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Selective arylation of aldehydes with di-rhodium(II)/NHC catalysts
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Here is described the preparation of four new rhodium(II) complexes bearing axial NHC ligands. The
presence of electron-withdrawing bridging ligands resulted in an enhanced reactivity in the arylation of
aldehydes with boronic acids when compared with the tetraacetate counterparts. Complex 15
(Rh2tfa4(IPr)2) proved to be the most active catalyst for this transformation allowing the selective con-
version of aromatic, aliphatic and vinyl aldehydes into the respective alcohols in excellent yields. It was
demonstrated that the good group tolerance could be further extended to aromatic and conjugated
ketones. DFT calculations carried out on this system showed the complementarily of the bridging ligands
and axial ligand in these dinuclear complexes. It was also disclosed that Rh(II)/NHC catalytic system can
promote the racemization of 1-phenyl ethanol.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Diarylmethanols are important structuralmotives in amultitude
of pharmacologically active compounds and therefore represent an
important synthetic target. In recent years the metal catalyzed CeC
acids and rhodium based catalysts
sed for the treatment of allergic dis
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bond formation between aldehydes and boronic acids as become
a very useful approach to prepare such compounds (Scheme 1).1,2

In 2001 Fürstner et al. developed an efficient protocol to
perform the arylation of aldehydes using catalytic systems based on
N-heterocyclic ligands (NHC) and rhodium complexes.2j Inspired by
and (below) examples of biologically active compounds derived from diarylmethanols:
eases, Orphenadrine 2 shows antihistaminic and anticholinergic activity.
his work we initiated a program in order to elucidate if di-rhodium
(II) complexes combined with NHC ligands could act as catalysts in
this transformation. Apart from the catalytic performance we were
particularly interested in understanding the axial ligand influence
in the overall reactivity of these widely used dinuclear complexes.
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In the course of our studies, we demonstrated that the NHC li-
gand binds axially to the di-rhodium (II) complex and efficiently
tunes its reactivity allowing the arylation reaction to take place in
high yields and selectivities. Based on DFT calculations and struc-
tural work we established that NHCs 4 and 5 are the preferential
axial ligands, which confer high stereochemical protection around
one of the Rh atoms at the same time that transfer charge through
the RheRh bond to the terminal rhodium centre.3

Furthermore, and differently from most arylations of aldehydes
using boronic acids catalyzed by Rh(I) complexes, which are
thought to proceed via a transmetallation step,4 NHC/di-Rh(II)
catalysts appear to activate the boronic acid via the direct
coordination of this species onto the complex (Scheme 2).3b

In our previous studies we also observed that the di-Rh(II)
complex bridging ligands play a crucial role in the kinetics of the
Scheme 2. New rhodium (II) catalysts developed and me

Table 1
Di-rhodium(II) catalyst evaluation study (in situ method)3b

Entry Cat. Temp (�C)

1 10 90
2 11 90
3 11 60
4 12 90
5 12 60
6 13 90
7 13 60
8 14 60

a DME/H2O (0.5:0.12 ml).
b Isolated yields after purification by preparative thin layer chromatography.

n.r.¼no reaction.
arylation reaction. Complexes with bridging electron-withdrawing
ligands, such as trifluoroacetate 14 or perfluorobutyrate 13 are
more active than their counterparts 10e12 in protocols wherein the
catalyst was prepared in situ (Table 1).3a

Despite this important observation, the synthesis and charac-
terization of catalysts combining electron-withdrawing bridging
ligands with axial s-donating NHC ligands have not been reported
yet and this constitutes the topic of this report.

2. Results and discussion

With the objective of understanding the impact of the combi-
nation of electron-withdrawing bridging ligands with the axial
NHC ligand on the catalyst structure and efficiency, we prepared
complexes 15 and 16 simply by heating Rh2(tfa)4 with the
chanistic rationalization for boronic acid activation.

Time (h) Yield (%)b

6 92
0.5 90

24 n.r.
0.5 94

24 n.r.
0.5 95

24 83
24 90



Scheme 3. Left: new complexes prepared; right: Complex 15, ORTEP3.25 diagram (ellipsoids at 30% probability) of the di-Rh complex. Hydrogen atoms were excluded for clarity.
Selected bond lengths are: Rh1eRh2 2.496(2) Å, Rh1eC9 2.218(5) Å; Rh2eC36 2.245(5) Å. All the coordination angles are around 90� . In compound 15, one of the RheC distance
(Rh1eC9) is slightly shorter than the other and the two carbenes are relatively rotated about 90� .
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respective N-heterocyclic carbene in toluene. Differently from
complex 16 suitable crystals for X-ray analysis of 15 were obtained
after a toluene solution of 15 was left standing at �20 �C overnight
(Scheme 3). Rather surprisingly and despite our efforts the corre-
sponding mono-complexes were not obtained.

In addition to 15 and 16we also prepared two new complexes 17
and 18 with electron-withdrawing substituents in the NHC back-
bone (Scheme 4). In this case, the mono-species 18 was easily
prepared after eluting the parent complex 17 in a preparative thin
layer chromatography. Suitable crystals for X-ray analysis of 17
were obtained after the toluene solution containing the complex
was left standing at �20 �C overnight (Scheme 4).
Scheme 4. Left: new complexes prepared; right: Complex 17, ORTEP3.25 diagram (ellipsoids at 30% probability) of the di-Rh complex. Hydrogen atoms were excluded for clarity.
Selected bond lengths are: Rh1eRh1i 2.451(3) Å, Rh1eC9 2.236(4) Å. All the coordination angles are around 90� .
It was seen in the past that the small structural differences be-
tween complexes 19 and 20 (Scheme 5 and Table 2) accounted for
distinct catalytic behaviour for the arylation of aldehydes.3b
Scheme 5. NHC/di-Rh (II) dimers previously prepared.3

Table 2
Selected bond distances [Å] for compounds 15, 17, 19 and 20

15 17 19 20

Rh1eC9 2.218(5) 2.236(4) 2.244(7) 2.228(3)
Rh2eC36 2.245(5) 2.236(4)a 2.244(7)a 2.244(3)
RheRh 2.496(2) 2.451(3)a 2.462(1)a 2.4731(3)
RheO 2.023e2.057 2.014e2.038 2.029e2.044 2.044e2.061

a Generated by symmetry.
It was expected that the presence of bridging ligands with
electron-withdrawing character could make the NHC ligands more
coordinated to the rhodium (relatively to complex 20). If taken in
account the bond distances of between Rh1eC9 and Rh2eC36 this
hypothesis is correct. The shortest RheC bonds are observed for
complex 15 (Table 2). In opposition, the introduction of electron-
withdrawing groups in the NHC imidazolidene ring should atten-
uate its coordination ability, which is also true (comparing complex
17 to 20, Table 2).

The formation of the RheNHC bond corresponds to electron
transfer from the carbene to a RheRh antibonding orbital of the
metallic fragment, which results in a increased RheRh distance.3
This bond should be less sensitive to alterations due to the pres-
ence of the bridging ligands but, nevertheless they are present.

With complexes 15e18 in hand we carried out their catalytic
evaluation in the arylation of p-methoxybenzaldehyde with phe-
nylboronic acid. In our previous studies, we observed that complex
19was to some extent more active than complex 20 in this reaction
(Table 3, entries 1 and 2).3b Considering this subtle difference, we
anticipated that the inclusion of electron-withdrawing substituents
on the NHC backbone would affect the reactivity profile of these
Table 3
Catalyst and solvent screening for the arylation of p-methoxybenzaldehydea

Entry Catalyst Temp (�C) Solvent Time (h) Yield

1 19b 60 Methanol 5.5 94%
2 20b 60 Methanol 5.5 67%
3 17 60 Methanol 5 n.r.d

4 18 60 Methanol 5 Traces
5 15 60 Methanol 4 99%
6 16 60 Methanol 4 95%
7 Rh2(tfa)4c 60 Methanol 4 10%
8 15 60 tert-Amyl alcohol 4 n.r.d

9 15 60 DME/watere 4 n.r.d

a 0.25 mmol aldehyde, 0.025 mmol KOtBu, 0.5 mmol boronic acid, 0.5 ml solvent.
b Ref. 3b.
c tfadtrifluoroacetate.
d n.r.dno reaction.
e 5/1 Dimethoxyethane/water.
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complexes. Rather surprisingly the chlorinated complexes 17 and
18 failed to give any arylated product (Table 3, entries 3 and 4). In
this particular case the lack of reactivity is most likely due to NHC
decoordination in the reaction conditions as the mixture rapidly
exhibited a green colour indicating the presence of the parent
Rh2(OAc)4. The axial ligand decoordination in complexes 18 was
quite surprising to us and for that reason we performed DFT cal-
culations on this system in order to establish how strongly the
carbene is attached to the rhodium center (Scheme 6). Our calcu-
lations showed that in this mono-species the carbene is more
weakly coordinated to the rhodium than in complex 6. This in-
terpretation can be rationalised by analyzing the strength of the
RheC bond both in terms of distance and Wiberg Index.6
Scheme 6. Charge and bond analysis for complex 6 and 18.
TheWiberg index of RheC bond in complex 6 is about 9% higher
compared with the same bond of complex 18, which results in
a shorter bond length, a stronger bond (2.16 Å vs 2.20 Å, for com-
plex 6 and 18, respectively). The RheRh bond distance is less sen-
sitive to those variations because it is geometrically constrained by
Table 4
Product scope in arylation of aliphatic, aromatic and allylic aldehydes using complex 15a

Entry Aldehyde Boronic Acid

1

2

3

4

5

the bridging ligands (2.46 Å vs 2.45 Å, for complex 6 and 18, re-
spectively). Therefore the inclusion of chlorides in the backbone of
the NHC resulted in a less stable catalyst, which rapidly lost cata-
lytic efficiency in the reaction conditions due to NHC displacement.

Performing the reaction using complexes 15 and 16 with elec-
tron-withdrawing bridging ligands, secondary alcohol was
obtained almost quantitatively at 60 �C (Table 3, entries 5 and 6).
These results indicated that these complexes display a higher ac-
tivity than the previously prepared dimers 19 and 20. A control
experiment was conducted using Rh2(tfa)4 as catalyst, proving that
the N-heterocyclic carbene truly has a rate accelerating effect in
these catalytic systems (Table 3, entry 7). Exploring the reaction
conditions, we observed that other solvent systems apart from
methanol were less efficient for the process (Table 3, entries 8
and 9).

Once confirmed the high activity of complex 15, the protocol
was extended to a variety of aldehydes (Table 4). Differently from
what occurs when using standard Rh(I) complexes,2 the arylation of
Temp (�C) Product Time (h) Yield (%)

60 9 4 99

60 33 7 90

60 34 7 99

65 35 4 99

65 36 4 96

(continued on next page)



Table 4 (continued )

Entry Aldehyde Boronic Acid Temp (�C) Product Time (h) Yield (%)

6
H

O

25

65 37 3 98

7 65 38 4 97

8 65 39 18 89

9 65 40 6 95

10 65 41 4 92

10 65 41 4 92

a 0.25 mmol aldehyde, 0.025 mmol KOtBu, 0.5 mmol boronic acid, 0.5 ml MeOH
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electron-rich aldehydes is preferentially achieved when using NHC/
Rh(II) catalysts (Table 4, entries 1 and 2). The protocol was highly
successful in the arylation of a variety of aryl aldehydes (Table 4,
entries 4e8) using different boronic acids. Alkyl aldehydes, which
can easily undergo aldol condensations, were also selectively
transformed into the corresponding alcohol in yields up to 99%
Scheme 7. Competitive exper
(Table 4, entries 3 and 10). Finally, catalyst 15 exclusively afforded
1,2-addition product when a a,b-conjugated aldehyde was used as
substrate (Table 4, entry 9).

Interestingly, when using thienyl boronic acid to perform the
arylation of p-tolualdehyde, a considerable longer reaction time
was required to achieve a higher yield of secondary alcohol (Table 4,
iments with complex 15.



Table 5
DFT calculated electronic properties in the active species of complexes 15, 16, 19 and 20. Rh2 is directly attached to NHC; B3PW91/VDZP

Active species
of complex

Total charge
in Rh2

Charge in bridging
ligands

Charge
in NHC

Atomic
charge Rh1

Atomic charge
Rh2

Wiberg Index
Rh1eRh2

Wiberg Index
Rh2eC

15 1.63 �1.97 0.35 0.73 0.90 0.48 0.43
16 1.63 �1.97 0.35 0.73 0.90 0.49 0.43
19 1.63 �1.91 0.28 0.74 0.89 0.52 0.40
20 1.63 �1.91 0.28 0.74 0.89 0.52 0.40

Scheme 8. Equatorial vs axial ligands effect.
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entry 8). This fact is probably related with competitive axial co-
ordination of sulfur, which inhibits the boronic acid hydroxyl group
attachment to this position as shown in Scheme 2.

This methodology was shown to be quite efficient towards the
arylation of aldehydes bearing electro donating substituents and
alkyl aldehydes. Considering the results displayed in Table 4, aryl
aldehydes appear to be more reactive than alkyl aldehydes. This
was further demonstrated when a competitive reaction was con-
ducted with both types of aldehydes with only 1 equiv of boronic
acid (Scheme 7, Eq. 1). The product derived from the arylation of
p-tolualdehyde was preferentially formed in a ratio of 2/1.

Additional competitive experiments were conducted in order to
understand the selectivity profile of this protocol. When aceto-
phenone and 1-cyclohex-2-enonewere used in equi-stoichiometric
amounts relative to p-tolualdehyde only the aldehyde was con-
verted to the diarylmethanol and no products resulting from the
1,2- and/or 1,4- addition to 1-cyclohex-2-enone were detected.
These series of reactions highlight the high preference of this
protocol towards the arylation of aldehydes, which may be con-
ducted in a highly selectively manner in the presence of aromatic
and a,b-unsaturated ketones.

Asmentioned previously, the presence or absence of saturation in
theNHC ring proved in the past to be responsible for distinct catalytic
abilities.3 Herein, the presence of saturation on complex 16 had little
effecton the overall activity of the catalyst comparingwith catalyst15
(Table 3, entries 5 and 6). To further understand the relationship be-
tween both ligands we analyzed several electronic properties in the
active species of complexes 15,16,19 and 20 (Table 5 and Scheme 6).

Table 5 and Scheme 6 present the charge distribution calculated
by means of a Natural Population Analysis, NPA,7 for several
Scheme 9. Chiral approaches stud
fragments of the relevant species (the two metal atoms, the four
bridging ligands, and the NHC ligand). Although the calculated
charges cannot provide a full explanation of the reactivity differ-
ences observed experimentally, some interesting conclusions can
be drawn. As we shift from the molecules with acetate bridges
(complexes 19 and 20) to the trifluoroacetate species (complexes 15
and 16), the NHC donates more charge (and becomes more posi-
tive), while this is compensated by the bridging ligands, that re-
ceive the extra electron density and become more negative. The
flow of charge along the complex is represented in Scheme 8. By
this way, the rhodium centers have a passive behaviour, and the Rh2
fragment remains with the same charge in all species.
The electron flow observed from the NHC to the bridging ligands
has a direct effect on both the RheRh and the RheNHC bonds. The
NHC is forced to donatemore electron density in the complexeswith
fluorinated bridges, strengthening the RheNHC bond and, at the
sametime,weakening theRheRhbond,given theRheRhs*natureof
ied for arylation of aldehyde.
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the metal fragment orbital involved in the RheNHC bond.3a,8 These
features are fully demonstrated by the Wiberg indices presented in
Table 5. It should be noticed that, although a clear trend is presented,
these results must be takenwith caution given the small differences
of the calculated charges. The bridging ligands tend to hold at the
same distance the Rh atoms, thus making the RheRh bond distance
less sensitive to charge variations in the complex.

Following our mechanistic proposal (see Scheme 2) we envi-
sioned the possibility to prepare enantioenriched secondary alco-
hols9 performing the reaction with di-rhodium (II) complexes
bearing chiral bridging ligands and the axial NHC ligand. Therefore,
we tested several commercially available chiral di-rhodium dim-
mers with recognized efficiency in traditional di-rhodium (II)
chemistry10 (eg, CeH insertions reactions of diazo compounds), in
the arylation of aldehydes. Surprisingly, when performing the re-
action either via the in situmethodology (condition A, Scheme 9) or
using the pre-synthesised NHC ligand (condition B, Scheme 9) only
racemic alcohols were obtained (Scheme 9).

In 1996 Williams et al. showed that a mixture of Rh2(OAc)4/
phenanthroline and acetophenone promoted the racemization of
1-phenyl ethanol.11 Regarding this precedent we envisioned that
our NHC/Rh(II) system could also be involved in the secondary aryl
alcohols racemization, explaining in this way the non existence of
enantiomeric excess when using chiral di-rhodium (II) complexes.
This was confirmed when we reacted enantiopure 1-phenyl etha-
nol with our NHC/Rh (II) complexes. When using catalyst 6 it was
possible to fully racemize enantiopure 1-phenyl ethanol in 2 h only
in the presence of KOtBu (Fig. 1).
Fig. 1. Racemization of (S)-1-phenyl ethanol in presence of catalyst 6.
3. Conclusion

In summary, we were able to prepare a new family of rhodium
(II) complexes bearing NHC ligands in the axial coordination site.
The presence of electron-withdrawing bridging ligand provided the
best catalysts for this transformation, while the introduction of
electron-withdrawing groups in the imidazolidene leads to inactive
catalysts due to ligand decoordination.

Complex 15was able to catalyze the arylation of aldehydes with
boronic acids with high efficiency and considerably high group
tolerance. This group tolerance could be further extended to aro-
matic and conjugated ketones since they proved to be non reactive
under the conditions presented in this work. It was demonstrated
that aromatic aldehydes with electron donating substituents react
in more extension than alkyl aldehydes.

Studies towards the asymmetric arylation reactions allowed us
to discover that this catalytic system is also able to promote quite
efficiently the racemization of 1-phenyl ethanol.
4. Experimental

4.1. General remarks

1,2-Dimethoxyethane (DME), acetonitrile (CH3CN), toluene and
tert-amyl alcoholwere freshlydistilled over calciumhydride prior to
use. Ethyl acetate was distilled over potassium carbonate, while
methanolwas distilled frommagnesium. Tetrahydrofuranwas dried
and freshlydistilledover sodium/benzophenone. Tetrachlorocarbon
was used without any purification. Flash chromatography was car-
ried out on silica gel 60 M purchased from MN (Ref. 815381), pre-
parative thin layer chromatography plateswere preparedwith silica
gel 60 GF254 MercK (Ref. 1.07730.1000). Reaction mixtures were
analyzed by TLC using ALUGRAM� SIL G/UV254 from MN
(Ref. 818133, silica gel 60), andvisualisationof TLCspotswaseffected
using UV and phosphomolybdic acid solution. NMR spectra were
recorded in a Bruker AMX 400 using CDCl3 and C6D5CD3 as solvent
and (CH3)4Si (1H) as an internal standard. All coupling constants are
expressed in hertz. Di-rhodium catalysts were purchased from
Aldrich: Rh2(OAc)4dRhodium (II) acetate dimer; Rh2(tfa)4dRho-
dium (II) trifluoroacetate dimmer. Potassium tert-butoxide was
purified by sublimation and stored under Argon before use.

NHC ligands used were prepared following reported pro-
cedures: 1,3-bis(2,6-diisopropylphenyl) imidazolium chloride, 1,3-
bis(2,6-diisopropylphenyl) imidazolinium chloride and 1,3-bis-
(2,6-diisopropylphenyl)-4,5-dichloroimidazol-2-ylidene.12 The al-
dehydes, boronic acids and CCl4 were purchased from Aldrich and
used without further purification.

High Pressure Liquid Chromatography for the enantiomeric
excess determination was carried out using a Dionex P680 pump
equipped with a diode array detector and Chiralcel OD column.

4.2. Synthesis and characterization of complex 15

Rhodium trifluoroacetate (50 mg, 0.076 mmol) was added to
a flame dried Schlenk and suspended in freshly distilled and dried
toluene (4 ml). To this mixture was added 1,3-bis-(2,6-diisopro-
pylphenyl)-imidazol-2-ylidene12 (62 mg, 0.160 mmol). This mix-
ture was heated under 80 �C until the solution turned to red wine
colour (about 2 h). The volume was concentrated and the desired
complex was obtained as an orange powder in 80% yield (80 mg).
Further recrystallizations from toluene afforded orange single
crystals suitable for X-ray crystallography.

1H NMR (C7D8) d (ppm)¼7.27e6.99 (m, toluene), 6.67 (s, 4H),
3.37e3.30 (m, 8H), 2.15e2.11 (toluene), 1.18 (d, 24H, J¼6.6 Hz), 1.04
(d, 24H, J¼6.6 Hz); 13C NMR (C7D8) d (ppm)¼144.77, 137.79, 129.08,
128.91, 123.40, 27.96, 25.06, 22.42, 22.24. 19F NMR (C7D8) d (ppm)¼
�73.49. MS (FABþ): m/z¼1434.0, 487.0, 389.2. HMRS (FABþ): m/z
calcd 1434.3263; found 1434.3323. Mp: 250 �C (degrad.)

Crystallographic data for complex 15: C62H72F12N4O8Rh2,
fw¼1435.06,monoclinic, space group P21/c, a¼18.819(7) Å,b¼16.401
(6) Å, c¼23.035(8) Å, b¼95.759(2)�, V¼7074(4) Å3, Z¼4, T¼150 K,
rcalcd¼1.347 mg m�3, m¼0.548 mm�1, F(000)¼2936, red crystal
(0.18�0.13�0.04 mm). Of 1,07,672 reflections collected, 14,381 were
independent (Rint¼0.1746); 811 variables refined with 14381 re-
flections to final R indices R1¼0.0596, wR2 (all data)¼0.1482,
GOF¼0.962.

The diffraction data for this complex is poor due to its low dif-
fraction and quality of the crystals.

4.3. Synthesis and characterization of complex 16

Rhodium trifluoroacetate (50 mg, 0.076 mmol) was added to
a flame dried Schlenk and suspended in freshly distilled and dried
toluene (4 ml). To this mixture was added 1,3-bis-(2,6-diisopro-
pylphenyl)-imidazolin-2-ylidene12 (63 mg, 0.160 mmol). This
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mixture was heated under 80 �C until the solution turned to red
wine colour (about 2 h). The volume was concentrated and the
desired complex was obtained as an orange powder in 70% yield
(71 mg). Due to some instability it was not possible to obtain this
complex free of impurities by recrystallization after the reaction.
The presence of impurities can be detected in 1H NMR.

1H NMR (C7D8) d (ppm)¼7.27e6.97 (m, toluene), 3.78 (s),
3.64e3.60 (m), 2.09e2.08 (toluene), 1.28e1.06 (dd); 13C NMR
(C7D8) d (ppm)¼147.62, 142.00, 129.34, 128.92, 123.58, 49.40, 28.19,
27.71, 24.12. 19F NMR (C7D8) d (ppm)¼�73.96.

4.4. Synthesis and characterization of complex 17

Rhodium tetraacetate (50 mg, 0.11 mmol) was added to a flame
dried Schlenk and suspended in freshly distilled and dried toluene
(4 ml). To this mixture was added 1,3-bis-(2,6-diisopropylphenyl)-
4,5-dichloroimidazol-2-ylidene12 (110 mg, 0.24 mmol). This mix-
ture was heated under 80 �C until the solution turned to red wine
colour (about 2 h). The volume was concentrated and the desired
complex was obtained as an orange powder in 90% yield (130 mg).
Further recrystallizations from toluene afforded orange single
crystals suitable for X-ray crystallography.

1H NMR (C7D8) d (ppm)¼7.21e7.01 (m, toluene), 3.40e3.35 (m,
4H), 2.14e2.11 (m, toluene), 1.28 (d, 12H, J¼6.6 Hz), 1.04 (br d, 18H,
J¼6.6 Hz); 13C NMR (C7D8) d (ppm)¼189.23, 146.60, 137.09, 135.20,
129.09, 122.93, 118.76, 28.13, 23.88, 23.17, 20.80. MS (FABþ):
m/z¼1356.9, 897.9. Anal. Calcd for C62H72Cl4N4O8Rh2: C, 54.88; H,
5.94; N, 4.13. Found: C, 54.87; H, 6.05; N, 4.11. Mp: 250 �C (degrad.)

Crystallographic data for complex 17: C62H80Cl4N4O8Rh2,
fw¼1356.92, monoclinic, space group C2/c, a¼29.3020(7) Å,
b¼11.4810(4), c¼21.0850(5) Å, b¼101.332(6)�, V¼6955.1(3) Å3,
Z¼4, T¼150 K, rcalcd¼1.296 mg m�3, m¼0.678 mm�1, F(000)¼2808,
orange crystal (0.45�0.30�0.20 mm). Of 69,787 reflections col-
lected, 12,144 were independent (Rint¼0.1333); 372 variables re-
fined with 12144 reflections to final R indices R1¼0.0458, wR2 (all
data)¼0.1097, GOF¼0.932.

4.5. Synthesis and characterization of complex 18

Complex 17 (0.150 g,1.11�10�1 mmol) was eluted by preparative
thin layer chromatography (30% ethyl acetate in hexanes) yielding
the respective mono-complex 18 (0.084 g, 85% yield). The mono-
complex formation is observed by immediately change of colour
from orange to purple colour in the plate.

1H NMR (C7D8) d (ppm)¼7.13e6.99 (m, toluene), 3.29e3.24 (m,
4H), 2.15e2.12 (toluene),1.34 (br s,12H),1.25 (d,12H, J¼6.6 Hz),1.08
(d, 12H, J¼6.6 Hz); 13C NMR (C7D8) d (ppm)¼188.57, 146.27, 137.40,
134.51, 129.68, 123.25, 119.23, 28.33, 23.91, 23.41, 22.70. MS (FABþ):
m/z¼897.9, 457.1. HMRS (FABþ): m/z calcd 898.0741; found
898.0745. Mp: 250 �C (degrad.)

4.6. General procedure for the catalyst and solvent screening
in arylation of p-methoxybenzaldehyde; Table 3

Catalyst (2.50�10�3 mmol, 1 mol %) was weighted into a flamed
dried round bottom flask equipped with a condenser and under ar-
gon atmosphere. Solvent (0.5ml)was added and the suspensionwas
stirred at room temperature for 5 min then, phenylboronic acid
(61.00 mg, 0.50 mmol, 2 equiv), KOtBu (2.80 mg, 2.5�10�2 mmol,
10mol %). In case of the reaction usingDME/water as solvent system,
the water is added before the 4-methoxybenzaldehyde (34.00 mg,
0.25 mmol). The resulting mixture was stirred at 60 �C for different
periods of time. The end of the reaction was determined by TLC
analysis when the aldehyde was fully consumed. The reaction mix-
ture was concentrated under reduced pressure and the residue was
purified by preparative thin layer chromatography (ethyl acetate/
hexane), yielding the desired secondary alcohol as a slightly yellow
oil, which crystallized upon standing at low temperature (fridge).

4.7. General procedure for the substrate scope in arylation of
aliphatic, aromatic and allylic aldehydes using complex 15;
Table 4

Complex 15 (3.60 mg, 2.50�10�3 mmol, 1 mol %) was weighted
into a flamed dried round bottom flask equipped with a condenser
and under argon atmosphere. Methanol (0.5 ml) was added and the
suspensionwas stirred at room temperature for 5min then, boronic
acid (0.50 mmol, 2 equiv), KOtBu (2.80 mg, 2.5�10�2 mmol,
10 mol %), followed by the desired aldehyde (0.25 mmol). The
resulting mixture was stirred at 60 �C or 65 �C for different periods
of time depending on the reactants. The end of the reaction was
determined by TLC analysis when the aldehyde was fully con-
sumed. The reaction mixture was concentrated under reduced
pressure and the residue was purified by preparative thin layer
chromatography (ethyl acetate/hexane), yielding the desired sec-
ondary alcohol as a slightly yellow oil, which crystallized upon
standing at low temperature (fridge).

4.8. General procedure for competitive experiments

Complex 15 (3.60 mg, 2.50�10�3 mmol, 1 mol %) was weighted
into a flamed dried round bottom flask equipped with a condenser
and under argon atmosphere. Methanol (0.5 ml) was added and the
suspensionwas stirred at room temperature for 5 min then, phenyl-
boronic acid (0.25 mmol, 1 equiv), KOtBu (2.80 mg, 2.5�10�2 mmol,
10mol%), followedby thedesiredequimolaramountsof aldehydes or
aldehyde and ketone. The resulting mixture was stirred at 65�C for
16 h. The crude reactionwas analyzed by TLC and NMR.

4.9. General procedure for the enantioselective arylation
reactions by conditions A

Chiral Rh (II) catalyst (7.50�10�3 mmol, 3 mol %) was weighted
into a flamed dried round bottom flask equipped with a condenser
and under argon atmosphere. tert-Amyl alcohol (0.5 ml) was added
and the suspension was stirred at room temperature for 5 min.
Then, phenylboronic acid (61.00 mg, 0.50 mmol), ligand 4 or 5
(7.50�10�3 mmol, 3 mol %), KOtBu (28.00 mg, 0.25 mmol) and al-
dehyde (0.25 mmol) were successively added. The resulting mix-
ture was stirred at 60 or 80 �C for different periods of time (2e6 h).
The reaction mixture was concentrated under reduced pressure
and the residue was purified by preparative thin layer chroma-
tography (ethyl acetate/hexane), yielding the desired secondary
alcohol, which crystallized upon standing at low temperature
(fridge). The residue was analyzed by chiral HPLC.

4.10. General procedure for the enantioselective arylation
reactions by conditions B

Ligand 4 or 5 (7.50�10�3 mmol, 3 mol %) and KOtBu (2.80 mg,
10 mol %) were reacted in THF to 2 h. Then, the solvent was evap-
orated and the residue dissolved in dry toluene (1 ml) and added
(filtration through Celite) to a solution of chiral Rh (II) catalyst
(7.50�10�3 mmol, 3 mol %) in toluene (1 ml). The colour change
occurs readily upon heating at 60 �C, indicating the coordinating of
the ligand. The solvent is removed under reduced pressure and the
catalyst dissolved in tert-amyl alcohol (0.5ml). Then, phenylboronic
acid (61.00 mg, 0.50 mmol), KOtBu (2.80 mg, 10 mol %) and alde-
hyde (0.25 mmol) were successively added. The resulting mixture
was stirred at 60 or 80 �C for different periods of time (2e6 h). The
reactionmixturewas concentrated under reduced pressure and the
residue was purified by preparative thin layer chromatography
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(ethyl acetate/hexane), yielding the desired secondary alcohol,
which crystallized upon standing at low temperature (fridge). The
residue was analyzed by chiral HPLC.

4.11. General procedure for the kinetic studies of the
racemization reaction

To a solution of complex 6 (1mol %) in tert-amyl alcohol (2.5ml),
was added KOtBu (10 mol %) and 1-phenyl ethanol (1 equiv). The
mixturewas allowed to react at 80 �C and samples were collected at
the given times and analyzed by chiral HPLC. Chiralcel OD column,
eluent: 10% isopropanol in hexane, acetophenone Rf¼6.6min, (R)-1-
phenyl ethanol Rf¼10.2 min and (S)-1-phenyl ethanol Rf¼12.9 min.

4.12. Computational details

Calculations were performed using the Gaussian 98 software
package13 and the B3PW91 hybrid functional, without symmetry
constraints. That functional includes a mixture of HartreeeFock14

exchange with DFT exchange-correlation,15 given by Becke’s three
parameter functional16 with Perdew and Wang’s 1991 gradient-
corrected correlation functional.17 The LanL2DZ basis set18 aug-
mented with an f-polarization function19 was used for Rh, and
a standard 6-31G(d,p)20 for the remaining elements. A Natural
Population Analysis (NPA)7 and the resulting Wiberg indices6 were
used for a detailed study of the electronic structure and bonding of
the optimized species. Atomic coordinates for all optimized struc-
ture are in the Supplementary data.

4.13. Crystallographic data

Crystallographic data (excluding structure factors) for the
structure(s) reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publi-
cation no. CCDC 741791 and CCDC 741792. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK [fax.: (internet.)þ441223/336 033; e-mail:
deposit@ccdc.cam.ac.uk].
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