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Dendritic Systems Based on Dinuclear Ruthenium or Rhodium Units
Generating Peripheral Catalytic Sites

Frédéric Chérioux,* Christophe M. Thomas, Bruno Therrien, and Georg Siiss-Fink!?!

Abstract: A series of dendritic cations
1-4 containing Ru,S; or Rh,S; units,
either in the core or in the dendrons, has
been synthesized and characterized. The
X-ray crystal structure analysis of 2-Cl
shows a trigonal bipyramidal Rh,S; core
with propeller-like para-hydroxyphenyl

substituents at the sulfur atoms. Reac-
tion of the peripheral OH groups with
diphenylphosphino benzoic acid results
in the formation of phosphine-function-
alized dendritic cations 5—8. The ruthe-
nium-containing cation 5, with three
PPh, functions at the periphery, acts as

ligand for rhodium() and enhances sig-
nificantly the catalytic activity of
[{Rh(CO),Cl},] for the carbonylation of
methanol.
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Introduction

During the two past decades, there has been a growing
interest in the study of dendrimers, a new class of macro-
molecules that can be considered as monodisperse, precisely
ordered, polyfunctional polymers.[!l Placing functional groups
at chain ends or in well-defined segments determines the
properties of these molecules. Three-dimensional synthetic
polymers such as dendrimers can be conditionned to encap-
sulate reactive sites or provide highly controlled surfaces and
interfaces.! These molecules are fascinating for their fractal
topology or for their applications in material sciences or
biology. Nowadays, synthetic strategies are well established in
the case of purely organic dendrimers, and the current
challenges in this field are the development of the predicted
potential applications. On the other hand, metallodendrimers
have been synthesized more recently, and a large variety of
these compounds is now accessible. Two major classes of
metallodendrimers have been characterized: 1) dendrimers
with organic skeletons functionalized at the periphery by
metal centersP and 2) dendrimers built around a metal corel
or a metal cluster,[) substituted by organic dendrons. There
are also a few reports on the incorporation of metal complexes
into the dendron arms,[®l but these examples are rare.
Catalysis is one of the most promising applications of
metallodendrimers, because these molecules can combine the
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advantages of homogeneous and heterogeneous catalysis.’]
One of the major problems in homogeneous catalysis is the
catalyst recovery from the product mixture. It can be over-
come by using biphasic conditions®! or by developing soluble
polymers functionalized by catalytic metal sites.”) In the latter
case, it is difficult to control the number and the location of
the catalytic sites in the polymer. Dendrimers represent an
alternative concept in the development of new catalytic
materials, because their structures are well defined and all the
steps are controlled during their growth.

In this paper, we report a new approach to multifunctional
dendritic molecules based on dinuclear arene ruthenium or
cyclopentadienyl rhodium units, which are able to fix other
metal centers as catalytic sites at the periphery.

Results and Discussion

Molecular recognition of SH versus OH functions by rhodium
or ruthenium: The dinuclear dichloro complexes [{Ru(p-Me-
C¢H,-iPr)Cl,},] and [{Rh(CsMes)ClL,},] were found to react in
ethanol with para-mercaptophenol to give the cationic com-
plexes [Ru,(p-Me-C¢H4-iPr),(p-S-CH,-OH);]* (1)  and
[Rh,(CsMes),(p-S-CeH,-OH);]* (2), which can be isolated in
quantitative yield as the chloride salts (Scheme 1).

Both cations 1 and 2 were unambiguously characterized by
their MS, IR, 'H and *C NMR data as well as by satisfactory
elemental analysis data of the chloride salts. The molecular
structure of 2 was confirmed by a single-crystal X-ray
structure analysis of 2-Cl: The cation was found to consist of
a closed trigonal bipyramid Rh,S; framework, each rhodium
atom being coordinated to a 73-CsMes ligand and each sulfur
atom carrying a para-hydroxyphenyl group. The molecular
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Scheme 1. Synthesis of the dinuclear cations [Ru,(p-Me-C¢H,-iPr),(p-S-CsH,-OH);]* (1) and [Rh,(CsMes),(p-S-

CeH,-OH)3]* (2).

structure of 2 is shown in Figure 1, important bond lengths and
angles are given in Table 1.

Cationic tristhiolato dirhodium and diruthenium complexes
of this type, [M,L,(SR);]*, have already been obtained by
Maitlis et al. (M =Rh, L =CsMe;, R = C(Fs;['% M =Rh, Ir,
L =CsMe;, R=CgF;, CH,FI'®) and by Rakowski DuBois
etal. (M=Ru, L=C¢Me,, R =Phl'*) from the correspond-
ing [{MLCL},] derivatives and Pb(SR), or Me;SiSR; the
structural features of [Rh,(CsMes),(SCyFs);] 1% 11 and
[Ru,(CcMeg),(SPh),]*11% are comparable to those of 2.

Table 1. Selected bond lengths [A] and angles [°] for 2-Cl.

Rh1-Cp* eniroia 1.798 Rh2-Cp* seniroia 1.811
Rh1-S1 2.384(2) Rh2-S1 2.378(2)
Rh1-S2 2.390(1) Rh2-S2 2.411(2)
Rh1-S3 2.413(2) Rh2-S3 2.385(2)
Rh1-Rh2 3.236(1) s1-C21 1.798(6)
S2-C27 1.798(8) $3-C33 1.787(7)
S1-Rh1-S2 79.70(5) S1-Rh2-S2 79.39(6)
S1-Rh1-S3 80.06(7) S1-Rh2-S3 80.74(6)
S2-Rh1-S3 77.89(5) S2-Rh2-S3 78.03(6)
Rh1-S1-Rh2 85.61(6) Rh1-S2-Rh2 84.74(5)
Rh1-S3-Rh2 84.81(6)

Abstract in French: Nous avons synthetise et caracterise les
nouveaux cations dendritiques 1—4 contenant les unites Ru,S;
ou Rh,S;. L’analyse de la structure aux rayons X de 2-Cl
montre un coeur Rh,S; a géometrie bipyramide trigonale. La
réaction des groupements OH peripheriques avec [acide
2-diphénylphosphinobenzoique permet la formation des cat-
ions dendritiques 5—8 fonctionnalisées par des phosphines. Le
cation 5 qui contient deux atomes de ruthenium au centre et
trois fonctions PPh;, a la peripherie peut servir de ligand avec le
rhodium(1) et permettre d’augmenter significativement I’acti-
vite catalytique du precurseur [{Rh(CO),Cl},] pour la carbon-
ylation du methanol.

However, these reactions give

low yields (12-25%) and are
—’ + restricted to specific cases only.
By contrast, the reactions of
[{Ru(p-Me-CsH,-iPr)Cl,},] and
[{Rh(CsMes)ClL,},] with para-
mercaptophenol in ethanol to
give 1 and 2, respectively, are
quantitative. The remarkable
preference for the SH versus
the OH functions of the para-
mercaptophenol by the dinu-
_] * clear rhodium or ruthenium
units reflects the extraordinary
molecular recognition of sulfur
by these metals: the reaction is
carried out in ethanol with an
ethanol/para-mercaptophenol
ratio of 2000:1, without the OH
function of the solvent interfer-
ing. Similar reactivity and spe-
cificity of the SH versus the OH
functions of the para-mercapto-
phenol has been shown by Ashby in the case of iron-carbonyl
derivatives.'"'! A hydrogen bond involving the chloride and
one of the hydroxy groups is observed (O2---Cl 2.947(7) A,
O—H---Cl1158.9°). Standard data relating to the X-ray crystal
structure of 2 have been deposited in the Cambridge
Crystallographic Data Centre.['?]

Complexes 1 and 2 can be used as starting points for the
development of dendrimers by either divergent or convergent
procedures,'® since the OH functions at the aromatic
substituents are available for condensation reactions, the
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Figure 1. The molecular structure of [Rh,(CsMes),(p-S-C¢H,-OH)5[+ (2).



key feature in the build-up of dendritic systems being the
molecular recognition of sulfur by rhodium or ruthenium.

Generation of dendrimers containing metallodendrons based
on 1 and 2: Condensation of 1,3,5-benzenetricarbonyl tri-
chloride in dichloromethane with 1-Cl and 2-Cl in a 1:3 ratio
results in the formation of the dendritic cations [1,3,5-
C¢H;{CO,-(p-C¢H,-S)Ru,(p-Me-C¢H,-iPr),(p-S-C¢H,-

OH),}:J*" (3) and [1,3,5-CsH;{CO,(p-CsH,-S)Rhy(CsMes), (p-
S-C¢H,-OH),};]** (4) (Scheme 2), which can be isolated in
high yield as the chloride salts 3-Cl; and 4-Cl;. No cross-
linking by-products were isolated after the reaction; this is
probably due to our experimen-
tal setup (i.e., addition of acid
chloride to phenol, see Exper-
imental Section). Cations 3 and
4 give rise to the expected

molecular peaks m/z at 903 3

Ru
/\
spectra exhibit the character-
istic  voo  absorption  at
1741 cm™! (3 and 4) of the ester
functions and the v,y bands at
3138 cm™' (3) and 3411 cm™!
(4). The NMR spectra of 3 and
4 show the expected signals of
all organic groups, the singlet at
0=980ppm (3) or at 6=
9.89 ppm (4) being character-
istic for the three equivalent
protons of the aromatic central
core. In the ®C NMR spectra,
all resonances observed can be
assigned unambiguously (see
Experimental Section).

Cations 1-4 contain three (1,
2) or six (3, 4) hydroxy func-
tions that are available for es-
terification by classical conden-
sations reactions; this predis-
poses these dendritic systems
for the introduction of catalytic
sites at the periphery. o

HO d
and 905, respectlvely,‘ in the W
ESI mass spectra. The infrared )ﬂ

Peripheral functionalization of
the dendritic systems with phos-
phine groups: The dinuclear
cations [Ru,(p-Me-CH,-
iPr),(p-S-C¢H,-OH);]* (1) and
[Rhy(CsMes),(p-S-CeH,-OH)5
(2) react with three equivalents
of 2-diphenylphosphinobenzoic
acid in dichloromethane, in the
presence  of  condensation
agents (N,N-dicyclohexylcarbo-
diimide (DCC), 4-(dimethyl-
amino)pyridine (DMAP),
4-pyrrolidinopyridine (4-

@/@

ppy)),[®! to give the cationic triphosphine derivatives
[Ruy(p-Me-C¢H,-iPr),(p-S-C¢H,-O-CO-0-C¢H,-PPhy);] " (5)
and  [Rhy(CsMes),(p-S-CsH,-O-CO-0-CgH,-PPh,); 1t (6)
(Scheme 3).

Cations 5 and 6 can be isolated as the chloride salts (orange
microcrystalline powders) in high yields. The mass spectra
show that, in both cations, the three hydroxy functions have
indeed been esterified. Accordingly, the *'P{'"H} NMR spectra
of 5 and 6 show one resonance centered at = —4.7 ppm for
the three equivalent phosphorus atoms. The aromatic ester
functions give rise to a characteristic absorption at 1736 cm™!
in the infrared spectra of both 5 and 6. The 'H and *C NMR
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Scheme 2. Constitution of the dendritic cation 3, based on {Ru,(p-Me-C¢H,-iPr),} metallodendron units. In the
dendritic cation 4, the {Ru(p-Me-C¢H,-iPr)} entities are replaced by Rh(CsMe;) entities.
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Scheme 3. Build up of peripheric catalytic sites by esterification of the dendritic cation 1 and 2 with phosphine.



data are also in agreement with the constitution of 5 and 6
proposed in Scheme 3.

The same functionalization with peripheral PPh, groups
also works with the next dendritic generation: Cations 3 and 4
react with 2-diphenylphosphinobenzoic acid in dichlorometh-
ane, with DCC, DMAP, and 4-ppy as condensation reagents,
to give the cationic dendrimers 7 and 8 containing six PPh,
groups. Compounds 7 and 8 are isolated as the chloride salts 7-
Cl; and 8-Cl;, respectively; the spectroscopic (MS, IR, 'H, 1*C,
3'P NMR) and analytical data (see Experimental Section) are
in agreement with the structure proposed in Scheme 4.

Catalytic potential of the dendritic ligands 5-8 for the
carbonylation of methanol: The dendritic cations 5-8,
functionalized by PPh, groups at the periphery, were used as
auxiliary ligands in the rhodium-catalyzed carbonylation of
methanol. The peripheral PPh, are able to coordinate
rhodium() from precursors such as [{Rh(CO),Cl},]. The
catalytic reaction takes place in a mixture of methanol,
iodomethane, and water under a pressure of carbon monoxide
(22 bar) at 170°C [Eq. (1)].

CH,OH + CO — CH,COOH (1)

give [(CH;)Rh(CO),I;]~, rearrangement to [(CH;CO)Rh-
(CO)I;]~, addition of carbon monoxide to [(CH;CO)-
Rh(CO),I;]~, and finally reductive elimination of CH;COI
to reform the active species [Rh(CO),I,]-.'"") Phosphine
auxiliary ligands have been shown to facilitate the oxidative-
addition step.'®l On the other hand, in the iridium-based
Cativa™ process,'’] ruthenium co-catalysts facilitate the
reductive-elimination step. For this reason, we decided to
use the ruthenium-containing phosphine ligands § and 7 in
combination with a rhodium precursor, [{Rh(CO),Cl},], as the
catalytic system and to compare it to the classical Monsanto
catalyst.

The results clearly demonstrate that the combination of
rhodium (in the catalytic sites) and ruthenium (in the core)
improves the catalytic performance for the carbonylation of
methanol (Table 2). With respect to the classical Monsanto
catalyst (entry 1), the catalytic turnover frequency increases
from 20 to 65 min~! by using the combination [{Rh(CO),Cl},]/
5-Cl (entry2). The combination [{Rh(CO),Cl},]/7-Cl; (en-
try 3), containing the next dendrimer generation with ruthe-

Table 2. Catalytic carbonylation of methanol.[?

Catalyst Co-catalyst Ratio Time TOND! [min] TOF [min~]
The rhodium-based Monsan- 1 [{Rh(CO),Cl},] 20 400 20
to process!'" which works at 150 2 [{Rh(CO),Cl}] 5-Cl 1:4 20 1300 65
to 200°C under CO pressures i QIEEECO)ZCI}Z] Zg’ ? fj ;8 188 (9]
5 - :
between. ?0 am.i 60 bar does not 5 RuCl, 8-Cl, 3.4 20 0 0
use auxiliary ligands; the cata- 6 solid recovered from entry 2 20 1200 60

lytic species formed is the anion
[Rh(CO),L,]~, which undergoes
oxidative addition of CH;I to
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[a] Conditions: catalyst/methanol/iodomethane/water 1:2000:200:1000, 22 bar, 170°C. [b] TON (turnover
number) =mol (CH;COOH + CH;COOCH;) per mol rhodium. [c] TOF (turnover frequency)=mol
(CH;COOH + CH;COOCHj;) per mol rhodium per minute.
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Scheme 4. Constitution of the dendritic cation 7, based on {Ru,(p-Me-C4H,-iPr),} metallodendron units. In the dendritic cation 8, the {Ru(p-Me-C¢H,-iPr)}

entities are replaced by Rh(CsMes) entities.



nium in the dendrons, also catalyzes the carbonylation of
methanol under these conditions, but it is less active, giving a
TOF of only 9min~'. The combinations RuCl,/6-Cl (entry 4)
and RuCly/8-Cl; (entry 5), which contain rhodium only in the
core, are found to be completely inactive. These results clearly
demonstrate that the carbonylation reaction takes place in the
peripheral catalytic sites, while the metal core acts only as a
promoter. The combination [{Rh(CO),Cl},])/5-Cl (entry 2)
seems to have the right balance between activity and stability,
because the organometallic residue from entry 2 is still active
for further runs (entry 6).

Conclusion

In the present study we showed that the remarkable
preference for the SH versus OH functions by dinuclear
ruthenium and rhodium complexes can be used to build up
dendritic cations that contain Ru,S; or Rh,S; units, either in
the core or in the dendrons. Thanks to the free peripheral OH
groups, these dendritic cations can be functionalized with
PPh, groups, generating catalytic sites at the periphery in
combination with suitable metal atoms. Thus, these phos-
phine-functionalized dendritic cations serve as ligands and
coordinate to rhodium(y).

Catalytic tests that the ruthenium-containing dendritic
cation [Ruy(p-Me-C¢H,-iPr),(p-S-C,H,-O-CO-0-C,H,-
PPh,);]" (5) increases the catalytic activity of [{Rh(CO),Cl},]
for the carbonylation of methanol by a factor of three, while
the next generation dendrimer 7 is less active as a co-catalyst.
A detailed study of the synergistic effects of rhodium and
ruthenium in the best combination [{Rh(CO),Cl},])/[5]Cl is
underway.

Experimental Section

General: Solvents were dried and distilled under nitrogen prior to use. All
reactions were carried out under nitrogen, by using standard Schlenk
techniques. The dinuclear dichloro complexes [{Ru(p-Me-C¢H,-iPr)CL},]
and [{Rh(CsMe;)Cl,},] were synthesized by previously described meth-
ods.l'8 All other reagents were purchased (Fluka) and used as received.
NMR spectra were recorded with a Varian Gemini 200 BB instrument and
referenced to the signals of the residual protons in the deuterated solvents.
'"H and ®C NMR: internal standard solvent, external standard TMS.
Infrared spectra were recorded with a Perkin—Elmer 1720X FT-IR
spectrometer. The mass spectra were recorded at the University of
Fribourg (Switzerland) by Prof. Titus Jenny. Microanalyses were carried
out by the Laboratory of Pharmaceutical Chemistry, University of Geneva
(Switzerland).

General method for the preparation of 1 and 2: The dinuclear dichloro
complex, [{Ru(p-Me-C4H,-iPr)CL},] (61 mg, 0.1 mmol) or [{Rh(CsMe;)-
CL},] (62 mg, 0.1 mmol), was refluxed in technical grade ethanol (25 mL).
When the complex was completely dissolved, a solution of p-mercapto-
phenol (76 mg, 0.6 mmol) in ethanol (5 mL) was added dropwise to the hot
solution. The resulting mixture was refluxed in ethanol for 3 hours. After
cooling to 20°C, the red solution was filtered, and the solvent was removed
under reduced pressure. The oil obtained was purified by column
chromatography (silica gel, dicholoromethane/ethanol 5:1, R; close to
0.8). Cations 1 and 2 were isolated in the form of the chloride salts by
evaporation of the solvent as red-orange microcrystalline powders in
quantitative yields.

[Ru,(p-Me-CgH-iPr),(p-S-C;H,-OH);]* (1): IR (KBr): #=3438 cm™!
(OH); 'H NMR (200 MHz, [Ds]DMSO, 21°C): 6 =0.74 (d, J=6.8 Hz,
6H; (CH;),CH), 0.85 (d, *J=6.8 Hz, 6 H; (CH;),CH), 1.55 (s, 6H; CHs),
1.93 (sept, *J=6.8 Hz, 2H; (CH;),CH), 5.21 (d, 3J=4.9 Hz, 2H; H-Ar),
526 (d, 3/ =4.9 Hz, 2H; H-Ar), 5.38 (d, /=49 Hz, 2H; H-Ar), 5.58 (d,
3/ =4.9 Hz, 2H; H-Ar), 6.80 (d, %] = 8.6 Hz, 6 H; H-Ar), 7.68 (d, ] = 8.6 Hz,
6H; H-Ar), 9.85 ppm (s, 3H; OH); *C NMR (50 MHz, [D¢]DMSO, 21 °C):
8=2131 ((CH,),CH), 21.61 ((CH,),CH), 30.71 (CH,), 70.12 ((CH,),CH),
106.895 (C-Ar), 115.73 (C-Ar), 125.20 (C-Ar), 127.36 (C-Ar), 134.10 (C-Ar),
158.1 ppm (C(0)); MS (ESI): m/z: 846 [M*+H]; elemental analysis calcd
(%) for CyH,;CIO;RU,S, (881.54): C 51.77, H 4.92; found: C 51.86, H 4.98.

[Rhy(CsMes),(p-S-C{H-OH)s]+ (2): IR (KBr): #=3430cm~' (OH);
'"H NMR (200 MHz, [D4]DMSO, 21°C): 6 =1.30 (s, 30H; CH,;), 6.79 (d,
3J=8.7Hz, 6H; H-Ar), 759 (d, 3/ =8.7 Hz, 6H; H-Ar), 9.89 ppm (s, 3H;
OH); ®C NMR (50 MHz, [D4]DMSO, 21°C): 6 =8.99 (CHs), 97.63 (C-Ar),
116.89 (C-Ar), 125.35 (C-Ar), 138.03 (C-Ar), 14638 ppm (C(O)); MS
(ESI): m/z: 853 [M*™+H]; elemental analysis caled (%) for
C33H,sCl O3RN, S; (887.22): C 51.44, H 5.11; found: C 51.58, H 5.19.

General method for the preparation of 3 and 4: A solution of 1,3,5-
benzenetricarbonyl trichloride (20 mg, 0.07 mmol) and triethylamine
(0.03 mL, 0.2 mmol) in CH,Cl, (5 mL) was added slowly to a suspension
of the corresponding phenol derivatives, 1-Cl (200 mg, 0.2 mmol) or 2-Cl
(200 mg, 0.2 mmol), in CH,Cl, (40 mL) at room temperature. The resulting
mixture was vigorously stirred for three days. Then the solution was filtered
to give the pure dendrimers 3 and 4 as yellow powders, which were dried in
vacuo (yield: 3-Cl;: 76 %, 4-Cl;: 75%).

[1,3,5-C{H;{CO,-(p-CH,-S)Ru,(p-Me-CH -iPr),(p-S-CcH,-OH) L1 (3):
IR (KBr): 7=3138 (OH), 1741 cm™! (CO ester); 'H NMR (200 MHz,
[D(JDMSO, 21°C): 6=0.74 (d, 3/ =7.0 Hz, 6 H; (CH,),CH), 0.85 (d, 3/ =
70 Hz, 6H; (CH,),CH), 1.56 (s, 6H; CHs), 1.93 (sept, 3/ =70 Hz, 2H;
(CH,),CH), 5.21 (d, 3/ =5.8 Hz, 2H; H-Ar), 5.28 (d, 3/ =5.5 Hz, 2H; H-
Ar), 537 (d, 3 =5.8 Hz, 2H; H-Ar), 5.56 (d, ¥ =5.5 Hz, 2H; H-Ar), 6.79
(d, 37=8.4Hz, 6H; H-Ar), 768 (d, 3J=8.4Hz, 6H; H-Ar), 9.80 ppm (s,
SH; OH); 'H NMR (200 MHz, [Dg]DMSO + D,0, 21°C): 6 =0.74 (d, 3 =
70 Hz, 6 H; (CHs),CH), 0.85 (d, 3/ =7.0 Hz, 6H; (CH,),CH), 1.56 (s, 6H;
CHS), 1.93 (sept, 3/ =7.0 Hz, 2H; (CH,),CH), 5.21 (d, 3/ =5.8 Hz, 2H; H-
Ar), 528 (d, 3 =5.5 Hz, 2H; H-Ar), 5.37 (d, V= 5.8 Hz, 2H; H-Ar), 5.56
(d, 3 =5.5Hz, 2H; H-Ar), 619 (d, 3 =8.4 Hz, 6H; H-Ar), 768 (d, 3/ =
8.4 Hz, 6 H; H-Ar), 9.80 ppm (s, 3H; OH); *C NMR (50 MHz, [D,]DMSO,
21°C): 8=21.31 ((CH,),CH), 21.61 ((CH,),CH), 30.71 (CHs), 70.12
((CH,),CH), 99.75, 106.64 (C-Ar), 116.47 (C-Ar), 12535 (C-Ar), 12701
(C-Ar), 13443 (C-Ar), 158.14 (C(0)) 176.15 ppm (CO ester); MS (ESI):
miz: 899 [M++H]; elemental analysis calcd (%) for Cj,3H;2CLO,RuSy
(2800.71): C 52.75, H 4.64; found: C 52.98, H 4.34.

[1,3,5-CH;{CO,(p-C¢H,-S)Rh,(CsMes),(p-S-C(H,~-OH), P+ (4): IR (Kbr):
7=3430 (OH), 1741 cm™' (CO ester); 'H NMR (200 MHz, [D4]DMSO,
21°C): 6=1.30 (s, 30H; CH,;), 6.79 (d, 3] =8.7 Hz, 6 H; H-Ar), 759 (d, 3/ =
8.7Hz, 6H; H-Ar), 989ppm (s, SH; OH); 'H NMR (200 MHz,
[Dg]DMSO + D,0, 21°C): 6=1.30 (s, 30H; CH;), 6.79 (d, 3/=8.7 Hz,
6H; H-Ar), 759 (d, 3 =8.7Hz, 6H; H-Ar), 9.89 ppm (s, 3H; OH);
BCNMR (50 MHz, [D4]DMSO, 21°C): d =9.00 (CH3), 97.78 (C-Ar), 116.43
(C-Ar), 121.01 (C-Ar), 12536 (C-Ar), 13517 (C-Ar), 14713 (C(0)),
158.84 ppm (CO ester); MS (ESI): m/z: 905 [M*+H]; elemental analysis
caled (%) for C,p3H;35CLO0 RS, (2817.77): C 52.43, H 4.83; found: C
52.58, H 4.75.

General method for the preparation of 5-8: A solution of 2-diphenyl-
phosphinobenzoic acid (1 g, 3.26 mmol), N,N-dicyclohexylcarbodiimide
(2.7¢g, 13.05mmol), 4-(dimethylamino)pyridine (100 mg, 0.82 mmol),
4-pyrrolidinopyridine (100 mg, 0.68 mmol), and the corresponding phenol
derivatives, 1-Cl (880 mg, 1 mmol), 2-CI (880 mg, 1 mmol), 3-Cl; (50 mg),
or 4-Cl; (50 mg), in CH,Cl, (40 mL) was allowed to stand at room
temperature under nitrogen, until the esterification was completed (three
days). The resulting solution was filtered through Celite to remove N,N-
dicyclohexyl urea, and the filtrate was concentrated under reduced
pressure. The residue was purified by chromatography on a silica gel
column (150 g), eluting with acetone. Products 5—8 were isolated from the
third fraction by evaporation of the solvent, as orange-yellow solids (yields
close to 65%).

[Ru,(p-Me-CH,-iPr),(p-S-CH,-0-CO-0-CH,-PPh,),]* (5): IR (KBr):
#=1735.7cm™' (CO ester); '"H NMR (200 MHz, [Ds]DMSO, 21°C): 6 =



0.68 (d, J =62 Hz, 6H; (CH,),CH), 0.82 (d, % = 6.2 Hz, 6 H; (CH,),CH),
1.52 (s, 6H; CH;), 1.86 (sept, 3/ =6.2 Hz, 2H; (CH;),CH), 537 (d, 3] =
5.5Hz, 2H; H-Ar), 5.53 (d, 3/ =5.5Hz, 2H; H-Ar), 5.67 (d, 3J=5.5 Hz,
2H; H-Ar), 5.74 (d,%] =5.5 Hz, 2H; H-Ar), 6.76-7.02 (m, 9H; H-Ar), 7.09
(d,3J=82Hz, 6H; H-Ar), 721775 (m, 30H; H-Ar), 793 (d, 3/ =8.2 Hz,
6H; H-Ar), 828 ppm (m, 3H; H-Ar); C NMR (50 MHz, [D,]DMSO,
21°C): 6=2191 ((CH,),CH), 22.71 ((CH,),CH), 31.81 (CHj), 70.97
((CH;),CH), 106-148 (m, C-Ar), 159.1 (C(0O)), 165.12 ppm (CO ester);
3IP NMR (81 MHz, [Dg]DMSO, 21°C): 6 =—4.72 ppm; MS (ESI): m/z:
1711 [M*+H], 1423 [M*+H— OCOCH,-0-P(C¢Hy),], 1134 [M*+H —
20COC¢H,-0-P(C¢Hs),]; elemental analysis calcd (%) for CosHg,ClOg.
P;Ru,S; (1746.38): C 65.04, H 4.73; found: C 65.12, H 4.81.

[Rh,(CsMes),(p-S-C(H,-0-CO-0-CH,-PPhy);]* (6): IR (KBr): 7=
1735 cm™' (CO ester); 'H NMR (200 MHz, [D¢]DMSO, 21°C): 6 =1.36
(s, 30H; CH;), 7.04 (d, 3J=8.8 Hz, 6 H; H-Ar), 727-742 (30H, m; H-Ar),
748-758 (6H, m; H-Ar),7.73 (d,3] =8.8 Hz, 6 H; H-Ar),8.31 ppm (6 H, m;
H-Ar); 3C NMR (50 MHz, [D4]DMSO, 21°C): 6 =796 (CH;), 107.6 (C-
Ar), 116-142 (m, C-Ar), 156.9 pppm (CO ester); P NMR (81 MHz,
[Dg]DMSO, 21°C): 6 = —3.01 ppm; MS (ESI): m/z: 1718 [M*+H], 1430
[M*+H — OCOC¢H,-0-P(C¢Hs),], 1141 [M*+H —20COCH,-0-
P(CHs),]; elemental analysis caled (%) for CosHg,CIOgP;R,S; (1752.06):
C 65.12, H 4.83; found: C 65.02, H 4.89.

[1,3,5-CH,{CO,-(p-CoH,-S)Ru,(p-Me-CgH -iPr), (p-S-CH,-0-CO-o-
CH,-PPhy);P (7): IR (KBr): #=1733, 1741 cm™! (CO ester); 'H NMR
(200 MHz, [Dg]DMSO, 21°C): 6=0.71 (d, ¥/ =70 Hz, 18H; (CHs),CH),
0.82 (d, /=70 Hz, 18H; (CH5),CH), 1.59 (s, 18 H; CHs;), 1.86 (sept, 3/ =
70 Hz, 6H; (CH,),CH), 535 (d, 3/=58Hz, 6H; H-Ar), 547 (d, 3=
5.5Hz, 6H; H-Ar), 5.54 (d, 3/ =5.8 Hz, 6H; H-Ar), 5.70 (d, 3/ =5.5 Hz,
6H; H-Ar), 6.80-7.74 (m, 102H; H-Ar), 792 (d, 3/ =8.2 Hz, 6H; H-Ar),
8.17-8.33 (m, 6H; H-Ar), 991 ppm (s, 3H; H-Ar); “C NMR (50 MHz,
[Ds]DMSO, 21°C): 6 =21.31 ((CHs),CH), 21.61 ((CH,),CH), 30.71 (CH),
70.12 ((CH;),CH), 106.64 (C-Ar), 116.47-160 (m, C-Ar), 166.38 (CO
ester), 176.15 ppm (CO ester); 3P NMR (81 MHz, [D¢]DMSO, 21°C): 6 =
—4.72 ppm; MS (ESI): m/z: 1475 [M* + H].

[1,3,5-C¢H,{CO - (p-C4H,-S)Rh,(CsMes), (p-S-CoH-0-CO-0-CoH -
PPh,),};]** (8): IR (KBr): #=1736, 1741 cm™! (CO ester); 'H NMR
(200 MHz, [D]DMSO, 21°C): 6 = 1.30 (s, 90 H; CHy), 6.80—7.74 (m, 102 H;
H-Ar), 798 (d, 7 =82 Hz, 6H; H-Ar), 8.17-8.33 (m, 6H; H-Ar), 9.97 (s,
3H; H-Ar); P NMR (81 MHz, [D4]DMSO, 21°C): 6 = —3.12; MS (ESI):
miz: 1480 [M*+H].

X-ray analysis of [Rh,(CsMes),(p-S-C{H,-OH);]* (2): An orange crystal of
2 was mounted on a Stoe imaging plate diffractometer system!"”] equipped
with a one-circle ¢ goniometer and a graphite-monochromator. Data
collection was performed at —120°C with Moy, radiation (4 =0.71073 A).
90 exposures (3 min per exposure) were obtained at an image plate
distance of 70 mm with 0 < ¢» < 90° and with the crystal oscillating through
1° in ¢. The resolution was D, — Doae 12.45-0.81 A. Crystal data and
collection paramaters: formula C3;3H,sClO;Rh,S3; M, 887.19; orthorhombic,
space group P2.2.2,; a=14.0357(8), b=14.1433(8), c=23.670(2) A, V=
4688.7(9) A3 Z=4, F(000)=1808, peueq=1.257 gem!, p=0.923 mm~",
Onax = 25.91°; reflections collected =16392, number of independent re-
flections = 7420, R;, =0.0364, wR,(F?)=0.1079, R(F)=0.0389, parame-
ters =437, GoF =1.078. The structure was solved by direct methods by
using the program SHELXS-97 and refined by full matrix least squares
on F? with SHELXL-971 The hydrogen atoms were included in
calculated positions and treated as riding atoms by using SHELXL-97
default parameters. The figure was drawn with ORTEP-3.[??]
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