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The activity of well-defined 16-electron ruthenium complexes bearing anN-heterocyclic carbene ligand
in the racemization of chiral alcohols is reported. Mechanistic considerations are also presented.

Introduction

Racemization reactions are intricate components of proto-
cols making use of chiral synthons in synthesis.1 More specifi-
cally, in the field of dynamic kinetic resolution (DKR), a
racemization catalyst is directly introduced into a kinetic
resolution reaction, allowing the complete conversion of the
racemic substrate into an enantiomerically pure derivative.2

Nevertheless, the development of new catalysts able to race-
mize substrates under mild conditions remains a challenge.

The best performing catalysts enabling alcohol racemiza-
tion3 are based on ruthenium,4,5 and among these, the Shvo
catalyst (A, Figure 1)6,7 has been successfully applied to
racemization reactions as part of DKR processes as dis-
closed by B€ackvall.8 The activity of the dimeric A involves,
upon thermal activation, the liberation of two ruthenium
species: an 18-electron ruthenium(II) complex A1 and a
16-electron ruthenium(0) complex A2 (Figure 1).6 Transfer
dehydrogenation of a chiral alcohol by A2 yields the corres-
ponding ketone which then undergoes a non-stereoselective
transfer hydrogenation reaction mediated by A1, leading to
the corresponding racemized alcohol.9 Park et al. have
developed a family of 18-electron ruthenium(II) complexes
analogous to the A1 monomer of the Shvo catalyst
and applied them to racemization in DKR reactions (B,
Figure 1).10B€ackvall has reported11 a remarkable 18-electron
ruthenium(II) catalyst analogue of A1 (C, Figure 1) able to
racemize alcohol at rt within minutes.12 Racemization cata-
lysts derived from the Shvo catalyst are based on monomer

(1) Ebbers, E. J.; Ariaans, G. J. A.; Houbiers, J. P. M.; Bruggink, A.;
Zwanenburg, B. Tetrahedron 1997, 53, 9417–9476.

(2) For reviews on DKR: (a) Huerta, F. F.; Minidis, A. B. E.; B€ackvall,
J.-E. Chem. Soc. Rev. 2001, 30, 321–331. (b) Pamies, O.; B€ackvall, J.-E.
Chem. Rev. 2003, 103, 3247–3261. (c) Pellissier, H. Tetrahedron 2008, 64,
1563–1601.

(3) For selected examples of alcohol racemization catalysts: (a) Dinh,
P. M.; Howarth, J. A.; Hudnott, A. R.; Williams, J. M. J.; Harris, W.
Tetrahedron Lett. 1996, 37, 7623–7626. For Al: (b) Berkessel, A.;
Sebastian-Ibarz, M. L.; M€uller, T. N. Angew. Chem., Int. Ed. 2006, 45,
6567–6570. For Ir: (c) Jerphagnon, T.; Gayet, A. J. A.; Berthiol, F.; Ritleng,
V.; Mrsic, N.; Meetsma, A.; Pfeffer, M.; Minnaard, A. J.; Feringa, B. L.;
De Vries, J. G. Chem.;Eur. J. 2009, 15, 12780–12790. For Rh: (d) Marr,
A. C.; Pollock, C. L.; Saunders, G. C. Organometallics 2007, 26, 3283–3285.
For V: (e) Wuyts, S.; Wahlen, J.; Jacobs, P. A.; De Vos, D. E. Green Chem.
2007, 9, 1104–1108. For non-metal-catalyzed racemization: (f) Wuyts, S.;
De Temmerman, K.; De Vos, D. E.; Jacobs, P. A. Chem.;Eur. J. 2005, 11,
386–397. For a review on enzymatic racemization: (g) Schnell, B.; Faber, K.;
Kroutil, W. Adv. Synth. Catal. 2003, 345, 653–666.

(4) For a review on racemization catalysts in DKR: (a) Ahn, Y.; Ko,
S.-B.; Kim, M.-J.; Park, J. Coord. Chem. Rev. 2008, 252, 647–658. For a
review on ruthenium-based racemization catalysts: (b) Karvembu, R.;
Prabhakaran, R.; Muthu Tamizh, M.; Natarajan, K. C. R. Chim. 2009, 12,
951–962. See also: (c) Mavrynsky, D.; Sillanpaa, R.; Leino, R. Organo-
metallics 2009, 28, 598–605.

(5) Other organometallic species can facilitate racemization processes.
For examples of Ir-based systems, see: (a) Stirling, M.; Blacker, A. J.; Page,
M. I.TetrahedronLett. 2007, 48, 1247–1250. (b) Blacker, A. J.; Stirling,M. J.;
Page,M. I.Org. Process Res. Dev. 2007, 11, 642–648. (c) Corber�an, R.; Peris,
E. Organometallics 2008, 27, 1954–1958.
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Soc. 1986, 108, 7400–7402.
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2005, 249, 911–918.

(8) Larsson, A. L. E.; Persson, B. A.; B€ackvall, J.-E. Angew. Chem., Int.
Ed. 1997, 36, 1211–1212.

(9) (a) Casey, C. P.; Singer, S.W.; Powell, D. R.; Hayashi, R.K.; Kavana,
M. J. Am. Chem. Soc. 2001, 123, 1090–1100. (b) Casey, C. P.; Beetner, S. E.;
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J. Angew. Chem., Int. Ed. 2002, 41, 2373–2376. (b) Choi, J. H.; Choi, Y. K.;
Kim, Y. H.; Park, E. S.; Kim, E. J.; Kim,M.- J.; Park, J. J. Org. Chem. 2004,
69, 1972–1977.
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(12) Csjernyik, G.; Bogar, K.; B€ackvall, J.-E. Tetrahedron Lett. 2004, 45,
6799–6802.



2040 J. Org. Chem. Vol. 75, No. 6, 2010

JOCArticle Bosson and Nolan

A1, and to the best of our knowledge, no examples of
racemization reactions mediated by well-defined 16-electron
ruthenium complexes similar to A2 have been reported.13

Herein, we report the use of a family of well-defined
16-electron ruthenium catalysts in chiral alcohol racemiza-
tion (Figure 1). These well-defined ruthenium(II) complexes
represent rare examples of the use ofN-heterocyclic carbene
(NHC) ligands in racemization reactions.14,15

Results and Discussion

The study begins with the working hypothesis that if
16-electron complexes are involved in the racemization
reactions mediated by the Shvo catalyst, as a 16-electron
is formed upon scission of the dimeric Shvo catalyst,
then maybe simple well-defined complexes adopting the
16-electron configuration might themselves exhibit catalytic
activity. Having examined the thermochemistry and synthesis
of well-defined 16-electron complexes in the past,16 the family
of ruthenium complexes examined was the one evolving from
the simple tetramer [Cp*RuCl]4 (D)17 scission reactions with
sterically demanding ligands. The model reaction examined is
the racemization of (S)-1-phenylethanol (S-1) (Table 1).
Whereas the use of D led to 38% racemization after 30 min

(Table 1, entry 1), which was in itself promising, the use of
[Cp*Ru(PiPr3)Cl](E)

18 increased the racemizationyield to80%
(Table 1, entry 2). The first attempts using NHC-bearing
ruthenium catalyst employing N,N0-di(adamantyl)imidazol-
2-ylidene (IAd, complex F)19 as a ligand were disappointing
(Table 1, entry 3), but the use of the less sterically hin-
dered NHC N,N0-2,6-di-iso-propylphenylimidazol-2-ylidene
(IPr, complex G)19 increased the racemization to 44%
(Table 1, entry 4). Surprisingly, N,N0-dimesitylimidazol-2-yli-
dene (IMes) exhibited low reactivity (complex H,20 Table 1,
entry 5), but N,N0-dicyclohexylimidazol-2-ylidene (ICy, com-
plex I)19 led to complete racemization within 30 min, high-
lighting a dramatic ligand effect (Table 1, entry 6).

Interestingly, by increasing the reactant concentration,
good conversions could be achieved with a reduced catalyst
loading of 2 mol % (Table 1, entry 7).

In order to rationalize the ligand effect observed, we
examined the steric and electronic properties of the NHCs
involved in this study (Figure 2). Electronic properties are
gauged by analysis of the infrared bands associated with the
CO stretching in the corresponding Ni(CO)3(NHC) com-
plexes, which are reported in Table 2.19 For the Ni(CO)3-
(IAd) IR data, the carbonyl stretching frequency was deter-
mined by interpolation of an existing relationship.21,22 The
steric properties of the NHC ligands were quantified from
their percent buried volume (%VBur).

23 Some of these values
have been previously reported.24 Here, they were calculated

FIGURE 1. Ruthenium complexes involved in alcohol racemiza-
tion.

TABLE 1. Optimization of the Racemization Reaction Conditionsa

entry catalyst mol % conc (M) racb (%)

1 D [Cp*RuCl]4 5c 0.1 38
2 E [Cp*Ru(P-i-Pr3)Cl] 5 0.1 80
3 F [Cp*Ru(IAd)Cl] 5 0.1 29
4 G [Cp*Ru(IPr)Cl] 5 0.1 44
5 H [Cp*Ru(IMes)Cl] 5 0.1 13
6 I [Cp*Ru(ICy)Cl] 5 0.1 >99
7 I [Cp*Ru(ICy)Cl] 2 0.5 >99
aReaction on 0.25 mmol of alcohol. bRacemization determined by

chiral stationary-phase HPLC, average of two runs. c1.25 mol % of
tetramer was used.

FIGURE 2. N-Heterocyclic carbenes (NHC) used in this study.

(13) (a) One example of a 16-electron ruthenium complex, a derivative of the
Noyori catalyst, has been patented for the DKR reaction: Verzijl, G. K.; De Vries,
J. G.; Broxterman, Q. B. WO/2001/090396, 2001. (b) The activity of a putative
16-electron ruthenium species has been reported in alcohol racemization: Ito, M.;
Osaku, A.; Kitahara, S.; Hirakawa, M.; Ikariya, T. Tetrahedron Lett. 2003, 44,
7521–7523.

(14) For rare examples of NHC in racemization reaction with Rh and Ir,
see refs 3d and 5c.

(15) For uses of NHC ligands in late-transition-metal catalysis, see:
Dı́ez-Gonz�alez, S.; Marion,N.; Nolan, S. P.Chem. Rev. 2009, 109, 3612–3676.

(16) (a) Luo, L.; Nolan, S. P.Organometallics 1994, 13, 4781–4786. (b) Li,
C.; Luo, L.; Fagan, P. J.;Marshall,W. J.; Nolan, S. P.Organometallics 1996,
15, 3456–3462.

(17) Fagan, P. J.; Ward, M. D.; Caspar, J. V.; Calabrese, J. C.; Krusic,
P. J. J. Am. Chem. Soc. 1988, 110, 2981–2983.

(18) Campion, B. K.; Heyn, R. H.; Tilley, T. D. J. Chem. Soc., Chem.
Commun. 1988, 278–280.

(19) (a) Huang, J.; Schanz, H.-J.; Stevens, E. D.; Nolan, S. P. Organo-
metallics 1999, 18, 2370–2375. (b) Jafarpour, L.; Stevens, E. D.; Nolan, S. P.
J. Organomet. Chem. 2000, 606, 49–54.

(20) Huang, J.; Stevens, E. D.; Nolan, S. P.; Petersen, J. L. J. Am. Chem.
Soc. 1999, 121, 2674–2678.

(21) Dorta, R.; Stevens, E. D.; Scott, N. M.; Costabile, C.; Cavallo, L.;
Hoff, C. D.; Nolan, S. P. J. Am. Chem. Soc. 2005, 127, 2485–2495.

(22) Gusev, D. G. Organometallics 2009, 28, 6458–6461.
(23) For a review on %VBur, see: Clavier, H.; Nolan, S. P. Chem.

Commun. 2010, 46, 841–861.
(24) Hillier, A. C.; Sommer, W. J.; Yong, B. S.; Petersen, J. L.; Cavallo,

L.; Nolan, S. P. Organometallics 2003, 22, 4322–4326.
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using the crystallographically determined Ru-(NHC) bond
distance and the SambVca Web-based application (see
the Supporting Information).25 We also compared the steric
properties of those NHCs with the newly defined r para-
meter, which is a measure of the direct repulsive interactions
between the NHC and the carbonyl ligands of Ni(CO)3-
(NHC).22

The steric hindrance of the NHC ligands tested appears to
play a major role in the racemization efficiency. The ligand
steric properties (%VBur) clearly highlight that the smallest
NHC (i.e., ICy, Table 2, entry 4) is themost efficient ligand in
racemization reaction among the NHCs evaluated. The
NHCs examined are all excellent σ donors and the electronic
property variations observed, which are small, do not satis-
fyingly explain the relative reactivity of ICy versus that of its
larger congeners (Table 2). A similar trend in NHC steric vs
electronic properties has been observed in the ruthenium-
catalyzed oxidation of alcohols to amides26 and in iridium-
NHC-based transfer hydrogenation reactions.27 No correla-
tion between the r parameter and the catalyst activity is
apparent.

With the optimized racemization conditions in hand, a
short reaction scope was next examined. As mentioned, (S)-
phenylethanol (S-1) was converted to the racemic formof the
alcohol within 30min with an isolated yield of 92% (Table 3,
entry 1). (S)-2-Naphthylethanol (S-2) was also effectively
racemized (Table 3, entry 2). For (R)-p-chlorophenylethanol
(R-3), 90% racemization was reached with a good yield
(Table 3, entry 3), suggesting a noticeable detrimental influ-
ence of this electron-withdrawing group on the reaction.
Heating the reaction for 2 h at 50 �C was required to obtain
55% racemization of the sterically hindered and electron-
poor (S)-o-bromophenylethanol (S-4, Table 3, entry 4).
More remarkably, the aliphatic (S)-octan-3-ol (S-5) was
racemized within 30 min (Table 3, entry 5), whereas in the
case of its electron-poor counterpart (S)-3-benzyloxypropan-
2-ol (S-6), 67% racemization was reached but heating was
required (Table 3, entry 6).

Focusing on the reaction mechanism, the ruthenium tert-
butoxide complex, obtainedby treatment of [Cp*Ru(ICy)Cl]
with NaO-t-Bu, is believed to be an intermediate in the
racemization reaction (Scheme 1). NMR data are consis-
tent with such an intermediate as is clearly shown by
the resonances attributed to the novel alkoxide species in
Figure 3 (top).27a

Alcohol racemizationsmediated by catalystsA,B, orC are
proposed to proceed through the oxidation of the chiral
alcohol to the corresponding ketone and then its reduction
back to the alcohol in a non-stereoselective manner.9a,10b,28b

This oxidation-reduction pathway can be achieved through
an “outer sphere” or through an “inner sphere” pathway. In
the so-called “outer sphere” path, the intermediate ketone is

TABLE 2. Electronic and Steric Properties of the Involved NHC

entry NHC νCO
a (cm-1) %VBur

b r parametera rac (%)

1 IAd 2045.8 34.0 8.0 29
2 IPr 2051.5 31.2 1.8 44
3 IMes 2050.7 31.4 1.5 13
4 ICy 2049.6 25.6 1.6 >99
aDertermined in Ni(CO)3(NHC). bDetermined in [Cp*Ru(NHC)Cl]

complexes using SambVca.

TABLE 3. Scope of the Racemization Reactiona

aReaction conditions: 1.00 mmol of substrate; catalyst loading, 2 mol
%; base, 2 mol %; concentration, 0.5 M. bRacemization determined by
chiral stationary-phaseHPLC, average of two runs. cIsolated yields after
flash chromatography, average of two runs. dReaction mixture stirred
2 h at 50 �C. eDetermined by chiral HPLC after conversion to the
corresponding benzyl ester.

SCHEME 1. Formation of the Ruthenium tert-Butoxide
Complex I1

(25) https://www.molnac.unisa.it/OMtools/sambvca.php. See also: Poater,
A.; Cosenza, B.; Correa, A.; Giudice, S.; Ragone, F.; Scarano, V.; Cavallo, L.
Eur. J. Inorg. Chem. 2009, 1759-1766.

(26) (a) Nordstrom, L. U.; Vogt, H.; Madsen, R. J. Am. Chem. Soc. 2008,
130, 17672–17673. (b) Ghosh, S. C.; Muthaiah, S.; Zhang, Y.; Xu, X.; Hong,
S. H. Adv. Synth. Catal. 2009, 351, 2643–2649.

(27) (a) Hillier, A. C.; Lee, H. M.; Stevens, E. D.; Nolan, S. P. Organo-
metallics 2001, 20, 4246–4252. (b) Vazquez-Serrano, L. D.; Owens, B. T.;
Buriak, J. M. Chem. Commun. 2002, 2518–2519.

(28) (a) Martin-Matute, B.; Aberg, J. B.; Edin, M.; B€ackvall, J.-E.
Chem.;Eur. J. 2007, 13, 6063–6072. (b) Martin-Matute, B.; Edin, M.;
Bogar, K.; Kaynak, F. B.; B€ackvall, J.-E. J. Am. Chem. Soc. 2005, 127,
8817–8825. (c) Nyhlen, J.; Privalov, T.; B€ackvall, J.-E. Chem.;Eur. J. 2009,
15, 5220–5229. (d) Aberg, J. B.; Nyhlen, J.; Martin-Matute, B.; Privalov, T.;
B€ackvall, J.-E. J. Am. Chem. Soc. 2009, 131, 9500–9501.
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not coordinated to the metallic species, whereas in the so-
called “inner sphere” path, the intermediate ketone is not
released in the reaction mixture but stays coordinated to the
metal catalyst.29 To assign the reaction pathway of the
racemization reaction mediated by the 16-electron ruthe-
nium species examined here, we conducted a racemization
experiment on a 1:1 mixture of S-1 and p-tolyl methyl ketone
7 (Figure 4).

While an “outer sphere” mechanism would lead to the
formation of four compounds in stoichiometric amounts, an
“inner sphere”mechanismwould only allow for the racemiza-
tion of the alcohol. The ketone would remain a spectator of
the reaction.28b In our case, this reaction led to the complete
racemization of S-1 within 30 min and without formation
of any byproducts. The ketone remained unreacted, and the
alcohol/ketone ratio was maintained constant during the
process, ruling out an “outer sphere” mechanism.

We next examined whether the vacant site on the ruthe-
nium center, i.e., formation of a 16-electron complex form,
was compulsory to catalyze the racemization or whether the
reaction could proceed through a η5 f η3 ring slippage, as
possibly involvedwith the 18 electron rutheniumcomplexes.28c

Casey et al. reported that addition of 1 equiv of pyridine on a
16-electron ruthenium complex leads to the incorporation of
the pyridine into the coordination sphere of the metal center,

forming an 18-electron ruthenium complex.30We investigated
the consequences of the addition of pyridine into the reaction
mixture (Table 4).

Addition of pyridine into the reaction mixture concomi-
tant with the addition of the chiral alcohol led to a dramatic
decrease of the racemization rate over the time (Table 4,
entry 1). Moreover, addition of pyridine after the beginning
of the racemization reaction resulted in almost halting the
racemization process (Table 4, entry 2). This indicates that
the vacant site on the ruthenium center is essential for the
reaction to proceed.We strongly favor the simple occupation
of pyridine to the existing vacant site rather than the pyridine
binding a vacant site generated by η5 f η3 ring slippage
which would be a much higher energy process.

The reactionmechanism for the racemizationmediated by
complex B is proposed to involve a metal hydride intermedi-
ate in conjunction with a ligand assistance.10b,31 Despite
intensive investigation on complexC (Figure 1), the reaction
mechanism remains unclear and is suggested to involve an
unusual ligand participation.28 Nevertheless, a recent report
suggests the occurrence of a vacant site on themetal center.32

In the present case, ancillary ligand assistance appears un-
likely, and we propose the involvement of a metal hydride
intermediate33 in the context of an inner sphere mechanism
mediated by a 16-electron species with a vacant site at the
metal center. Ruthenium tert-butoxide complex I1 would
undergo an alkoxide group exchange with the alcohol sub-
strate, yielding the chiral ruthenium complex I2. Hydride
migration from the alkoxide ligand to the vacant site at the
metal center would lead to the formation of an 18-electron
ruthenium complex I3. Rotation of the ketone around
the Ru-O bond in I3 would allow the hydride migration
from the metal center to the carbonyl to proceed in a non-
stereoselective manner, yielding the racemic ruthenium com-
plex I4 (Scheme 2).

FIGURE 3. 1H NMR data for Cp*Ru(ICy)Cl (bottom) and
Cp*Ru(ICy)(O-t-Bu) (top).

FIGURE 4. Experiment supporting the “inner sphere” pathway.

TABLE 4. Addition of Pyridine to a Racemization Reaction

entry rac after 15 mina (%) rac after 30 mina (%)

1b 31 33
2c 55 60

aRacemization determined by chiral stationary phaseHPLC, average
of two runs. bAddition of pyridine concomitant with the alcohol.
cAddition of pyridine after 2 min of reaction.

(29) Samec, J. S. M.; B€ackvall, J.-E.; Andersson, P. G.; Brandt, P. Chem.
Soc. Rev. 2006, 35, 237–248.

(30) Casey, C. P.; Strotman, N. A.; Beetner, S. E.; Johnson, J. B.; Priebe,
D. C.; Guzei, I. A. Organometallics 2006, 25, 1236–1244.

(31) (a) Casey, C. P.; Johnson, J. B.; Singer, S. W.; Cui, Q. J. Am. Chem.
Soc. 2005, 127, 3100–3109. For a review on bifunctional catalysts, see: (b)
Ikariya, T.; Blacker, A. J. Acc. Chem. Res. 2007, 40, 1300–1308. For other
ruthenium catalysts in hydrogen transfer reactions, see: (c) Hashiguchi, S.;
Fujii, A.; Haack, K.-J.; Matsumura, K.; Ikariya, T; Noyori, R. Angew.
Chem., Int. Ed. 1997, 36, 288–290. (d) Ito, M.; Shibata, Y.; Watanabe, A.;
Ikariya, T. Synlett 2009, 1621–1626.

(32) Aberg, J. B.; Warner, M. C.; B€ackvall, J.-E. J. Am. Chem. Soc. 2009,
131, 13622–13624.

(33) For reviews on ruthenium hydride complexes, see: (a) Clapham, S.
E.; Hadzovic, A.;Morris, R. H.Coord. Chem. Rev. 2004, 248, 2201–2237. (b)
Lau, C. P.; Ng, S. M.; Jia, G.; Lin, Z. Coord. Chem. Rev. 2007, 251, 2223–
2237.
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Conclusion

We have reported here the use of 16-electron NHC- and
phosphine-containing ruthenium(II) complexes as effective
catalysts in the racemization reaction of chiral alcohols and
as an alternative to the currently 18-electron ruthenium(II)
complexes used. One of these catalysts proved to be highly
efficient in the racemization of benzylic and aliphatic alco-
hols at low catalyst loadings. The steric hindrance of the
NHC ligand bound to ruthenium appears to be the principal

factor influencing reaction rate, and the smallest NHC with-
in the series investigated (ICy) was found to be the best
enabler for this transformation. The proposed mechanism
and these early catalytic racemization results pave the way
for a detailed study of the factors governing this apparently
“straightforward” racemization process.

Experimental Section

General Procedure for Alcohol Racemization. In a glovebox, a
4mL vial capped with a septum is charged with [Cp*Ru(ICy)Cl]
(10 mg, 0.02 mmol), NaO-t-Bu (2 mg, 0.02 mmol), and toluene
(2 mL). Outside of the glovebox, after 10 min of stirring, the
chiral alcohol (1.00 mmol) was added by syringe to the reaction
mixture. This was then stirred for 30 min at rt. After this time,
the reaction mixture was filtered through silica gel and evapo-
rated to dryness. The crude material was purified by flash
chromatography on silica gel (pentane/ethylacetate 9:1).
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SCHEME 2. Proposed Mechanism for the Racemization of

Chiral Alcohols


