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Benzimidazole-2-thiol. NMR and X-ray Diffraction Studies
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Reactions of [M(u-Cl)2(cod)] (cod = 1,5-cyclooctadiene, M= Rh, Ir) with benzimidazole-2-thiol (bBzimt)

afford the mononuclear complexes [MCiBEimt)(cod)] (M = Rh (1), Ir (2)) for which a S-coordination of the
ligand is proposed based on their spectroscopic data. The dinuclear complegediBrimt),(cod)] (M = Rh

(3), Ir (4)) are isolated from the reaction of [M(acac)(cod)] and benzimidazole-2-thiol. They contain the
monodeprotonated ligand (HBzimtbridging the two metals in a2-(1«N,2¢S) coordination mode and in a relative
cis,cissHT arrangement. Complex&sand4 react with the appropriate species [M(cod)@@®),] " to afford the
trinuclear cationic aggregates f#-HBzimt),(codl]t (M = Rh (5), Ir (6)) and with the [Mz(u-OMe)(cod)]
compounds to give the homo- and heterotetranuclear complexes(jiMBzimt)(cod}], (M = M' = Rh (7), Ir

(8); M = Ir, M' = Rh (9)) containing the dideprotonated ligand (Bzfmt The trinuclear neutral complexes
[M3(u-Bzimt)(u-HBzimt)(cod)] are intermediates detected in the synthesis of the tetranuclear complexes.
Protonation o® with HBF, gives the unsymmetrical complex Rh(u-HBzimt),(cod)]BF4 (10). This reaction
involves the protonation of the bridging ligands followed by the removal of one “Rh(cod)” moiety to give a
single isomer. The molecular structure of pRixBzimt)(cod)], (7) has been determined by X-ray diffraction
methods. Crystals are monoclinic, space gré2gn, a = 20.173(5) A,b = 42.076(8) A,c = 10.983(3) A8

= 93.32(2), Z= 8, 7145 reflectionsR = 0.0622, andR,, = 0.0779. The complete assignment of the resonances
of the IH NMR spectra of the complexe3 4, and 7—9 was carried out by selective decoupling, NOE, and
H,H-COSY experiments. The differences in the chemical shifts of the olefinic protons are discussed on the basis
of steric and magnetic anisotropy effects.

interest over the past few yedrsMost of the ligands used with AN N
this aim have P-donor atoms and are neutral of the tyde-P

or P N3 while our approach has taken into account the use of
anionic ligands of the NX (X = N, O, S) type. Trinuclear A B
linear® and tetranuclear plarf@c complexes with unusual  Figure 1. Tautomers for benzimidazole-2-thiol.
structures have been obtained forNland N O ligands. Also
unusual reactivitéd© and structure’$9 have been found for
complexes having NS bridges. An additional interest arises

Introduction
The design of a molecular architecture in coordination com- Q
pounds by ligand assisted reactions have aroused increased — \
HN
SH S
when the polydentate bridging ligands are molecules of relevant

importance in biological processes, because their coordination
to metals serves as model of reference in bioinorganic chemistry.
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and Zn(ll) in the BESOD (bovine erythrocyte superoxide
dismutasey. From this point of view, spectroscopic and
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The monoanions, similar to the well-known PyBztzt™ or
Tzdt can act as monodentate ligands through the sulfur atom

structural studies to characterise the bonding between imidazoleas found in the mononuclear [HgMe(1-Melm#Y],[Au(1-

and transition metal ions are of considerable inteteatthough

Melmt)(PCy)],22 and (N(PPH)2)[Au(HBzimt);]2® complexes

the orientation of the donor orbitals on the nitrogen atoms forces and as chelating ligands through both N and S atoms as found
to a large separation between the metallic centers, it also favorsin (NBug)[Ni(CsFs)2(HBzimt)].2* They are also able to act as

high nuclearities as found in [R{x-2-Melm),(CO)]° or in [Cus-
(1-1m)4(L) 4](ClO4)4-2H,00 (L = 1,4,7-triazacyclononane). In
addition, the other tautomer of benzimidazole-2-thiol (Figure

bridging ligands in au2-(1«N,2¢S) coordination mode in
dinuclear complexes of P&,Ru?28 or G&7 and as chelating
and bridging ligands of the type-(1«N,1:2S) in [Rux(«-H4,5-

1B) can be considered as a thioamide or thiourea derivative. Phimt)(u-Cl)Cl(17°-p-MeGH4CHMe,),].28 An alternative co-

The versatility of the NS ligands such as pyridine-2-thiol
(HPyt), benzothiazole-2-thiol (HBztzt), and thiazolidine-2-thiol
(HTzdt) and, in particular, their deprotonated forms is demon-

ordination mode to three metal centers of the typ€1«N,2:
3«S) has been found in the tetranuclear complex fCu
Melmt),].2° Finally, the sulfur atoms form double, triple, and

strated by the variety of coordination modes that they may adopt quadruple bridges between the copper atoms in the clusteg{Cu

in their coordination compounds. In particular, complexes with

platinum group metals have received significant current atten-

tion.11

The ligand of our interest, benzimidazole-2-thiobBzimt),
and its analogs such as imidazole-2-thioblfHdt), 1-methyl-
imidazole-2-thiol (H1-Melmt), and imidazolidine-2-thiol ¢H

Cu'y(u-1-Melmt) x(MeCN),]2+.30

Complexes containing the dianions are rare and have been
reported only recently. Sheldri¢khas described the trinuclear
C-metallated complex [R-4,5-Phimt_1)(u-Cl)Cla(35-p-
MeCsH4CHMey)3] and Armstrong! the tetranuclear complex
[Li 4(Bzimt)p(hmpa}] (hmpa= hexamethylphosphoramide). It

Imdt) show the characteristics of both imidazole and thioamide is noteworthy that these are the only two complexes with a
systems. Many complexes of the neutral ligands with transition dianionic thioamide derivative. These dianions can behave as

metals? palladium?®? iron,!® nickel!4 tin,'> and especially

imidazolates to generate polynuclear species and, because of

copperi® have been obtained and the copper ones were shownthe narrow bite typical of the NS ligands*1132can act also as

to be mono47? di-,18 tetra-1° or polynucleaf® by their X-ray

bridges between metal atoms with and without formation of

structures. The deprotonation of these imidazole-2-thiol deriva- metal-metal bonds. The combination of both these features
tives would lead to the corresponding mono- or dianions in with the potential pharmacological activity can generate a wide
which the presence of one electron pair on the heterocyclic range of interesting compounds. In this paper we describe an
nitrogen/s and three electron pairs on the sulfur atom could exploratory study on the coordination modes of the benzimi-

generate a considerable coordination potential.
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dazole-2-thiol as well as of its mono- and dianions that has led
to the preparation of new mono-, di-, tri-, and tetranuclear
complexes.

Experimental Section

Starting Materials and Physical Methods. The benzimidazole-
2-thiol (H,Bzimt) ligand was obtained from Janssen Chimica and
recrystallized from warm methanol before use. Standard literature
procedures were used to prepare the starting material&:{®1).-
(cod)],® [Ma(u-OMe)(cod)],®* and [M(acac)(cod)}® All solvents
were dried and distilled before use by standard methods. Iridium
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complexes were prepared under an argon atmosphere using Schlenk3C{*H} NMR (CDCls;, 293 K): ¢ 161.3 (CS), 141.6 and 132.5 (CN),
techniques. Molecular weights were determined with a Knauer 122.1, 121.8, 116.0, and 109.3 (HC) (HBzint64.2, 63.3 and 63.0
osmometer using chloroform solutions. Carbon, hydrogen, nitrogen, (2C) (HC=), 32.0, 31.9, 31.5, and 31.4 (gHcod). Anal. Calcd for
and sulfur analyses were performed in a Perkin-Elmer 2400 microana- CsoHz4N4sSolr2: C, 40.07; H, 3.81; N, 6.23; S, 7.13. Found: C, 39.92;
lyzer. IR spectra were recorded with a Nicolet-IR 550 (406800 H, 3.93 N, 6.15; S, 6.54. MS (FAB: m/e 900 (M*, 100%), 791 (M
cm?) spectrophotometer with the bands calibrated against the sharp— cod", 20%), 749 (M— HBzimt", 22%), 449 (M/Z, 51%), 1199 (M
peak (1601.4 cm') of a polystyrene film. Mass spectra were recorded + Ir(cod)", 7%).

in a VG Autospec double-focousing mass spectrometer operating in  [Rha(u-HBzimt) x(cod)]BF, (5). An acetone solution of [Rh(cod)-
the FAB" mode. lons were produced with the standard Gisn atca. (Me,COY]BF, (prepared by treating [Rtu-Cl).(cod)] (24.6 mg, 0.05

30 kV; 3-nitrobenzyl alcohol (NBA) or sulfolene was used as the matrix. mmol) with AgBF; (19.5 mg, 0.1 mmol) in acetone (5 mL) for 30 min
'H and **C{'H} spectra were recorded on Varian UNITY 300 and and filtering off the AgCl formed) was added slowly to a solution of
Bruker ARX 300 spectrometers operating at 299.95 and 300.13 MHz [Rhy(u-HBzimt),(cod)] (72 mg, 0.1 mmol) in acetone (10 mL). The
for 'H. Chemical shifts are referenced to SiMe) values are given orange solution quickly turned to red, and a dark red microcrystalline
in Hz. NOE experiments on complekwere carried out at 273 Kto  precipitate began to form almost inmediately. The mixture was stirred
eliminate the negative enhancements due to the chemical exchangéor 20 min and was maintained at20 °C overnight. The dark red
processes that occur at higher temperatures using the standard NOEmicrocrystalline product was collected by filtration, washed with 10
1d pulse sequence on the Varian spectrometer. H,H-COSY spectramL of diethyl ether, and vacuum dried. Yield: 87.5 mg (86%). IR

were recorded with the cosygr pulse program on the Bruker spectrom- (Nujol, cm): vy 3270. H NMR (CDs0D, 293 K): 6 7.72 (d,3Ju

eter using 256 individual FID’s with four acquisitions per FID. For

=8.2, 2H, H), 6.87 (t,%Jm = 8.2, 2H, H), 6.62 (1, %)y = 7.3, 2H,

the cod ligand, the olefinic protons are labeled with single figures from H5), 6.52 (d,3Jy4 = 8.1, 2H, H) (HBzimt"), 5.62 (m, 2H, HE&),
1to 8. The exo and endo protons contiguous (coupled) to a given 536 (m, 2H, HG=), 4.45 (m, 2H, HE&), 4.31 (m, 2H, HE), 3.92

olefinic proton () are labeled asiland 2, respectively.
Preparation of the Complexes. [RhCI(HBzimt)(cod)] (1). Solid

(m, 2H, HG=), 3.66 (m, 2H, HE&=), 3.17 (m, 4H, CH), 2.98 (m, 2H,
CHy), 2.50 (m, 4H, CH), 2.35 (m, 4H, CH), 2.24 (m, 4H, CH), 2.02

[Rhy(u-Cl)z(cod)] (74 mg, 0.15 mmol) was added to a suspension of (m, 2H, CH), 1.82 (m, 2H, CH), 1.70 (m, 2H, CH) (cod). Anal.

H.Bzimt (45 mg, 0.3 mmol) in diethyl ether (10 mL) to give a yellow

Calcd for GgHieNaSRsBF4: C, 44.81; H, 4.55; N, 5.50; S, 6.30.

suspension after 1 h. The crystallization was completed by concentra-Found: C, 44.69; H, 4.75; N, 5.60; S, 6.24. MS (FAB 931 (M*,

tion under vacuum tea. 3 mL and further addition of hexane (5 mL).
The yellow microcrystalline solid was collected by filtration, washed

with hexane, and dried under vacuum. Yield: 95 mg (80%). IR (Nuijol,

cmY): vy 3269, 3154.'H NMR (CDCl, 298 K): 6 11.56 (s, 2H,
NH), 7.22 (m, 4H, HC) (KBzimt), 4.26 (m, 4H, HE"), 2.43 (m, 4H,
CHy), 1.81 (m, 4H, CH) (cod). 3C{'H} NMR (CDCl, 328 K): 6
165.7 (CS), 131.1 (CN), 124.1 and 111.1 (HC)B&imt), 81.3 (HC=),
31.0 (CH) (cod). Anal. Calcd for @H1sCIN,SRh: C, 45.41; H, 4.57;

100%), 823 (M— cod", 10%), 571 (M— Rh(HBzimt)(cod}, 80%).

[Ir s(u-HBzimt)»(cod)]CIO4 (6) was prepared, as a dark green
microcrystalline solid, from [k(«-Cl)2(cod)] (33.6 mg, 0.05 mmol),
AgClO, (21 mg, 0.1 mmol), and [}{u-HBzimt),(cod)] (90 mg, 0.1
mmol) by the method described above for Yield: 114 mg (88%).

IR (Nujol, cn™): vyu 3170. Anal. Calcd for @HseNsSIrsClO,: C,
35.14; H, 3.57; N, 4.31; S, 4.94. Found: C, 35.19; H, 3.11 N, 4.34;
S,5.26. MS (FAB): m/e 1199 (Mf, 100%), 1091 (M- cod', 16%),

N, 7.06; S, 8.06. Found: C, 45.04; H, 4.28; N, 7.07; S, 8.03. Molecular 750 (M — Ir(HBzimt)(cod)', 11%). The low solubility of this complex

weight: calcd for [RhCI(HBzimt)(cod)], 397; found, 376.

[IrCI(H ,Bzimt)(cod)] (2) was prepared from [}fu-Cl)x(cod)]
(200.7 mg, 0.15 mmol) and4Bzimt (45 mg, 0.3 mmol) by the method
described above fot using THF as solvent. Yield: 111 mg (76%).
IR (Nujol, cm™1): vy 3250, 3151.*H NMR (CDCl;, 298 K): 6 11.51
(s, 2H, NH), 7.30 (m, 4H, HC) (bBzimt), 4.28 (m, 2H, HE"), 3.64
(m, 2H, HG=), 2.34 (m, 4H, CH), 1.66 (m, 4H, CH) (cod). 3C-
{*H} NMR (CDCl, 298 K): ¢ 166.7 (CS), 130.8 (CN), 124.2 and
111.4 (HC) (HBzimt), 71.7 (HG=), 31.2 (CH) (cod). Anal. Calcd
for CisH1gCINLSIF: C, 37.07; H, 3.73; N, 5.76; S, 6.60. Found: C,
36.80; H, 3.53; N, 5.67; S, 6.23.

[Rha(u-HBzimt) z(cod)] (3). A yellow solution of [Rh(acac)(cod)]

prevented the determination of itsl and13C{'H} NMR spectra.

[Rha(e-Bzimt)(cod).], (7). Method A. Solid [Rhy(u-HBzimt),-
(cod)] (72 mg, 0.1 mmol) was added to a yellow solution of jRA
OMe)y(cod)] (48.5 mg, 0.1 mmol) in acetone (10 mL) to give a yellow
solution. The resulting solution was allowed to stand overnight4g
°C to give orange crystals, which were collected by filtration, washed
with a small quantity of cold acetone, and vacuum-dried. Yield: 114
mg (75%).

Method B. To a solution of lithium benzimidazole-2-thiolate in
diethyl ether (prepared by reactionmbutyllithium (0.25 mL, 1.6 mol
L~%, 0.4 mmol) with a suspension of benzimidazole-2-thiol (30 mg,
0.2 mmol) in diethyl ether (10 mL) for 1 h), solid [Rfa-Cl),(cod)]

(62 mg, 0.2 mmol) in acetone (5 mL) was added dropwise to a solution (98.6 mg, 0.2 mmol) was added and allowed to react for 30 min. The

of H,Bzimt (30 mg, 0.2 mmol) in 5 mL of the same solvent. The

solvent was pumped off and the residue washed with 10 mL of methanol

resulting orange solution was stirred for 30 min and then was to give a yellow microcrystalline solid which was separated by filtration,

concentrated toa.2 mL. Slow addition of pentane ga@as an orange

washed with methanol, and vacuum-dried. Yield: 104 mg (91¢4).

microcrystalline solid which was filtered, washed with pentane, and NMR (CDCl;, 293 K): 6 8.53 (d,3Jun = 7.8, 2H, H), 7.08 (t,3)un =

vacuum-dried. Yield: 62 mg (85%). IR (Nujol, cr): wnu 3180.

H NMR (CDCls, 293 K): 6 8.01 (d,3Jun = 8.2, 2H, H), 7.98 (s, 2H,
NH), 7.11 (t,3u = 7.6, 2H, H), 6.88 (t,3Juy = 7.6, 2H, H), 6.53

(d, 33un = 7.9, 2H, H) (HBzimt™), 4.96 (m, 2H, 1), 4.44 (m, 2H, 2),
4.17 (m, 2H, 3), 3.90 (m, 2H, 4), 2.80 (m, 4H, 11, 12), 2.50 (m, 4H,

13, 14), 2.09 (m, 2H, 21), 1.95 (m, 4H, 22, 23), 1.81 (m, 2H, 24) (cod).

13C{1H} NMR (CDCls, 328 K): 6 162.7 (CS), 142.5 and 133.1 (CN),
121.5,121.3, 115.8 and 109.0 (HC) (HBzint79.4 (HG=), 31.2 (CH)
(cod). Anal. Calcd for GHaNsS;Rh: C, 50.01; H, 4.76; N, 7.77;
S, 8.90. Found: C, 50.21; H, 4.64; N, 7.94; S, 8.49. MS (FAB
m/e 720 (M, 73%) 612 (M— codf, 22%), 571 (M— HBzimt", 100%),
360 (M/2t, 62%), 931 (M+ Rh(cod), 15%).

[Ir 2(u-HBzimt) »(cod),] (4) was prepared, as a red microcrystalline
solid, from [Ir(acac)(cod)] (80 mg, 0.2 mmol) andBkimt (30 mg,
0.2 mmol) by the method described above3orYield: 76.5 mg (85%).

IR (Nujol, cm™1): wyy 3190. *H NMR (CDCls, 293 K): 6 8.17 (s,
2H, NH), 7.59 (d,2Jun = 8.0, 2H, H), 7.10 (t,%34n = 7.7, 2H, H),
6.93 (t,3Juy = 7.6, 2H, H), 6.66 (d,3Jun = 7.9, 2H, H) (HBzimt?),
4.59 (m, 2H, 1), 4.00 (m, 2H, 2), 3.85 (m, 2H, 3), 3.33 (m, 2H, 4),
2.56 (m, 2H, 11), 2.52 (m, 2H, 12), 2.27 (m, 2H, 13), 2.18 (m, 2H,

14), 1.81 (m, 2H, 21), 1.64 (m, 4H, 22, 23), 1.45 (m, 2H, 24) (cod).

8.0, 2H, H), 6.63 (1,34 = 7.6, 2H, H), 6.07 (d 34y = 7.9 2H, H)
(Bzimt*7), 5.19 (m, 2H, 5), 4.81 (m, 2H, 1), 4.68 (m, 2H, 8), 4.37 (m,
4H, 6, 7), 4.32 (m, 2H, 4), 4.11 (m, 2H, 2), 3.35 (m, 2H, 3), 2.98 (m,
2H, 15), 2.78 (m, 2H, 11), 2.71 (m, 2H, 16), 2.62 (m, 2H, 14), 2.42
(m, 2H, 12), 2.36 (m, 2H, 17), 2.31 (m, 2H, 18), 2.20 (m, 2H, 13),
2.08 (m, 2H, 21), 2.01 (m, 2H, 25), 1.86 (m, 2H, 24), 1.80 (m, 10H,
23, 27, 28, 22, 26) (cod)*3C{*H} NMR (CDCl;, 293 K): 6 162.8
(CS), 141.5 and 140.3 (CN), 119.7, 118.8, 115.6 and 111.9 (HC)
(Bzimt>7), 83.7 (d,"Jcrn = 16, HG=), 82.3 (d,"Jcrn = 12, 2 HGS),
78.4 (d,"Jcrn = 13, HC=), 77.4 (d,"Jcrn = 12, HC=), 76.8 (d, Jcrn

= 13, HC=), 76.6 (d,lJCRh: 12, HC=), 76.1 (d,lJCRh: 12, HC=),
32.6, 32.1, 32.0, 31.2, 30.7, 30.6, 30.4, and 30.2GEbd). Anal.
Calcd for GeHseNsSRhi: C, 48.43; H, 4.77; N, 4.57; S, 5.23.
Found: C, 48.95; H, 4.95 N, 4.91; S, 5.62. MS (FAB m/e 1141
(M*, 31%), 931 (M— Rh(cod), 58%), 571 (M/2, 100%). Molecular
weight: Calcd for [Ra(Bzimt)(cod}].: 1140. Found: 1124.

[Ir 2(u-Bzimt)(cod).]» (8) was prepared, as an orange microcrystalline
solid, from benzimidazole-2-thiol (22.5 mg, 0.15 mmabputyllithium
(0.19 mL, 1.6 mol L%, 0.3 mmol), and [ls(u-Cl),(cod)] (101 mg,
0.15 mmol) by the Method B described above &r Yield: 98 mg
(88%). 'H NMR (CDCls, 293 K): 6 8.29 (d,3Jun = 7.9, 2H, H),



Polynuclear Complexes of Rh and Ir

7.04 (t,3Jun = 8.0, 2H, HY), 6.66 (t,%Jun = 8.1, 2H, H), 6.20 (d,*Jun

= 7.8, 2H, H) (Bzim"), 4.99 (m, 2H, 5), 4.55 (m, 2H, 1), 4.41 (m,
2H, 8), 4.28 (m, 2H, 7), 4.23 (m, 2H, 6), 3.91 (m, 2H, 4), 3.63 (m, 2H,
2), 3.11 (m, 2H, 3), 2.62 (m, 2H, 15), 2.53 (m, 2H, 16), 2.48 (m, 2H,
11), 2.42 (m, 2H, 14), 2.31 (m, 2H, 17), 2.19 (m, 2H, 12), 2.15 (m,
2H, 13, 18), 2.03 (m, 2H, 21), 1.80 (m, 2H, 24), 1.73 (m, 2H, 25),
1.63 (m, 2H, 27), 1.56 (m, 2H, 26), 1.46 (m, 2H, 22), 1.44 (m, 2H,
23), 1.38 (m, 2H, 28) (cod)*C{*H} NMR (CDCls, 293 K): 6 164.6
(CS), 141.1 and 139.8 (CN), 122.0, 119.7, 116.1, and 112.5 (HC)
(Bzimt?"), 68.9, 68.7, 67.8, 62.7, 61.9, 61.2, 61.1, and 60.5HC
33.8, 33.1, 32.4, 32.0, 31.8, 31.6, 30.3, and 29.9CHnal. Calcd
for CagHseNaSolrs: C, 36.88; H, 3.77; N, 3.74; S, 4.28. Found: C,
37.22; H, 4.02 N, 3.70; S, 4.17. MS (FAB m/e 1497 (M', 9%),
1199 (M — Ir(cod)", 100%), 748 (M/2, 34%).

[IrRh( u#-Bzimt)(cod).]» (9) was prepared, as a yellow microcrys-
talline solid, from [Ip(u-HBzimt),(cod)] (89.9 mg, 0.10 mmol) and
[Rha(u-OMe)(cod)] (48.4 mg, 0.10 mmol) by Method A described
above for7. Yield: 99 mg (75%).'H NMR (CDCl;, 293 K): 6 8.51
(d, 3Jun = 7.5, 2H, H), 7.09 (t,%3un = 7.3, 2H, H), 6.65 (t,33n =
7.3, 2H, H), 6.12 (d,3Juy = 7.9, 2H, H) (Bzim#"), 5.13 (m, 2H, 5),
4.73 (m, 2H, 8), 4.47 (m, 2H, 1), 4.41 (m, 2H, 6, 7), 3.88 (m, 2H, 4),
3.60 (m, 2H, 2), 2.98 (m, 2H, 3), 2.83 (m, 2H, 15), 2.72 (m, 2H, 16),
2.48 (m, 2H, 11), 2.40 (m, 2H, 14), 2.43 (m, 2H, 17), 2.11 (m, 2H,
12), 2.10 (m, 2H, 13), 2.34 (m, 2H, 18), 1.96 (m, 2H, 21), 1.75 (m,
2H, 24, 28), 1.98 (m, 2H, 25), 1.78 (m, 2H, 27), 1.85 (m, 2H, 26),
1.50 (m, 2H, 22), 1.44 (m, 2H, 23) (cod):3C{*H} NMR (CDCl,

293 K): 6 161.0 (CS), 141.1 and 139.8 (CN), 122.0, 118.9, 115.4, and
112.1 (HC) (Bzim%‘), 78.3 (d,JCRh: 14, HC=), 78.2 (d,JCRh: 12,
HC=), 77.21 (d,Jcrn = 12, HC=), 76.7 (d,Jcrh = 14, HC=), 67.7,
67.2, 66.6, and 59.8 (H€), 33.5, 33.0, 31.8, 31.0, 30.7 (2C), 30.4,
and 30.2 (CH) (cod). Anal. Calcd for GsHseNsSoIrRh: C, 41.88;

H, 4.28; N, 4.25; S, 4.86. Found: C, 41.52; H, 3.89 N, 3.90; S, 4.55.
MS (FAB"): m/e 1318 (M", 48%), 1107 (M— Ir(cod)", 36%).

Reaction of 9 with HBF,. To a solution o® (120 mg, 0.09 mmol)
in dichlorometane diethyl ether (1:1, 10 mL) was added HBR25
uL, 7.3 mol L1, 0.18 mmol). The yellow solution quickly turned green,
and a dark green microcrystalline precipitate began to form almost
inmediately. The mixture was stirred for 20 min and was maintained
overnight at—20 °C. The dark green microcrystalline product{Ir
Rh(u-HBzimt),(cod)]BF,4 (10) was collected by filtration, washed with
10 mL of acetone diethyl ether (1:1), and vacuum-dried. Yield: 90
mg (83%). IR (Nujol, cm%): vy 3240. 'H NMR (CDsOH, 293 K):

0 7.79 (d,33un = 8.4, 1H), 7.57 (d3Jun = 8.3, 1H), 6.93 (t3Juu =
8.2, 1H), 6.87 (t3Jun = 7.7, 1H), 6.67 (t3Juy = 8.1, 1H), 6.66 (t,
3~JHH = 8.1, lH), 6.57 (d,SJHH = 80, 1H), 6.53 (d,s\]HH = 80, 1H)
(HBzimt™), 5.35 (m, 2H, HG=), 5.20 (m, 1H, HG=), 5.05 (m, 1H,
HC=), 4.84 (m, 2H, HE&), 4.35 (m, 1H, HG=), 4.20 (m, 1H, HE=),
4.05 (m, 1H, HEG=), 3.95 (m, 2H, HG=), 3.45 (m, 1H, H&=), 2.85-
1.95 (m, 18H, CH), 1.70 (m, 4H, CH), 1.35 (m, 2H, CH) (cod). Anal.
Calcd for GgHagNaSIrRh:BFs: C, 38.13; H, 3.87; N, 4.68; S, 5.36.
Found: C, 37.64; H, 3.41; N, 4.55; S, 5.40. MS (FAB m/e 1109
(M*, 100%), 1001 (M— codf, 28%).

Crystal Structure Determination of Complex 7-CH,Cl,. Selected
crystallographic data for the dichloromethane solvate of comple
listed in Table 1. Data were collected at room temperaturé @an
a Siemens AED single-crystal diffractometer using graphite-mono-
chromated Cu k radiation. All reflections with9 in the range 3-70°
were measured; of 17 662 independent reflections, 7145, having
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Table 1. Experimental Data for the X-ray Diffraction Studies of

Complex7
formula Q5H56N4Rh482'CHzc|2
mol wt 1225.65
cryst syst monoclinic
space group P2/n
radiation ¢ A) graphite-monochromated
(Cu Ka, 1.541 838)
a A 20.173(5)
b, A 42.076(8)
c, A 10.983(3)
S, deg 93.32(2)
v, A3 9307(4)
z 8
Dealca g T3 1.750
F(000) 4912
cryst size, mm 0.1% 0.18x 0.21
u, cmt 134.59 (Cu Kx)
diffractometer Siemens
scan type 0126
scan speed, deg/min -3
6 range, deg 370
std reflcn one measd after 100 reflcns
no. of reflcns measd +hk,|l
no. of unique tot. data 17662
no. of unique obsd data B 20(1)] 7145
R 0.0622
R 0.0779

dR= Z||F0| - ‘FCH/Z‘FOL bRW = [zW(|F0| - ‘FC|)2/ZW(F0)2]1/2-

carbon atoms (with isotropic thermal parameters). The final cycles of
refinement were carried out on the basis of 721 variables; after the last
cycles, no parameters shifted by more than 0.6 esd. The highest
remaining peak in the final difference map was equivalent to about
1.09 e/&. In the final cycles of refinement a weighting scheme=
K[o%(Fo) + gFc?~t was used; at convergence tkandg values were
0.509 and 0.0010. Find® and R, values were 0.0622 and 0.0779,
respectively. The analytical scattering factors, corrected for the real
and imaginary parts of anomalous dispersion, were taken from ref 37.
All calculations were carried out on the GOULD POWERNODE 6040
and ENCORE 91 computers of the “Centro di Studio per la Strutturistica
Diffrattometrica” del CNR, Parma, Italy, using the SHELX-76 and
SHELXS-86 systems of crystallographic computer progrém3he

final atomic coordinates for the non-hydrogen atoms are given in the
Supporting Information.

Results and Discussion

Scheme 1 shows the synthetic approaches used in the
preparation of the new rhodium and iridium complexes. Two
special features of the precursor of the ligand, namely the
presence of two acidic protons and lone electron pairs on the
sulfur atom, have been the central guide for the stepwise building
of the new compounds.

Mononuclear Complexes. The bridge-splitting reaction in
[M2(u-Cl)2(cod)] (M = Rh, Ir; cod= 1,5-cyclooctadiene) by
benzimidazole-2-thiol (lBzimt) affords the mononuclear com-
plexes of the type [MCl(kBzimt)(cod)] (M = Rh (1), Ir (2))

20(1), were considered observed and used in the analysis. One standardn good yield. They are isolated as yellow microcrystalline
reflection was monitored every 100 measurements; no significant decay solids; elemental analysis and molecular weight measurement

was noticed over the time of data collection. Intensities were corrected
for Lorentz and polarization effects. A correction for absorption was

applied (maximum and minimum values for the transmission factors
were 1.0 and 0.76295.

The structure was solved by Patterson and Fourier methods and

refined by blocked full-matrix least-squares methods first with isotropic

thermal parameters and then with anisotropic thermal parameters for

for complex 1 confirm the proposed stoichiometry and the
mononuclear nature. Due to the bifunctionality of théBrmt
ligand, either a N- or a S-coordination could be expected;
however, the following spectroscopic data unequivocally con-
firm the S-coordination mode of the ligand in the thiourea
tautomeric form: (i) the lack of asy band around 2500 cré;

the non-hydrogen atoms excepting the carbon atoms of the cod ligands (i) the presence of twany bands ata. 3260 and 3150 cnit

All hydrogen atoms were placed at their geometrically calculated
positions (CG-H = 0.96 A) and refined “riding” on the corresponding

(36) Walker, N.; Stuart, DActa Crystallogr., Sect. A983 39, 158.
Ugozzoli, F.Comput. Chem1987, 11, 109.

(37) International Tables for X-Ray CrystallographyKynoch Press:
Birmingham, England, 1974; Vol IV.

(38) Sheldrick, G. M. SHELX-76 Program for crystal structure determi-
nation. University of Cambridge, England, 1976; SHELXS-86 Program
for the solution of crystal structures. University of Bogen, 1986.
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and of a resonance for the two NH protonsdat1.5 ppm in
their IR andH NMR spectra, respectively. Moreover, the
equivalence between the two NH protons and thé B spin
system observed for the aromatic protons eBEmt suggest
a very fast inversion at the sulfur atom. Although neutral
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Figure 2. Possible structures (A and B) for complex@and 4. (a)
NOE difference spectrum on saturation of the resonanée32&83 ppm
for 4. (b) Normal spectrum.

corresponds to the very stable trinuclear cationg(fMHBzimt),-
(cod}]™ (see below), are also observed.

Although the HBzimt anion may coordinate two metal
centers in a variety of modes, only one isomer is formed in

thioureas are able to bridge two metal atoms through the sulfur both synthetic approaches. Information concerning the structure

in di- or polynuclear complex€es$;t® the presence of cationic
complexes of the typ@o-(1:2¢S)-[M 2(u-H2Bzimt)y(cod)]Cl,

of the investigated dinuclear complexes, as well as the coordina-
tion mode of the ligands, can be provided on the basis of NMR

can be excluded because the molecular weight measurementata. The'H NMR spectra show an identical pattern for the

and because of the very low value of the conductivity of the
solutions ofl and?2 in chloroform. A further evidence of our
proposal comes from theifC{ 'H} NMR spectra that show four
resonances for the carbons ofB#imt instead of the seven

two complexes: one resonance due to the NH proton, whose
integral confirms the monodeprotonation of the ligand, four
separated resonances for the aromatic protons of the two
equivalent HBzimt ligands, and 12 resonances for the cod

expected for a N-coordination and for a static S-coordination protons. The equivalence between the two bridging ligands as

of the ligand. Interestingly, the €S resonance is shifted 5
ppm upfield relative to the free ligand upon coordination to the

well as the dinuclear nature of the complexes support the

coordination of the HBzimt either as bridging thiolatg,-(1:

metal. Such a shift corresponds probably to a reduction in the 2«S) or in au,-(1kN,2¢S) fashion through the N and S atoms.

m-character of the €S bond.
Dinuclear Complexes. Complexesl and 2 react with
stoichiometric amounts of KOH in methanol to give the new

As shown in Figure 2, the useful major difference between the
two possibilities is the distance between one of the protons of
the HBzimt (namely H) and one of the olefinic cod protons

dinuclear rhodium and iridium compounds of general formula (namely 4). This provides a way to make a clear-cut distinction

[M o(u-HBzimt)y(cod)] (M = Rh 3), Ir (4)). These compounds
are also straightforwardly obtained by protonation of [M(acac)-
(cod)] by HbBzimt. One of the acidic protons of.-Bzimt ligand

between them because a NOE effect between these protons
should be observed for the-(1«N,2«S) isomer but not for the
thiolate. Indeed, saturation of the transition due to tA@tdton

is abstracted by the acac complexes with the concomitant releas@produces an enhancement of the olefinic resonan@e3a83

of acetylacetone. Complex&sand4 were isolated as micro-
crystalline solids and identified by elemental analyses %ihd
and 3C{'H} NMR, MS (FAB"), and IR spectra. Their

ppm and, conversely, saturation of this transition enhances the
resonance corresponding to thé proton (Figure 2). This
firmly reveals the proximity between one olefinic proton (4)

dinuclear nature in solution was confirmed by the presence of and the H proton, possible only for a,-(1«N,2«S) coordination

the expected molecular ions in their MS (FABspectra, in
which at least two effective primary ionization processes,
involving the breaking of the metaligand bond, seem to
appear: first the loss of an,Bzimt ligand to generate the [M
(u-Bzimt)(cod}]* species and then the loss of one M(cbd)
fragment to give the mononuclear entities [M(HBzimt)(cdd)]
As a consequence of the presence of these M{crdments

mode.

Because there are two different donor atoms in the bridging
ligands, complexe8-4 can exist as two geometrical isomers,
the head-to-head (HHGs symmetry) and the head-to-tail (HT,
C, symmetry). Analysis of their HH-COSY spectra confirms
unequivocally that these compounds have the HT configuration.
Thus, the presence of four cross-peaks for each endeZ2)L

in the mass spectrometer, weak peaks, whose isotopic profileand exo (1+14) protons exclude the presence of any mirror
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Figure 4. View of the molecular structure of one of the two
independent complexes [Rp-Bzimt)(cod}]. (7).

C(25)

removed by the complexes pPi-OMe)(cod)] to give the
tetranuclear complexes [Nu-Bzimt)(cod}], (M = Rh (7), Ir
(8)). They are isolated as orange crystalline solids and identified
by elemental analyses and spectroscopic studies and by an X-ray
diffraction study for the rhodium derivativé A more direct
synthetic route to these tetranuclear compounds is the reaction
between the dilithium derivative kBzimt and the chloro-
bridged compounds [Mu-Cl)2(cod)] in 1:1 molar ratio. Itis
noteworthy that the dinuclear complexes [(cod)MBzimt)M-
(cod)] similar to those described by ArmstréhgLi »(Bzimt)-
(HMPA)3],, with Bzimt?~ acting as chelating and bridging
ligand, are detected in the mass spectra only.

Crystal Structure of the Complex [Rha(u-Bzimt)(cod),]»

45 40 35 30 25 20 15 -CHCl, (7-CH.Cl;). Two crystallographically independent

Figure 3. H,H-COSY spectrum of the diolefin for compleix showing tetranuclear complexe® and dichloromethane molecules of
the protons labeling. crystallization are present in the crystals. The structure of one
plane in the molecule, as shown in Figure 3 for complex  of the two independent, but very similar, complexds shown
Moreover, no appreciable isomerization into HH isomers is in Figure 4, together with the atom numbering scheme. Selected
observed in CDGlsolution. bond distances and angles in the two independent complexes

Trinuclear Complexes. The synthetic route to the trinuclear are given in Table 2. The complé&shows a pseudosymmetry
complexes consists in the addition of the species [M(cod)}Me C, with the 2-fold axis passing through the midpoints of the
CO),]*, having two easily accessibiés coordination positions,  two Rh(1)-Rh(3) and Rh(2}-Rh(4) lines. Taking into account
to the dinuclear complexes [Nk-HBzimt)(cod)], which act that the complex does not display any symmetry element of
as metalloligands providing two lone pairs in the required the typeS,, itis chiral. Even in the crystals both enantiomers
orientations. In this way, the trinuclear aggregates;(jM are present due to the centrosymmetric space group.
HBzimt)(cod}]t (M = Rh (5), Ir (6)) are immediately formed Each Rh atom of the tetranuclear complex is bound to a cod
and isolated as the BF or CIO,~ salts (Scheme 1). They are molecule through the two olefinic double bonds. The four metal
microcrystalline dark-red and green solids, respectively, and their atoms are connected through two BAmanions; each of them
analytical data are in accordance with the proposed stoichiom-acts as N,S-chelating to one Rh atom and as N,S-bridging two
etry. The high stability of these trinuclear cations is confirmed Rh atoms. If the midpoints of the two double bonds of each

by the appearance of the molecular ion* Mvith relative cod molecule are considered as coordination sites, each Rh atom
abundance 100% in their MS (FABspectra. The IR spectra  displays a distorted square planar coordination. The four Rh
of both complexes show the expectegy at ca. 3200 cnt? environments can be considered of two types: the former shows
and the'H NMR spectrum of the more soluble compl&xs a S,N-chelating coordination from one Bzfmanion, the latter
consistent with the proposed structure with the simple(M a S,N-coordination, involving the sulfur atom and the second

HBzimt),” framework. It shows four sharp resonances for the imidazole nitrogen atom, from two Bzifttanions. Inthe S,N-
two equivalent HBzimt anions related by &, symmetry axis chelating Rh environments the values of the—f#h bond
passing through the central metal atom. TRisixis also groups  distances, 2.447(4) [2.450(4)] and 2.450(4) [2.439(4)] A (here-
the olefinic cod protons in six sets of equivalent nuclei. The toafter the values in brackets refer to the second independent
proposedC, symmetry of these complexes is based on the molecule), are much longer than those in the S,N-bridging Rh
analogy of their spectroscopic data with those of the related environments, 2.357(4) [2.355(4)] and 2.355(4) [2.357(4)] A,
trinuclear rhodium complexes with benzothiazole-2-thiolate, for whereas the values of the RN bond distances in the S,N-
which the structures have been confirmed by NMR and X-ray chelating Rh environments, 2.079(11) [2.074(11)] and 2.049-
studiestf11e (12) [2.061(11)] A, are shorter than those in the S,N-bridging
Tetranuclear Complexes. The above-described dinuclear Rh environments, 2.096(11) [2.101(11)] and 2.099(12) [2.114-
complexes3 and4 have two further acidic protons which are  (13)] A. The values of the RhS and RR-N bond distances
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Table 2. Selected Bond Distances (A) and Angles (deg) for Comflex

molecule 1 molecule 2 molecule 1 molecule 2
Rh(11)-S(21) 2.357(4) Rh(12)S(22) 2.355(4) Rh(31)S(11) 2.355(4) Rh(32)S(12) 2.357(4)
Rh(11)-N(11) 2.099(12) Rh(12)N(12) 2.114(13) Rh(31)N(31) 2.096(11) Rh(32)N(32) 2.101(11)
Rh(11)-C(391) 2.130(18) Rh(12%)C(392) 2.12(2) Rh(31yC(311) 2.140(19) Rh(33)C(312) 2.139(18)
Rh(11)-C(401) 2.180(19) Rh(12)C(402) 2.17(2) Rh(31)C(321) 2.129(19) Rh(33)C(322) 2.126(18)
Rh(11)-C(431) 2.10(2) Rh(12)C(432) 2.14(2) Rh(31)C(351) 2.132(17) Rh(33)C(352) 2.134(17)
Rh(11)-C(441) 2.12(2) Rh(12)C(442) 2.13(2) Rh(31)C(361) 2.158(15) Rh(32)C(362) 2.130(16)
Rh(21)-S(21) 2.450(4) Rh(22)S(22) 2.439(4) Rh(41)S(11) 2.447(4) Rh(42)S(12) 2.450(4)
Rh(21)-N(41) 2.079(11) Rh(22)N(42) 2.074(11) Rh(41)N(21) 2.049(12) Rh(42)N(22) 2.061(11)
Rh(21)-C(231) 2.142(15) Rh(22)C(232) 2.123(16) Rh(4HC(151) 2.112(16) Rh(42)C(152) 2.160(16)
Rh(21)-C(241) 2.113(16) Rh(22)C(242) 2.129(16) Rh(4HC(161) 2.092(19) Rh(42)C(162) 2.080(17)
Rh(21)-C(271) 2.073(18) Rh(22)C(272) 2.115(19) Rh(4HC(191) 2.112(16) Rh(42)C(192) 2.145(15)
Rh(21)-C(281) 2.152(17) Rh(22)C(282) 2.137(17) Rh(41)C(201) 2.128(17) Rh(42)C(202) 2.131(16)
S(11)-C(11) 1.755(14) S(12)C(12) 1.763(14) C(2HC(31) 1.36(2) C(22yC(32) 1.38(2)
S(21)>-C(81) 1.747(14) S(22)C(82) 1.742(14) C(9HC(101) 1.43(2) C(92)yC(102) 1.43(2)
N(11)-C(11) 1.357(18) N(123C(12) 1.298(18) C(151C(161) 1.35(2) C(152)C(162) 1.35(2)
N(11)-C(21) 1.40(2) N(12»C(22) 1.429(19) C(19HC(201) 1.39(2) C(192)C(202) 1.41(2)
N(21)-C(11) 1.302(18) N(223C(12) 1.367(19) C(231)C(241) 1.39(2) C(232)C(242) 1.37(2)
N(21)-C(31) 1.41(2) N(22)C(32) 1.385(19) C(271)C(281) 1.34(2) C(272)C(282) 1.35(2)
N(31)-C(81) 1.334(17) N(32yC(82) 1.351(18) C(311HC(321) 1.35(3) C(312)C(322) 1.35(2)
N(31)-C(101) 1.416(17) N(32)C(102) 1.401(17) C(351)C(361) 1.39(2) C(352)C(362) 1.39(2)
N(41)—-C(81) 1.350(18) N(42yC(82) 1.350(18) C(391)C(401) 1.39(3) C(392)C(402) 1.36(3)
N(41)-C(91) 1.383(18) N(423C(92) 1.371(18) C(431)C(441) 1.31(3) C(432C(442) 1.31(3)

S(21)-Rh(11)-N(11) 93.1(3)  S(22Rh(121-N(12) 93.1(3)  Rh(AIYN(21)-C(11) 101.7(9) Rh(AZN(22)-C(12) 100.6(8)
S(21-Rh(21)-N(41) 69.8(3)  S(22YRh(22)-N(42) 69.9(3)  C(IL¥N(21)-C(31)  1025(12) C(ZN(22)-C(32)  102.7(11)
S(11-Rh(31)-N(31) 92.3(3)  S(12YRh(32-N(32) 91.8(3)  RN(3LIN(31)-C(101) 128.6(9) Rh(3DN(32)-C(102) 130.1(9)
S(11-Rh(41-N(21) 69.0(3)  S(12YRh(421-N(22) 70.1(3)  RNh(31IN(31)-C(81) 126.8(9) Rh(3ZN(32)-C(82) 124.8(9)
Rh(31)}-S(11)-Rh(41) 106.7(2) Rh(32)S(12)-Rh(42) 106.5(2) C(BBN(31)-C(101) 104.4(11) C(82)N(32)-C(102) 104.9(11)
Rh(41)}-S(11)-C(11) 75.9(5)  Rh(42}S(12-C(12) 76.9(5)  Rh(LIN(@41)-C(91) 155.4(9) Rh(2JN(42)-C(92)  155.9(9)
Rh(31}-S(11)-C(11) 108.9(5) Rh(33JS(12)-C(12) 107.5(5) Rh(2BN@41)-C(81) 99.4(8)  Rh(22)N(42)-C(82)  99.3(9)
Rh(11)}-S(21)-Rh(21) 104.3(2) Rh(12)S(22)-Rh(22) 105.2(2) C(BBN@41)-C(91)  105.1(11) C(BJN(42)-C(92)  104.8(11)
Rh(21)-S(21)-C(81)  76.5(5)  Rh(22)S(22)-C(82) 76.7(5) ~ N(1LFC(11)-N(21)  117.1(12) N(12}C(12)-N(22)  116.7(12)
Rh(11)-S(21)-C(81) 107.9(5) Rh(12)S(22)-C(82) 107.3(5) S(IBC(1-N(21)  113.4(10) S(IBJC(12-N(22)  112.4(10)
Rh(11)-N(11)-C(21) 130.9(10) Rh(IBDN(12)-C(22) 130.1(10) SEABC(11-N(11)  129.4(10) S(1BJC(12-N(12)  130.9(11)
Rh(11)-N(11)-C(11) 126.4(9) Rh(1IJN(12)-C(12) 125.6(10) NEBBC(BL}-N(41)  115.6(11) N(32)C(82)-N(42)  114.7(12)
C11)-N(11)-C(21)  102.4(11) C(AZN(12)-C(22)  103.9(11) S(2BC(8L-N(41)  114.3(10) S(22)C(82)-N(42)  114.1(10)
Rh(41)-N(21)-C(31) 155.8(10) Rh@ADN(22)-C(32) 156.7(10) S(BC(B1)-N(31)  130.1(10) S(2BC(82)-N(32)  131.2(11)

in the S,N-bridging Rh environments are strictly comparable Hé
to those found in the structure of the dinuclear j&hBztzt),- 5
(COX(PPh)] complex, 2.370(1) and 2.376(1) A and 2.100(3) 8 @(
and 2.107(2) A, respectivelydin which the benzothiazole-2- We N Hs
thiolate ligand (Bztzt) bridges two Rh atoms thorough-a+-S X /"‘ /N' \N< s 4
fragment very similar to that of the BziAt anions. S S‘M\

It is noteworthy the remarkable difference for the values of s/ s /-
the S-Rh—N angles in the two types of Rh environments, 93.1-
(3) and 92.3(3) [93.1(3) and 91.8(3)h the S,N-bridging ones,
against 69.8(3) and 69.0(3) [69.9(3) and 70.1(®&)]the S,N-
chelating ones where the Bzitntligand is compelled to present 4
a very narrow bite angle in order to form a four-atom chelation H3 ] .
ring. %

In spite of the very complicated bonding mode, the B2imt (a) Mvighe
tridentate ligands are planar with the Rh atoms almost coplanar M\’
(maximum deviation 0.150(1) A). The two planar ligands,
connected through the Rh-S-bridging bonds, form an angle of

24.5 [24.3(1)]. He 86
In solution, both complexe§ and 8 show the structure % Y
described for7 in the solid state, as deduced from their NOE  (B) wssnsbhwminiaun HBAAS E Nsensf -

and H,H-COSY spectra. The key for the unambiguous assign-

ment of all olefinic protons is the space position of the olefinic
proton 6 (Figure 5). Molecular models and the X-ray structure

of 7 show that it is very close to the®roton of one Bzimt

ligand and to the Riproton of the other Bzimt ligand, the
average nonbonding 6%&nd 6-H distances being 2.80 and

3.27 A respectively. Indeed, NOE experiments confirm this (©

situation. Saturation of the upfield doublet of the ligand)(H ‘

leads to an equal enhancement of the resonances corresponding 8 7 6 5 4 3

to 6 and 8 (Figure 5b), the two protons of the=C bondtrans Figure 5. NOE difference spectra on saturation of the resonances at
to S in the N,S-Rh chelate system; the nonbonding @istance 9 8.29 ppm (a) and at 6.20 ppm (b) for8. (c) Normal spectrum.
being 3.02 A. In addition, saturation of the downfield doublet weak for 5 and 6 (Figure 5a). The average nonbondifgH

of the ligand (H) leads to a strong enhancement for 4 and a and H-5 distances are 2.63 and 2.91 A respectively. From this,
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Figure 6. H,H-COSY spectrum of the diolefins for compl8xshowing
the protons labeling.

5 and 6 are the olefinic protons of cod in the N,S-Rh chelate
system inside the “Mu-Bzimt),” metallacycle and 4 is the
olefinic proton of the other cottansto S and outside of the
pocket of the complex.
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identified by subtraction of the spectra of the known complexes
from those of the reaction mixtures. They show nine resonances
of the same intensity in the aromatic region: four doublets, four
triplets, and one broad singlet according with the presence of
one HBzimt and one Bzimt bridging ligand. A further
addition of 0.5 mol of [M(u-OMe)(cod)] to the reaction
mixtures leads to the tetranuclear complexes quantitatively. The
trinuclear neutral complexes are in the following equilibrium
with the di- and tetranuclear ones:

2[M,(u-HBzimt),(cod)] + [M,(u-OMe),(cod),] —
2[M4(u-HBzimt)(u-Bzimt)(cod)] =
[M,(u-HBzimt),(cod))] + [M ,(u-Bzimt)(cod)],

Thus, this equilibrium is also reached by preparing mixtures of
equimolecular amounts of the di- and tetranuclear complexes.
Indeed, the equilibrium is an acidase comproportionation
reaction. The equilibrium constanK{) at 293 K for the
rhodium complexes is 2.3% 0.02; i.e., it is large enough to
observe the three species in solution but too low to drive the
equilibrium to the trinuclear complex. The value of this constant
associated with the solubility of the trinuclear complexes,
intermediate between those of the di- and tetranuclear ones,
make it difficult to isolate them in a pure state.

Nevertheless, the protonation of the tetranuclear complex
with 2 equiv of HBR, leads to the formation of the very stable
and slightly soluble cationic trinuclear complex gglrHBzimt),-
(cod)]BF4 (5) described above and to the solvated species [Rh-
(cod)(SY*. In this reaction the “Rh(cod)” fragment is removed
either from the “Rb(u-NCS)" metallacycle or from the “N,S
Rh” chelate. To address this point it would be necessary that
the two metal environments were different. With this aim, we
have prepared the heterotetranuclear complex [kFBEimt)-
(cod)]2 (9) by reacting [le(u-HBzimt)(cod)] (4) and [Rb(u-
OMe),(cod)]. The reaction takes place cleanly giving a single
isomer: just that having the basic ;(z-NCS)," core of the
starting dinuclear comple# (as deduced from analytical and
spectroscopic data, see Experimental Section).

The heterotetranuclear complex [IrRBzimt)(cod}]. (9)
reacts with 2 equiv of HBFgiving the heterotrinuclear complex
[Ir,Rh(u-HBzimt)y(cod)]BF4 (10), which was isolated as a

Once the 4, 5, 6, and 8 protons are identified, the complete single isomer. Analytical data and a mass spectrumlfor

assignment of the 24 diolefinic protons is easily achieved from
their H,H-COSY spectra. Figure 6 shows the H,H-COSY
spectrum for comple® as a representative example together

confirm the presence of two iridium and one rhodium atoms.
Moreover, thé?H NMR spectrum ofL0 shows two inequivalent
bridging ligands and hence it corresponds to a “unsymmetrical”

with some connections. Again, the presence of four cross-peakstrinuclear complexk, Scheme 2). Therefore the protonation
for each one of the methylenic protons excludes the presencereactions of the tetranuclear complexes with HB#ad to the

of any mirror plane in the molecule and confirms ttigcis-
HT arrangement of the bridging ligands as found in the solid
state for7.

Formation and Relationships between the Polynuclear
Complexes. The synthesis of the tetranuclear complexes from
[M2(u-HBzimt),(cod)] and [Ma(u-OMe)(cod)] consists in the
deprotonation of the former by the methoxo-bridging complex
giving methanol and generating two “M(cod)” fragments that

release of one of the chelated metals.

A plausible mechanism for this process is shown in Scheme
2: protonation of the two nitrogen atoms 6finvolves the
breaking of two N-Rh bonds to give the dicationic complex
A. Now, two pathways are possible: a subsequent inversion
of the configuration at one of the two sulfur atoms (complex
B) drives one of the Rh(cod)fragments to be close to the lone
pair on the other sulfur atom; the formation of this-R& bond

chelate through the deprotonated nitrogen and the lone pair ofwith the concomitant release of [Rh(cod)Swould give the

the closest sulfur. As the formation of these tetranuclear

“symmetrical” trinuclear complexC (path a). Alternatively

complexes is accomplished by two deprotonations, they run (path b), the breaking of a kN bond in the intermediaté

probably in two steps. The first should lead to the neutral
trinuclear complexes [Mu-HBzimt)(u-Bzimt)(cod}] (A, Scheme

1). This hypothesis is confirmed by monitoring the reactions
in a 1:0.5 molar ratio byH NMR spectroscopy. A mixture of
three compounds is observed among them the startinufM
HBzimt),(cod)] (3, 4) complexes and the tetranuclear fi
Bzimt)(cod}]. (7, 8) complexes were easily identified, whereas
the trinuclear [M(u-HBzimt)(u-Bzimt)(cod}] complexes were

and the formation of a RRN bond (complexD), would drive
the iridium atom to link the nearest sulfur with release of the
solvated species [Rh(cod]$ to give the “unsymmetrical”
complexE. Formation ofE instead ofC clearly reveals that
pathb is followed in this protonation reaction.

Further Comments. Table 3 shows the chemical shifts for
the olefinic protons in complexe3 4, [Ira(u-Opy)(cod)],3°
and [In(u-azay(cod)].4? In the latter complexes, the olefinic
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Scheme 2. Possible Mechanisms for the Protonation
Reaction of Comple® Leading to the “Unsymmetrical’
Trinuclear Complext(®®

\- M(cod)S 1% - [M(cod)s ,]* \

N
><s\/<

aKey: O< and@®< represent the “Ir(cod)” and “Rh(cod)” moieties
respectively.

Table 3. *H NMR Resonancesdj of Rh(l) and Ir(l) cod
Complexes in the Olefin Region for the cod Ligands that Constitute
the “M,(u-NCX)," Metallocycle

complex transN™ trans-X" trans-N°Ut trans-Xout
[Rhy(u-HBzimt),(cod)] (3) 4.96 4.44 417 3.90
[Ir 2(u-HBzimt)(cod)] (4) 4.59 400 3.85 3.33
[Ir2(u-Opy)(cod)] 4.42 3.56 4.63 2.87
[Ir2(u-aza}(cod)y] 450 (Py) 350 4.75(Py) 3.25
[Rhy(u-Bzimt)(cod}]. (7) 4.81 411 3.35 4.32
[Iro(u-Bzimt)(cody], (8)  4.55 3.63 3.11 3.91
[IrRh(u-Bzimt)(cod}], (9) 4.47 3.60 2.98 3.88

protonstransto the pyridine nitrogen are more deshielded than
thosetrans to the oxygen or the pyrrolic nitrogen atom; i.e.,

Tejel et al.

Table 4. 3C{*H} NMR Resonancesdj of CS and CN Carbons for
H,Bzimt, HBzimt", and Bzim#~ Ligands

H.Bzimt 1 2 3 4 7 8 9

C=S 170.7 165.7 166.7 162.7 161.3 162.8 164.6 161.0
C—N—H 1334 131.1 130.8 133.1 1325
C—N—M 142.5 141.6 140.3 139.8 139.8

1415 141.1 1411

unchanged. A close examination of the X-ray structur& of
and molecular models for the dinuclear complexes shows that
proton 4 is very close and, more important, in the same plane
as the aromatic ring of one bridging ligand. Therefore, this
proton undergoes a deshielding due to the ring current in the
aromatic ring; this effect is more pronounced in complek&s
than in3 and4 because of their close proximity in the former.
In addition, as a consequence of the steric crowding in the
tetranuclear complexes, the olefinic proton 3 lies very close to
the C=C double bondransto N of the cod in the N,SRh
chelate system; i.e., it is in the shielding cone due to the
electronic circulation on the double bond. This neighboring
anisotropic effect is probably the origin of the relative shift for
this proton inca. 0.8 ppm in complexes-9. Finally, the
coordination of the additional Rh(cod) fragments7#9 causes

a separation of 2 from the lone pairs on the sulfur atom relative
to 3 and 4, leading to an upfield shift. In consequence, the
chemical shifts of the olefinic protons—# of the cod ligands
associated to the “Mu-NCS)" metallacycle in complexe8
and4 and7-9 are also influenced by anisotropic effects. These
are mostly due to the ring currents of the aromatic arelCC
double bonds since the magnetic anisotropy from thedd
metal-metal interaction of the distal metal is probably unim-
portant in these systems, as pointed out by M&nn.

Table 4 collects thé3C{H} NMR resonances due to the
carbons of the five-membered ring of the bridging ligands. Upon
coordination to a metal, through the sulfur atom (complexes
1-2), the G=S resonance is shifted upfield by 5 ppm relative to
the free ligand due probably to a reduction in theharacter
of the G=S bond. A further reduction occurs on deprotonation
of the HbBzimt ligand. In addition, the chemical shift of the
guaternary bridgehead carbons also provides information about
the coordination mode of the benzimidazole bridging ligand.
Complexesl and2, for which two NH groups are present, have
one resonance for this carbonat. 6 131 ppm as in the free
ligand. Coordination of the HBzimtligand as binucleating in
aux-(1kN,2¢S) fashion causes a shift downfield for the carbon
nearest to the Nmetal group ota.9 ppm. In fact, complexes

the more relevant influence on the chemical shifts for these 3 5nd4 show two different resonances for the two quaternary

olefinic protons is given by the atotnansto the C=C bond.

bridgehead carbons, where one of them remainsaad 131

These chemical shifts are less influenced on whether theseppm.  On coordination through both nitrogen atoms, the

protons are inside or outside the “pocket” of the complex.
However, for complexe8 and4 this relative position seems to
be as influent on their chemical shifts as the atdnasis to

quaternary bridgehead carbons of BAmgive resonances at
ca. o 140 ppm as found in complex&s9.
Finally, it is convenient to remark that all di- and polynuclear

them. In consequence, an accurate assignment of the olefiniccomplexes here reported lack any symmetry plane and, therefore,
protons in “open-book d|nuplear complexes rqquwesgparﬂcular they are chiral. This expectation is clearly proved by the
study. Moreover, comparison of the chemical shifts of the presence of both enantiomers in the crystals of complex

olefinic protons (+-4) in complexe¥-9 with their counterparts
in the dinuclear complexe8 and 4 (Table 3) reveals the
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the resonances for the protons 2 and 3 are shifted upfiedd.in
0.35 and 0.8 ppm, respectively, while for proton 4 is shifted
downfield in ca. 0.5 ppm and that for proton 1 remains
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