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known that Au(I) phosphine complexes can interact with biological
thiols. We have shown that thiols in model systems induce
chelation of the bridged compounds; therefore, it seems very likely
that the conversion in plasma and serum is thiol-induced.

Reactive thiols are present in many in vivo sites apart from blood
plasma.?® Therefore, {Au(dppe),]* is likely to be a major me-
tabolite of the bridged-digold complexes in cells. [Au(dppe),]*
itself does not react significantly with thiols.
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Recent work in this laboratory indicated that the CH and u-H
protons in (u-H);0s;(CO)q(u;-CH) undergo site exchange, as
evidenced by scrambling of a deuterium label.! At room tem-
perature, this exchange is slow, but at temperatures above 80 °C,
it can be observed by spin saturation transfer.? In this note we
present a complete description of the variable-temperature NMR
experiments performed on this compound. We have also briefly
examined the ruthenium analogue in order to form a more com-
plete comparison with recent data reported for the corresponding
iron system.?

Saturation transfer methods probe the competition between
chemical exchange and spin—lattice relaxation; determination of
relaxation rates, by separate inversion—recovery experiments, allows
quantitation of exchange rates.* For an intramolecular exchange,
where cross relaxation (as evidenced by a nuclear Overhauser
enhancement) may be present, the modified Bloch equations
describing the return to equilibrium for homonuclear spins I and
S after a perturbation are’

dIz/dt = _pl(Iz_Iw) _U(Sz_Sw) _klIz+ kSSz (1)
dS,/dt = —ps(S, = So) —o(l, — I.) — ksS, + kil  (2)

where p; and ps = relaxation rate constants, ¢ = cross relaxation
rate constant, k; and kg = exchange rate constants, [, and S, =
instantaneous values of magnetization during recovery, and I, and
S, = final values of magnetization after recovery.

The solutions to these equations are double exponential in form,
unlike the single exponential obtained in the absence of exchange
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or cross relaxation. Except for certain special cases, such as
exchange between sites with equivalent values of T, (=1/p), NOE
(=0/p), and population’ or the apparent absence of NOE, ac-
curate determination of exchange rates requires extensive computer
fitting of data from selective inverstion—recovery experiments to
the solutions to eq 1 and 27 or an analogous procedure on data
from NOESY 2D-NMR experiments.> The spin system in (g-
H);M;(CO)y(u3-CH) (M = Ru, Os) also represents a special case.
Because of the large difference in relaxation rates between the
sites, nearly single-exponential recovery curves are obtained from
selective inversion-recovery experiments at temperatures below
the onset of exchange.® This allows relaxation rate determination
by using only data fitting routines commonly found in commercial
NMR spectrometer software packages, thereby simplifying the
exchange rate calculation.

Experimental Section

All NMR experiments were done on a Nicolet Magnetics NT-360
spectrometer with an 1180 computer and a 293B pulse programmer. All
T, experiments were performed with the fast inversion-recovery se-
quence,!® a symmetric five-element composite 180° pulse,!! alternating
phase of the 90° pulse, and a nonlinear three-parameter least-squares
fit.'? The NOE values were determined by difference techniques.’® All
experimental measurements were assumed to be subject to errors of
£20%. Sample temperatures were checked by replacement with a tube
containing a thermocouple junction and solvent.

The compounds (u-H);05;(CO)q(us-CH)' and (u-H);Ru;(CO)q-
(u3-CH)'S were prepared by literature methods. Solutions for the NMR
experiments were prepared in perdeuteriated solvents (Aldrich, o-xylene
(M = Os) or toluene (M = Ru)), degassed by freeze-pump~thaw se-
quences, and sealed in tubes under a partial atmosphere of nitrogen. A
separate sample of the osmium compound was prepared in the same
manner and sealed under a partial atmosphere of carbon monoxide.
Although this sample was not examined as extensively as the sample
sealed under nitrogen, no differences in relaxation rates or exchange rates
were observed.

Results and Discussion

Nonselective inversion—recovery measurements of the “7’s”
for the CH and u-H sites in the osmium compound at ambient
temperature gave 11.3 and 2.02 s, respectively, for single-expo-
nential data fits. The respective nuclear Overhauser enhancements
were 32% and 2%. Because of the cross relaxation present, the
inversion—recovery curve of the methylidyne site was expected to
be biexponential. This was demonstrated by selective inversion—
recovery experiments, which gave 13.0 and 2.08 s for the CH and
u-H sites, respectively. These values were taken to be the “true”
values of T, i.e., the inverse of the desired quantity p. The
different values of 7', reflect the dipole—dipole relaxation mech-
anism of the protons, a process that is very sensitive to internuclear
distances, and the u-H sites are over 1 A closer to each other than
to the CH site.'
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Figure 1. Eyring plot of spin saturation transfer rate data for (u-
H);0s3(CO)s(p3-CH).

Variable-temperature measurements of the 7, and NOE values
below the onset of exchange (ca. 80 °C) were also fully consistent
with dipole—dipole relaxation. The NOE showed no temperature
dependence, indicating that the ratio ¢/p was constant. A plot
of log T, vs. log (n/T) was accurately linear with slope of =117
where 7 is the viscosity of the medium (taken to be that of the
solvent, o-xylene-d,, for this dilute solution)'® and T is the absolute
temperature. This relation between T, and 5/T was used to
predict the relaxation (p) and cross relaxation (o) rates in the
exchange region, where direct measurement would require ex-
tensive computation. If p and ¢ are known, only steady-state
spin-saturation transfer experiments are needed to calculate the
exchange rate, from the relation®

1. /1. = (p + no)/(p + k) 3)

where 1.’ is the steady-state signal intensity of the observed site
with the other site irradiated, 7, is the signal intensity without
irradiation, and » is the number of equivalent spins being irra-
diated.

The effects of exchange became apparent at 80 °C for the CH
site (k = 3.6 X 103 sy and at 115 °C for the faster relaxing u-H
site. Complete saturation of the CH nuclei occurred at 130 °C,
but measurements on the u-H nuclei were possible up to 152 °C."°
Figure 1 displays an Eyring plot of the exchange rate constants,
from which the activation parameters AH* = 24.0 % 1.7 kcal/mol
and AS* = 2.0 £ 1.8 cal/(deg mol) were derived.

(16) Orpen, A. G.; Koetzle, T. F. Acta Crystallogr., Sect. B: Struct. Sci.
1984, 40, 606. Data taken from this neutron diffraction study of (u-
H),0s;(CO)q(u-CH) allows calculation of the distances u-Heu-H =
2.48 A and p-H--CH = 3.61 A,

(17) Abragam, A. The Principles of Nuclear Magnetism; Oxford University
Press: New York, 1961; pp 324-326.

(18) Viscosity data taken from: National Research Council, International
Critical Tables; McGraw-Hill: New York, 1930; Vol. 7, p 219. The
data used were for protonated solvents. No correction was applied for
the ca. 6% higher viscosity of the deuteriated solvents used in the NMR
study, since only the relative viscosity is of interest.

(19) At this temperature, the methylidyne signal broadens slightly. Since
the natural line shape of this signal is complicated by coupling (J = 1.1
Hz), the rate constant cannot be estimated simply from the increase in
line width.

Figure 2. Proposed exchange mechanism for (u-H);M3(CO)g(u;-CH).

For the ruthenium compound, (u-H);Ru3(CO)g(u3-CH), the
NOE values for the two sites were identical with those of the
osmium compound. The apparent 7’s, measured in toluene-dy
at ambient temperature, were 15.4 s for the CH site and 2.7 s
for the u-H site. Considering the lower viscosity of toluene
compared with o-xylene (1:1.33),'® these values were considered
equivalent with the 7y’s of the osmium compound. At 34 °C,
exchange was evident and k = 1.1 X 107% 57! /was determined;
from the Eyring equation, AG*(307) = 20.6 kcal/mol was cal-
culated.

We propose that exchange in (u-H);M;(CO)4(u3-CH) begins
by proton transfer from a M—M bond to a M-C bond, producing
(u-H);M3(CO)g(u3,n*-CH,) (Figure 2). Interchange of the
terminal and bridging protons, followed by reversal of the first
step, completes the exchange. This proposed intermediate is
saturated, consistent with the observation that the presence of CO
does not affect exchange in (u-H);0s3(CO)g(3-CH), and the
proton migration is closely related to that observed directly in the
H,0s5(CO);o(u-CH,) /HOs,(CO)4(u,n>-CH;) tautomeric pair.?°
Our proposed intermediate is analogous to one of the isomers
observed for “H;Fe;(CO)sCH”;® however, for both the Os, and
Ru; systems this species is sufficiently higher in energy that it
is only perceived indirectly. It is likely, also, that (u-H),0Os;-
(CO)y(u3,m*-CH,) is an intermediate in the conversion of (u-
H),085(C0O),(u-CH,) into (u-H);053(CO)g(u5-CH).¢

The difference in free energies of activation for the exchange
process in the Ru,; and Os; compounds is about 3 kcal/mol.
Similar values (3-5 kcal/mol) have been observed for other cases
comparing proton migration to/from the metal triangle and a
capping group in analogous Ru; and Os; compounds.?'22
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