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A new diamine ligand for asymmetric transfer hydrogenation (ATH) was discovered. The reductive cyclization of 2-acylarylcarboxylates was
found to proceed highly stereoselectively by the new Ru complex-catalyzed ATH and subsequent in situ lactonization under aqueous conditions.
It enables efficient access to a wide variety of 3-substituted phthalides in enantiomerically pure form.

Phthalide (1(3H)-isobenzofuranone) frameworks are present
in alarge number of natural products and biologically active
compounds.* Chiral 3-substituted phthalides therefore are
very useful molecules as valuable pharmacological com-
pounds and versatile building blocks for medicinal chemis-
try.? Over the past two decades, there have been considerable
efforts in the asymmetric synthesis of chiral phthalides, and
avariety of methods toward introducing C-3 chirality have
been developed.>* Among them, catalytic approaches appear
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to be the most atom economic and thus are of particular
interest. Accordingly, catalytic asymmetric reduction in
combination with the in situ lactonization of 2-acylarylcar-
boxylate compounds represents an attractive and efficient
strategy for chiral phthalide synthesis. However, to our
knowledge, only a few reports on the synthesis of chiral
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phthalides by catalytic hydrogenation and transfer hydroge-
nation have been realized to date.* There till remains a
significant need for a more practical process with broader
substrate scope and higher reaction stereoselectivity. In this
communication, we report a highly enantioselective synthesis
of 3-substituted phthalides by efficient reductive cyclization
of 2-acylarylcarboxylates under ruthenium-catalyzed aqueous
asymmetric transfer hydrogenation conditions using a novel
chiral vicinal diamine ligand.

Since the breskthrough by Noyori and co-workers,®
transition-metal-catalyzed asymmetric transfer hydrogenation
has been shown to be one of the most powerful and common
methods for the reduction of carbonyl compounds.® However,
despite the extensive studies of asymmetric reduction of
acetophenone derivatives using various catalysts, transfer
hydrogenation of 2’-substituted acetophenones has been less
developed. In most documented examples,>"1%? reduced
enantiosel ectivities were often observed with these substrates
probably due to the disturbance of the key transition state
by the ortho-substituent. In 2001, the asymmetric transfer
hydrogenation of methyl 2-acylbenzoates in 'PrOH using
ruthenium catalysts has been carefully studied,*® but the
results remained unsatisfactory. Inspired by the previous
success of vicinal diamine preparation,® we became intrigued
by the possibility of tuning catalyst functionality by introduc-
ing a new diamine backbone for enantioselective synthesis
of 3-substituted phthalides via asymmetric transfer hydro-
genation.

Scheme 1. Synthesis of 3-Butylphthalide 2a by Ru—3a
Catalyzed Transfer Hydrogenation
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We chose to examine ethyl 2-pentanoylbenzoate (1a) as
theinitial substrate, as the resulting product 3-butylphthalide
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(2a) is a useful medical agent for the treatment of brain-
related neuro diseases such as ischemic stroke.® First, we
sought an effective reaction system. The preliminary inves-
tigation revealed that the asymmetric transfer hydrogenation
of 1a can proceed successfully in water with sodium formate
as hydride donor™ by the in situ formed Ru—3a catalyst
(84% yield, 92% ee) (Scheme 1); both of the other two
general conditionsin 'PrOH and HCOOH—NEt; were found
not ideal due to competitive side reactions or poor conver-
sion. When Noyori's catalyst N-(p-toluenesulfonyl)-1,2-
diphenyl-ethylenediamine)/Ru(l1) complex (Ru—TsDPEN)
was used to catalyze the same reaction in water, a similar
enantioselectivity was observed (92.7%) after 24 h, but the
yield was much lower (68%). These results prompted us to
envision potential utilization of other 1,2-diaryl-ethylenedi-
amine/Ru(ll) complexes as excellent catalysts for this practi-
cal agueous asymmetric transfer hydrogenation. Accordingly,
a new family of chira diamine ligands (3b—g) that incor-
porate both electronic and steric factors were prepared using
the established method® (Figure 1).

HN NHTs HN NHTs H,N  NHTs
R? R? R? R? R R

3aR'=H,R2=0CH; 3eR"=R?=0CH; 3f R=0CH;
3bR'=H,R?=Cl 3gR=Bu
3cR'=H,R2=0Bn

3dR" = O'Pr, R2 = OCH;

Figure 1. Chira diamine ligands 3a—g.

Screening of the obtained chiral diamine ligands in the
above reductive cyclization of ethyl 2-pentanoylbenzoate (1a)
was next carried out in aqueous HCOONa at 40 °C, and the
results are summarized in Table 1. Simple modification of
the substituents at the 4,4’-positions on the aryl ring with
both electronic and steric changes did not afford the product
with higher enantioselectivity (entries 3 and 4 vs 2).
Gratifyingly, when more sterically hindered diamine ligands
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3d—g were used, much increased enantioselectivities were
observed (entries 5—8). It appeared that the steric property
of the substituents on the diphenyl backbone had an obvious
impact on the reaction enantioselectivity. Among those
diamines examined, 3g (TsDBUPEN) having four bulky tert-
butyl groups at the 3,3'- and 5,5"-positions of the phenyl
moieties proved to be the best ligand, giving the correspond-
ing (§-3-butylphthalide ((S-2a) with 98% ee (entry 8).
Further studies with an added surfactant showed that the use
of 4 mol % of CTAB (cetyltrimethylammonium bromide)
was greatly helpful in accelerating the reaction and achieving
an excellent yield while maintaining the enantiosel ectivity
(92% vyield, 98% ee, entry 9). Other surfactants such as
Tween 20, Triton X100, SDS, and TBAB were al not
superior to CTAB.* Notably, in an experiment with lower
catalyst loading (0.5 mol %, S/C = 200) of 3g (TSDBUPEN)
under the optimal conditions, the same excellent yield (92%)
and enantiosel ectivity (98%) could be achieved as well after
prolonged (16 h) reaction (entry 10).

Table 1. Catalytic Effects of the Chiral Diamine Ligands 3a—g?®

entry ligand time (h) additive yield (%)° ee (%)
1 (R,R)-TsDPEN 24 - 68 93 (R)
2 (S,S)-3a 24 - 84 92 (S)
3 (S,S)-3b 24 - 63° 86 (S)
4 (S,S)-3¢ 24 - 83 90 (S)
5 (S,9)-3d 24 - 95 95 (S)
6 (R,R)-3e 24 - 76 95 (R)
7 (S,S)-3f 24 - 83 95 (S)
8 (S,9)-3g 24 - 61° 98 (S)
9 (S,9)-3g 8.5 CTAB® 92 98 (S)
10" (S,8)-3g 16 CTAB# 92 98 (S)

@ Unless otherwise noted, al the reactions were performed with 0.5
mmol of 1a, 5 equiv of HCOONa, and in situ prepared Ru 3 (1 mol %,
S/IC = 100), in 1 mL of H,O at 40 °C. P Isolated yield. © Determined by
HPLC on achiral column. © The configuration was determined by companng
the [op with known data. © Not full conversion of 1a after 24 h. f 1.0 mmol
of 1a, with 0.5 mol % of Ru—3g (S/C = 200). ¢ 4 mol % was used.

To explore this transfer hydrogenation in a broad range
of substrates, we improved the synthesis of 2-acylarylcar-
boxylates. The general procedure™ for the preparation of
2-acylbenzoic acids by the reaction of phthalic anhydride
with cadmium reagents has to face the low yield, poor
operability, and high toxicity. Taking advantage of the
condensation methods for akenylphthalides (4) synthesis
from related phthaic anhydrides,™* a variety of ethyl
2-acylarylcarboxylates (1) were easily accessed by a one-
pot, three-step sequence reaction (Scheme 2).

With the optimized conditions identified and diverse
substrates in hand, the scope and generality of the reaction
were then investigated (Table 2). In al examples, the transfer

(11) Abbreviations: Tween 20 is polyoxyethylene sorbitan monolaurate;
Triton X100 is polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-pheny! ether;
SDS is sodium monododecyl sulfate; TBAB is tetrabutylammonium
bromide.
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Scheme 2. Improved Synthesis of 2-Acylarylcarboxylates 1
o
1. KOH EtOH/HzO
Rkl condensatlon 2. aq rell A OEt
\/ T ets 3. Etl, KF/DMF R R
o]

hydrogenation followed by in situ lactonization went smoothly,
giving the desired phthalide products in over 90% isolated
yields with uniformly high enantioselectivities (98—99%).
It appeared that both the ee and yield were not sensitive to
the R and R? substitution. The reactions of the 2-acylaryl-
carbonylates 1e—u, which bear aromatic R* substituents at
the acyl moiety, were carried out in aqueous HCOONa with
CH,CI, as cosolvent to accelerate the conversion further
(entries 4—21). This is due to the relatively poor agueous
solubilities of these substrates as they are mostly in solid or
viscous liquid state. It is noteworthy that, in the case of 1e,
very high enantioselectivity (99%) was again maintained
under much reduced catalyst loading of 0.2 mol % (entry
5). Several heteroatom-containing enantiomerically enriched
phthalides 2m, 20, 2p, and 2q were also obtained (entries
13 and 15—17), which might be interesting for biological
screening. Assuming an anal ogous reaction mechanism, the
absol ute stereochemistry of the newly formed carbon center
was assigned as in the structure by comparison of optical
rotation value with that reported for 2a, 2b, 2c, and 2e.243¢!

We believe that the origins of the excellent stereocontrol
come from the more preferable chirality-determining transi-
tion state of the Ru—TsDBUPEN (3g) complex with the ethyl
2-acylarylcarboxylate substrates, although the exact model
remains unclear.™® In addition, as illustrated in Figure 2, a
possible hydrogen bonding involvement of the neighboring
ester function group of the 2-acylarylcarboxylate substrate
might also be responsible for the observed selectivity. It was
found that the ee (59%) dramatically dropped with 2-me-
thylacetophenone as substrate, which has an ortho-methyl
group instead of a carbonyl-containing ester group. More-
over, phthalide was the only product observed during the
reaction, suggesting a very good cooperative processing of
the asymmetric reduction and lactonization.

(13) Representative methods: (a) Shriner, R. L.; Keyser, L. S J. Org.
Chem. 1940, 5, 200. (b) Castro, C. E.; Gaughan, E. G.; Owsley, D. C. J.
Org. Chem. 1966, 31, 4071. (c) Weiss, R. Org. Synth. 1943, 2, 61. Improved
methods: (d) Patil, S. R. Synth. Commun. 1990, 20, 167. (e) Lacova, M.;
Chovancova, J.; Veverkova, E.; Toma, S Tetrahedron 1996, 52, 14995. (f)
Safari, J.; Nagimi, H.; Khakpour, A. A.; Jondani, R. S.; Khalili, S. D. J.
Mol. Catal. A 2007, 270, 236. (g) Landge, S. M.; Berryman, M.; Torok, B.
Tetrahedron Lett. 2008, 49, 4505.

(14) Takahashi, H.; Tsubuki, T.; Higashiyama, K. Chem. Pharm. Bull.
1991, 39, 3136.
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tion, see: (a) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000,
122, 1466. (b) Noyori, R.; Yamakawa, M.; Hashiguchi, S. J. Org. Chem.
2001, 66, 7931. (c) Sandoval, C. A.; Ohkuma, T.; Utsumi, N.; Tsutsumi,
K.; Murata, K.; Noyori, R. Chem. Asian. J. 2006, 1—-2, 102. (d) Alonso,
D. A.; Brandt, P.; Nordin, S. J. M.; Andersson, P. G. J. Am. Chem. Soc.
1999, 121, 9580. (€) Samec, J. S. M.; Backvall, J-E.; Andersson, P. G,;
Brandt, P. Chem. Soc. Rev. 2006, 35, 237. (f) Handgraaf, J.-W.; Meijer,
E. J. J. Am. Chem. Soc. 2007, 129, 3099. (g) Wu, X. F.; Liu, J. K,
Tommaso, D. D.; Iggo, J. A.; Catlow, C. R. A.; Bacsa, J.; Xiao, J. L.
Chem.—Eur. J. 2008, 14, 7699.
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Table 2. Asymmetric Synthesis of 3-Substituted Phthalides by
Ru—TsDBUPEN (3g) Catalyzed Transfer Hydrogenation®

o ! H,N NHTs
+ [RuCly(p-cymene )],/ 3g

= = \ g
Rt Ot —————— gt 0 i fBu Bu
Z g HCOONa, 4% CTAB & '
R 3

H,O/CH,Cl, 40 °C

o g ‘ButBu
1 2

entry  substrate 1 ([t]) 2 {;Zl)‘j[ (‘;Oe e
yield ee
entry substrate 1 thy 2 (% (%)r
1° 1b:R'=H,R*=H 10 2b 97 98
20 le: R'=CH;3 R?=H 15 2¢ 95 98
3t 1d: R! = CICHy(CHy),, R? =H 18 2d 95 99
4 le:R'=Ph,R?=H 4 2e 96 99
5¢ le:R'=Ph,R?=H 24 2e 92 99
6 1f: R' = 4-CIC¢Hy, RZ=H 4 2f 98 99
7 1g: R'=4-MeCgH,, R = H 4 2¢ 93 99
8 1h: R! = 4-MeOC¢Hy, R2=H 4 2h 96 99
9 1li: R = 4-MeSC¢Hy, R2 =H 4 2 99 99
10 1j: R' = 4-CF,CeH,, R2 = H 4 2 96 99
11 1k: R! = 3,5-F,C¢Hs, R? = H 4 2k 98 99
12 1L: R! = 3,4-(Me0),C¢Hs, R? = H 4 21 93 99
13 1m: R! = 2-thienyl, R? = H 4 2m 97 99
14 1n: R! = l-naphthyl, R? = H 11  2n 98 99
15 lo: R! = 4-quinolyl, R = H 12 20 94 98
16 1p: R! = 4-Cl-phenoxyl, R? = H 4 2p 94 98
17 1q: R' = 4-Clphenylthio, R =H 4 2q 97 98
18 1r: R' = Ph, R2 = 4-Br 5 2r 90 99
19 1s: R' = Ph, R?> = 5-Br 4 2s 93 99
20 1t: R! = Ph, R? = 4,5-Cl, 4 2t 98 98
21 1lu: R' = Ph, R? = 4,5-C,H, 4 2u 97 98

@ The reactions were performed with 0.5 mmol of 1, 5 equiv of
HCOONa, 4 mol % of CTAB, and in situ prepared Ru—3g (1 mol %, S/IC
= 100), in 1 mL of H,0 and 0.5 mL of CH,Cl; at 40 °C, unless otherwise
noted. P The reactions were performed with 1 mmol of 1, 5 equiv of
HCOONa, 4 mol % of CTAB, and in situ prepared Ru—3g (0.5 mol %,
S/C = 200), in 1 mL of H,O at 40 °C. ° With 0.2 mol % of Ru—3g (S/C
= 500), 2.5 mmol of 1, 5 equiv of HCOONa, 4 mol % of CTAB, in 2 mL
of H,0 and 0.5 mL of CH,Cl,. ¢ Isolated yield. © Determined by HPLC on
achira column.
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Figure 2. Proposed transition state.

In summary, a highly enantioselective asymmetric transfer
hydrogenation of challenging 2-acylarylcarboxylates 1 has
been successfully achieved in aqueous HCOONa by using a
new diamine (TsDBUPEN, 3g)/Ru(ll) catalyst. The method
offers a mild, facile, and practical access to a wide variety
of 3-substituted phthalides in enantiomerically pure form. It
represents one of the most efficient and general syntheses
of highly optically active phthalides reported to date. Given
the importance of chiral phthalides, this method should find
potential applicationsin asymmetric synthesis and medicinal
chemistry.
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