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The reaction of HgPhz with hydride-containing methoxymethylidyne precursors has led to the high-yield 
synthesis of Hg[Fe2M(p3-COMe)(CO)7(rl-C5H5)12 (3, M = Co; 4, M = Rh) and Hg[M3(p-COMe)(CO)lo]2 
(5, M = Fe; 6, M = Ru). The trimercury cluster Hg[Fe(CO),(p-Hg)Fe3(p-COMe)(CO)lo]2 (9) is formed 
in low yield in the reaction leading to 5. Crystal data for 3 orthorhombic, space group Pbca, a = 16.572 
(4) A, b = 19.846 (3) A, c = 20.224 (5) A, V = 6651 (3) A3, R (R,) = 0.030 (0.035) for 3783 independent 
absorption-corrected data to B = 25'. Crystal data for 4: monoclinic space group C2/c, a = 25.293 (11) 
A, b = 9.084 (3) A, c = 15.541 (5) A, 0 = 100.97 (3)', V = 3505 (2) A3, R (R,) = 0.041 (0.044) for 1564 
independent absorption-corrected data to B = 25'. Crystal data for 6: monoclinic, space group P2,/c, a 
= 13.894 (3) A, b = 16.828 (6) A, c = 16.620 (4) A, j3 = 109.86 (2)', V = 3655 (2) A3, R (R,) = 0.064 (0.065) 
for 2209 inde endent absorption-corrected data to B = 20°. Crystal data for 9: triclinic, space group Pi, 
a = 8.511 (2) i, b = 8.941 (2) A, c = 17.796 (3) A, a = 79.10 (l)', j3 = 75.86 (2)', y = 69.38 (2)', V = 1221.0 
(5) A3, R (R,) = 0.054 (0.064) for 3422 independent absorption-corrected data to B = 26'. The metal-metal 
connectivities differ in 3 and 4, the latter having two Hg-Rh and two Hg-Fe bonds, while the former has 
four Hg-Fe bonds. 13C and lWHg NMR studies show that cluster 4 undergoes a novel metal framework 
rearrangement in solution involving migration of the Hg atom around the Fe2Rh triangle. 

Introduction 
Numerous mercury-containing transition-metal clusters 

have now been reported.'+' The propensity of mercury 
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to adopt a linear or pseudolinear coordination geometry 
means that relatively few clusters having mercury incor- 
porated into the polyhedral core are known2 Commonly 
observed coordination modes are the formally three-co- 
ordinate p2-HgX moiety (X = halide or ML, unit such as 
CpMo(CO),) bridging an M-M edge,*- or the formally 
four-coordinate p3-HgX moiety capping a M3 

One interesting class of transition-metal-mercury clus- 
ters is that where a mercury atom(s) links together two 
cluster This linkage may occur via a single Hg 
atom acting in a bis-p, mode4t5 or in a bis-p3 mode,6v7 via 
a h e a r  Hg, unit acting in a bis-p2 mode' or bis-p3 mode? 
or more unusually via an Hg3 triangle acting as the link? 
These linked clusters have been synthesized either by 
reaction of Hg2+ or HgZ2+ salts with cluster carbonylate 
a n i 0 n ~ ~ 9 h ~  or by chemicalsby7 or electrochemicalg reduction 
of clusters in the presence of mercury metal. In this article 
we describe a new method for synthesizing Hg-linked 
clusters from the reaction of HgPh, with clusters con- 
taining M(p-H)M bonds, which proceeds with the elimi- 
nation of benzene. The elimination reaction of Ru3(p 
H)(p3-q2-C=CtBu)(CO)g with HgPhX leading to an Ru(p- 
HgX)Ru interaction has been previously described by 
Rosenberg et aL3* More recently Handler et al . 'O have 
described a similar synthetic route to compounds con- 
taining Hg-Pt bonds, from an elimination reaction between 
Pt hydrides and HgPh(0H). Part of this work has been 
previously c~mmunicated.~ 

Results and Discussion 
The reaction of HgPh2 with Fe2M(p-H)(p3-COMe)- 

(C0)7(q-C,H5) (1, M = Co;" 2, M = Rh12) in toluene at 90' 

(9) Drake, S. R.; Barley, M. H.; Johnson, B. F. G.; Lewis, J. Organo- 

(IO) Handler, A,; Peringer, P.; MUer, E. P. J. Organomet. Chem. 

(11) Aitchison, A. A.; Farrugia, L. J. OrganometaZlics 1986,5, 1103. 
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1990, 389, C23. 
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Figure 1. Molecular structure and atomic labeling scheme for 
H ~ [ F ~ ~ C O ( ~ ~ - C O M ~ ) ( C O ) ~ ( ~ - C S H S ) ~ ~  (3). 

Table I. Final Positional Parameters (Fractional 
Coordinates) with Esd's in Parentheses and Isotropic 

Thermal Parameters (A2; Equivalent Isotropic Parameters 
U, for Anisotropic Atoms) for 

HgtFezCo(p~~COMe)(CO)T(~C~H5)l~ (3)'' 
____ 

atom r/a Y l b  z / c  
He 0.60846 (2) 0.13373 (1) 0.11491 (1) 

C(111) 
C(112) 
C(ll3) 
(3114) 

0.69115 (6) 
0.55312 (6) 
0.51949 (7) 
0.67555 (6) 
0.66246 (6) 
0.57359 (6) 
0.5781 (4) 
0.6132 (3) 
0.7977 (4) 
0.8295 (4) 
0.6651 (5) 
0.4550 (4) 
0.5288 (5) 
0.4170 (4) 
0.4049 (4) 
0.3982 (4) 
0.5112 (5) 
0.7861 (4) 
0.7368 (4) 
0.7781 (4) 
0.7092 (4) 
0.5516 94) 
0.6028 (4) 
0.5046 (6) 
0.6055 (4) 
0.6868 (6) 
0.7566 (5) 
0.7753 (5) 
0.6735 (5) 
0.4966 (5) 
0.5395 (5) 
0.4708 (5) 
0.4490 (5) 
0.4465 (5) 
0.5159 (6) 
0.7414 (5) 
0.7110 (5) 
0.7381 (5) 
0.6818 (6) 
0.5657 (5) 
0.6932 (7) 
0.7566 (4) 
0.7284 (6) 
0.6474 (6) 

0.02147 i5j 
0.05349 (5) 
0.20759 (5) 
0.23888 (5) 

-0.01358 (5) 
0.32411 (5) 

-0.0882 (3) 
0.2239 (3) 

-0.0941 (3) 
0.1163 (3) 

-0.0059 (4) 
-0.0005 (3) 
0.1931 (3) 
0.0400 (4) 
0.2489 (4) 
0.2052 (4) 
0.0709 (3) 
0.3419 (3) 
0.2559 (3) 
0.1321 (3) 
0.1227 (3) 
0.3104 (3) 

-0,0266 (3) 
-0.1171 (5) 
0.2362 (3) 
0.2361 (5) 

-0.0482 (4) 
0.0819 (4) 
0.0076 (4) 
0.0184 (4) 
0.1393 (5) 
0.0456 (5) 
0.2350 (4) 
0.2052 (5) 
0.1242 (4) 
0.3024 (4) 
0.2481 (4) 
0.1714 (4) 
0.0734 (4) 
0.3019 (4) 

-0.1130 (4) 
-0.0709 (3) 
-0.0275 (5) 
-0.0428 (2) 

0.15303 (5) 
0.21509 (5) 
0.02751 (6) 
0.04784 (6) 
0.26952 (5) 
0.01272 (5) 
0.1633 (3) 

-0.0907 (3) 
0.1529 (4) 
0.1519 (4) 
0.0127 (3) 
0.3206 (3) 
0.2653 (3) 
0.1246 (4) 

-0.0724 (4) 
0.1364 (4) 

-0.0280 (4) 
o.Ooo6 (4) 
0.1842 (3) 

-0.0034 (3) 
0.2828 (3) 
0.1520 (3) 
0.1858 (3) 
0.1864 (5) 

-0.0259 (3) 
-0.1240 (5) 
0.1539 (4) 
0.1524 (4) 
0.0675 (4) 
0.2808 (4) 
0.2447 (4) 
0.1583 (5) 

-0.0313 (5) 
0.0950 (4) 

-0.0041 (4) 
0.0183 (5) 
0.1335 (5) 
0.0174 (4) 
0.2649 (4) 
0.0964 (4) 
0.2893 (4) 
0.3080 (4) 
0.3571 (2) 
0.3687 (5) 

v, 
0.027 
0.028 
0.030 
0.030 
0.027 
0.030 
0.027 
0.048 
0.044 
0.064 
0.064 
0.070 
0.067 
0.077 
0.072 
0.070 
0.078 
0.077 
0.071 
0.065 
0.056 
0.056 
0.050 
0.028 
0.064 
0.026 
0.061 
0.041 
0.040 
0.044 
0.043 
0.048 
0.052 
0.046 
0.047 
0.049 
0.045 
0.045 
0.035 
0.047 
0.042 
0.050 
0.062 
0.055 
0.046 . ,  

c ( i i5 j  0.6257 (4) -0.0956 i5j  0.3268 (3) 0.041 
C(211) 0.5265 (7) 0.3711 (5) -0.0698 (2) 0.056 
C(212) 0.4865 (3) 0.3946 (4) -0.0136 (5) 0.055 
C(213) 0.5432 (7) 0.4256 (3) 0.0272 (4) 0.046 
C(214) 0.6183 (5) 0.4213 (5) -0.0036 (4) 0.049 
C(215) 0.6080 (6) 0.3877 (2) -0.0636 (5) 0.054 

a U, = 1/3~i~,Ui,ui*aj*ai.aj.  

C affords high yields of the dark green Hg[Fe2Co(p3- 
COM~)(CO) , (VC~H~)]~  (3) or dark purplish brown Hg- 

3 

0 1  1 

Figure 2. Molecular structure and atomic labeling scheme for 
Hg[Fe,Rh(~3-COMe)(r-CO)(CO)B(rl-C~H~)12 (4). 

Table 11. Selected Bond Lengths (A) and Bond Angles 
(de& for Hg[FezCo(rs-C0Me)(CO)~(sC,H,)la (3) 

Hg-Fe(1) 2.727 91) Hg-Fe(2) 2.735 (1) 
2.726 (1) Hg-Fe(3) 2.729 (1) Hg-Fe(4) 

Fe(l)-Fe(2) 2.685 (2) Co(1)-Fe(1) 2.502 (2) 
Fe(3)-Fe(4) 2.691 (2) Co(2)-Fe(4) 2.494 (2) 
Fe(l)-C(l) 1.868 (8) Fe(2)4(1) 1.886 (8) 
Co(l)-C(l) 1.978 (7) Fe(3)4(3) 1.876 (7) 
Fe(4)C(3) 1.891 (8) Co(2)4(3) 1.984 (7) 

Fe(1)-Hg-Fe(2) 58.9 (1) Fe(l)-Hg-Fe(S) 153.3 (1) 
Fe(l)-Hg-Fe(a) 124.1 (1) Fe(a)-Hg-Fe(l) 127.7 (1) 
Fe(S)-Hg-Fe(4) 162.0 (1) Fe(3)-Hg-Fe(4) 59.1 (1) 
Co(l)C(51)-0(51) 154.1 (8) C0(2)~(61)-0(61) 156.0 (8) 

Table 111. Final Positional Parameters (Fractional 
Coordinates) with Esd's in Parentheses and Isotropic 

Thermal Parameters (Az; Equivalent Isotropic Parameters 
U, for Anisotropic Atoms) for 

H~[F~~R~(~,-COM~)(C-CO)(C~)~(~)-C~H~)I, (4)' 

Y l b  
-0.28895 (9) 

xla 
0.00000 
0.08570 (4) -0.17928 (13) 
0.10023 (9) -0.42289 (21) 
0.16846 (8) -0.20446 (24) 
0.1651 (5) -0.3906 (16) 
0.1821 (6) -0.6293 (17) 
0.0602 (6) -0.4168 (18) 
0.0391 (7) -0.6458 (16) 
0.2197 (6) 0.0702 (15) 
0.1789 (6) -0.1972 (15) 
0.2669 (5) -0.3656 (16) 
0.0839 (5) 0.0030 (12) 

C(1) ' 0.1382 (6) -0.3472 (18) 
C(2) 0.1696 (10) -0.5380 (30) 
C(11) 0.1500 (8) -0.5469 (20) 
C(12) 0.0730 (7) -0).4103 (18) 
C(13) 0.0636 (7) -0.5577 (18) 
C(21) 0.1997 (7) -0.0362 (19) 
C(22) 0.1754 (7) -0.2036 (21) 
C(23) 0.2290 (8) -0.3043 (19) 
C(31) 0.1036 (6) -0.0885 (16) 
C(111) 0.0136 (8) -0.1192 (29) 
C(112) 0.0373 (5) 0.0111 (24) 
C(113) 0.0900 (8) 0.0154 (22) 
C(114) 0.0987 (6) -0.1122 (30) 
C(115) 0.0515 (7) -0.1954 (14) 

z / c  
0.25000 
0.36682 (7) 
0.27028 (15) 
0.29423 (13) 
0.4513 (7) 
0.2422 (12) 
0.0806 (9) 
0.3425 (12) 
0.3586 (10) 
0.1109 (9) 
0.3612 (10) 
0.2103 (7) 
0.3743 (10) 
0.4722 (16) 
0.2533 (15) 
0.1576 (14) 
0.3073 (14) 
0.3318 (11) 
0.1812 (12) 
0.3350 (12) 
0.2619 (11) 
0.4285 (10) 
0.4072 (13) 
0.4548 (6) 
0.5055 (13) 
0.4892 (10) 

u m  
0.035 
0.041 
0.045 
0.043 
0.086 
0.130 
0.109 
0.136 
0.106 
0.096 
0.104 
0.067 
0.052 
0.134 
0.083 
0.070 
0.074 
0.062 
0.069 
0.070 
0.050 
0.059 
0.079 
0.097 
0.105 
0.094 

a U ,  = '/&xjUi,ui*aj*ai.aj. 

[Fe2Rh(p3-COMe)b-CO)(CO),(~-C&Is)]2 (4), respectively, 
as the sole isolable products. These mercury-linked 
clusters were characterized by spectroscopic techniques 
and by single-crystal X-ray diffraction studies. Discussion 
of their spectroscopic properties is deferred until their 

(12) Farrugia, L. J. J. Organomet. Chem. 1986,310, 67. 
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Table IV. Selected Bond Lenaths (A) and Bond Angles 
(de& for Hg[FeERh(rs-COMe)(r-CO)(CO)B(9-C5H5)]~-(4) 

Ha-Rh 2.737 (2) Hg-Fe(1) 2.775 (3) 
R;-Fe( 1) 2.737 (3) Rh-Fe(2) 2.570 (3) 

Fe(l)-C(l) 1.85 (2) Fe(2)-C(l) 2.04 (2) 
Rh-C (3 1) 1.96 (2) Fe(2)-C(31) 1.93 (2) 

Rh-Hg-Fe(1’) 145.7 (1) Fe(1)-Hg-Fe(1’) 128.0 (1) 
Rh-C(31)-0(31) 136 (1) Fe(2)-C(31)-0(31) 141 (1) 

Fe(1)-Fe(2) 2.609 (3) Rh-C(l) 2.01 (2) 

Rh-Hg-Rh’ 137.3 (1) Rh-Hg-Fe(1) 59.5 (1) 

structures have been described. 
X-ray Crystal Structures of 3 and 4. The molecular 

structures and atomic labeling schemes for clusters 3 and 
4 are shown in Figures 1 and 2, respectively. Atomic co- 
ordinates and important metrical parameters are given in 
Tables I-IV. In both cases the Hg atom replaces two 
hydrido ligands, linking together two Fe2M triangles. The 
effective molecular symmetry in 3 and 4 is C2, since the 
only symmetry element is a 2-fold rotation axis. This axis 
is crystallographically defined for 4 and is approximate for 
3. Both metal cores are hence chiral, so that for cluster 
3, the metal atoms Fe(1) and Fe(3) are chemically equiv- 
alent, as are Fe(2) m d  Fe(4), but these pairs are in- 
equivalent to each other. The carbonyl ligands attached 
to these metals are hence potentially anisochronous. 

The meta-metal connectivities in the two clusters differ. 
In both cases the Hg atom is four-coordinate, but in 3 the 
Hg atom bridges the Fe-Fe bond in both triangular sub- 
units, while in 4 the Hg atom bridges an Fe-Rh bond in 
both triangular subunits. In the hydrido precursor species 
1 and 2,11J2 the hydride ligand bridges an Fe-Fe bond in 
both cases. The reason for these differing metal-metal 
connectivities is presumably the greater strength of an 
Hg-Rh bond versus that of an Hg-Fe bond, although the 
NMR studies reported below show than any energy dif- 
ference must be very small. The Hg-Fe distances in 3 are 
virtually identical (range 2.726 (1)-2.735 (1) A) and mar- 
ginally shorter than found in 4, 2.775 (3) A. These sepa- 
rations are longer than those found for the two- or 
three-coordinate mercury atoms in [Fe(C0)4(HgC1) (Hg- 
C12)]- (Fe-Hg = 2.560) (3) and 2.516 (3) A),13 
(PPN+),Hg[Fe(CO),I2- (Fe-Hg = 2.547 (2) and 2.545 (2) 
A) ,14 and (PPN+) [ Fe4( CO) 13(p3-Hg)M~( CO) (Fe-Hg 
= 2.664 (1) and 2386 (1) A)15 but somewhat shorter than 
those found for the asymmetrically bonded four-coordinate 
Hg atom in (PPN+) [Fe4(C0)13(p3-HgCH3)]- (Hg-Fe = 
2.606 (l), 2.847 (l), and 2.960 (1) A).16 

The angles at Hg show a wide range (58.9 (1)-162.0 ( 1 ) O  

for 3 and 59.5 (1)-145.7 ( 1 ) O  for 4), and likewise the twist 
angle between the two HgM2 planes differs substantially 
in the two clusters, viz. 46.2O in 3 and 71.9O in 4. The 
butterfly dihedral angles in 3 Hg-Fe(l)-Fe(2)-Co(l) = 
153.7 ( 1 ) O  and Hg-Fe(3)-Fe(4)40(2) = 152.3 (1)’ are more 
obtuse than in 4, where Hg-Rh-Fe(l)-Fe(2) = 135.9 ( 1 ) O .  

In view of these distortions, and the facile rotation of the 
two subunits about the Hg atom (see below), we believe 
it inappropriate to view the coordination of the Hg atom 
as “tetrahedral” or “square planar” but regard it as pseu- 
dolinear in both cases. The two collinear Hg sp hybrids 
are involved in three-center-two-electron interactions with 

2 2 

Figure 3. View down the MPT-Hg-MPT axis of 3, showing the 
arrangement of forward-pointing carbonyl ligands. 

both bridged M-M vectors. This view is borne out by the 
near-linearity of the MPT-Hg-MPT angles (174.8O for 3 
and 174.7O for 4, where MPT is the midpoint of the 
bridged M-M vector). The observed twist angle in the 
solid state is merely that which minimizes the nonbonding 
contacts between ligands on the two Fe2M subunits. Thus, 
in 3, the observed conformation minimizes the interactions 
between the forward-pointing carbonyl oxygen atoms 
0(12), 0(13), 0(22), and O(23) on one subunit with those 
on the other subunit, viz. 0(32), 0(33), 0(42), and O(43). 
This is illustrated in Figure 3, which shows a view down 
the MPT-Hg-MPT axis. A similar minimization of ligand 
interactions is observed in the other clusters reported in 
this article, and in previously reported bridged Hg clus- 
t e r ~ , 5 4 ~ , ~  as well as related “naked” Agl7 and Au-bridged18 
species. 

The geometry within the Fe2Co(p3COMe)(C0),Cp units 
in 3 closely resembles that found in the hydrido precursor 
1.” In particular, the methoxymethylidyne ligand appears 
to have only a slightly increased interaction with the Co 
atoms; i.e., the Co(l)-C(l) and Co(2)-C(3) distances of 
1.978 (7) and 1.984 (7) A are marginally shorter than those 
found in 1 (2.001 (4) A).11 The usually observed” con- 
comitant increase in the semi-p3 character of the carbonyls 
CO(51) and CO(61) is noted in the more acute Co-C-0 
angles in 3 (154.1 (8) and 156.0 (8)O) as compared with that 
in 1 (164.4 (4)O) and in the shorter Fe ... C contacts (cf. 2.391 
(9k2.491 (9) A in 3 versus 2.559 (4) and 2.629 (5) A in ill). 

In contrast, the geometry of the Fe2Rh(p3-COMe)- 
(CO),Cp moieties in 4 and 212 differ markedly. In 2 the 
Rh-bound carbonyl is essentially linear (Rh-C-0 = 169.1 
(4)”)12 and is uninvolved in bonding to the Fe atoms, while 
in 4 there is a carbonyl which symmetrically bridges one 
Rh-Fe bond, with Rh-C(31) = 1.96 (2) A and Fe(2)-C(31) 
= 1.93 (2) A. In addition, in 4 the methoxymethylidyne 
ligands caps the Fe2Rh face somewhat asymmetrically 
(Fe(l)-C(l) = 1.85 (2) A, Fe(2)-C(1) = 2.04 (2) A, and 
Rh-C(l) = 2.01 (2) A), while in 2 there is a weaker in- 
teraction with the Rh atom (Rh-C = 2.221 (4) A).12 

Finally, there are some short Hg-Cwby1 contacts, 2.861 
(8)-2.890 (8) A in 3 and 2.77 (2) and 2.97 (2) A in 4, which 
may indicate weak Hg-C interactions. This phenomenon 
has been noted PrevioUslY’4 and ascribed to a donation of 

(17) Fajardo, M.; Gomez-Sal, M. P.; Holden, H. D.; Johnson, B. F. G.; 
Lewis, J.; McQueen, R. C. S.; Raithby, P. R. J. Organomet. Chem. 1984, 

(18) Johnson, B. F. G.; Kaner, D. A.; Lewis, J.; Raithby, P. R. J. Chem. 
Soc., Chem. Commun. 1981, 753. 

(13) Brotherton, P. D.; Kepert, D. L.; White, A. H.; Wild, s. B. J. 
Chem. Soc., Dalton Trans. 1976, 1870. 

J. Organomet. Chem. 1989,377, 291. 

1988, 27, 552. 267, C25. 

Chem. SOC. 1985,107,8136. 

(14) Alvarez, S.; Ferrer, M.; Reina, R.; Rossel, 0.; Seco, M.; Solans, X. 

(15) Wang, J.; Sabat, M.; Horwitz, C. P.; Shriver, D. F. Inorg. Chem. 

(16) Horwitz, C. P.; Holt, E. M.; Brock, C. P.; Shriver, D. F. J .  Am. 
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Table V. lg9Hg NMR Data at 35.8 MHz 
complex 
(isomer) chem shift, 6a mult J(Rh-Ha), Hz w1 ,.,, Hz 
3 (1) 891b 8 60 

803' 8 100 
4 (I) S4Sd S 350e 
4 (11) 58Bd d 279 150 (360)f 
4 (111) 13Bd t 333 87 (145)f 
4 (IV) 54d t 290 85 (160)f 

OChemical shifts to high frequency; E = 17.910841 MHz (6- 
(HgMe,) = 0) in CD2C12. b223 K. c298 K. d213 K. eSignal not 
observed at 64.5 MHz. 'Line widths at 64.5 MHz in parentheses. 

electron density from the Hg-M bond to CO ?r* orbitals. 
NMR Studies on 3 and 4. The two collinear sp hybrids 

of the Hg2+ cation are isolobally related to the H+ 1s or- 
bital, and this explains the geometric relationship observed 
between the hydrido and mercurio clusters 1 and 3. In a 
recent MO study on [Hg(Fe(C0)4)2]2-, Alvarez et al.14 show 
that the high-lying nature of the 6p AO's of the mercury 
atom results in very little ?r character to the Fe-Hg bond. 
The electronic barrier to rotation about the M-Hg-M axis 
should thus be negligible, with steric factors dominating. 
Rosenberg et al.3b have reported NMR evidence for free 
rotation about the central Hg-Ru bond in cis-Ru(CO),- 
(&,-H~)RU~(~&JBU)(CO)~)~, and since our original com- 
munication: they have also reportedsb the dynamic be- 
havior of H~[RU,(~,-CJBU)(CO)~]~, which implicates ro- 
tation about the Hg-Ru bonds. 

Despite the fact that the solid-state structure shows a 
chiral metal skeleton, the 13C NMR spectrum of 3 at  213 
K closely resembles that of 1,11 with only four signals in 
the carbonyl region at  6 230.9, 213.8, 209.8, and 205.1 
(relative intensities 1:2:22). This implies that each sub- 
unit, and the cluster as a whole, has acquired an effective 
molecular mirror plane. In order to account for this ob- 
servation, we postulate two simultaneous fluxional pro- 
cesses, both of which must be rapid at  213 K (a) rotation 
of the methyl group about the C-0 bond of the COCHB 
ligand (giving effective mirror symmetry within a cluster 
subunit) and (b) cluster core enantiomerization. We have 
discussed process a p rev io~s ly ,~~  and process b can occur 
through either free rotation or a restricted oscillation of 
the two subunits about the MPT-Hg-MPT axis. We have 
recently characterized a similar enantiomerization process 
in the platinum bridged cluster Pt[Ru3(pL-H)(p3-C2tBu)- 
(CO),]2.20 The intensity 1 signal a t  6 230.9 is assigned to 
the semi-p, carbonyls CO(51) and CO(61). Interestingly, 
this is the only signal which shows a significant change in 
chemical shift, as compared with the corresponding signal 
in 1 (which occurs at 6 214.7). The shift to high frequency 
is consistent with the greater p 3  character of this ligand 
in 3 as compared with that in 1. The l99Ig NMR spectrum 
of 3 shows a broad, temperature-dependent, singlet reso- 
nance (see Table V). 

The NMR spectra of 4 are more interesting and indicate 
that there are several exchanging isomeric species in so- 
lution. The lseHg spectra (see Table V and Figure 4) 
provide the clearest indication of the nature of these iso- 
mers. A t  213 K the four signals a t  6 848,588,138, and 54 
are attributed, on the basis of multiplicities due to lo3Rh 
coupling, to the isomers I-IV respectively shown in Chart 
I. These are present in the ratio of ca. 1:10:6:2, on the 
basis of integration of the lWHg spectrum. Isomer I cor- 
responds to the structure of the Co analogue 3, while the 
most abundant isomer, 11, has one Fe2Rh triangle bonded 

(19) Aitchison, A. A.; Farrugia, L. J. Organometallics 1987, 6,  819. 
(20) Farrugia, L. J. Organometallics 1990, 9, 105. 

6 0 3 . 0  509.0 2 0 0 . 0  109.0 0 . 0  

PPM 
Figure 4. lNHg NMR spectra of 4 at 213 K. The asterisks (*) 
indicate impurities or unassigned minor isomers, and the signal 
marked with a dagger (t) is folded back from ita genuine shift 
at 6 848. 

Chart I 

I 

f 

I1 

111 IV 

to the Hg atom via an Fe-Fe bond and the other triangle 
via an F e R h  bond. We attribute isomer I11 to the species 
4 observed in the solid state and the less abundant isomer 
IV, which also has a triplet splitting due to (presumably) 
equivalent Rh nuclei, to a related species. This is possibly 
a rotamer of I11 (as shown), but it may also differ in the 
metal-ligand dispositions. When the temperature is in- 
creased from 213 K, all the signals broaden, and at ambient 
temperatures we were unable to detect any lWHg NMR 
resonances. 

The variable-temperature 13C spectra of 4 (13C0 en- 
riched) in the CO region are shown in Figure 5. As ex- 
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298 K 
h 

238 K 

197K 

2 4 b . O  23b .O 226.0 2 1 b . 0  20b.O 
PPM 

Figure 5. Variable-temperature 13C NMR spectra of 4 in the 
carbonyl region. 

i I  
3i 

I I 
I 

9 ' I  1 1:: 

t I" 
1.1 

z i i  2;; ' ' > i o  ' >is z i i  ' ' '2;; z i o  ' 'iii 'iio tih ,," 
Figure 6. 13C EXSY spectrum of 4 at 213 K in the carbonyl 
region. 

pectad, they are quite complex, and the complete carbonyl 
scrambling observed at  298 K is further confirmation of 
interisomer exchange. At  183 K there are two relatively 
intense doublets at 6 241.3 (J(Rh-C) = 37 Hz) and 6 235.1 
(J(Rh-C) = 41 Hz), which are attributed to the bridging 
carbonyls in isomer I11 and isomer 11, respectively, on the 
basis of intensities and the following observations. When 
the temperature is raised to 238 K, the lower frequency 
doublet resonance broadens faster than the higher fre- 
quency one, and a 2D-EXSY spectrum at 213 K, with a 

I l l  1 236 K 

h 

3 3 0 . 0  3 2 7 . 0  3 2 1 . 0  $ 1 8 . 0  
PPM 3 2 4 ' B  

Figure 7. Variable-temperature 13C NMR spectra of 4 in the 
alkylidyne region. 

Scheme I 

mixing time t, of 0.5 s (Figure 6), shows that this low- 
frequency signal exchanges only with a doublet at 6 204.5 
(J(Rh-C) = 75 Hz), which is attributed to the terminal 
Rh-CO in isomer 11. This indicates that the two FezRh 
triangles in isomer 11 interchange their connectivitiea with 
the Hg atom, such that both triangular subunits become 
equivalent on the NMR time scale (see Scheme I). The 
barrier to this unusual degenerate exchange is slightly 
lower than, but comparable to, thoee for the nondegenerate 
exchanges between isomers. Further evidence for this 
exchange process comes from the temperature dependence 
of the alkylidyne 13C signals shown in Figure 7. There 
are only three reaonancea visible, arising from the two most 
abundant isomers I1 and 111. Two alkylidyne signals at 
6 332.0 ( J W - C )  = 40 Hz) and 6 320.7 (J(Ftl-14) = 22 Hz), 
which are attributed to the two inequivalent COCH3 
groups in 11, broaden faster than the third signal at 6 331.1 
(J(R,h-C) = 40 Hz), which is ascribed to the two equivalent 
groups in 111. At ambient temperatures only one signal 
is observed at the weighted mean chemical shift. In view 
of the well-known redistribution chemistry of mercury in 
cluster compound8,3b*CJ intermolecular exchange is a pos- 
sibility. However, an equimolar mixture of 3 and 4 only 
showed NMR signals for the starting materials after 1 day; 
thus, an intermolecular exchange seems unlikely. 

Unfortunately, the assignment of other carbonyl signals 
in Figure 5 is more difficult. From chemical shift com- 
parisons with the precursor complex 2,12 the set of reso- 
nances between 6 214.4 and 209.3 may be assigned to Fe- 
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Hg-Linked Clusters Containing Methoxymethylidynes 

051  013 

Figure 8. Molecular structure and atomic labeling scheme for 
H ~ [ R Y ( ~ ~ - C O M ~ ) ( C O ) , ~ I ~  (6). 

bound carbonyls, while the signals between 6 205.6 and 
199.9 can be ascribed to Rh-bound Carbonyls. Tentatively 
we ascribe the doublet at  6 199.9 (J(Rh-C) = 71 Hz) to 
isomer I and remaining signals around 6 205 to I1 and IV. 

Finally, some comment on the lmHg line widths given 
in Table V is merited. These were recorded at  213 K, at  
which temperature chemical exchange is slow. Although 
we have not measured lWHg Tl values for clusters 3 and 
4, they must be on the order of -0.05 s or less, since we 
were able to acquire spectra using ?r/2 pulses with repe- 
tition times of 0.04 s. As T2 cannot be any longer than T,, 
the line widths reported herein are a reflection of short TI 
values. Relaxation of lmHg is thought to be dominated 
by the shielding anisotropy interaction, and since A6 can 
be 3000-7500 ppm for linear Hg complexes, this mecha- 
nism is very efficient.21 The increase in line width when 
Bo is increased (Table V), which is particularly visible for 
the signal at  6 -600 in Figure 4, is consistent with a 
shielding anisotropy mechanism. The lack of observable 
lmHg satellites in the 13C spectra may also be attributed 
to short T1 values. The differences in line widths for the 
different isomers of 4 can be ascribed to differing tumbling 
rates and hence correlation times T ~ .  The moments of 
inertia for the isomers follow the order I > 11 > I11 = IV 
due to the distances of the Rh atoms from the Hg atom, 
and hence, the tumbling rates follow the inverse order. 
Rosenberg, Milone, and co-workers22 have recently re- 
ported lssHg NMR spectra for a number of Hg-bridged 
clusters, and they attribute the wide variation in line 
widths they observe (35-345 Hz) to scalar coupling re- 
laxation to directly bonded quadrupolm nuclei. While this 
mechanism may possibly contribute to T2 in cluster 3 
because of the quadrupolar 6 9 C ~  nuclei, it cannot be of 
relevance to 4 since all directly bound nuclei have I = 0 
or 1/2 

Structure of H~[RU~(~-COCH~)(CO)~~]~ (6). The 
clusters Hg[M30L-COCH3)(CO)10]2 (5, M = Fe; 6, M = Ru) 
are easily synthesized in medium to high yield from similar 
reactions of M3(pH)(p-COCH3)(CO)lo (M = Fe, Ru) with 
HgPh2 in toluene at  90 "C. The IR evidence (see Exper- 
imental Section) suggests that 5 and 6 adopt different 
structures in the solid state; in particular 5 shows a 
bridging carbonyl stretch at  1795 cm-', whereas 6 only 
shows terminal CO stretches. The 'H NMR evidence im- 
plies equivalent COCH, groups for both complexes in so- 
lution, but due to poor solubility we were not able to obtain 
definitive '3c NMR spectra Unfortunately, clusters 5 and 
6 crystallize as polycrystalline dendrites, and we were only 
able to obtain a rather poor quality single crystal for cluster 

(21) Goodfellow, R. J. In Multinuclear NMR; Maeon, J., Ed.; Plenum 

(22) Hajela, S.; Rosenberg, E.; Gobetto, R.; Milone, L.; Osella, D. J. 
Preas: New York, 1987; Chapter 26, pp 568-569. 

Organomet. Chem. 1989,377,85. 
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Table VI. Final Positional Parameters (Fractional 
Coordinates) with Esd's in Parentheses and Isotropic 

Thermal Parameters (Az; Equivalent Isotropic 
Parameters U, for Anisotropic Atoms) for 

Hg[Rur(rr-COMe)(CO)Inl, (6)" 

Hg 0.85651 (18) 
Ru(1) 0.6869 (3) 
Ru(2) 0.6532 (3) 
Ru(3) 0.5488 (3) 
Ru(4) 1.0562 (3) 
Ru(5) 1.0264 (3) 
Ru(6) 1.1648 (3) 
O(1) 0.552 (3) 
O(3) 1.151 (2) 
O(l1) 0.796 (3) 
O(12) 0.537 (3) 
O(13) 0.816 (3) 
O(21) 0.751 (3) 
O(22) 0.458 (3) 
O(23) 0.745 (3) 
O(31) 0.400 (3) 
O(32) 0.382 (3) 
O(33) 0.735 (3) 
O(34) 0.514 (3) 
O(41) 0.968 (2) 
O(42) 1.252 (3) 
O(43) 0.965 (2) 
O(51) 0.898 (2) 
O(52) 1.178 (3) 
O(53) 0.922 (2) 
O(61) 0.980 (2) 
O(62) 1.291 (3) 
O(63) 1.211 (3) 
O(64) 1.333 (3) 
C(1) 0.603 (3) 
C(2) 0.510 (4) 
C(3) 1.095 (3) 
C(4) 1.193 (4) 
C(l1) 0.750 (3) 
C(12) 0.597 (4) 
C(13) 0.759 (4) 
C(21) 0.717 (5) 
C(22) 0.537 (3) 
C(23) 0.712 (3) 
C(31) 0.462 (4) 
C(32) 0.434 (5) 
C(33) 0.671 (3) 
C(34) 0.532 (4) 
C(41) 0.997 (3) 
C(42) 1.174 (3) 
C(43) 0.999 (3) 
C(51) 0.939 (3) 
C(52) 1.123 (3) 
C(53) 0.954 (3) 
C(61) 1.055 (4) 
C(62) 1.247 (4) 
C(63) 1.196 (4) 
C(64) 1.273 (3) 

~~ 

0.14258 (8 
0.1901 (2) 

atom rla Y l b  % I C  u w  
0.25427 (12) 0.022 
0.3002 (2) 0.026 

0.1307 i2j 
0.0632 (2) 
0.1225 (2) 
0.1894 (2) 
0.0617 (2) 
0.288 (2) 
0.282 (1) 
0.091 (2) 
0.255 (2) 
0.340 (2) 

-0.027 (2) 
0.099 (2) 
0.227 (2) 

-0.063 (2) 
0.175 92) 

-0.050 (2) 
0.035 (2) 
0.217 (2) 
0.093 (2) 

-0.043 (2) 
0.337 (2) 
0.270 (2) 
0.090 (2) 

-0.044 (2) 
-0.070 (2) 
0.055 (2) 
0.186 (2) 
0.208 (2) 
0.307 (3) 
0.226 (2) 
0.296 (3) 
0.125 (2) 
0.229 (3) 
0.285 (3) 
0.025 (4) 
0.114 (2) 
0.194 (3) 

-0,021 (3) 
0.141 (3) 

-0.005 (2) 
0.052 (3) 
0.178 (2) 
0.100 (2) 
0.020 (2) 
0.280 (2) 
0.234 (2) 
0.126 (2) 

-0.002 (3) 
-0.020 (3) 
0.048 (3) 
0.146 (2) 

0.1315 i2j 
0.2356 (2) 
0.3751 (2) 
0.2089 (2) 
0.2703 (2) 
0.160 (2) 
0.357 (1) 
0.460 (2) 
0.374 (2) 
0.344 (2) 
0.102 (2) 

-0,007 (2) 
0.022 (2) 
0.125 (2) 
0.164 (2) 
0.291 (2) 
0.404 (2) 
0.488 (2) 
0.522 (2) 
0.394 (2) 
0.166 (2) 
0.142 (2) 
0.042 (2) 
0.197 (2) 
0.378 (2) 
0.105 (2) 
0.349 (2) 
0.187 (2) 
0.070 (3) 
0.331 (2) 
0.453 (3) 
0.399 (2) 
0.349 (3) 
0.330 (3) 
0.116 (3) 
0.044 (2) 
0.066 (2) 
0.169 (3) 
0.230 (3) 
0.270 (2) 
0.346 (3) 
0.445 92) 
0.461 (2) 
0.386 (2) 
0.179 (2) 
0.167 (2) 
0.107 (2) 
0.222 (3) 
0.340 (3) 
0.171 (3) 
0.319 (2) 

0.025 
0.032 
0.024 
0.021 
0.031 
0.07 (1) 
0.022 (7) 
0.06 (1) 
0.07 (1) 
0.08 (1) 
0.08 (1) 
0.07 (1) 
0.07 (1) 
0.08 (1) 
0.08 (1) 
0.07 (1) 
0.08 (1) 
0.045 (8) 
0.06 (1) 
0.053 (8) 
0.050 (9) 
0.06 (1) 
0.052 (9) 
0.052 (8) 
0.07 (1) 
0.08 (1) 
0.060 (9) 
0.011 (9) 
0.06 (1) 
0.021 (9) 
0.06 (1) 
0.03 (1) 
0.05 (1) 
0.06 (2) 
0.08 (2) 
0.03 (1) 
0.04 (1) 
0.04 (1) 
0.071 (9) 
0.03 (1) 
0.07 (2) 
0.020 (9) 
0.04 (1) 
0.03 (1) 
0.017 (9) 
0.03 (1) 
0.04 (1) 
0.05 (1) 
0.07 (2) 
0.05 (1) 
0.023 (9) 

a U ,  = 1/3CiZjUi,ui*aj*ai.aF 

Table VII. Selected Bond Lengths (A) and Bond Angles 

Hg-Ru(1) 2.828 (5) Hg-Ru(2) 2.875 (4) 
Hg-Ru(4) 2.839 (4) Hg-Ru(5) 2.823 (5) 
Ru(lkRu(2) 2.862 (5) Ru(l)-Ru(3) 2.827 (6) 
Ru(2)-Ru(3) 2.845 (5) Ru(~)-Ru(~)  2.878 (5) 
Ru(4)-Ru(6) 2.853 (5) Ru(~) -Ru(~)  2.833 (5) 
Ru(l)-C(l) 1.87 (4) Ru(2)-C(l) 1.86 (4) 
Ru(4)-C(3) 2.03 (4) Ru(5)4(3) 2.03 (4) 

Ru(l)-Hg-R~(2) 60.2 (2) Ru(l)-Hg-R~(4) 123.1 (2) 
Ru(l)-Hg-Ru(S) 147.4 (2) Ru(2)-Hg-R~(4) 169.2 (2) 
Ru(2)-Hg-R~(5) 122.6 (2) Ru(4)-Hg-R~(5) 61.1 (1) 

(des) for Hg[Ru~(cr-C0Me)(CO)~~l~ (6) 

6. Despite problems with the data, the X-ray analysis 
provides an unambiguous determination of the main 
structural details of 6. The molecular structure and atomic 
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P Table VIII. Final Positional Parameters (Fractional 
Coordinates) with Esd's in Parentheses and Isotropic 

Thermal Parameters (Az; Equivalent Isotropic Parameters 
U for Anisotropic Atoms) for 

Hg[Fe(C~),(rc-Hg)Fe~(a-COMa)(C0),,1, (9)'' .. 

atom x l a  Y l b  Z I C  u w  
Hd1) 0.00000 0.00000 0.00000 0.047 
Hg(2) -0.20882 (8) 
Fe(1) -0,2192 (3) 
Fe(2) -0.0284 (3) 
Fe(3) -0.2957 (3) 
Fe(4) -0.2782 (3) 
O(1) 0.0031 (14) 
O(11) 0.082 (2) 
O(12) -0.4667 (16) 
O(13) -0.197 (2) 
O(14) -0.477 (2) 
O(21) -0.0694 (18) 
O(22) 0.2074 (17) 
O(23) 0.2522 (17) 
O(31) -0.224 (2) 
O(32) -0.4117 (17) 
O(33) -0.6431 (15) 
O(41) -0.0923 (19) 
O(42) -0.5956 (18) 
O(43) -0.4591 (16) 
O(44) -0,1740 (19) 
C(l) -0.0694 (19) 
C(2) 0.176 (2) 
C(l1) -0.035 (2) 
C(12) -0.364 (2) 
C(13) -0.202 (3) 
C(14) -0.374 (2) 
C(2l) -0.061 (2) 
C(22) 0.114 (2) 
C(23) 0.139 (2) 
C(31) -0.257 (2) 
C(32) -0.369 (2) 
C(33) -0.510 (2) 
C(41) -0.159 (2) 
C(42) -0.472 (2) 
C(43) -0.380 (2) 
C(44) -0,209 (2) 

a u,, = '/3EiEjUijU,*aj 

0.01676 (7) 
0.2421 (2) 

-0.1729 (2) 
-0.2350 (2) 
-0.2118 (3) 
-0.5040 (12) 
0.245 (2) 
0.4817 (16) 
0.458 (2) 
0.130 (2) 
0.1504 (15) 

-0.3274 (20) 
-0.1824 (15) 
-0.317 (2) 
-0.5100 (13) 
-0.0003 (14) 
-0.5566 (15) 
-0.2635 (17) 
0.1254 (14) 

-0,1116 (17) 
-0.3484 (16) 
-0.584 (2) 
0.241 (2) 
0.385 (2) 
0.374 (2) 
0.169 (2) 
0.031 (2) 

-0,269 (2) 
-0.179 (2) 
-0.282 (2) 
-0.401 (2) 
-0.085 (2) 
-0.426 (2) 
-0.244 (2) 
-0.010 (2) 
-0.154 (2) 

*ai.aj. 

0.17956 (4) 
0.0677 (1) 
0.2878 (1) 
0.2607 (1) 
0.4062 (1) 
0.2662 (7) 
0.118 (1) 
0.1637 (9) 

-0.076 (1) 
0.033 (1) 
0.3256 (9) 
0.3939 (8) 
0.1544 (8) 
0.101 (1) 
0.3309 (8) 
0.2596 (9) 
0.4399 (8) 
0.4975 (8) 
0.3593 (7) 
0.5284 (9) 
0.2733 (8) 
0.274 (1) 
0.097 (1) 
0.126 (1) 

-0,021 (1) 
0.047 (1) 
0.311 (1) 
0.353 (1) 
0.203 (1) 
0.163 (1) 
0.305 (1) 
0.262 (1) 
0.423 (1) 
0.462 (1) 
0.372 (1) 
0.480 (1) 

0.042 
0.039 
0.041 
0.037 
0.046 
0.060 
0.096 
0.089 
0.104 
0.105 
0.094 
0.099 
0.076 
0.090 
0.084 
0.084 
0.085 
0.092 
0.068 
0.094 
0.039 
0.073 
0.058 
0.049 
0.081 
0.063 
0.058 
0.064 
0.050 
0.056 
0.052 
0.058 
0.058 
0.062 
0.065 
0.062 

labeling scheme are shown in Figure 8, with atomic coor- 
dinates and important metrical parameters in Tables VI 
and VII, respectively. 

Like 3 and 4, cluster 6 has overall C2 molecular sym- 
metry and hence has a chiral metal core. The structure 
of each RU~(~-COCH~)(CO) ,~  subunit is similar to that 
determined for RU~(~-H)(~-COCH~)(CO),,~~ with an Hg 
atom replacing two hydrides and linking together two Ru3 
triangles. One minor difference is that the bridged Ru-Ru 
vectors are marginally longer than the nonbridged Ru-Ru 
vectors in the mercurio complex, while in the hydrido 
complexB they are indistinguishable. The HgRQ skeleton 
resembles that found in the related species Hg[Ru3(p- 
NO)(CO),,,12 (7)% and in H~[Ru~(~~-~~-C,~BU)(CO)~]~ 
The Hg-Ru bonds in 6 range from 2.823 (5) to 2.875 (4) 
A, which com ares with similar distances in 7 (2.868 (1) 
and 2.855 (1) 4% and 8 (2.808 (6)-2.&u) (7) The twist 
angle between the two HgRuz traingles is 45.5'. This angle 
is similar in 8 (.14.6°)6a but is much smaller in 7 (27.6°).5c 
In contrast, the butterfly dihedral angles Hg-Ru(1)-Ru- 
(2)-Ru(3) and Hg-Ru(4)-Ru(5)-Ru(6) in 6 (126.5 (2) and 
129.1 (2)', respectively) are very similar to those observed 
in 7 (123.3°)5c and 8 (124.4 and 126.7'h5* 
As in complexes 3 and 4, the Hg atom may be viewed 

as pseudolinear, since the MPT-Hg-MPT angle is 167.7'. 
One major difference, however, between clusters 6,7,  and 

(23) Churchill, M. R.; Beanan, L. R.; Waeserman, H. J.; Bueno, C.; 
Rahman, Z. A.; Keister, J. B. Organometallics 1983, 2, 1179. 

01 2 

Figure 9. Molecular structure and atomic labeling scheme for 
Hg[Fe(CO)I(~-Hg)Fe3(cc-COMe)(CO)J~ (9). 

Fe 1' 

Fel 

Figure 10. View of the unusual metal core geometry in 9. 

Table IX. Selected Bond Distances (A) and Bond Angles 
(deg) for HgtFe(CO)I(r-H~)Fea(rc-COMe)(CO)lolz (9) 
Hg(1)-Fe(1) 2.580 (2) Fe(l)-Hg(2) 2.544 (3) 
Hg(2)-Fe(2) 2.706 (3) Hg(2)-Fe(3) 2.668 (3) 
Fe(2)-Fe(3) 2.691 (3) Fe(2)-Fe(4) 2.670 (4) 
Fe(3)-Fe(4) 2.680 (4) Fe(2)-C(l) 1.80 (1) 
Fe(3)-C(l) 1.88 (2) Hg(l)-Hg(2) 3.257 (1) 

Fe(l)-Hg(2)-Fe(2) 145.3 (1) Fe(l)-Hg(2)-Fe(3) 153.4 (1) 
Fe(2)-Hg(2)-Fe(3) 60.1 (1) Hg(l)-Fe(l)-Hg(2) 78.9 (1) 
C(ll)-Fe(l)-C(14) 159.6 (8) C(12)-Fe(l)-C(13) 97.3 (9) 

8 concerns the orientation of the Ru3 triangles relative to 
the MPT-Hg-MPT axis. The geometry of cluster 6 may 
be described as cisoid, while the latter two are tranaoidSM 
The bridging COCH3 groups in 6 are mutually cisoid, while 
the p-NO groups in 7 and the p3-CJBu groups in 8 are 
mutually transoid. In addition, the planes defined by the 
two Ru3 triangles are crystallographically parallel in 7 and 
approximately so in 8, while in 6 they are clearly not so. 
The different orientations adopted by the closely related 
clusters 6 and 7 in the solid are presumably a result of 
crystal-packing forces, since by extension of our resulta for 
3 and 4, the barrier to rotation of the Ru3 triangles about 
the MPT-Hg-MPT axis is expected to be very low. 

Structure of Hg[Fe(CO),(rc-Hg)Fe3(p-COCH3)- 
(CO)lo]2 (9). During one preparation of cluster 5, a few 
crystals of another complex, 9, were isolated from the 
mother liquors. Although this complex is clearly only a 
very minor byproduct, we report it here because of its 
interesting structure. The molecular structure and atomic 
labeling scheme is shown in Figure 9, with atomic coor- 
dinatea and important metrical parameters given in Tables 
VI11 and IX, respectively. A view of the novel metal core 
is also given in Figure 10. The central Hg(1) atom lies 
on a crystallographic inversion center, so that the Fe- 
(1)-Hg(1)-Fe(1') angle is exactly 180'. Cluster 9 has exact 
Ci symmetry, and hence, in contrast to clusters 3,4, and 
6, it is achiral. If the orientation of the methyl groups is 
ignored, the overall structure approximates to C?. The 
butterfly dihedral angle Hg(2)-Fe(2)-Fe(3)-Fe(4) is 127.9 

(24) A rotation of one HgRuz triangle about the MPT-Hg-MPT axis, 
through the smallest angle neceeaary to bring the two HgRuz triangles 
into coplanarity, results in a cis arrangement for the bridging ligands in 
6, but a trans arrangement for the bridging ligands in 7 and 8. 
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Table X. Experimental Data for Crystallographic Studies 
3 4 6 9 

compd formula C28H16016C02Fe4Hg C2sH16016Fe4HgRh2 C24H6022HgRh C32H6038e8Hg3 
Mr 1150.26 1238.2 1453.3 959.4 
space group Pbca C2fc mllc P i  

orthorhombic monoclinic monoclinic triclinic 
16.572 (4) 25.293 (11) 13.894 (3) 8.511 (2) 
19.846 (3) 9.084 (3) 16.828 (6) 8.941 (2) 
20.224 (5) 15.541 (5) 16.620 (4) 17.796 (3) 

79.10 (1) 
B/deg 100.97 (3) 109.86 (2) 75.86 (2) 

69.38 (2) 

2 8 4 4 1 
Ddclg 2.30 2.35 2.64 2.61 
F(000) 4400 2344 2680 886 
p(Mo Ka)/cm-' 73.41 69.47 66.35 117.83 

cryst sizefmm 
range of trans coeff cor 1.23f0.81 1.2010.68 1.38f0.78 1.81/0.64 
no. of data collected 7217 3370 5184 5129 
no. of unique data 5823 3073 4747 4786 

observability criterion n 2.0 2.0 3.0 3.0 

no. of data in refinement 3783 1564 2209 3422 
no. of refined params 382 222 246 331 
final R 0.030 0.041 0.064 0.054 
final R, 0.035 0.044 0.065 0.064 

Tt syst 
b l A  
CIA 
d d e g  

rldeg 
VIA3 6651 (3) 3505 (2) 3655 (2) 1221.0 (5) 

0 rangefdeg 2 c e < 2 5  2 < 0 < 2 5  2 < 9 < 2 0  2 < e < 2 6  
0.4 X 0.6 X 0.4 0.7 X 0.7 X 0.3 0.2 X 0.3 X 0.4 0.5 X 0.5 X 0.1 

std rflns 596,952 317, 826, 4% 429, 3,0,E 242,Soi 

( I  > no(0) 

largest remaining feature in +0.86, -0.62 1.04, -1.22 +3.6, -1.42 +2.04, -2.52 
electron density maple A-3 

shiftfesd in last cycle 0.01 (max), 0.001 (mean) 0.03 (max), 0.004 (mean) 0.16 (max), 0.07 (mean) 0.07 (max), 0.005 (mean) 

(1)'. Two Fe3(p-COCH3)(CO)lo units, whose structure 
closely resembles that found% in Fe3(p-H)(p-C0CHJ(CO),, 
are linked by a "zigzag" Hg3Fe2 chain. This structure 
contains an extension of the type of linkage found in cis- 
RU(CO)~((~~-H~)RU~(~~-C~BU)(CO)~)~ (lo), in which two 
Ru3 cluster units are linked by an Hg2Ru chain.3b Similar 
Tl(p-Fe(C0)4JT1 cluster linkages are also found in anions 
such as [Th&?lo(C0)36]6, reported by Whitmire et al.26 

The linking Fe(CO), group shows an interesting dis- 
tortion toward tetrahedral geometry. Thus, the C(12)- 
Fe(l)-C(13) and C(ll)-Fe(l)-C(l4) angles of 97.3 (9) and 
159.6 ( 8 ) O  are respectively wider and narrower than ex- 
pected from regular octahedral geometry. The narrow 
Hg(2)-Fe(l)-Hg(l) angle of 78.9 ( 1 ) O  results in a close 
H g H g  contact of 3.257 (1) A. A similar distortion for the 
Ru(CO)~ group occurs in and in a number of main- 
group clusters containing Fe(C0)4 ~ n i t s . ~ ~ ? ~ ~  Elian and 
HoffmanB have suggested that a tetrahedral distortion 
will occur in FeL4X2 complexes when the X group is 
strongly electron donating. 

In an effort to extend the synthetic route to mercury- 
bridged clusters containing tetrahedral subunits, the re- 
action of CoRu,(p-H)(CO),, with HgPhz in toluene was also 
investigated. However, there was extensive decomposition, 
and the only tractable product isolated was Ru,&p6-C)- 
(CO),4(~6-C,&CH3).30 The failure to isolate the expected 
Hg[CoRu3I2 cluster may be attributed to steric congestion 
around the hydride-bridged CoRu2 face in the precursor.31 
Henly and Shapley3' also attribute steric congestion as one 

(25) Shriver, D. F.; Lehman, D.; Strope, D. J. Am. Chem. Soc. 1975, 
97. 1.594. - . , - - - -. 

(26) Whitmire, K. H.; Cassidy, J. M.; Rheingold, A. L.; Ryan, R. R. 

(27) Compton, N. A,; Enington, R. J.; Norman, N. C. Adu. Organomet. 

(28)  Campbell, C.; Farrugia, L. J. Acta Crystallogr., Sect. C 1989, C45, 

Inorg. Chem. 1988,27, 1347. 

Chem. 1990,31,91. 

1 R17. ---. . 
(29) Elian, M.; Hoffmann, R. Inorg. Chem. 1975,14, 1058. 
(30) Farrugia, L. J. Acta Crystallogr., Sect. C 1988, C44, 1307. 
(31) Farrugia, L. J. Acta Crystallogr., Sect. C 1988, C44, 219. 

reason for the failure to isolate [Hg(Re7C(CO)21]214-. 

Experimental Section 
General experimental techniques and instrumentation were 

as previously describedem 'BBHg NMR spectra were recorded either 
at 35.8 MHz on a Bruker AM2OOSY instrument or at 64.5 MHz 
on a Bruker WH360 spectrometer and were acquired by using 
r / 2  pulses with pulse repetition times of 0.01-0.04 s. lWHg 
chemical shifts are quoted to high frequency of E = 17.910 841 
MHz. The starting materials Fe2M(p-H)(p-COCH3)(C0)&p (M 
= Co,ll Rh22) and M3(p-H)(p-COCH3)(CO),, (M = Fe, Ru") were 
prepared as previously described, and HgPh, (Aldrich) was used 
as received. 

Prepara t ion  of Hg[Fe2Co(p-COCH3)(CO)7(r)-C~H~)12 (3). 
To a solution of Fe2Co(p-H)(p-COCH3)(CO)7(r)-CsHs) (0.2 g, 0.42 
mmol) in toluene (20 mL), in a Schlenk tube fitted with a Teflon 
stopper, was added solid HgPh, (0.1 g, 0.27 "01). The tube was 
sealed under 1 atm of nitrogen and placed in an oven a t  90 OC 
for 12 h. Removal of the volatiles, and chromatography of the 
residue on Florasil in hexane, using hexane/dichloromethane 
mixtures as eluanta, gave a single deep green band. Crystallization 
from hexane/dichloromethane mixtures at -20 OC afforded black 
crystals of the product Hg[Fe2CoOL-COCH3)(C0)7(~-C5H5)12 (0.15 
g, 62%). 

By using exactly analogous procedures purple-brown 4 (55%), 
green 5 (63%), and deep orange-red 6 (58%) were obtained from 
Fe2Rh(p-H)(p-COCH3)(CO)7Cp and M3(p-H)(p-COCH3)(CO)lo 
(M = Fe, Ru), respectively. In one large-scale preparation of 5 
using 0.5 g of Fe3(p-H)~-COCH3)(CO)lo the reaction solution was 
cooled to  room temperature and most of the poorly soluble 
complex 5 crystallized out. Concentration of the mother liquors 
afforded a further crop of 5. When these mother liquors stood 
for 1 week, a few dark brown crystals (ca. 0.01 g) with a different 
morphology (platelike as opposed to  dendritic clumps) were ob- 
served. These were found to be complex 9. A 13CO-enriched 
sample of 4 was prepared by heating a sample of 4 in toluene under 
1 atm of 13C0 (99% 13C) in a sealed vessel for 12 h and purifying 
by chromatography and recrystallization as described above. 

Characterization Data  (See Also Table V). Cluster 3: IR 
(CH2C12) v(C0) 2054 (w), 2023 (s), 2017 (8, sh), 1991 (m), 1971 
(m), 1829 (vw, br) cm-'; 'H NMR (CD2C12, 213 K) 6 5.36 (s, 10 
H, Cp), 4.58 (s, 6 H, Me); 13C NMR (CD2C12, 213 K) 6 320.3 (s, 
2 C, COMe), 230.9 (e, 2 C, Cc-CO), 213.8 (s, 4 C, F e C O ) ,  209.8 
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(s,4 C, Fe-CO), 205.1 (s,4 C, Fe-CO), 90.7 (8, 10 C, Cp), 68.5 (8,  
2 C, Me). 

Cluster 4: IR (C&J u(C0) 2060 (s), 2051 (w), 2023 (m), 2014 
(vs), 2007 (sh), 1990 (m), 1982 (s), 1961 (m), 1955 (m), 1802 (m), 
1787 (w) cm-'; 'H NMR (CD2C12, 298 K) 6 5.63 (d, 10 H, Cp, 
J(Rh-H) = 0.7 Hz), 4.34 (s,6 H, Me); 13C NMR (CD2C12, 298 K) 
6 328.0 (8, br, 2 C, COMe), 210.5 (8,  br, 14 C, CO), 94.0 (d, 10 C, 
Cp, J(Rh-C) = 2.0 Hz), 69.3 (8,  2 C, Me). 

Cluster 5: IR (CH2C12) u(C0) 2089 (w), 2071 (s), 2035 (vs), 
2030 (sh), 2015 (s), 1989 (m), 1964 (sh), 1797 (vw, br) cm-'; IR 
(KBr disk) 2965 (vw), 2858 (vw), 2090 (vs), 2075 (w), 2040-1900 
(vs, br, mult), 1795 (m), 1455 (s), 1280 (s), 1205 (m), 1161 (m), 
915 (m), 788 (s), 584 (vs), 546 (sh), 490 (w), 463 (w), 439 (w), 415 
(m), 330 (w) cm-'; 'H NMR (CDC13, 298 K) 6 4.80 ( s ,3  H, Me). 

Cluster 6: IR (KBr disk) 2960 (vw), 2855 (vw), 2100 (w), 2085 
(vs), 2060 (vs, br), 2040 (vs, br), 2010 (vs), 1995 (vs), 1981 (vs), 
1965 (vs), 1454 (s), 1289 (vs), 1162 (w), 917 (m), 800 (s), 600 (m), 
568 (vs), 546 (vs), 500 (m), 455 (m), 439 (m), 427 (m), 410 (vw), 
390 (m), 322 (w) cm-'; 'H NMR (CDC13, 298 K) 6 4.75 ( s ,3  H, 
Me). 

Cluster 9: 'H NMR (CDC13, 298 K) 6 4.64 (s ,6  H, Me). All 
complexes gave satisfactory C/H analyses. 

Crystal Structure Analyses. Details of data collection 
procedures and structure refinement are given in Table X. 
Crystals of clusters 3, 4, and 6 were grown from hexane/di- 
chloromethane mixtures, while the crystal of 9 was obtained from 
reaction mother liquors in toluene. Data were collected on an 
Enraf-Nonius CADIF automated diffractometer, with graphite- 
monochromated X-radiation (A = 0.71069 A). Unit cell param- 
eters were determined by refinement of the setting angles (0 1 
12O) of 25 reflections. Data were collected at 298 K by using the 
8/28 scan mode, and standard reflections were measured every 
2 h during data collection. No decay correction was deemed 
necessary for clusters 6 and 9, while linear corrections were applied 
to the data sets of 3 and 4 (3% and 15% decay, respectively). 
Lorentz-polarization and absorption corrections (DIFABS32) were 
applied to all data seta. One single crystal of cluster 6 was found 
after searching numerous potential candidates, but it diffracted 
poorly. In addition, we were only able to collect data to 0 = 20°, 
due to a catastrophic decay at  this point. Systematic absences 
uniquely determined the space groups Pbca for 3 and R 1 / c  for 
6 and indicated the space groups C2/c (or Cc) and Pi (or P1) for 
4 and 9, respectively. The distribution of normalized structure 
factors favored centrosymmetric space groups for the last two 
complexes. These choices were confirmed by successful solution 

Bianchini a n d  Farrugia 

and refiiement for all structures. Structures were solved by direct 
methods (MITHRIL~) and subsequent electron difference syntheses. 
All non-hydrogen atoms were allowed anisotropic thermal pa- 
rameters for clusters 3,4, and 9, while for 6 only the Ru and Hg 
atoms were refined with anisotropic thermal parameters. Hy- 
drogen atoms were included at  calculated positions for clusters 
3,4,  and 9 with C-H = 1.0 A and with fiied contributions to the 
structure factors (U = 0.08 A?. No hydrogen atoms were included 
for 6. Refinement was by full-matrix least squares. The function 
minimized was Cw(lFol - lFc1)2 with the weighting scheme w = 
[ 2(F0)]-' used and judged satisfactory. a(FJ was estimated from 
counting statistics. Some light-atom positions for cluster 6 were 
poorly determined (for instance Ru(3)-C(32)-0(32) = 124.0°!); 
we attribute no physical significance to this but ascribe it to an 
artifact due to poor data quality. Nevertheless, the main structural 
features and cluster core geometry of 6 are satisfactorily deter- 
mined by the X-ray analysis. Neutral atom scattering factors were 
taken from ref 34 with corrections for anomalous dispersion. All 
calculations were carried out on a MicroVAX 3600 computer using 
the Glasgow cx suite of programs.35 
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Note Added in Proof. The recently reported dynamic 

13C NMR spectra of Hg[0s,(p,-C,fB~)(C0),],~ show mo- 
bility of the Hg atom, but with a much higher activation 
barrier than cluster 4. Johnson and co-workers3' have 
shown that the Hg(CF,COO) unit in [OsloC(p-Hg- 
(CF,COO))(CO),,]- is highly mobile. 
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