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tion, giving back the square-planar Rh(I) complex 5. The
enantioselection is made at the cyclometalation step, and
the atomic arrangement postulated earlier* explains the
prevailing chirality.
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Summary: Treatment of pentamethyiruthenocene with 5
equiv of mercuric acetate affords pentakis(acetoxyme-
curio)pentamethylruthenocene (88%), which can be
halogenated with potassium triiodide or potassium tri-
bromide to afford pentalodopentamethyiruthenocene
(60%) and pentabromopentamethylruthenocene (35%).
The crystal structure of the pentaiodopentamethyl-
ruthenocene derivative is described.

Substantial effort has been directed toward both the
synthesis of mercurated cyclopentadienyl complexes and
their subsequent transformation to functionalized species.!
Unfortunately, the oxidizing nature of the mercuration
process often destroys electron-rich organometallic frag-
ments, so useful chemistry has really only been developed
for ferrocene and substituted derivatives. While the
mercuration of ruthenocene was repotrted in a 1960 pub-
lication,? subsequent work has shown that the interaction
of ruthenocene with mercury(II) salts produces rutheni-
um-mercury-bonded adducts, rather than carbon-mercury
bonds.? Herein we report that pentamethylruthenocene
is preferentially pentamercurated at the unsubstituted
cyclopentadienyl ring upon treatment with mercuric ace-
tate in ethanol/diethyl ether. This represents the first
well-characterized mercuration of a ruthenocene derivative
and suggests that permercuration, rather than mono-
mercuration, may be a general process in metallocene
chemistry, Furthermore, the pentamercurated ruthenoc-
ene yields the pentahalo derivatives upon treatment with
potassium triiodide or potassium tribromide. The crystal
structure of pentaiodopentamethylruthenocene is reported
and constitutes the first structural evaluation of a complex

(1) For leading references, see: Fung, C. W.; Roberts, R. M. G. Tet-
rahedron 1980, 3289. Floris, B.; Illuminati, G. Coord. Chem. Rev. 1975,
16, 107. Kitching, W. Organomet. Chem. Rev. 1968, 3, 35. Makarova,
L. G. In Organometallic Reactions; Becker, E. 1., Tsutsui, M., Eds.;
Wiley-Interscience: New York, 1970; Vol 1, p 119, Popov, V. L; Lieb, M;
Haas, A. Ukr. Khim. Zh. 1990, 56, 1115, See also: Amiet, G.; Nicholas,
K.; Pettit, R. J. Chem. Soc., Chem. Commun. 1970, 161. Nesmeyanov,
A. N.; Anisimov, K. N,; Valuava, Z. P. Izv. Akad. Nauk SSSR, Otdel.
Khim. Nauk 1962, 1683. Rausch, M. D.; Genetti, R. A. J. Org. Chem.
1970, 35, 3888,

82 (2) Rausch, M. D.; Fischer, E. O.; Grubert, H. J. Am. Chem. Soc. 1960,

, 76.

(3) Nesmeyanov, A. N.; Lubovich, A. A.; Gubin, 8. P. Izv. Akad. Nauk
SSSR, Ser. Khim. 1972, 1823. Mormon, W. H.; Hendrickson, D. H.
Inorg. Chem. 1972, 11, 2912. Gusev, A. L; Struch.kov,U T. Zh. Strukt.
Khim. 1972, 6, 1121. Gemsovnch L.L; Zakunn V.; Bezrukova, A. A,;
Gubin, S. P J Organomet. Chem 1974 81, 207

bearing an n5-pentaiodocyclopentadienyl ligand.
Treatment of pentamethylruthenocene with mercuric
acetate (5 equiv) in 1:1 ethanol/diethyl ether at ambient
temperature for 18 h afforded a white precipitate of pen-
takis(acetoxymecurio)pentamethylruthenocene (1), which
was obtained as an analytically pure powder in 88% yield
after filtration and vacuum drying (eq 1).* The structure
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of 1 was established by !H NMR, infrared spectroscopy,
and microanalysis and from reactivity studies (vide infra).
In particular, the 'H NMR spectrum showed no cyclo-
pentadienyl C-H resonances, which indicated that 1 was
fully pentamercurated. An experiment was performed in
which pentamethylruthenocene was reacted with 1 equiv
of mercuric acetate in 1:1 ethanol/diethyl ether for 18 h.
Workup afforded 1 (18%) and recovered pentamethyl-
ruthenocene (78%). This indicates that the rates of
mercuration for the intermediate mercurated species are
all faster than the initial mercuration of pentamethyl-
ruthenocene.

The 'H NMR spectrum of 1 was complicated. At am-
bient temperature in dichloromethane-d,, four singlets (4
2.07, 1.98 (br), 1.95 (br), 1.92) were observed. Upon cooling
of the sample to —80 °C, seven resonances were obtained
(6 2.02, 1.97, 1.93, 1.90, 1.88, 1.80, 1.72). The 60 °C spec-
trum in benzene-d; showed two equal intensity singlets
at 4 2.22 and 2.12. We propose that this behavior arises
from acetate isomerism that occurs when the oxygen or
methyl is either pointed up toward the Cp* ring or away
from it. At low temperature, this would result in a sta-

M

(4) Preparation of 1: A 250-mL round-bottomed flask was charged
with pentamethylruthenocene (0.904 g, 3.00 mmol), mercuric acetate (4.78
g 15.0 mmol), ethanol (100 mL), diethyl ether (50 mL), and a stir bar and
was fitted with a rubber septum. The solution was stirred at ambient
temperature for 18 h, during which time an off-white solid precipitated.
The precipitate was "collected on a medium glass frit and was washed
succesively with ethanol (20 mL), ether (20 mL), and hexane (20 mL).
Vacuum drying afforded 1 as an analytically pure off-white powder (4.19
g 88%): decomposition range, with evolution of elemental mercury,
230-250 °C; IR (KBr) vco 1570 (vs); 'H NMR (CD,Cl,, 23 °C, §) 2.07 (s),
1.98 (s, broad), 1.95 (s, broad), 1.92 (s). Anal. Ca.leé for C”,H,,Hgs wRu:
C, 18.83; H, 1.90. Found: C, 18.84; H, 1.93.
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tistical mixture of all eight possible isomers and would
account for the complicated nature of the observed spec-
trum.’ At 60 °C carbonyl rotation is fast on the NMR
time scale. This proposed model is based upon the crystal
structure of phenylmercuric acetate,® which shows a nearly
linear C-Hg-0O bond (170°) with the plane of the acetate
group approximately perpendicular to the plane of the
aromatic ring. The observed hindered rotation indicates
that substantial steric interactions are present in the
permercurated cyclopentadienyl ligand. Interconversion
of the isomers probably occurs by an “interlocking”
mechanism, similar to that proposed for hexaisopropyl-
benzene™ and pentaisopropylcobaltocenium hexafluoro-
phosphate.”™

Complex 1 can be halogenated with either potassium
tribromide or potassium triodide (prepared from X, and
KX at 25 °C) in aqueous medium to afford off-white
pentabromopentamethylruthenocene (2, 35%) and bright
yellow pentaiodopentamethylruthenocene (3, 60%), re-
spectively, upon workup (eq 2). The structures of 2 and
3 were evident from their spectral and analytical data.®?

GHs GH,
HsC CHy HeC CHq
HyC~ g, ~~CHy 5 KX, H,0 HyC CHj
HgOAc 23 °C RY_x @

AcOHgﬁHgOAc xﬁ—x
AcOHg HgOAc X X

1 2 X = Br (35%)
3 X =1 (60%)

The crystal structure of 3-0.25CCl, was determined in
order to understand its molecular geometry.l® Figure 1
shows a perspective view of the molecule, along with se-
lected bond lengths and angles. The cyclopentadienyl
ligands are bonded to the ruthenium atom with idealized

(5) A chart showing the possible isomers of 1 is contained in the sup-
plementary material.

(6) Kamenar, B.; Penavic, M. Inorg. Chim. Acta 1972, 6, 191,

(7) (a) Siegel, J.; Gutiérrez, A.; Schweizer, W. B.; Ermer, O.; Mislow,
K. J. Am. Chem. Soc. 1986, 108, 1569. (b) Gloaugen, B.; Astruc, D. J. Am.
Chem. Soc. 1990, 112, 4607.

(8) Preparation of 2: A 100-mL round-bottomed flask was charged
with potassium bromide (0.192 g, 1.61 mmol), bromine (0.082 mL, 1.59
mmol), water (25 mL), methanol (25 mL), and a stir bar. The resultant
mixture was stirred at ambient temperature for 0.5 h, and then penta-
kis(acetoxymercurio)pentamethylruthenocene (0.427 g, 0.268 mmol) was
added. The mixture was stirred at ambient temperature for 3 h, during
which time a white precipitate formed. The crude product was collected
on a medium-porosity glass frit and was successively washed with satu-
rated aqueous sodium thiosulfate (250 mL) and saturated agueous po-
tassium iodide (250 mL) to remove mercury impurities. The precipitate
was then extracted with dichloromethane (50 mL) to afford a colorless
solution. This solution was applied to a 2-cm pad of silica gel on a coarse
glass frit, and elution with dichloromethane (50 mL) afforded a colorless
solution. Removal of the volatiles under reduced pressure afforded an
analytically pure off-white powder (0.065 g, 35%): decomposition point
(sealed tube) 270 °C; 'H NMR (CDCl,, §) 1.65 (s, Cs(CH,)s); 1*C{tH} NMR
(CDCl;, ppm) 91.21 (s, C-CHj), 80.09 (s, C-Br), 8.25 (s, CH;). HRMS:
caled for CygH,:BrsRu, m/e 691.6130; found, m/e 691.6139. Anal. Caled
for C,;H,;BrsRu: C, 25.89; H, 2.17. Found: C, 25.70; 2.05.

(9) Preparation of 3: In analogy with the preparation of 2, potassium
triiodide (prepared from potassium iodide (0.311 g, 1.87 mmol) and iodine
(0.237 g, 1.87 mmol) in water (25 mL) and methanol (26 mL)) was reacted
with pentakis(acetoxymercurio)pentamethylruthenocene (0.427 g, 0.268
mmol) to afford a yellow powder (0.150 g, 60%). An analytical sample
was crystallized from hexane/carbon tetrachloride to provide bright
Yellow needles of 3:0.25CCl,: decomposition point (sealed tube) 190 °C;

H NMR (CDCl,, 8) 1.58 (s, C¢(CHy),); BC{*H} NMR (CDCl;, ppm) 90.71
(s, C-CH,), 62.45 (s, C-I), 7.06 (s, CH;). Anal. Caled for C;;H;;I;Ru:
0.25CCl,: C, 18.90; H, 1.56. Found: C, 18.92; 1.52.

(10) Crystallization of 3 from hexane/carbon tetrachloride afforded
suitable crystals of the formulation 3.0.25CCl,. Crystal data for 3.
0.25CCl,:  Cyg 9sH,sClIsRuU, tetragonal crystal system, space group I4, a
= 22.434 (5) X, b=22434 (5) A, c=9.167(1)A, V=4614 (2) A3, Z =
8, d.uea = 2.791 g/cmd, 8/20 scanning technique, refined in a full matrix
with the programs of SHELX-76, R = 0.038. Further information is
contained in the supplementary material.

Communications

Figure 1. Perspective view of 3:0.25CCl,. Selected bond le:

(A) and angle (deg): Ru—C(1), 2.17 (1); Ru—C(2), 2.18 (1); Ru—C(3),
2.14 (1); Ru-C(4), 2.15 (1); Ru—C(5), 2.16 (1); Ru—C(6), 2.15 (2);
Ru-C(7), 2.13 (1); Ru—C(8), 2.16 (2); Ru—C(9), 2.16 (1); Ru—C(10),
2.16 (2); Ru~Cgl(centroid), 1.7854 (9); Ru-Cp*(centroid), 1.803
(9); I(1)-CQ), 2.07 (1); I{2)-C(2), 2.07 (1); I(3)-C(3), 2.09 (1);
1(4)-C(4), 2.07 (1); 1(5)-C(5), 2.05 (1); C(1)~C(2), 1.42 (2); C-
(1)-C(5), 1.45 (2); C(2)-C(3), 1.40 (2); C(3)-C(4), 1.41 (2); C-
(4)-C(5), 1.46 (1); C(6)-C(7), 1.36 (3); C(6)-C(10), 1.41 (3); C-
(6)-C(11), 1.52 (3); C(7)-C(8), 1.42 (3); C(7)-C(8), 1.42 (3); C-
(7)-C(12), 1.44 (2); C(8)-C(9), 1.38 (3); C(8)-C(13), 1.51 (3); C-
(9)-C(10), 1.35 (3); C(9)-C(14), 1.50 (3); C(10)-C(15), 1.51 (3);
CslIs(centroid)-Ru-Cp*(centroid), 179.1 (3).

nP-geometry and are staggered.!! The ruthenium—carbon
distances averaged 2.16 A (C;I;) and 2.15 A (Cp*), while
the ruthenium-cyclopentadienyl centroid were 1.7854 (9)
(C;I;) and 1.803 (9) Ke(Cp*). Complex 3.0.25CCl, repre-
sents the first structurally characterized complex con-
taining an n5-pentaiodocyclopentadienyl ligand.!?

In summary, pentamethylruthenocene is preferentially
pentamercurated upon treatment with mercuric acetate
to afford the mercurated derivative 1. Seemingly con-
flicting reports have suggested that the HgOAc group is
a strong electron-withdrawing substituent on an arene ring
(o, = 0.40)'% and also that the HgX group possesses a
neglible electronic effect as an aromatic substituent.4 If
the HgOAc group is electron withdrawing, then a possible
rationale for the observed permercuration could be the
strong o,x-hyperconjugation associated with a carbon-
mercury bond,' which would stabilize the adjacent positive
charge involved in each mercuration step. A small group
of organic aromatic compounds have been permercurated
with mercuric trifluoracetate;!%® ferrocene has even been

(11) For selected structure determinations of ruthenocenes, see: Seiler,
P.; Dunitz, J. D. Acta Crystallogr. 1980, B36, 2946. Liles, D. C.; Shaver,
A.; Singleton, E.; Wiege, M. B. J. Organomet. Chem. 1985, 288, C33.
Trotter, J. Acta Crystallogr. 1963, 16, 571. Small, G.; Trotter, J. Can.
J. Chem. 1984, 42, 1746. Schmid, H.; Ziegler, M. L. Chem. Ber. 1976, 109,
125, Fischer, E. O.; Gammel, F. J.; Besenhard, J. O.; Frank, A.; Neuge-
bauer, D. J. Organomet. Chem. 1980, 191, 261.

(12) For crystal structure determinations of complexes containing
pentachlorocyclopentadienyl and pentabromocyclopentadienyl ligands,
see: (a) Day, V. W.; Reimer, K. J.; Shaver, A. J, Chem. Soc., Chem.
Commun. 1978, 403. (b) Brown, G. M.; Hedberg, F. L.; Rosenberg, H.
J. Chem. Soc., Chem. Commun. 1972, 5. (¢c) Gasaman, P. G.; Winter, C.
H. J. Am. Chem. Soc. 1988, 110, 6130. (d) Priebsch, W.; Hoch, M.;
Rehder, D. Chem. Ber. 1988, 121, 1971. See also: Curnow, O. J.; Hughes,
R. P.J. Am. Chem. Soc. 1992, 114, 5895.

(13) Exner, O. In Correlation Analysis in Chemistry; Chapman, N. B,,
Shorter, J., Eds.; Plenum: New York, 1978; pp 439-540. See also: Ya-
gupolskii, L. M.; Popov, V. L; Kondratenko, N. V.; Konovalov, E. V. Russ.
J. Org. Chem. 1974, 10, 278. Kravtsov, D. N.; Kvasov, B. A.; Golovchenko,
L. S;; Fedin, E. 1. J. Organomet. Chem. 1972, 36, 227.

(14) For leading references, see: Adcock, W.; Hegarty, B. F.; Kitching,
W.; Smith, A. J. J. Organomet. Chem. 1968, 12, P21. Kitching, W;
Adcock, W.; Hegarty, B. F. Aust. J. Chem. 1968, 21, 2411. See also:
Perrin, C.; Westheimer, F. H. J. Am. Chem. Soc. 1963, 85, 2773. Gow-
enlock, B. G.; Trotman, J. J. Chem. Soc. 1958, 1454,

(15) For a theoretical description of this effect, see: Scherr, P. A.;
Glick, M. D,; Siefert, J. H.; Bach, R. D. J. Am. Chem. Soc. 1975, 97, 1782.
Bach, R. D.; Scherr, P. A. Tetrahedron Lett. 1973, 1099.
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reported to be decamercurated upon treatment with
mercuric trifluoroacetate.’®® It should be anticipated that
pentamercuration of cyclopentadienyl complexes will be
frequently observed, provided that the complexes bear
groups that impart sufficient solubility to the partially
mercurated intermediates.

Complex 1 serves as a versatile synthon for pentahalo-
cyclopentadienyl ligands and affords the pentaiodo and
pentabromo derivatives upon treatment with aqueous KX,
Moreover, the structure of 3 provides the first structural

(16) For leading references, see: (a) Deacon, G. B.; Farquharson, G.
J. J. Organomet. Chem. 1974, 67, C1; Aust. J. Chem. 1976, 29, 627. (b)
Boev, V. L; Dombrovskii, A. V. Zh. Obshch. Khim. 1977, 47, 127; Izv.
Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 1977, 20, 1789.

data for the pentaiodocyclopentadienyl ligand. We are
continuing to work on the synthesis of mercurated me-
tallocenes, their halogenated derivatives, and mechanistic
studies aimed at probing the electronic character of mer-
cury substituents in cyclopentadienyl complexes. These
studies will be published in due course.

Supplementary Material Available: Tables listing positional
parameters, thermal parameters, complete bond lengths and
angles, and full experimental details for data collection and re-
finement for 3-0.25CCl,, text giving experimental details for the
preparation of 1-3 and their spectroscopic and analytical data,
and a chart illustrating all of the possible isomers for 1 (11 pages).
Ordering information is given on any current masthead page.
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Summary: The molecular structure of the title compound
as a model for [Ru(bpy),(COXC(O)OH)]* was determined
in order to elucidate the structural difference between
[Ru(bpy)(COXC(O)OH)]* and [Ru(bpy),(COX7'-CO,)],
both of which are possible reaction intermediates in
electrochemical and photochemical CO, reduction.

Electrochemical? and photochemical® CO, reductions
catalyzed by transition-metal complexes are of much in-
terest in connection with the utilization of carbon re-

(1) (a) The Graduate University for Advanced Studies. (b) National
Taiwan University. .

(2) (a) Dubois, D. L.; Miedaner, A.; Haltiwanger, R. C. J. Am. Chem.
Soc. 1991, 113, 8753. (b) Atoguchi, T.; Aramata, A.; Kazusaka, A.; Enyo,
M. J. Chem. Soc., Chem. Commun. 1991, 156. (c) Tsai, J. C.; Khan, M.
A.; Nicholas, K. M. Organometallics 1991, 10, 29. (d) Fujita, E.; Creutz,
C.; Sutin, N.; Szalda, D. J. J. Am. Chem. Soc. 1991, 113, 343. (e) Ishida,
H.; Fujiki, K.; Ohba, T.; Ohkubo, K.; Tanaka, K.; Terada, T.; Tanaka,
T. J. Chem. Soc., Dalton Trans. 1990, 2155. (f) Pugh, J. R.; Bruce, M.
R. M,; Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 1991, 30, 86. (g) Ta-
maura, Y.; Tabata, M. Nature (London) 1990, 346, 255. (h) Ruiz, J.;
Guerchais, V.; Astruc, D. J. Chem. Soc., Chem. Commun. 1989, 812. (i)
Tomohiro, T.; Uoto, K.; Okuno, H. J. Chem. Soc., Chem. Commun. 1990,
194. (j) Eisenschmid, T. C.; Eisenberg, R. Organometallics 1989, 8, 1822,
(k) Tukahara, K.; Wilkins, R. G. Inorg. Chem. 1989, 28, 1605. (1) Silavwe,
N. D,; Goldman, A. S,; Ritter, R.; Tyler, D. R. Inorg. Chem. 1989, 28, 1231.
(m) Sugimura, K.; Kuwabata, S.; Yoneyama, H. J. Am. Chem. Soc. 1989,
111, 2361. (n) Hurrell, H. C.; Mogstad, A. L.; Usifer, D. A.; Potts, K. T.;
Abruna, H. D. Inorg. Chem. 1989, 28, 1080. (o) Tanaka, K.; Wakita, R.;
Tanaka, T. J. Am. Chem. Soc. 1989, 111, 2428 and references therein.

(3) (a) Ishida, H.; Tanaka, K.; Tanaka, T. Chem. Lett. 1988, 339. (b)
Mandler, D.; Willner, 1. J. Am. Chem. Soc. 1987, 109, 7884. (c) Kutal,
C.; Corbin, A. J.; Ferraudi, G. Organometallics 1987, 6, 553. (d) Grant,
J. L.; Goswami, K.; Spreer, L. O.; Otvos, J. W.; Calvin, M. J. Chem. Soc.,
Dalton Trans. 1987, 2105. (e) Ishida, H.; Tanaka, K.; Tanaka, T. Chem.
Lett. 1987, 1035. (f) Hawecher, J.; Lehn, J.-M.; Ziessel, R. Helv. Chim.
Acta 1988, 69, 1990. (g) Ziessel, R.; Hawecher, J.; Lehn, J.-M. Helv. Chim.
Acta 1986, 69, 1065. (h) Hawecher, J.; Lehn, J.-M.; Ziessel, R. J. Chem.
Soc., Chem. Commun. 1985, 56. (i) Kutal, C.; Weber, M. A.; Ferraudi,
G.; Geiger, D. Organometallics 1985, 4, 2161. (j) Kitamura, N.; Tazuke,
S. Chem. Lett. 1983, 1109, (k) Hawecher, J.; Lehn, J.-M.; Ziessel, R. J.
Chem. Soc., Chem. Commun. 1983, 536.
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Figure 1. Molecular structure of [Ru(bpy)(COMC(0)OCH,)]*.
Selected bond distances (A) and angles (deg): Ru—C1, 2.042 (6);
Ru-C2, 1.800 (7); Ru-N1, 2.070 (5); Ru-N2, 2.105 (5); Ru-N3,
2.151 (5); Ru-N4, 2.093 (5); C1-01, 1.191 (8); C1-02, 1.344 (8);
02-C3, 1.463 (9); C2-03, 1.154 (8); Ru-C1-01, 125.4 (5); Ru-
C1-02, 115.4 (4); 01-C1-02, 119.2 (6); C1-02-C3, 116.4 (6);
Ru-C2-03, 176.5 (6).

sources. Elucidation of the bonding modes of CO, to those
metal centers may afford fundamental information on the
activation of CO, on the metal atoms. Among the 7'-,4 %5
po-8 and ug-CO,” metal complexes reported so far, #!-CO,

(4) (a) Calabrese, J. C.; Herskovitz, T.; Kinney, J. B. J. Am. Chem.
Soc. 1988, 105, 5914. (b) Harlow, R. L.; Kinney, J. B.; Herskovitz, T. J.
Chem. Soc., Chem. Commun. 1980, 813. (c) Gambarotta, S.; Arena, F,;
Floriani, C.; Zanazzi, P. F. J. Am. Chem. Soc. 1982, 104, 5082.

(5) (&) Alvarez, R.; Carmona, E.; Marin, J. M.; Poveda, M. L.; Guti-
errez-Puebla, E.; Monge, A. J. Am. Chem. Soc. 1986, 108, 2286. (b)
Bristow, G. S.; Hitchcock, P. B.; Lappert, M. F. J. Chem. Soc., Chem.
Commun. 1981, 1145. (c) Aresta, M.; Nobile, F. J. Chem. Soc., Chem.
Commun. 1975, 636.

0276-7333/92/2311-3171803.00/0 © 1992 American Chemical Society



