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Melding our results with those in the literature leads to a
fascinating possibility for redox processes in Mo-bis(thiolate)
systems. As illustrated below, successive one-electron oxidation
of Mo(1V) to (formally) Mo(V) and Mo(VI) may involve a
substantial component of thiolate-disulfide oxidation. If this
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partial S-S bond formation occurs in Mo enzymes (and none
of the existent data preclude such an occurrence), then it could
explain, in part, the absence of identity between the spectro-
scopic, redox, and catalytic properties of Mo enzymes and their
“model” systems. For example, the high g, and low
A,(%3°"Mo) value of the Mo(V) EPR signal in xanthine oxi-
dase’ may be attributable to strong delocalization of the un-
paired electron into a partial S-S bond. The great range of
redox potentials for different Mo enzymes (while also poten-
tially explainable in other terms) could likewise be due to
varying degrees of S-S bond formation in the different mo-
lybdenum enzymes. The presence of strategically juxtaposed
sulfides in large-ring multisulfur organic heterocyclic com-
pounds has been found to correlate with substantially lower
potentials for one-electron oxidation and with increased re-
versibility in the electron-transfer process.!”-19 Similarly, the
specific cis positioning of Mo-bound thiolates may be re-
sponsible for unusual reactivity and spectroscopic features of
Mo sites in enzymes.

Regardless of the relevance of the above results to Mo en-
zymes, it is clear that more structural variety is possible in
simple inorganic molybdenum systems than had heretofore
been admitted. Recognition of this diversity may be crucial in
the quest to determine the nature of the biological molybdenum
sites.
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Synthesis, Structure, and Reactivity of Mercurial
Derivatives of an Organoruthenium Cluster
Sir:

Hydrido organotrimetallic clusters of ruthenium are in-
teresting model compounds for the study of transition metal
cluster chemistry for several reasons. One reason is that they
provide easily synthesized examples of thermally stable
monohydride derivatives of the Ruj cluster with which to study
the reactivity of the u;-hydrido bond. During the course of our
studies on the general reactivity of HRu3(CQO)s(CgsHs) (I)!
we discovered that Ce¢HsHgX (X = Br, I) reacts with I to give

. Ru
X
H

Ru

Ru

I
a halomercury(II) derivative (C¢Hg)Ru3(CO)sHgX (II) and
an equivalent amount of benzene:23

(Ce¢Ho)Ru3(CO)oH + Ce¢HsHgX

THF reflux

—— > (C¢Hg)Ru3(CO)oHgX + C¢He (1)

12n 11, 30-40%,

IT has been fully characterized and the data are summarized
in Table I for the bromo and iodo derivatives. We subsequently
found that reaction of the anion of I (generated in situ* with
HgX, (X = Br, I) also gives II in comparable yields:

KOH
HRu3(CO)o(CsHy) ———> Ru3(CO)o(CsHo)~
THF-E{OH

25°C
+K* + HgXo —> 11 (2)
18 h

Thus I is a common product from two apparently different
reaction pathways.

The 13C NMR of a 15% 3CO-enriched sample of II shows
five resonances at the low temperature limit (—24 °C) in the
carbonyl region (Figure 1). This suggests that the cluster has
the same overall summetry as 1.5 The lowest energy exchange
process averages resonances @ and b at +2 °C and arises from
axial-radial exchange at the unique ruthenium atom, Ru(1)
(AG# = 12.7 £ 0.5 kcal/mol).6 At +25 °C resonances c, d,
and e have coalesced while the resonance arising from the
average of (a + b) remains relatively sharp. This second stage
of the CO-scrambling process arises from localized axial-radial
exchange at Ru(2) and Ru(3) (AG* = 14.8 £ 0.5 kcal/mol).6
At +60 °C resonances (a + b) and (¢ + d + e) coalesce toa
single broad resonance. This third stage of the exchange
probably arises from the onset of intermetallic CO scrambling
via CO-bridging intermediates in a typical Cotton-type CO-
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Table I, Spectroscopic and Analytical Data

M+
%C %H  MSs
compd (caled) (caled) (caled) IR,? vco.cm™!
Ru3(CO)o(CeHg)- 19.80 .12 917 2090 (w) 2050 (s)
HgX (1IN (X = (19.64) (1.00) (916.9) 2000 (s) 1995 (w)
Br)
18.68 095 964 2060 (w) 2010 (s)
I(X=1"n (18.70) (0.90) (963.9) 1980 (s) 1970 (s)
1940 (w)
Ru3(CO)o(CeHg)- 23.30 1.59 896 2060 (w) 2010 (s)
HgO,CCH3 (22.80) (1.35) (896.08) 2000 (s) 1980 (s)
I

a M+ jons calculated using the '%'Ru isotope. Ru3*-CO fragments
are observed from (M) to (M* = n(CO)) (n = 5). # KBr pellets. £10
cm™!,

/EC\ gHéjl. Ralﬁ
- Wf\%%C\7?:;
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-24°

Figure 1. (a) '3C NMR of the carbonyl region of Ru3(CO)s(CsHo)HgBr
in CDCl5 at —24 °C. (b) Variable-temperature '*C NMR of the carbonyl
region of Ru3(CO)s(C¢Hg)HgBr in CDCI; from =24 to +60 °C.

exchange process.” The '3C NMR results for II closely parallel
those for I where the bridging hydride causes axial-radial
exchange to be slower at Ru(2) and Ru(3) than at Ru(1).8
Taken along with the fact that Il is monomeric in solution,’
these results suggest that I1 has the structure shown in Figure
1 with the mercury atom in a three-center bond bridging Ru(2)
and Ru(3).

A single-crystal X-ray diffraction study has been undertaken
on Il; it has revealed that indeed the mercury bridges a Ru-Ru
side of the starting cluster and that the compound exists as a
dimer in the solid state. The formation of a dimer in the solid
state suggests that the mercury atom possesses Lewis acid
character.

Crystal data. C3oH sBr,Hg;O|sRug: mol wt 1833.87; tri-
clinic; a = 9.434 (10), b = 14.631 (12),c =9.423 (9) A; a =
101.16 (8), 8= 113.93(9), v = 86.85(8)°; V" = 1166 (2) A3;
Z = 1;dgacq = 2.612 g/em3; (Mo Ka) = 101.7 em™!; space
group P1 (from structural analysis). Diffraction intensities
were measured in the /26 scan mode using Nb-filtered Mo
Ka radiation on a Siemens on-line single-crystal diffractom-
eter. A total of 3338 independent reflections was collected in
the range 3 < # < 25°; of these 2612 were considered observed
[having I > 20(J)] and used in the analysis. The structure was
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Table II, Selected Bond Distances (Angstroms) and
Angles (Degrees) with Their Estimated Standard Deviations
Hg-Ru(2) 2.733(2) Ru(3)-C(3) 1.86 (3)
Hg-Ru(3) 2.739(2) Ru(3)-C(10) 2.20(2)
Ru(1)-Ru(2) 2.813(3) Ru(3)-C(11) 2.26 (2)
Ru(1)-Ru(3) 2.806 (2) C(1)-O(1) 1.14 (3)
Ru(2)-Ru(3) 2,900 (3) C(2)-0(2) 1.11(3)
Hg-Br 2.505(3) C(3)-0(3) 1.19 (3)
Hg-Br“ 3.084 (3) C(4)-0O(4) 1.15(3)
Ru(1)-C(7) 1.92(2) C(5)-0(5) 1.14 (3)
Ru(1)-C(8) 1.90 (2) C(6)-0(6) 1.15(3)
Ru(1)-C(9) 1.89(3) C(7)-0O(7) 1.14 (3)
Ru(1)-C(10) 1.96 (2) C(8)-0(8) 1.12(3)
Ru(2)-C(4) 191 (2) C(9)-0(9) 1.15(4)
Ru(2)-C(5) 1.92(2) C(10)-C(11) 1.31(3)
Ru(2)-C(6) 1.89 (2) C(11)-C(12) 1.48 (4)
Ru(2)-C(10) 2.19(2) C(12)-C(13) 1.56 (4)
Ru(2)-C(11) 2.25(2) C(12)-C(14) 1.53 (4)
Ru(3)-C(1) 1.93(2) C(12)-C(15) 1.57 (4)
Ru(3)-C(2) 1.89 (3)
Ru(2)-Hg-Ru(3) 64.0(1) Ru(2)-C(6)-0(6) 178 (2)
Ru(2)-Ru(D)-Ru(3) 62,1 (1) Ru(1)-C(N)-O(7) 177 (2)
Hg-Ru(2)-Ru(3) 58.1 (1)  Ru(1)-C(8)-0(8) 179 (2)
Ru(1)-Ru(2)-Ru(3) 58.8(1) Ru(1)-C(9)-0(9) 175 (3)
Ru(1)-Ru(3)-Ru(2) 59.1(1) Ru(1)-C(10)-C(11) 154(2)
Hg-Ru(3)-Ru(2) 57.9 (1) Ru(2)-C(10)-C(11) 76(1)
Hg-Ru(2)-Ru(l) 99.4 (1) Ru(3)-C(10)-C(11) 75(1)
Hg-Ru(3)-Ru(1) 99.4 (1)  Ru(2)-C(11)-C(12) 135(2)
Ru(2)-Hg-Br 146.1 (1)  Ru(3)-C(11)-C(12) 134(2)
Ru(2)-Hg-Br“ 108.1 (1) C(10)-C(11)-C(12) 140(2)
Ru(3)-Hg-Br 141.8 (1)  Ru(2)-C(11)-C(10) 70(1)
Ru(3)-Hg-Br¢ 108.5(1) Ru(3)-C(11)-C(10) 71 (1)
Br-Hg-Br* 859 (1) C(13)-C(12)-C(14) 109 (2)
Ru(3)-C(1)-0O(1) 174 (2)  C(13)-C(12)-C(15) 107(2)
Ru(3)-C(2)-0(2) 175(2) C(11)-C(12)-C(13) 112(2)
Ru(3)-C(3)-0(3) 173 (2) C(14)-C(12)-C(15) 108 (2)
Ru(2)-C(4)-0O(4) 179 (2) C(14)-C(12)-C(11) 110(2)
Ru(2)-C(5)-0(5) 174 (2) C(15)-C(12-C(11) 111 (2)

% indicates the atom in the equivalent position: —=x,2 — y, 2 = z.
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Figure 2. Solid-state structure of [Ru3(CO)o(C¢Hg)HgBr}s.

solved by the heavy-atom method and refined by full-matrix
least squares, !0 with anisotropic thermal parameters to an R
value of 7.5% (observed reflections only).

The structure of the dimer is represented in Figure 2 and
selected bond distances and angles in it are given in Table 1.
See the paragraph at the end of the paper regarding supple-
mentary material.

Two tetranuclear metal clusters of three Ru and one Hg
atoms, in a butterfly arrangement, are joined in a dimer by two
bromines bridging the two Hg atoms asymmetrically (Hg-Br
bond distances being of 2.505 and 3.084 A). The two triangular
wings HgRu(2)Ru(3) and Ru(1)Ru(2)Ru(3) share the hinge
side Ru(2)Ru(3), the dihedral angle between the wings being
of 127°. The Hg atom bridges Ru(2) and Ru(3) with bond
distances of 2.733 and 2.739 A and practically substitutes the
hydride in I. It is interesting to note that the Ru{2)-Ru(3) side
(2.900 A) is longer than that in I (2.792 A);!l this is also
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consistent with the picture of a relatively polar Ru-Hg bridge
bond where the mercury bears more positive charge than the
hydride in I. Aside from this difference, the metal carbon
framework of the cluster remains almost unchanged with re-
ffect to I. For example, the C(10)-C(11) bond lengthis 1.31

in II'and 1,315 A in I. Similarly, the Ru(1)-C(10) bond is
1.96 and 1.947 A in I and I, respectively.

The reaction of II (X = Br) with Ag(OOCCH3) gives 111
in good yield (Table I):

(CéHg)RU3(CO)9HgX + Ag(OOCCH3)

THF
—> (C¢Hs)Ru3(CO)oHg(OOCCH3) + AgX  (3)
I

However, direct reaction of C¢HsHg(OOCCH;) with Lor I~
with Hg(OOCCH3); did not give I11.

Under the reaction conditions for the synthesis of IT (X =
Br only) by the phenylmercuric halide plus hydride route, a
byproduct is always obtained (10-20% yield) whose metal
analysis (Ru = 33.0%, Hg = 23.9%, no bromine) and IR and
mass spectra!? are consistent with the formula Hg,Rug-
(CO) 3(C¢Hs); (1V). Independent experiments show that this
compound is formed by reaction of II with I and is accompa-
nied by cluster decomposition. IV is not formed in the synthesis
of I from I~ and HgX; and is found in only trace amounts
when I is reacted with C¢gHsHgI. IV is thermally unstable even
in the solid state, slowly decomposing to mercury metal and
a ruthenium containing residue. We are currently investigating
the solid-state structure of IV.

Although there are many M-Hg-X and M-Hg-M (M =
transition metal) derivatives in the literature,'? II represents
the first example of mercury atom briding two transition
metals in a three-center bond. The fact that II is formed by
both reaction of a phenylmercuric halide with a hydrido cluster
and by reaction of a cluster anion with mercuric halides
suggests the possibility that these reaction pathways could be
of general use for synthesizing main group metal derivatives
of transition metal clusters. The mercury derivatives reported
here are interesting candidates for oxo or solvo mercuration
catalysts and as intermediates for the synthesis of mixed
transition metal clusters by oxidative addition of the miercury
halogen bond to zerovalent platinum- and palladium-phos-
phine complexes.!* We are currently exploring these possi-
bilities. The chemistry observed here is reminiscent of that seen
for the reaction of (CO)sMnH with (C¢Hs);PAuCH3 to give
CH, and a gold-manganese bond.!3 It is in sharp contrast,
however, to the reaction of HCCo3(CO)g with phenylmercuric
halides where phenylation of carbinyl carbon occurs.!6

Supplementary Material Available; The final atomic coordinates,
the atomic thermal parameters and a complete listing of factor am-
plitudes (15 pages). Ordering information is given on any current
masthead page.
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General Acid Catalyzed Dissociation of Metal Cryptates
Sir:

Recent kinetic studies on the dissociation of metal ions from
complexes (cryptates) formed between cations and macrobi-

cyclic ligands (cryptands) of the type 1-3,! have involved
NMR,?># electrochemical,>6 relaxation,” and flow tech-

oA V)
g\:o(‘\o\):\N

Q/O 0
;b=c=0(2.1.1)

c=0(221)
3,a=b=c=1(2.2.2)

niques,®-1%including the use of strong acids to scavenge the free
cryptand in equilibrium with the complex.%-10

We have shown®-10 that the dissociation of cryptates of a
number of alkali and alkaline earth cations and Ag* are
subject to varying degrees of catalysis by strong acids, both in
water and methanol.!® This was attributed to interaction be-
tween the proton and the lone pair of one of the nitrogen atoms,
presumably in an exo conformation. Weaver and co-workers®
have also found that the dissociation of europium and ytter-
bium cryptates is acid catalyzed.

We wish toereport that the dissociation reactions are also
catalyzed by general acids, HA. The catalytic activity of an

© 1980 American Chemical Society



