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A series of substituted hexarhodium carbonyl clusters [Rh6(CO)15L] (L = PR3 (R = alkyl, aryl), P(OPh)3, NCMe, I�)
has been studied by variable temperature and two-dimensional, X-{103Rh}, (X = 13C, 31P) HMQC and 13C EXSY
NMR spectroscopy in solution. At low temperatures, the spectra are consistent with retention of the solid state
structure. Different localised exchanges of terminal (COt) and face-bridging (COfb) CO’s are found to occur over
different atoms of the Rh6-octahedron at higher temperatures and the different pathways of the exchanges are
discussed. When L = PR3 (R = alkyl, aryl), the lowest energy scrambling surprisingly involves exchange of COt and
COfb, associated with the substituted rhodium (S-type), with concomitant exchange of L between the two terminal
sites on the substituted rhodium, followed by other localised stereospecific exchanges involving CO’s associated with
unsubstituted rhodium atoms (U-type). For the other substituted clusters (L = P(OPh)3, NCMe, I�), only U-type
exchanges are observed. The kinetics of these exchanges are reported at different temperatures and for the S-type
exchange mechanism, the rate is found to vary with the nature of PR3.

Introduction
The carbonyl ligands in transition metal carbonyl clusters
undergo a variety of fluxional processes in solution, which trad-
itionally have been established by variable temperature NMR
measurements. For clusters containing a metal with I = 1/2,
e.g. 103Rh, it has been possible to establish unambiguously both
the individual ligand movements and the pathways involved.1

However, for complexes which do not contain a metal with
I = 1/2, the exact rearrangement mechanism often remains con-
troversial, even for trinuclear clusters.2,3 For higher nuclearity
systems, where several independent or interdependent fluxional
processes can occur with similar activation energies, it can be
difficult to determine unambiguously the ligand migrations
involved in each process. 2D EXSY NMR spectroscopy, in
principle, allows easy access to the microscopic detail (i.e. the
individual ligand movements) of the fluxional process provided
a firm assignment of the 13CO NMR resonances is available.4–10

We have recently reported the use of 2D inverse detected
HMQC 13C-{103Rh} and 31P-{103Rh} NMR spectroscopy on
several substituted derivatives of [Rh6(CO)16] and other
rhodium clusters to assign unambiguously the 13CO NMR
spectra of these clusters and to indirectly detect and assign
103Rh resonances.11–13 In the present paper, we report systematic
NMR studies on mono-substituted derivatives of [Rh6(CO)16],
which have been structurally characterised. Unambiguous
assignments of the 13CO resonances derived from HMQC
measurements together with the results of 2D 13C–13C EXSY
measurements have been used to elucidate movements of the
different CO’s around the cluster skeleton. Analysis of the 1D
NMR spectra has also allowed determination of the thermo-
dynamic parameters for the observed exchange process.

† Electronic supplementary information (ESI) available; the relation-
ship between the rate of S-type exchange in [Rh6(CO)15(PR3)] and the
pKa� values of the phosphine ligand. See http://www.rsc.org/suppdata/
dt/b1/b101962g/

Results

Detailed assignment of the 13C, 31P and 103Rh spectra

As previously pointed out,14–17 both the number and multi-
plicity of signals in the low temperature 13C spectra of
[Rh6(CO)15L] in solution are entirely consistent with the Cs

symmetry of the solid state structure. 13C-{103Rh} decoupling
measurements were used to make a complete assignment of
these resonances in the spectra of the P(OPh)3, PPh3 and I�

substituted clusters,14 but this is now much more efficiently
carried out using 2D HMQC X-{103Rh}, (X = 13C, 31P) meas-
urements. A representative example of the use of these HMQC
procedures is given below for [Rh6(CO)15L] (L = P(4-Cl-C6H4)3),
(see Fig. 1a), (L = P(OPh)3), (see Fig. 1b) and the numbering
scheme for this type of cluster is schematically shown in Fig. 2.

Assignment of the correlations associated with Rh(A) and
Rh(D) in these spectra is straightforward because resonances
due to Rh(A) and C(4)O appear in the 1D projection as a doub-
let and doublet of doublets respectively due to coupling with
the phosphorus nucleus. The resonance of Rh(D) correlates
with only one doublet in the terminal CO region, C(9)O,
whereas both Rh(B) and Rh(C) correlate with the resonances
of two different terminal CO groups. Unambiguous assignment
of the Rh(B) and Rh(C) correlations and the corresponding
resonances in the 1D 13C and 103Rh NMR spectra can be made
via a consideration of the long range couplings to phosphorus.
The Rh resonance at �326 ppm correlates with the CO reson-
ance at 182.3 ppm, which is a doublet of doublets in the 1D
spectrum due to 3J(P–C); resonances of this type were previ-
ously assigned 14 to C(8)O on the basis of the trans-trans dis-
position of the CO and phosphorus ligands. This configuration
is considered the most favourable for maximizing 3J(P–C) when
compared with a cis-trans or cis-cis arrangement. This assump-
tion allows the rhodium resonances at �417 and �326 ppm to
be assigned to Rh(B) and Rh(C), respectively. Consistent with
this assignment in the 1D 31P NMR spectrum of [Rh6(CO)15-
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(P(OPh)3)], the phosphorus resonance appears as a well-
resolved doublet of triplets corresponding to 1J(Rh(A)–P) 240
Hz and 2J(Rh(C)–P)trans 8.6 Hz. The 31P-{103Rh} HMQC pat-
terns for [Rh6(CO)15(P(OPh)3)], tuned to these two values of the
coupling constants, (see Fig. 1b) allow the resonances at �410
and �352 ppm to be assigned unambiguously to Rh(A) and
Rh(C), respectively and confirm the trans-trans nature of three
bond 31P–13C couplings that occur in all the 13C spectra of
[Rh6(CO)15L] (L = PR3, R = alkyl or aryl; P(OPh)3). The reson-
ances of C(2)O and C(3)O in the bridging carbonyl region can

Fig. 1 (a) HMQC 13C-{103Rh} spectrum of [Rh6(CO)15(P(4-Cl-
C6H4)3)] in CDCl3 at 268 K. (b) HMQC 31P-{103Rh} spectra of
[Rh6(CO)15(P(OPh)3)] in CDCl3 at 298 K, 1JRh–P = 240 Hz, (c) as (b)
2JRh–P = 8.6 Hz. see Fig. 2 for labelling scheme.

then be distinguished by 13C-{103Rh} HMQC measurements.
The above analysis clearly demonstrates the ability of the
HMQC technique in conjunction with the 1D NMR spectra to
assign unambiguously the 13C and 103Rh NMR spectra of
these clusters and to establish the solution structure of the
P-substituted rhodium carbonyl clusters at a level that is
inaccessible by any other spectroscopic method. When L is a
non-P-donor, the above procedure for the unambiguous
assignment of the 13C and 103Rh resonances cannot be used. For
these clusters, we have made the assignment by analogy with
the P-donor derivatives, i.e. for the two resonances of intensity
one due to the face-bridging carbonyls, hereafter COfb, C(2)O
always occurs at lowest field. The 13C, 31P, 103Rh NMR data
obtained for the clusters I and III–X together with their
assignments are given in Table 1. HMQC spectra of II (L =
PEt3) have not been measured but the VT 1D 13C NMR spectra
are very similar to those of I and assignments have been made
by analogy with I.

CO Fluxional processes in [Rh6(CO)15L] from 2D 13C–13C EXSY
and 13C VT measurements
13C–13C EXSY spectra of [Rh6(CO)15L] (L = PR3, R = alkyl
or aryl) show that there is a low energy exchange involving a
terminal carbonyl ligand, hereafter COt, and the two face-
bridging CO’s, COfb, associated with the substituted Rh (S-type
exchange). This is exemplified by the EXSY spectra of [Rh6-
(CO)15(P(4-MeO-C6H4)3)] (see Fig. 3), which show correlations
corresponding to the pairwise exchange of C(1)O with C(4)O,
C(2)O with C(3)O, C(5)O with C(7)O, and C(6)O with C(8)O.
The rates of each pairwise exchange, evaluated on the basis of
the cross peak integrals, are equal and consistent with an overall
concerted mechanism, vide infra. Variable temperature meas-
urements on the other clusters in this group reveal this to be a
general exchange pathway for the mono-phosphine substi-
tuted derivatives of [Rh6(CO)16] as exemplified in Fig. 4 for
L = P(4-Cl-C6H4)3. The exchange rates for this process, ks, and
the activation parameters calculated from the Eyring equation
(see Experimental), together with the phosphine basicities are
given in Table 2. Although there is a significant variation in pKa�

for the substituted aryl phosphines, there is not much change in
lnks; the most significant result is found with the more basic
trialkylphosphine substituted clusters, which exhibit a much
slower rate of C(1)O/C(4)O exchange than is observed with the
arylphosphine substituted analogues.

[Rh6(CO)15L] (L = PR3, R = alkyl or aryl) also exhibits
exchange of COfb with COt on the unsubstituted Rh’s (U-type
exchange). The U-type exchanges are slow in comparison with
the S-type exchange referred to above. As a rule, the corre-
sponding cross peaks are visible in the 2D EXSY spectra with
rather long mixing times, good S : N ratio and at low contour
levels on the 2D map. Thus Fig. 5, L = P(4-MeO-C6H4)3, shows

Fig. 2 Schematic representation of the structure of [Rh6(CO)15L]
showing the atom-labelling scheme.
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that C(1)O also correlates with C(5)O and C(6)O and C(9)O
with C(3)O.

For the non-phosphine substituted clusters [Rh6(CO)15L]
(L = P(OPh)3, NCMe, I�), there is no evidence for the S-type of
COt/COfb exchange, even at high temperature. However, there is
evidence for U-type COt/COfb exchanges, but these only occur
at temperatures which are significantly higher than those

Fig. 3 13C EXSY spectrum showing S-type exchange correlations in
[Rh6(CO)15(P(4-MeOC6H4)3)], III, in CDCl3 at 274 K; τmix = 0.02 s. See
Fig. 2 for labelling scheme.
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Fig. 4 Variable temperature 13C NMR spectra of the carbonyl resonances for [Rh6(CO)15(P(4-Cl-C6H4)3)] in CDCl3. The resonances marked with
an asterisk correspond to [Rh6(CO)16], present as an impurity.

required for S-type exchange in the phosphine substituted clus-
ters. When L = P(OPh)3, NCMe, I�, the EXSY spectra of all
these substituted clusters exhibit a correlation between C(3)O
and C(7)O, C(8)O and C(9)O (see Fig. 5b) and, additionally, for
L = P(OPh)3, a correlation linking C(1)O with C(5)O and C(6)O
is observed; this last exchange is an order of magnitude slower
than the exchanges observed for C(3)O. All these correlations,
together with the rates of S- and U-type exchanges at different
temperatures are summarised in Table 3.

Discussion

S-Type CO scrambling in [Rh6(CO)15L] (L � PR3, R � alkyl or
aryl)

The S-type of exchange involves exchange only of C(1)O with
C(4)O, together with an oscillation of L between the two ter-
minal sites on Rh(A), (see Scheme 1). This localised movement
results in the symmetry related transformations of C(2)O and
C(3)O, C(5)O and C(7)O, C(6)O and C(8)O, in accord with the
observed EXSY correlations (see Fig. 3 and Table 3).

The exact mechanism of this S-type exchange (see Scheme 2)
could involve either transformation of the face-bridging C(1)O
ligand into an edge-bridging and then into a terminal (FET) or
the direct shift of C(1)O into a terminal site on Rh(A) followed
by a turnstile rotation (TSR). It is difficult to distinguish
between these two mechanisms, although the FET movement
seems likely for the following reasons:

(a) FET involves the concerted breaking/formation of Rh–
CO bonds, whereas the TSR mechanism requires simultaneous
breaking of two Rh–COfb bonds followed by rotation,

(b) the TSR mechanism would be expected to be more
difficult for a M(CO)2L-group than for a M(CO)3-group,18,19

(c) as shown by one of us previously,20 the C(1)O face-
bridging ligand is always asymmetrically bonded to the
Rh(A)Rh(B)Rh(C)-face for all mono-substituted derivatives of
[Rh6(CO)16], which have been characterised by X-ray crystal-
lography: C(1)O lies closer to the Rh(A)–Rh(B) edge and
d(Rh(A)–C(1)) is always the shortest (see Table 4) as required
for the FET pathway. Related to these solid state observations,
pronounced variations are observed for 1J(Rh–C(1)O) in solu-
tion. We have previously shown that 1J(Rh–CO) correlates
strongly with the Rh–C bond length for COfb.16,21,22 Although it
has not been possible to assign unambiguously all the values of

Scheme 1 S-Type exchange found in the clusters I–VII.

J. Chem. Soc., Dalton Trans., 2001, 3303–3311 3307



Table 3 The data for U-type COfb/COt exchanges in [Rh6(CO)15L] (for numbering scheme see Fig. 2)

   U-type COfb/COt exchange

    C(1)O C(2)O C(3)O

L T /K kS/s�1 τmix/s  k/s�1  k/s�1  k/s�1

PBun
3, I 298 2.2 0.1 1 ↔ (5,6) 0.9 2 ↔ 9 0.7 3 ↔ 9 1.6

P(4-MeO-C6H4)3, III 274 14.0 0.02 1 ↔ (5,6) 3 2 ↔ 9 vw 0.2 3 ↔ 9 1.0
PPh3, IV 270 15.6 0.04 1 ↔ (5,6) ca. 5
P(4-F-C6H4)3, V 264 8.3 0.017 1 ↔ (5,6) 0.6 2 ↔ 9 0.4 3 ↔ 9 0.4
P(OPh)3, VIII 322 — 0.5 1 ↔ (5,6) 0.07 2 ↔ (5,6)

2 ↔ 9
1.0
0.3

3 ↔ 9
3 ↔ (7,8)

0.9
2.0

I�, IX 301 — 0.1     3 ↔ (7,8) a

3 ↔ 9 b
8.0
4.0

NCMe, X 312 — 0.1     3 ↔ (7,8) a

3 ↔ 9 b
3.0
1.0

a Assignment could be reversed to 2 ↔ (5,6). b Assignment could be reversed to 2 ↔ 9.

1J(Rh–C(1)O) to the different rhodium atoms directly from
HMQC measurements, we can make reasonable assign-
ments based on previous work and Fig. 6 plots the variation in

Fig. 5 (a) 13C EXsY spectrum showing U-type exchange correlations
in [Rh6(CO)15(P(4-MeOC6H4)3)], in CDCl3 at 274 K; τmix = 0.02 s. See
Fig. 2 for labelling scheme. (b) 13C EXSY spectrum showing the
terminal/bridging carbonyl correlations in [Rh6(CO)15I]�, in CDCl3 at
301 K; τmix = 0.1 s. See Fig. 2 for labelling scheme.

1J(Rh–CO) for COfb with d(Rh–C), suggesting that the solid
state distortions observed in [Rh6(CO)15L] are also retained in
solution.

(d) analysis of the non-bonding contacts in [Rh6(CO)15L]
shows that there is a displacement of C(4)O towards Rh(C); in
statistical terms, this is significantly greater than the distortion
of all other terminal CO’s towards analogous non-bonded Rh’s
when L = PR3 (R = alkyl, aryl), P(OPh)3 but this displacement
does not occur when L = NCMe, I�,

(e) there is a wide variation in the unit cell adopted by the
substituted clusters listed in Table 4, and it therefore seems
unlikely that the systematic distortions described above are due
to either intra- or inter-cluster packing effects.

Since all the presently studied [Rh6(CO)15L] clusters exhibit
asymmetric bonding of C(1)O to the Rh(A)Rh(B)Rh(C)-

Fig. 6 Variation in d(Rh–C(1)O) and 1J(Rh–C(1)O) for the
phosphorus donor I–VII and halide VIII, IX substituted derivatives of
[Rh6(CO)16]. Correlation coefficient (R) = �0.894.

Scheme 2 Possible mechanism of exchange of COt/COfb in
[Rh6(CO)15L]: L = PR3, (R = alky, aryl) for S-type exchange; L = CO for
U-type exchange.
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Table 4 Structural data related to C(1)O and C(4)O, and the values of 1J(Rh-C) for mono-substituted clusters, [Rh6(CO)15L]

 

d(Rh(X)–C(1))/Å a 1J(Rh(X)–C(1)O)/Hz

cis-Rh–(Rh)–C non-bonding contact/Å

L X = A X = B X = C X = A X = B X = C

d(Rh(C)–C(4))
averaged for Rh(C)
and Rh(C�)

Averaged for all other
terminal CO’s,
excluding C(4)O, dav d � dav

P(Bun)3, I
20 2.110 2.192 2.238 33 26 19 3.451 3.540 ± 0.009 �0.089

P(4-MeO-C6H4)3, III 20 2.144 2.194 2.295 31 16 16 3.370 3.542 ± 0.008 �0.172
PPh3, IV 17 2.154 2.180 2.324 32 28 19 3.361 3.564 ± 0.008 �0.203
P(4-F-C6H4)3 V

20 2.133 2.162 2.358 32 28 19 3.398 3.569 ± 0.018 �0.171
P(4-Cl-C6H4)3, VI 20 2.152 2.209 2.293 29 20 20 3.427 3.578 ± 0.007 �0.151
P(4-CF3-C6H4)3, VII 20 2.137 2.193 2.256 27 21 21 3.396 3.550 ± 0.006 �0.154
P(OPh)3, VIII 20 2.147 2.161 2.246 31 28 21 3.434 3.520 ± 0.006 �0.086
I�, IX 31 2.072 2.173 2.262 36 24 17 3.562 3.493 ± 0.002 0.069
NCMe, X 20 2.170 2.205 2.205 34 30 30 3.525 3.521 ± 0.001 0.004
Cl� 32 2.107 2.228 2.292 36 24 19 3.504 3.542 ± 0.003 �0.038
a Values given in the Table have been averaged for C(1)O and C(1�)O, which are essentially equivalent.

triangle, the displacement of C(4)O to Rh(C) is perhaps a better
indicator for S-type exchange, involving the FET mechanism.
However, although all the phosphine substituted derivatives
exhibit this displacement and undergo S-type exchange, the
P(OPh)3 derivative is an exception since it also exhibits the same
displacement but does not undergo S-exchange! As a result,
there must be additional factors, which (very probably, in com-
bination with the above mentioned parameters) are responsible
for this localised S-type exchange.

There are few known examples of CO fluxional processes
which involve a COfb present in the ground state.23,24 As a result,
comparison with structural distortions in other clusters, which
undergo CO-exchange via different mechanisms, is not useful.
However, it is generally observed that the rate of CO-exchange
by any mechanism is enhanced by phosphine substitution.
Thus, VT 13C NMR measurements (25 MHz) 25 have shown that
[Rh6(CO)16] is static at �70 �C, whereas S-type exchange in
[Rh6(CO)15L] (L = PR3, R = alkyl, aryl) starts to occur at tem-
peratures ≤0 �C. What is unusual about the S-type of exchange
in these phosphine substituted Rh6-carbonyl clusters is the con-
comitant movement of L in the lowest energy exchange process
since in other simple phosphine substituted metal carbonyl
clusters (i.e. those that do not contain other heteroligands), the
phosphines usually remain static and usually block or substan-
tially retard CO-migrations. Although there is a small number
of examples of phosphine substituted, carbonyl clusters that
contain additional heteroligands in which the lowest energy
carbonyl migration pathway involves both the additional
heteroligand and the phosphine,4 it is most useful to com-
pare structures which do not contain the complication of
additional heteroligands and which retain the same basic
CO distribution on the metal skeleton upon substitution, e.g.
[Os3(CO)12 � xLx] (x = 0, 1; L = P-donor ligand).26–29 In this case,
substitution by a P-donor ligand results in a significant increase
in carbonyl mobility about the substituted and adjacent unsub-
stituted metal and the lowest energy migrational process in
[Os3(CO)11L] involves terminal/edge carbonyl exchange but
does not involve movement of the P-donor (see Fig. 7). Initially,
only CO’s a,b,f, and g are involved, via rotation in plane X;
CO(h) and L are both static.28,29 Furthermore, there is clear

Fig. 7 CO-Exchange observed in [Os3(CO)11L] (L = P(OMe)3, PEt3),
together with the CO labelling scheme.

evidence that L blocks analogous CO migrations when L is in
the rotation plane. Thus, the CO’s on Os(B) (c, and e) undergo
preferential exchange with f and h in the analogous plane, Y.

In an alternative approach, the Ligand and Polyhedral
Model (LPM) has been used to explain the behaviour of
[Os3(CO)11L].30 However, we believe that the LPM cannot be
used to account for, in particular, the S-type exchange in these
substituted Rh6-clusters; therefore we prefer to consider local-
ised exchanges of the ligands on the metal skeleton rather than
movement of the metal skeleton within the ligand framework.

U-Type CO scrambling in [Rh6(CO)15L] (L � PR3 (R � alkyl,
aryl), P(OPh)3, NCMe, I�)

All of the clusters studied exhibit U-type exchanges involving
localised exchange of COfb with COt about the unsubstituted
Rh’s at observed rates which are usually significantly lower than
those for the S-type exchange (see Table 3); moreover, the CO’s
involved in this U-type exchange depend very much upon the
nature of L, vide infra. Localised COfb/COt exchanges can occur
about any one of the three unsubstituted rhodiums, Rh(B),
Rh(C), Rh(D). Thus, all the clusters exhibit U-type exchange of
C(3)O with C(9)O. Phosphine substituted clusters also exhibit
exchange of C(1)O with C(5)O and C(6)O and of C(2)O with
C(9)O. This last exchange also occurs when L = P(OPh)3 as
does exchange of C(2)O with C(5)O and C(6)O. For both the
non-phosphine clusters, C(3)O also exchanges with C(7)O
and C(8)O. Thus, different ligands induce different U-type
exchanges involving different CO’s on different parts of
the Rh6-skeleton. These data are summarised in Table 3. The
mechanism of the U-type of CO exchange is presumably
related to the S-type and could involve either the FET- or
TSR-route, (see Scheme 2).

An unexpected feature of these closely related clusters, is that
there should be such a large difference both in the rates of CO
migration (S-versus U-type exchanges) and in the sites which
are involved in these localised exchanges. It is worthwhile
noting that, although there is a large variation in the rate of
COfb/COt-exchange, kS, for phosphine substituted clusters,
there is no clear relationship between kS and pKa� within this
series (see ESI, Fig. S1). All the clusters containing substituted
aryl phosphines, which have a pKa� from �1.39 to 5.13, have
similar values of kS; in contrast kS is very much lower for
clusters containing the more basic trialkyl phosphines, PR3,
(R = Et, Bun).

In view of the lack of any clear correlation between the rate
of S-type exchange with any one parameter, e.g. structural dis-
tortions or pKa� values, we feel that the dynamic ligand effects
cannot be quantified on the basis of just one selected
parameter/property. As a result, steric and electronic effects
induced by L must be important in determining both the mech-
anism and the particular site(s) of CO ligand exchange together
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with the rates of these exchanges. Unfortunately, the ligand
effects in clusters are still poorly understood even for rationalis-
ing ground state properties. As a result, despite careful
structural and NMR studies on a wide range of substituted
Rh6-clusters, both the sites and rates of the observed CO-
exchanges in [Rh6(CO)15L] are difficult to rationalise. Neverthe-
less, this work has revealed a new and unexpected, energetically
favourable exchange process, S-type, in phosphine-substituted
Rh6-clusters.

Conclusions
This systematic study of closely related monosubstituted
derivatives of [Rh6(CO)16] has shown that:-

• the CO’s involved in intramolecular exchange are strongly
dependent on the nature of L,

• the S-type of COt/COfb exchange involving the substituted
Rh atom, with concomitant movement of L, only occurs for
phosphine substituted clusters; of the phosphines studied, tri-
arylphosphines have the most pronounced activating effect,

• localised U-type exchanges of COt/COfb occur on the other
unsubstituted Rh’s and the ligands and sites involved are very
dependent on L,

• S-type exchanges are faster than U-exchanges; structural
distortions suggest the FET mechanism for S-exchange,

• the S-type of exchange must necessarily involve movement
of L, which is unusual,

• both S- and U-type exchanges involve COfb, which is also
unusual,

• the driving forces for these processes are unclear and
probably depend on both structural and electronic effects
induced by L.

Experimental

Reagents and solvents

The substituted [Rh6(CO)16] derivatives were synthesized
according to previously published procedures: [Rh6(CO)15L],
L = PBun

3 I,20 PEt3 II,20 P(4-MeO-C6H4)3 III,20 PPh3 IV,33

P(4-F-C6H4)3 V,20 P(4-Cl-C6H4)3 VI,20 P(4-CF3-C6H4)3 VII,20

P(OPh)3 VIII,20 I� IX,34 NCMe X.35 All solvents were dried over
appropriate reagents and distilled prior to use. Reactions were
carried out under dry argon. Products were purified in air by
column chromatography on silica (5/40 mesh).

NMR measurements

1D 125 MHz 13C-{1H} variable temperature and 2D phase sen-
sitive 13C–13C-{1H} EXSY spectra were measured on a Bruker
AM-500 NMR spectrometer equipped with a 10 mm broad-
band probehead. To decrease the longitudinal relaxation time, a
relaxation agent was usually added (ca. 30 mg of [Cr(acac)3] to
ca. 150 mg of 20% 13CO enriched cluster in 3.5 mL of CDCl3).
A standard Bruker microprogram, noesyph.au, was used to
obtain the 2D EXSY spectra. Typical conditions for the 2D
spectra are: relaxation delay 2 s; mixing time in the range 20 to
200 ms, and the actual values are reported in the corresponding
Figures and Tables; 64 scans; 4096 and 256 data points in F2
and F1 directions, respectively; π/2 shifted sine bell squared
apodization in both dimensions; digital resolution of 5 and
20 Hz/point in F2 and F1 directions, respectively.

Determination of the rate of the S-type exchange process from
13C VT spectra

The temperature dependence of the rate constant kS for the S-
type scrambling in which there is exchange of C(1)O and
C(1�)O with C(4)O:

for the clusters III–VII was calculated from exchange broad-
ening b6 of the C(6)O doublet in the 125 MHz 13C-{1H} variable
temperature spectra. The broadening, b6, arises from the
symmetry related transformation:

which is generated by S-type scrambling. In the limit of slow
exchange 36 and neglecting U-type scrambling:

kS = π b6/2

The carbonyl C(9)O is not involved in dynamic exchange nor
symmetry related transformations, which allows the line width,
∆f9, to be a reasonable estimation for the line width ∆f6 of the
resonance due to C(6)O in the absence of exchange; this allows
calculation of the exchange broadening as b6 = ∆f6 � ∆f9. Both
the C(6)O and C(9)O doublets are well separated from the other
resonances and this allows the rates to be calculated more
accurately. We used two distinct algorithms to estimate ∆f6

and ∆f9. The first uses the standard procedure in the Bruker
1D WinNMR program. It treats the two doublets as four
independent Lorentzian lines with no constraints on their
intensities and line widths. The second algorithm (written in
Mathcad) considers the two doublets as four Lorentzian lines
of equal intensity; one of the pairs of lines is described by ∆f6

and the other pair by ∆f9. Because of the non-Lorentzian line
shape, the presence of spinning side bands and superimposed
additional peaks due to impurities, estimations of the broaden-
ing b6 obtained by these two methods differ by a factor of up to
ca. 1.5. Comparison of b6, obtained on different samples of the
same cluster at different times, leads to approximately the same
uncertainty factor, 1.5. This gives an error of 0.4 in ln(kS).

For cluster I, the procedure described above cannot be used
because the rate of U-type exchange is significant and this
involves both C(6)O and C(9)O. Namely, C(6)O is broadened
not only by the S-type process but also by U-type exchange:

C(9) is broadened by two U-type processes:

and

The rate constants for these S- and U-type exchanges, 298 K,
were obtained from the 2D 13C EXSY spectrum using the liter-
ature procedure;37 kS = 2.2 ± 0.2, k39 = 1.6 ± 0.2, k156 = 0.9 ± 0.3,
and k29 = 0.7 ± 0.1 s�1.

Using these values of kS and k156 and assuming that ∆H#
156 =

∆H#
S, the rate constant kS was determined at several temper-

atures from the line widths of the C(6)O resonance under the
slow exchange limit approximation. The estimation ∆H#

156 =
∆H#

S can be considered as a reasonable approximation because
the activation parameters of the scrambling processes vary over
quite a narrow range.

We did not perform a 2D EXSY experiment for cluster II,
and rates for the U-type exchanges were not measured for this
compound. However, the variable temperature spectra of II are
similar to I. Therefore, we assume that U-type exchanges in II
are similar to those established for I. We also assume that the
S-type exchange in II is responsible for 70% of the broadening
of b6 as found for I. At 280 K, the exchange is not observable,
and both the resonances due to C(6)O and C(9)O in II have
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equal line widths (5.8 Hz). This value was used as the
unperturbed line width of C(6)O to evaluate b6 in the variable
temperature spectra. This allows calculation of the activation
parameters for the S-type scrambling in II.

HMQC measurements were carried out as described
previously.11
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