the '"H NMR spectrum in the hydride region, which shows
a doublet at § —10.92 (J(P-H) = 6.6).

The °C spectrum of 2e is very similar to the low-temperature spectrum of 2a (see
Fig. 3), but with less line broadening at higher temperatures. The 13C{IH} EXSY
spectrum (Fig. 4) shows a slow exchange between resonances ¢ and f, and has been
analysed by the method of Abel et al. [21] yielding a value of AG,; = 69.6(+0.9) kJ
mol~! for the degenerate tripodal rotation. No other CO exchange processes are
seen.

The '*C spectrum at 248 K is of sufficiently high quality to show satellites due to
¥705-13C coupling (see Experimental Section). Of particular interest are the values
of the coupling constants to resonances a and b, the axial CO and one of the
equatorial CO’s of the Os(CO), group, which have values of 92 and 116 Hz,
respectively. In the parent cluster 1, the carbonyls in the Os(CO), group resonate at
~ 6 182 and 181 [4), and on the basis of long-range Be-sc¢ couplings in a highly
enriched sample, the axial carbonyl was originally assigned [4] to the low frequency
signal at § 181. A subsequent 3C COSY~45 spectrum on 1 cast some doubt on this
assignment [8]. Koridze and Kizas later assi§ned the axial carbonyl to the high
frequency resonance at & 182 on the basis of ¥0s couplings, since this signal has
J(**0s-C) = 90 Hz, while the signal at & 181 has J(**’Os-C) = 113 Hz [22]. The
"¥os-C couplings in a number of 48-electron Os, clusters containing Os(CO),
groups have been measured [22-25], and for the axial carbonyls this coupling falls
in the range 84-90 Hz, whilst for the equatorial carbonyls it is larger, in the range
115-123 Hz. Koridze’s assignment is based on the premise that this relationship
also holds for the unsaturated 46-electron cluster 1, though we note, in caution, that
J(*¥0s-H) appears to vary according to whether the system is saturated or
unsaturated [14,18]. Our results on cluster 2e, however, bear out Kondze’s assump-
tion, since assignments of resonances a and b are unambiguous on the basis of
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Fig. 4. B¢ EXsY spectrum of Os,(-H) ,(CO)gP'Pry, 2e, in the carbony] region.

intensities. The assignment of the axial CO’s of the Os(CO), group in cluster 1 to
the high frequency resonance must now be considered firm. Pomeroy et al. reach the
same conclusion on the basis of chemical shift arguments [14].

Fluxionality of Os;(u-H),(CO)o{P(o-tolyl); }, 2f

Both clusters 2f and 2g, with bulky triarylphosphines, show no evidence for any
isomer apart from 2.,. The 'H spectrum of 2f shows complex changes with
temperature in the aryl region, and a decoalescence in the methyl region, Fig. 5. A
broad singlet at 298 K collapses to three singlets at 213 K. Over the same range the
hydride signal collapses from a sharp doublet (8 —10.05, J(P-H) = 6.4) to a poorly
resolved triplet. Line-shape analysis on the methyl exchange gives a value of
AG, = 56.5(+1.2) kJ mol .

The free phosphine P(o-tolyl); has all the methyl groups equivalent in solution
and the solid state structure [26] shows it adopts the “three-forward” conformation,
i.e. with all three methyl groups pointing towards the P lone-pair. In mononuclear
complexes it prefers to adopt the “two-forward one-back” configuration [27-31],
although in uncrowded environments the “three-forward” configuration may also
be observed [32). The aryl groups in triarylphosphines generally adopt the chiral
propellor configuration, and this is sometimes observed for P(o-tolyl), in complexes
[31,32], although non-propellor configurations are also observed [27-29]. In the
absence of structural data on 2f, it is difficult to draw firm conclusions from the
NMR studies. The low temperature 'H spectrum and molecular models based on
the structure of the PPh, derivative [11] suggest that three rotomers (based on the
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Fig. 5. 'H NMR spectrum of Os;(p-H),(CO)g(P(o-tolyl);}, A, in the methyl region. The asterisk
indicates an impurity.
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Fig. 6. 1°C EXSY spectrum of Os,(u-H),(CO)s{P(o-tolyl);}, 21, in the carbonyl region.

“two-forward one-back™ conformation) are possible (i), (ii) and (iii), with (i) being
the most favourable. NOE studies at 213 K unfortunately proved to be inconclusive.
Irradiation of the two methyl resonances at ca § 2.2 resulted in enhancement of the
hydride signal, and irradiation of this latter resonance enhanced these two Me
signals and some in the aromatic region. However, the close proximity of the two
Me signals at ca & 2.2 precludes an unambiguous assignment of the conformation.
The °C spectrum at low temperatures shows nine signals for the CO ligands,
indicating loss of the effective mirror plane through the Os, triangle. The EXSY
spectrum, shown in Fig. 6, indicates pairwise exchange between resonances a and b,
e and f, and g and i. From the coalescence temperature of 273 K for the e/f
exchange a value of AG}; = 54.1(+0.6) kJ mol ™! is estimated. The inequivalencies
could arise either from a slowed inversion of the chirality of the propellor configura-
tion, since the exchanging resonances represent diastereotopic carbonyls, or alterna-
tively from a rigid single conformation. The inversion of helicity of the PR, ligand
shown in Scheme 1 is consistent with the CO exchange, but it requires a three-ring
flip for a single-stage process. The dynamic stereochemistry of organic propellors
has been studied in some considerable detail [33], and in almost all cases the lowest
energy process is the two-ring flip. Since the methyl environments of the phosphine
undergo exchange, a three-ring flip cannot be the only dynamic process involving
aryl ring flipping. The two-ring flip exchanges methyl environments, since it
converts the “two-forward one-back” configuration into a “ two-back one-forward”,
but it is a non-degenerate process and is hence likely to be of higher energy than the
degenerate three-ring flip. The AG* values obtained for the exchanges in the 'H and
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BC spectra suggest that separate processes are involved, although the accuracies
obtained are not high. Due to the complexity of this system we have not examined
the dynamics in further detail. The *'P spectrum shows a singlet resonance at &
21.5, and is invariant with temperature, which does suggest that only one conforma-
tion is populated.

Fluxionality of Os;(p-H),(CO),{ PPh(1-naphthyl), } (2g)

For the phosphine PPh(1-naphthyl), the three rotomers equivalent to (i) (i) and
(iii) cannot interconvert simply through aryl ring flips, since one ring is chemically
different from the other two. This is evident in the low temperature *'P spectrum
(Fig. 7), which shows three unequally populated rotomers with 8(*!'P) = 21.0, 18.2
and 17.2 (relative ratios 3.1:1.6:10). These are in fast exchange at 298 K. The two

1y 31p

8
B

262K

243r

+

222r

son son

| 8 X 3 3 §
X X 3 2
2 ‘ -~

-g5 -100 -105 220 200 18O 160
PPM PPM

Fig. 7. 'H (hydride region) and 3p NMR spectra of Os;(u-H),(CO)y{ PPh(1-naphthyl), }, 2g.
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Fig. 8. °C NMR spectrum of Os(p-H),(CO)o{ PPh(1-naphthyl), }, 2g, in the carbonyl region.

higher energy rotomers are in fast exchange at 222 K, and it is only above this
temperature that exchange occurs with the more stable rotomer. The 'H spectrum in
the hydride region mirrors these effects, and in this case two distinct shifts for the
chemically differing hydrides in the major rotomer are observed at § —9.8 and
—10.2. As seen for 2f, exchange processes involving rapid rotation about the Os—-P
bond and helicity inversion must be r&gponsible for the effective mirror plane
through the Os, triangle at 298 K. The B¢ spectrum (Fig. 8) shows the expected
pairwise collapse of resonances a/b, e/f and g/i. From the coalescence temperature
of 262 K for the e/f exchange a value of 4G, = 51.6(+0.6) kJ mol ™! is estimated
for this process. At 308 K resonances g/h/i collapse into a singlet, with J,,(**’Os-
C) = 109 Hz, showing that a tripodal rotation of the Os(CO); group is occurring,
though no estimate of the activation barrier was made.
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Conclusions

The fluxionality in clusters 2 is similar to that in the unsubstituted precursor 1
[4-8], in that the only CO exchange observed involves tripodal rotation of either an
Os(CO), or Os(CO),(PR;,) group. The former process is degenerate, and the latter
non-degenerate, resulting in exchange of isomers 2., and 2,,. The 2,, isomer is only
detected for the sterically undemanding phosphines PMe, and PMe,Ph. From an
EXSY spectrum on 1 at 298 K, we estimate a rate for Os(CO), tripodal rotation of
0.64 s~! using the method of Abel et al. [21], giving AGS,; = 74.1(+1.3) kJ mol .
The values for the same process in 2a and 2e are ca 4 kJ mol~! lower, and this
tripodal exchange is also observed with very bulky phosphines. This implies that
steric factors are not important in determining the barrier to tripodal exchange.

Experimental

3CO-enriched samples of clusters 2a, 2d, 2e, 2f and 2g were prepared by a slight
modification of that previously described [9]. The phosphines PMe,Ph, PMe,,
P(o-tolyl), (Aldrich) and P'Pr, (Strem) were used as received; a sample of PPh(1-
naphthyl), was kindly donated by Dr. R. Keat. Os;(p-H),(CO),, was prepared by
the literature method [34]. ’CO (99% 13C) was obtained from MSD Isotopes. 'H,
3C and *'P NMR spectra in CD,Cl, as solvent were recorded on a Bruker AM200
FT NMR spectrometer at 200.13, 50.32 and 81.0 MHz, respectively. 'H and ¥C
spectra were referenced to internal solvent signals and are re?orted relative to
Me,Si. *'P spectra are referenced to 85% H,PO,. Phase-sensitive 3C EXSY spectra
were obtained using the Bruker microprogram NOESYPH and processed as previously
described [18]. Rate data were obtained by the method of Abel et al. [21] using the
program D2DNMR. Lineshape analysis was carried out using a locally adapted
version of the program DNMR3 [35].

Preparation of '’CO-enriched Os;(p-H),(CO)o(PMe, Ph), 2a

To a solution of Os,(pu-H),(CO),; (0.3 g, 0.35 mmol) in cyclohexane (100 ml)
was slowly added a solution of PMe,Ph (0.35 mmol) in hexane until the deep-purple
colour gave way to bright yellow. This solution was stirred under 1 atm CO for ca
0.5 h, and then refluxed for 1.5 h under a nitrogen purge. The purplish solution was
concentrated, and chromatographed on Florosil with hexane/ dichloromethane mix-
tures as eluants. The purple band was collected and recrystallised from hexane to
afford dark-purple crystals of Os,(u-H),(CO)o(PMe,Ph) (0.25 g, 85%). Enrichment
levels were typically 20-40%. Samples of the other derivatives were prepared
analogously, the reaction with P(o-tolyl), and PPh(1-naphthyl), requiring heating at
90 ° C for several hours.

NMR data for Os,(p-H),(CO)o(PMe,Ph), 2a

'H: (233 K) 2, isomer, § —10.85 [d, 2H, Os(p-H)Os, J(P-H) = 7.9, J(Os-H)
= 48.5, 42.3 Hz), 2.3 [d, 6H, Me, J(P-H) = 9.8 Hz], 2,, isomer, § —11.1 [dd, 1H,
Os(u-H)Os, J(P-H) = 6.2, J(H-H)=1.0 Hz], —11.94 [dd, 1H, Os(p-H)Os, J(P-
H) = 27.3, J(H-H) = 1.0 Hz], 2.08 [d, 3H, Me, J(P-H) = 10.5 Hz], 2.09 [d, 3H, Me,
J(P-H)=10.6 Hz, 1, isomer, § —11.14 [d, 2H, Os(p-H)Os, J(P-H)=1.2 Hz],
2.35 [d, 6H, Me, J(P-H) = 9.8 Hz].



529

13C: (248 K) only 2., isomer observed, § 184.9 [d, 2C, CO,, J(P-H) =19 Hz],
1839 [s, 1C, COy ], 1833 [s, 1C, COy .}, 1817 [d, 2C, CO,, J(P-C)=45,
J(H-C) =124, 10.3 Hz], 178.7 [s, 1C, CO,, J(H-C) =29 Hz), 176.2 [s, 2C, COy,
J(0s-C) = 107, J(H-C) = 2.7, 13.8 Hz].

*1p: (244 K), 2, isomer, 8 —8.3 [s, J(Os-P) = 193 Hz], 2,, isomer, § —17.1, 1
isomer, & —35.7.

NMR data for Os;(p-H),(CO)o(PMe;), 2d

'H: (234 K) isomer 2. & —11.0[d, 2H, Os(p-H)Os, J(P-H) = 8.1, J(Os-H) =
48.6, 42.1 Hz], 1.95 [d, 9H Me, J(P-H) = 10.2 Hz), isomer 2,,, § —11.20 [dd, 1H,
Os(p-H)Os, J(P-H) = 6.3, J(H-H) = 0.6 Hz], —11.69 [dd, 1H, Os(p-H)Os, J(P-
H) =25.9, J(H-H) = 0.6 Hz], 1.80 [d, 9H, Me, J(P-H) = 10.8 Hz].

13C: (234 K) isomer 2., 8185.6 s, 2C, CO,], 1849 [s, 1C, CO, ], 184.3 [s, 1C,
CO,,.), 182.3 [d, 2C, CO,, J(P-C) =4.6 Hz], 179.2[s, 1C, CO,], 176.6 [s, 2C, COy],
isomer 2,,, 8 187.5, 183.4, 181.1, 181.0, 179.7, 179.6, 178.3, 178.2, 174.2.

1p, (234 K) isomer 2, § —15.1 [s, J(Os-P) =192.3 Hz], isomer 2,,, & —225.

NMR data for Os;(p-H),(CO)y(P'Pr;), 2e

'H: (298 K) isomer 2. 8 —10.92[d, 2H, Os(p-H)Os, J(P-H) = 6.6, J(Os-H) =
48.6, 42.0 Hz] 1.32 [dd, 18H Me, J(H-H) and J(P-H) = 14.5, 7.1 Hz], 2.55 [m, 3H,
CH!, isomer 1., 8§ —11.20 [d, J(P-H) =7.0].

C: (298 K) 6 185.0[d, 2C, CO,, J(P-C) = 2.0, J(Os-C) = 92 Hz], 184.6 [s, 1C,
COy ., J(Os-C) =116 Hz], 183.5 [s, 1C, CO, ], 1825 [d, 2C, COy4, J(P-C) = 4.0,
J(Os C) =116, JH-C)=2.7, 9.9 Hz], 180.0 [s 1C, CO,, J(Os-C) =113, J(H-C)
= 3.1 Hz), 175.8 [s, 2C, COy, J(0s-C) =107, JH-C) = 27 14.1 Hz).

3p. (298 K) isomer 2., 8 55.9 [s, J(Os-P) = 191 Hz], isomer 1., d 42.8.

NMR data for Os;(p-H),(CO)o{P(o-tolyl);], 2f

'H: (298 K) § —10.05 [d, 2H, Os(u-H)Os, J(P-H) = 6.4, J(Os—H) = 47.6, 42.8
Hz], 2.05 [s, br, 9H, Me]; (213 K) 8§ —10.15 [t, br, 2H], 1.40 [s, 3H, Me], 2.15 [s, 3H,
Me], 2.23 [s, 3H, Me].

PC: (213 K) 8 185.6 [s, 1C, CO, ,/, J(C,~C,/) = 33 Hz (from AB spectrum of
B¢-B¢ isotopomer], 185.2 [s, 1C, co, ], 1833 [s, 1C, CO, ], 182.5 [s, 2C, CO,,
and CO, 4], 180.0 [s, br, 1C, CO, '], 1761 [s, 1C, COy 4], 176.5 [s, 1C, CO,], 176.3
[s, 1C, CO-); (308 K, toluene-dg) 8 185.0 [s, 2C, CO,, J(Os-C) = 91 Hz], 1826 [s,
1C, CO, ., J(0s—C) =116 Hz], 181.8 [s, 1C, CO,, ], 180.7 [s, br, 2C, CO,], 176.1
[s, 3C, co and COy, J,,(0s-C) = 105 Hz).

31p. (298 K) 6 21.4 [s, J(Os-P) = 197 Hz).

NMR data for Os;(u-H),(CO),{PPh(1-naphthyl), }, 2g

'H: (298 K) § —9.85 [d, 2H, Os(p-H)Os, J(P-H) = 6.7, J(Os-H) = 48.2, 43.4
Hz]; (190 K) § —9.79 (d, J(P-H) = 6.3 Hz), —9.9 (br), —10.0 (br), —10.15 [d,
J(P-H) = 6.0 Hz].

B¢: (298 K) 6 184.9 [d, 2C, CO,, J(P-C) = 1.8, J(Os-C) = 94 Hz}, 182.8 [s, 1C,
COy, ., J(0s—C) =116 Hz], 182.0 [d, 1C, CO, ., J(Os-C) = 115 Hz], 181.0 [d, 2C,
CO,, J(P-C)= 3.4, J(0s-C) =114, J(H-C) = 10.5 Hz], 176.3 [s, 1C, CO,, J(Os-
C)=102, J(H-C) =3 Hz], 176.1 [s, 2C, CO;, J(0s-C) =107, J(H-C)=2.8, 13.8
Hz]; (222 K) 8 1854 [s, 1C, CO, ], 184.5 [s, 1C, CO, -], 183.1 [s, 1C, COy .},
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132 3s, 2C, CO,, . and COy], 179.8 [2, 1C, COy], 176.5 [s, 1C, CO; 1}, 176.1 s, 1C,
CO,J, 1755 fs, 1C, COy/r'].
P: (298 K) & 20.1 [s, J(Os—P) =200 Hzj; (190 KI) § 21.0 [s, J(Os—P) = 199
Hz), 18.2 s, br], 17.2 [s, J(Os-P) = 196 Hz]

X-ray structure determination

Crystal data. C,gH,;0,0s;P, M = 984.95, monoclinic, space group P2,/c, a
15. 762(7), b 11.143(3), ¢ 16.398(7) A, B=118.15(3)°, V 25392) A%, Z=4, D, 2.58
g cm~), F(000) = 1784, p(Mo-K ) =151.0 cm ™,

A crystal of approximate dimensions 0.25 X 0.55 X 0.7 mm was mounted in a
general position on a glass fibre and coated with acrylic resin. Data were collected
at ambient temperatures, using the #/26 scan mode, on a CAD4F automated
diffractometer with graphite monochromated X-radiation (A = 0.71069 A) Unit cell
parameters were determined by refinement of the setting angles (8 > 12°) of 25
reflections. The standard reflections 262 and 934 were measured every 2 h and no
significant decay in intensities was observed. Lorentz-polarisation and absorption/
extinction (DIFABS [36]) corrections were also applied. A total of 2647 measured
reflections (# range 2-20°, h 0—1S, k 010, / —15—> +15) yielded 2364
independent data, of which 1819 having an intensity > 30(I) were considered
observed and used for structure solution and refinement. Systematic absences
uniquely determine the centrosymmetric space group P2,/c. The structure was
solved by direct methods (MITHRIL [37]) and subsequent electron density difference
syntheses. Refinement was by full-matrix least-squares minimising the function
Tw(|F, |~ | F,|)* with the weighting scheme w=[c*(F,)]”! used and judged
satisfactory. o(F,) was estimated from counting statistics. Alkyl hydrogen atoms
(C-H=1.0 A), and hydrides (HYDEX [38], Os-H ~1.85 A) were included at
calculated positions, with fixed contributions to the structure factors. Refinement
using a total of 145 parameters converged at R(R,,) = 0.038(0.043), with mean and
maximum A/¢ values of 0.007 and 0.03, respectively, in the final cycle. A final
electron density difference synthesis showed no chemically significant features (max
Ap = +0.86, min Ap = —1.07 e A™%). The esd of an observation of unit weight (S)
was 1.77. Neutral atom scattering factors were taken from reference 39 with
corrections applied for anomalous scattering. All calculations were carried out on a
Micro-vax 3600 computer using the Glasgow GX suite of programs [40].

Supplementary material. Lists of observed and calculated structure factors,
thermal parameters, and a complete listing of bond lengths and angles are available
from the author.
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