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ABSTRACT

The first second-generation designer Ru(II) catalyst 1b featuring an enantiopure N,C-(N-ethylene-N-methyl-sulfamoyl)-tethered (DPEN-κ2N,N0)/η6-
toluene hybrid ligand is introduced. Using an S/C = 1000 in HCO2H�Et3N 5:2 transfer hydrogenation medium, secondary 1-naphthyl alcohols are
obtained in up to >99.9% ee under mild conditions. Mechanistic factors are discussed.

Operational simplicity and safety aspects of asymmetric
transfer hydrogenation (ATH) promoted by Ru(II),
Rh(III), or Ir(III) complexes of chiralN-based ligands favor
this cost-effective and viable alternative for the production
of enantiopure bioactive ingredients or their compo-
nents.1 Noyori, Ikariya and co-workers’ well-defined chi-
ral [RuCl(TsDPEN)(η6-arene)] complexes (in the complex,
TsDPEN=2-(N-tosylamido)-1,2-diphenylethylamine) have
indeliblymarked this technology on both the fundamental

and applied levels.1,2 With (S,S)- and (R,R)-1,2-dipheny-
lethylenediamine (DPEN) equally commercially available,
enantioenriched secondary alcohols are accessed via ketone
reduction under mild conditions in the HCO2H�Et3N
binary mixture as the H-donor source.3

Following novel design concepts coupled with judicious
refinements of the derived original bifunctional catalyst
prototype,2 boosted catalytic systems in terms of both
activity and enantioselectivity were discovered (Figure 1).
The latest significant innovation was by Wills et al. who
introduced ansa-type Ru(II) complexes wherein the enan-
tiopure diamine-based ligands and the η6-arene unit are
eitherN,C-ethylenesulfonyl- orN1,C-propylene-tethered.4

Compared to the latter design, the former was also diver-
sified but displayed inferior results.4f By analogy, Ikariya
et al. prepared the Ts-DENEB variant which possesses an
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“oxygen atom-doped” N1,C-3-oxabutylene-tether.5 The
presented advantage of the intracovalently tethered units
(ansa-bridge) is a prolonged life span of the active catalytic
species due to the persistent imposed coordination of the
otherwise labile η6-arene, benefiting from the strong chela-
tion of the sulfonamido-amine anchor. This results in a
reinforced collective three-point ligation of the conjugate
ligand to the Ru core thereby decreasing the overall
structure flexibility and rigidifies the stereoarray of the
catalyst.

Thehighlight of ourparticipation in theATHresearcharea
was the introduction of {RuCl[N-(N,N-dialkylsulfamoyl)-
DPEN](η6-arene)}-type complexes, wherein N,N-dialkyl-
sulfamoyl=Me2NSO2 or (CH2)5NSO2, and the extension
of the substrate scope to fluoroalkyl ketones.6 Herein we
present a N,C-(N-ethylene-N-methyl-sulfamoyl)-tethered
(DPEN-κ2N,N0)/η6-toluene version (ansa-Ru(II) complex
1a), with functionalitiesmimicking those of originalRu(II)
complexes, and its application in the ATH of the notori-
ously challenging 1-naphthyl ketones. Notably, (S)-1-
(1-naphthyl)ethanol prepared via biocatalysis served
as s pharma-intermediate for an HMG-CoA reductase

inhibitor.7 Hence, the corresponding enantiopure alcohols
constitute potential key chiral building blocks.8

The active ansa-Ru(II) complex 1b incorporating the
newhybrid preligand5was readily prepared relying upona
concise strategy outlined in Scheme 1. The latter conjugate
was assembled by SO2-pairing the enantiopure (S,S)-
DPEN and the Birch-reduced N-[2-(4-methyl-cyclohexa-
1,4-dienyl)ethyl]methylamine (2) via an iterative step-
wise activation-SN2 displacement by the incoming amine
starting from N,N0-sulfuryl-bis(2-methylimidazole).9 Use
of the 2-methyl-substituted imidazolo groupwas crucial as
DPEN failed to react with the MeOTf-activated unsub-
stituted counterpart already appended to 2. The shelf-
stable μ-chlorido Ru(II) dimer 6 was prepared from the
5 3HCl salt and RuCl3 3 3H2O.10 Finally, upon admixing 6

with the transfer hydrogenation HCO2H�Et3N 5:2 medi-
um, the active ansa-Ru(II) hydride catalyst 1b was gener-
ated in situ via the presumedmononuclear precatalyst 1a.11

The single-pot multistep access to 1b from precursor 6 is
convenient and economical.
Upon probing Ru(II) complex 1b in ATH, it was found

to catalyze with a remarkably high rate the reduction
of 10-acetonaphthone (S1) in neat HCO2H�Et3N 5:2
azeotrope, inducing an excellent ee (Table 1). In fact, with
an S/C = 1000, a full conversion and >99.9% ee ((S)-
enantiomer formed) were reached within 20 h at 40 �C. At
60 �C, a high ee (99.1%) was maintained with a 3-fold rate
enhancement (6 h). Further supplementation by fresh full
portionsof10-acetonaphthoneandHCO2H�Et3Nat theend
of the reaction (3 further cycles were carried out at 60 �C),
yielded the same eewith a slight increase in reaction timewith
each new cycle run culminating finally at 9 h. This represents
the top attained literature ATH data for this challenging
benchmarkketone.12a In parallel, the atethered-type counter-
part {RuCl[(S,S)-Me2NSO2-DPEN](p-cymene)} complex6a

Figure 1. ATH Ru(II)-based precatalysts.

(4) (a)Hannedouche, J.; Clarkson,G. J.;Wills,M. J. Am.Chem. Soc.
2004, 126, 986–987. (b) Hayes, A. M.; Morris, D. J.; Clarkson, G. J.;
Wills,M. J. Am. Chem. Soc. 2005, 127, 7318–7319. (c) Cheung, F. K.K.;
Hayes, A. M.; Hannedouche, J.; Yim, A. S. Y.; Wills, M. J. Org. Chem.
2005, 70, 3188–3197. (d) Morris, D. J.; Hayes, A. M.; Wills, M. J. Org.
Chem. 2006, 71, 7035–7044. (e) Cheung, F. K.; Lin, C.; Minissi, F.;
Crivill�e, A. L.; Graham, M. A.; Fox, D. J.; Wills, M. Org. Lett. 2007, 9,
4659–4662. (f) Cheung, F. K.; Hayes, A. M.; Morris, D. J.; Wills, M.
Org. Biomol. Chem. 2007, 5, 1093–1103.

(5) (a) Touge, T.; Hakamata, T.; Nara, H.; Kobayaski, T.; Sayo, N.;
Saito, T.; Kayaki, Y.; Ikariya, T. J. Am. Chem. Soc. 2011, 133, 14960–
14963. For an alternative synthetic route to the described complex, see:
(b) Parekh, V.; Ramsden, J. A.; Wills, M. Catal. Sci. Technol. 2012, 2,
406–414.

(6) (a) �Sterk, D.; Stephan, M.; Mohar, B. Tetrahedron: Asymmetry
2002, 13, 2605–2608. (b) �Sterk, D.; Stephan, M.; Mohar, B. Org. Lett.
2006, 8, 5935–5938. (c) Plantan, I.; Stephan, M.; Urleb, U.; Mohar, B.
Tetrahedron Lett. 2009, 50, 2676–2677. (d) Mohar, B.; Stephan, M.;
Urleb, U. Tetrahedron 2010, 66, 4144–4149.

(7) (a) Bhattacharyya, M. S.; Singh, A.; Banerjee, U. C. New Bio-
technol. 2012, 29, 359–364. (b) Yadav, G. D.; Devendran, S. J. Mol.
Catal. B: Enzym. 2012, 81, 58–65.

(8) (a) Theisen, P. D.; Heathcock, C. H. J. Org. Chem. 1988, 53, 2374–
2378. (b)Banoglu,E.;Duffel,M.W.Chem.Res.Toxicol.1999,12, 278–285.

(9) Circumventing C-chlorination of 2 by SO2Cl2 during N-alkyl-N-
methyl-sulfamoyl chloride preparation,6a transsulfamoylation by one-
by-one displacement of the 2-Me-imidazolo groups was applied. 2-Me-
imidazolo N0-methylation methodology to promote its nucleofugality
was adopted from: Beaudoin, S.; Kinsey, K. E.; Burns, J. F. J. Org.
Chem. 2003, 68, 115–119.

(10) Ru(II) complex 6 was characterized by 1H and 13C NMR; 1H
NMR revealed characteristic signals at 5.5�6.0 ppm corresponding to a
dimeric structure.

(11) We assume the formation of the monomeric Ru(II) structure 1a
(and subsequently 1b) from dimer 6 following a coordination-induced
proximity effect by analogy to Wills et al. N,C-ethylenesulfonyl-teth-
ered-type Ru(II) complexes.4a,f Our attempts to isolate 1a were unfruit-
ful; nonetheless 1HNMR analysis revealed the disappearance of 6 upon
HCO2H�Et3N 5:2 treatment at rt, and the high activity of the generated
complex bears proof for the indicated monomeric structure. Besides, a
mononuclear Ru species ([M1a�Cl]þ) was detected during HRMS (ESI)
analysis of 6.

(12) For literature examples of ATH of 10-acetonaphthone, see the
Supporting Information (Comparison Tables 1 and 2). (a)Ms-DENEB
(S/C = 1000, HCO2H�Et3N 5:2, 60 �C, 24 h) gave a 96% conversion
and 97% ee with S1.5a (b) [Ru(TsDPEN)(p-cymene)] (S/C = 100, 0.2
HCO2H�Et3N, 40 �C, 7 h) gave a 91% yield and 86% ee with S9. For
this, see: Zhou, X.; Wu, X.; Yang, B.; Xiao, J. J. Mol. Catal. A: Chem.
2012, 357, 133–140. (c) [Ru(TsDPEN)(p-cymene)] (HCO2H�Et3N 5:2,
25 �C) gave a 4% conversion and 86% ee with S10, and [Ru(TsDPEN)-
(mesitylene)] gave a 15% conversion and 71.0% ee with S17. For this,
see: Slungard, S. V.; Krakeli, T.-A.; Thvedt, T. H. K.; Fuglseth, E.;
Sundby, E.; Hoff, B. H. Tetrahedron 2011, 67, 5642–5650.



Org. Lett., Vol. XX, No. XX, XXXX C

provided an excellent enantioselectivity as well (>99.9%ee),
albeit with a relatively fast catalyst deactivation with con-
version stagnating at ∼10% despite a high-load catalyst
(S/C=200). As a corollary, theRu-catalyst robustness in-
tegrity during catalysis is clearly preserved by the two-
in-one merge of its organic components.

Next, a large series of commercially available or prepared
1-naphthyl ketones S2�S17 was profiled. Accordingly,
95% ee was obtained with 20-hydroxy-10-acetonaphthone
(S2) at 60 �C and the outcome was upgraded to 97.2% ee
operating at 40 �C (with a comparable full-conversion
time as that for S1). Moreover, various 40-substituted
acetonaphthones S4�S7 possessing either an electron-
withdrawing or -donating group and 9-acetylphenan-
threne (S9)12b afforded good enantioselectivities (up to
>99.9%) alongwith full conversions within 6�12 h, except
the 40-methoxy-substituted derivative S6 which demon-
strated a marked resistance and led to 92.3% ee (S/C =
200). Interestingly enough, the 60-methoxy-substituted
analog S7 furnished 97.6% ee within a relatively short
reaction time. By contrast, the structurally related
20-methoxy-10-acetonaphthone (S3) and 9-acetylanthracene
(S8) were completely unreactive under the adopted reac-
tion conditions hinting to some clues regarding the catalyst
functioning mode. Also, competition experiments (S/C =
200, 60 �C) employing a 1:1 mixture of 10-acetonaphthone
(S1) and S3 or S8 indicated a total conversion of S1

(1 h, 99.1% ee) while S3 and S8 remained intact. Conse-
quently, the origin of S3 and S8 inertness is their con-
formational geometry as the (shielded) acetyl group is
noncoplanar with the aromatic nucleus inhibiting their
conjugation.
Further on, reduction of an R-substituted or R-functio-

nalized set of S1 composed of ethyl (S10),12c isobutyl
(S11), benzyl (S12), (E)-β-styryl (S13), CH2Cl (S14),
and CH2CO2Me (S15) 1-naphthyl ketones afforded the

corresponding (S)-alcohols ((R) withS14)13 in 97�99%ee.
Noteworthy, a longer reaction time (10 h) and an S/C =
100 were required for complete conversion at 60 �C of
the bulky isobutyl homologue S11. With 1-cinnamoyl-
naphthalene (S13), the saturated 1-(1-naphthyl)-3-phe-
nyl-1-propanol was obtained tinted by 5% of (E)-1-(1-
naphthyl)-3-phenyl-2-propen-1-ol.14 Interestingly, the

Scheme 1. Synthesis of the Active ansa-Type Ru(II) Complex 1b

Table 1. Transfer Hydrogenation of 1-Naphthyl Ketonesa

ketone S/C

temp

(�C)
time

(h)

yield

(%)b
ee (%)c

(conf)

S1 200 40 5 100 >99.9 (S)

1000 40 20 100 >99.9 (S)

1000 60 6 100 99.1 (S)

S2 1000 40 22 100 97.2 (S)

1000 60 6 100 95.0 (S)

S3 200 60 20 0 �
S4 1000 40 20 75 97.8 (S)

1000 60 6 100 97.2 (S)

S5 1000 60 15 100 98.4 (S)

S6 200 60 15 100 92.3 (S)

S7 1000 60 15 100 97.6 (S)

S8 200 60 20 0 �
S9 1000 40 22 100 >99.9 (S)

1000 60 6 100 98.1 (S)

S10 1000 60 20 100 97.8 (S)

S11 100 60 10 100 97.0 (S)

S12 1000 40 20 85 99.0 (S)

1000 60 6 100 98.5 (S)

S13 1000 60 10 100d 97.5 (S)

S14 1000 40 15 70e 88.4 (R)

1000f 40 15 100 98.0 (R)

S15 200 25 20 100 98.5 (S)

1000 40 10 100 98.2 (S)

1000 60 6 100 98.1 (S)

S16 100 60 15 70 35.3 (R)

S17 1000 25 15 100 69.4 (S)

1000 60 0.5 100 51.0 (S)

aReaction conditions (S/C=1000): (i) (S,S)-DPEN-derived dimer 6
(1.26 mg, 0.002 mmol based on Ru atom), HCO2H�Et3N 5:2 azeotrope
(1.0 mL), rt, 30 min; (ii) ketone (2.0 mmol). bDetermined by 1H NMR
of extracted crude. Isolated yields after silica gel chromatography
were 1�3% lower. cDetermined by chiral GC or HPLC analysis. The
major enantiomer was assigned by optical rotation or on the basis of
the general observed trend of enantioselectivity. For further details, see
the Supporting Information. d 1-(1-Naphthyl)-3-phenyl-1-propanol was
obtained tinted by 5%of (E)-1-(1-naphthyl)-3-phenyl-2-propen-1-ol. Ee
corresponds to the further Pd�C hydrogenation product. e 2-Hydroxy-
2-(1-naphthyl)ethyl formate was also formed (30% yield). fEtOAc (7 mL)
used as cosolvent.

(13) Due to CIP stereochemistry rules, the absolute configuration is
reversed for the S14 reduction product.

(14) Racemic (E)-1-(1-naphthyl)-3-phenyl-2-propen-1-ol was che-
moselectively obtained (100% yield) by NaBH4 reduction of S13 in
MeOH without use of CeCl3.
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solvent effect was pronounced in the case of R-chloro-10-
acetonaphthone (S14) reduction, as using EtOAc as a
cosolvent, quantitatively afforded 2-chloro-1-(1-naphthyl)-
ethanol in 98.0% ee versus 88.4% ee (70% yield) accom-
panied by 2-hydroxy-2-(1-naphthyl)ethyl formate (30%
yield) in the neat HCO2H�Et3N medium. Also, reduction
of the β-keto ester S15 with the current ATH system
occurred with high enantioselectivity (98.1�98.5% ee) sur-
passing its reduction result via asymmetric hydrogenation.12

Fromwhat preceded, the primary origin of the observed
high enantioselection in ATH of 1-naphthyl ketones with
the current catalytic system stems from dual synergistic
stereoelectronic matches of the substrate structure and the
substrate�catalyst affinity. A putative 6-membered peri-
cyclic mechanism in ATH involving concerted Ru�H
(hydride) and N�H (proton) transfers to the CdO func-
tion was first proposed by Noyori et al.2f In opposition to
this process implicating gas phase quantum chemical
computation, a recent DFT study of a solution of acet-
ophenone ATH with [RuH(TsDPEN)(mesitylene)] sug-
gested a two-step mechanism which more likely involves
neutralization of the formed chiral alkoxide by a protic
solvent molecule.2i In fact, the inherent vicinal congestion
(and peri-interaction) of the carbonyl group of these
hydrophobic 1-naphthyl ketones imposes a determined
CdO orientation in the highly polar reaction medium
which affects in turn its approach dynamics to the cat-
alyst (Figure 2). Also, a stronger stabilizing edge-to-face
CHη

6
-arene�π(Arketone) attractive interaction in the transi-

tion state is believed to manifest itself.15 The existence of
such an attractive electrostatic interaction was first ratio-
nalized by Noyori et al. for atethered-type Ru(II) com-
plexes,2g,h and then by Wills et al. for N1,C-alkylene-
tethered-type ones.4e In addition, stereocontrol exercised
by an oriented peripheral η6-arene-branching versus a
minimalist benzene ligand is well-recognized in atethered-
type systems. Finally, it appears that the [Ru catalyst] 3 3 3
10-acetonaphthone intermolecular binding interaction
in particular is more beneficial with a N-sulfamoyl- over
a N-sulfonyl-functionalized DPEN ligand for tethered or
atethered systems.12 Alteration of the sterics and electro-
nics of this critical differentiator effectively modulates
catalysis.
Upon shifting to 1-benzoylnaphthalene (S16) and

1-naphthyl trifluoromethyl ketone (S17), a 35.3% ee
((R)-enantiomer) and 51.0% ee ((S)-enantiomer; 69% ee
at 25 �C)16 were obtained respectively at 60 �C, wherein
the major H-delivery occurred from the opposite ketone

face (si) compared to the case of the alkyl 1-naphthyl
ketone series S1, S2, S4�S7, and S9�S15. In fact, in these
two extreme polar cases, with the reduction of S16 being
the most sluggish and S17 the fastest but both yielding low
ee’s, the major enantiomer ensues from a favored compet-
ing CHη

6
-Tol�π(Ph) or CHη

6
-Tol�F attractive interaction,

respectively, with CHη
6
-Tol�π(Naph).

In summary, we have presented the first (DPEN-κ2N,
N0)/η6-arene tethered-type rutheniumcomplex (1b) posses-
sing a N,C-(N-ethylene-N-methyl-sulfamoyl) linkage. Its
preliminary investigation in ATH demonstrated its high
efficiency for the reduction under the practical mild reac-
tion conditions of 1-naphthyl ketones compared to the
current state-of-the-art catalyst systems. Enantioselectiv-
ities up to >99.9% coupled with 100% conversions were
attained employing an S/C = 1000 in HCO2H�Et3N 5:2
medium. Such catalyst performance in this case clearly
illustrates significant potential, including the turnover-rate
enhancement offered by ansa-type catalysts over the ateth-
ered-type version. Challenges in the discovery�develop-
ment continuum in this area reside in catalysts with added
efficiency and ease of synthesis.
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Figure 2. Assumed trans orientation of 10-acetonaphthone (S1)
in the transition-state adduct with the Ru-hydride catalyst 1b
leading to >99.9% ee (S), and ATH profile of S1 derivatives
having an enforced H-bonding (S2) or a nonplanar (S3)
conformation.
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