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Asymmetric Auto-Tandem Catalysis with a Planar-Chiral Ruthenium
Complex: Sequential Allylic Amidation and Atom-Transfer Radical

Cyclization**

Naoya Kanbayashi, Kazuhiro Takenaka, Taka-aki Okamura,* and Kiyotaka Onitsuka*

The efficient synthesis of complex molecules with multiple
stereogenic centers is a challenging task in synthetic organic
chemistry. One-pot reactions have received considerable
attention for the improvement of reaction efficiency, because
they can avoid time-consuming workups and the often
formidable isolation of intermediary products."! A represen-
tative example is domino catalysis, in which two or more
mechanistically similar reactions proceed in only one oper-
ation."?l Another method, auto-tandem catalysis is also an
ideal and eco-friendly synthetic process, which involves two or
more mechanistically distinct reactions promoted by only
a single catalyst.”) Despite numerous examples of domino
catalysis, there are limited numbers of reports on auto-
tandem catalysis, this is probably due to the difficulty of
optimizing the reaction conditions.

We have shown that planar-chiral cyclopentadienyl-
ruthenium (Cp'Ru) complex 1 is a proficient catalyst for
asymmetric allylic substitutions.”® Recently, we succeeded in
the development of regio- and enantioselective reactions of
monosubstituted allylic halides with oxygen nucleophiles,
which produced enantiomerically enriched branched allylic
ethers, esters, and alcohols in good yields."”! These products
possess a reactive terminal olefin, which can be potentially
applied in a further transformation.’**! As the catalytic
activity of 1 is preserved, even at the end of the allylic
substitution,”™ and ruthenium complexes show various desir-
able oxidation states for catalytic behavior,”] we conceived an
extension of our system to auto-tandem asymmetric catalysis.
As a candidate for the transformation of a terminal olefin on
a branched allylic compound, we focused on the atom-
transfer radical cyclization (ATRC) because half-sandwiched
Ru complexes similar to 1 are known to promote this
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reaction.”” ATRC is an atom-economical method for the
formation of cyclic compounds, which proceeds under mild
conditions and exhibits broad functional group tolerance.
Hence, it was hypothesized that complex 1 could realize an
asymmetric auto-tandem catalysis consisting of allylic sub-
stitution and ATRC.

To test this theory, we envisioned the facile synthesis of
optically active y-lactams, an important structural motif found
in a variety of biologically active molecules.'!] Nagashima and
co-workers reported that ATRC reaction of branched allylic
amides using a Ru catalyst proceeded diastereoselec-
tively,'">13 with the configuration at the new stereogenic
carbon controlled by the stereochemistry of the substrate. The
preparation of optically active allylic amides by 1-catalyzed
enantioselective allylic amidation would therefore provide
v-lactams with multiple stereogenic centers in a pure form
through 1-catalyzed ATRC (Scheme 1). Herein, we report
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Scheme 1. Synthesis of enantiomerically enriched y-lactams through
auto-tandem asymmetric catalysis using 1.

a sequential regio-, enantio-, and diastereoselective reaction
of allylic chlorides with amide derivatives promoted by
a single catalyst, 1, and involving completely different
reaction mechanisms. To the best of our knowledge, this is
a novel example of asymmetric auto-tandem catalysis.

To accomplish the asymmetric auto-tandem catalysis, we
initially examined the enantioselective allylic amidation!'*"*!
of cinnamyl chloride (2a) using (S)-1 (Ar=3,5-Me,C¢H;) as
the catalyst. After optimization of the conditions in the
reaction of trifluoroacetoamide (3a), we observed the for-
mation of desired branched allylic amide 4a with high regio-
and enantioselectivity. Thus, treatment of 2a and 3a with (S5)-
1 (1mol%) in the presence of K,CO; and 3A molecular
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Table 1: Reaction of allylic chlorides 2 with amide 3.1
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[e]
1 HA J CF, (3a) 80 (4a) 98 (R
[e]
2 HN Ao, (3b) 0 (4b) -
(o]
3 Boc. Mo 39 99 (4¢) 96
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H
[fl
7 0§Nio (38) 99 (4g) 96 (R)
H
o
8 Boc- e 3h) 96 (4h) 98

[a] Reaction conditions: (S)-1 (5 umol), 2 (0.60 mmol), 3 (0.50 mmol),
K,CO; (0.6 mmol), THF (2.0 mL), 25°C, 15 h. [b] Yield of isolated
product. [c] In each case, the branched product was selectively formed
(branched/linear >20:1). [d] Determined by HPLC analysis on a chiral
stationary phase. [e] KHCO; was used instead of K,CO,. [f] Absolute
configuration determined by comparison of the specific rotation with
literature values.

sieves (3 A MS) at 25°C in THF afforded 4a in 80 % yield with
98 % ee (Table 1, entry 1). However, benzamide (3b) did not
react at all under otherwise identical conditions (entry 2).
These observations implied the crucial role of the acidity of
the amide NH group in this catalysis. Amides 3 ¢, protected
with fert-butoxycarbonyl (Boc), carboxybenzyl (Cbz), trime-
thylsilylethoxycarbonyl (Teoc), or benzyloxy (BnO) groups,
could be used as nucleophiles to produce the corresponding
allylic amides 4c—f in excellent yields with high enantiose-
lectivities (entries 3—-6). Moreover, reaction with phthalimide
(3g), which is known as an ammonia equivalent, also
proceeded smoothly to give 4g quantitatively (entry 7). The
substrate o-chloroamide (3h) was also applicable to this
reaction without any loss in yield or enantioselectivity; amide
4h, which bears a terminal olefin and chloroalkyl group, was
obtained in 96 % yield with 98 % ee (entry 8).

To realize asymmetric auto-tandem catalysis, we next
investigated the catalytic activity of 1 in ATRC. When
racemic 4h was heated at 80°C in 1,2-dichloroethane
(DCE) with 1 (1 mol %) for 15 h, ATRC took place to give
v-lactam 6a diastereoselectively and in quantitative yield
(Scheme 2). No reaction was observed without the use of 1,
which strongly indicates that complex 1 indeed worked as
a catalyst in this ATRC.

As Cp'Ru complex 1 turned out to be an effective catalyst
in both the allylic amidation and ATRC, we applied it in the
asymmetric auto-tandem catalysis. To our delight, when the
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Scheme 2. Atom-transfer radical cyclization catalyzed by Cp'Ru com-
plex 1.

reaction mixture was warmed to 60°C after the asymmetric
allylic amidation reaction of 2a with a-chloroamide 3h, the
ATRC reaction proceeded successively. The target y-lactam
6a was obtained in 68 % yield with 94 % ee and 19:1 d.r., with
the anti diastereomer predominantly formed (Scheme 3).
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Scheme 3. Asymmetric auto-tandem catalysis.

Subsequently, we examined a more reactive substrate for
ATRC, a-bromoamide §, in an effort to simplify this auto-
tandem catalysis. The auto-tandem reaction of 2a with a-
bromoamide Sa was found to take place at 30°C, leading to
the diastereo- and enantioselective formation of y-lactam 6b
(antilsyn =19:1, anti isomer formed with 92 % ee) along with
ca. 20% of the chloride analogue 6a in 99 % combined yield
(Table 2, entry 1).'! Upon recrystallization, the diastereo-
and enantiopurities of product 6b were improved to > 20/
1 d.r. and > 99 % ee. The substrate scope of this auto-tandem
reaction is summarized in Table 2. In each case, the desired
v-lactam was obtained quantitatively as an inseparable
mixture of the bromide and the chloride forms, and with
high diastereo- and enantioselectivities. The a-bromoamide
substrate Sb, which bears a Cbz protecting group, produced
optically active y-lactam 6c¢, whose absolute configuration
was unequivocally determined to be (R,R) by X-ray crystallo-
graphic analysis of an enantiomerically pure sample.!”
Various allylic chlorides were applicable to the auto-tandem
catalysis, aryl-substituted y-lactams 6d-f, as well as alkyl-
substituted 6g were obtained with high diastereo- and
enantioselectivities (entries 3-6).

Although a small amount of the chloride analogue
accompanied the major product in this reaction, the mixture
was easily transformed into a sole product (7) through
a reductive dehalogenation reaction. The treatment of
optically pure y-lactam 6b, whether Br or Cl atoms were
present on the side chain, with nBu;SnH and a catalytic
amount of 2,2'-azobis(isobutyronitrile) (AIBN) in toluene at
110°C resulted in the formation of 7 in 88% yield without
racemization (Scheme 4).
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Table 2: Reaction of allylic chlorides 2 with amide 5.1

o
o (9)1 RZ
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N Br K,COj;, CH,Cly X
) 5 3AMS, 30 °C R' &
15h
Entry R' R>  Yield anti/ Br/ ee
[%][b] Syn[c] C|idel [%][ﬂ
1 Ph (2a) Boc 99 (6b)  19:1 5:1 92
(5a) (85) (>20:1) (>99)
2 Ph (2a) Cbz 99 (6¢)  19:1 10:1 93
(5b) (93) (>20:1) (>99)
(R,R)[g]
2 Boc 99 (6d)  20:1 92
3 Me/© (2b) (5a) (75) (>20:1) > (96)
e Boc 94 (6e)  20:1 94
4 F3C/© 29 (5a) (68) >201) T (96
X Boc 99 (6f)  11:1 89
5 @ 55 67) >200) 01 (Seg)
o Cbz 99 (6g)  10:1
s (O @9y e 20y 200 O
[a] Reaction conditions: (S)-1 (5 pmol), 2 (0.60 mmol), 5 (0.50 mmol),

K,CO; (0.60 mmol), CH,Cl, (2.0 mL), 30°C, 15 h. [b] Determined by

"H NMR spectroscopy, the combined yield of isolated Br and Cl species
is given in parentheses. [c] Determined by '"H NMR spectroscopy of the
crude product. The d.r. of isolated products is shown in parentheses.
[d] Br: X=Br, Cl: X=Cl. [e] Determined by "H NMR spectroscopy.

[f] Determined by HPLC analysis on a chiral stationary phase. The ee of
isolated products is shown in parentheses. [g] Absolute configuration
determined by X-ray crystallographic analysis.

0 (o}
Boc. AIBN (5 mol %)  Boc.
N +  nBusSnH tI4> N
X oluene &
Ph’ 110°C, 12 h Ph’
6b 7 (88 %, >99 % ee)
Br/Cl =5:1
>99 % ee

Scheme 4. Reductive dehalogenation of 6b. Br/Cl refers to the ratio of
products where X=Br or Cl.

Finally, we examined the reactivity of a-dichloroamide 8
in this asymmetric auto-tandem catalysis, which would
produce a y-lactam with three consecutive stereogenic
centers. When the reaction of 8 with 2a was carried out
under conditions similar to those in Table 2, the desired
v-lactam 9a was obtained quantitatively (Scheme 5). The
diastereomeric ratio at the carbon atom adjacent to the
carbonyl group, however, was as low as 1:1. We were pleased

Ph/\/\Cl Epimerization o e
2a (s) 1 Boc. S
+ N Np=Cl
o K2003 3A MS 60 °C Cl
2 days Ph
N)J\ég 30°C 15h 9%a 9a
99 % 99 %
8 dr.=1:1 92 % ee
d.r. =20:1

Scheme 5. Control of three stereogenic centers in tandem catalysis.
Yields shown were determined by '"H NMR spectroscopy.

Angew. Chem. 2013, 125, 4997 —5001

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gngewand

to find that the epimerization of 9a occurred at a slightly
higher temperature in the presence of 1 to afford the
thermodynamically stable diastereomer.!'® Thus, heating of
the reaction mixture at 60 °C for 2 days after the auto-tandem
catalysis increased the diastereomeric ratio to 20:1. X-ray
crystallographic analysis of enantio- and diastereopure 9¢
established its relative and absolute configurations.'”! With
the favorable conditions for the production of y-lactam 9 in
hand, we conducted the reaction of several cinnamyl chloride
derivatives with 8 (Table 3). Although the diastereoselectivity
was not so high even after the epimerization, recrystallization
of the products furnished y-lactam 9b-d with excellent
diastereo- and enantiopurities.

Table 3: Reaction of allylic chlorides 2 with amides 8.1

O Me
1N + Boc i 4»(8)—1 BOC\N =cl
R cl N J%Cl K,COj,, DCE cl
c 3AMs RT
2 8 30 °C, then 60 °C 9
Entry R' Yield [%]®! d.rd ee [%6]
1 Ph 2a) 99 (9a) 20:1 92
(68) (>20:1)  (99)
~ 99 (9b) 6:1 e
2 MeO @b) (4 (>20:1)  (92)
ol 94 (9¢) 6:1 92
3 oy 2¢) o (>99)
FiC (53) (-201) ol
2 99 (9d) 41 91
4 @d) g (>20:1)  (>99)

[a] Reaction conditions: (S)-1 (5 pmol), 2 (0.50 mmol), K,CO,

(0.60 mmol), 1,2-dichloroethane (2.0 mL), 30°C, 15 h. [b] Determined by
"H NMR spectroscopy, yield of isolated products is given in parentheses.
[c] Diastereomeric ratio at the 3 position determined by '"H NMR
spectroscopy of the crude product. The d.r. of isolated products is shown
in parentheses. [d] Determined by HPLC analysis on a chiral stationary
phase. The ee of isolated products is shown in parentheses. [e] Not
determined. [f] Absolute configuration determined by X-ray crystallo-
graphic analysis.

A proposed reaction mechanism is shown in Scheme 6.
Oxidative addition of 2 to (S)-1 forms key m-allylic inter-
mediate A,/! and triggers this auto-tandem asymmetric
catalysis. Subsequent “inside” attack of the amidate by Ru
amidate complex B gives the initial product, branched allyl
amide 4. The high enantioselectivity and the absolute
configuration of the final product can be determined at the
allylic amidation stage. The atom transfer reaction between
(S)-1 and 4 then furnishes [Ru™]-X intermediate C and
a tertiary radical species, of which the latter reacts with the
terminal olefin in an intramolecular fashion. Finally, the
X atom on [Ru™] complex C recombines with the resulting
primary radical to yield y-lactam 6.

In conclusion, we have developed an asymmetric auto-
tandem allylic amidation/ATRC reaction, which proceeds in
a highly regio-, diastereo-, and enantioselective manner,
catalyzed solely by planar-chiral Cp’'Ru complex 1. Optically
active vy-lactams are constructed from readily available
substrates in one pot. A characteristic redox property of
ruthenium complexes may work expediently in different types
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Scheme 6. Proposed reaction mechanism of asymmetric auto-tandem
catalysis.

of catalyses involving mechanistically distinct allylic substitu-
tions (Ru"/Ru') and atom-transfer radical cyclizations (Ru"/
Ru"™), thus leading to the present asymmetric auto-tandem
reaction. The results demonstrate that asymmetric auto-
tandem catalysis is an atom-economical and environmentally
benign synthetic method for producing useful chiral com-
pounds. Further development of the auto-tandem reaction
using other asymmetric allylic substitutions promoted by
catalyst 1 is now in progress.

Experimental Section

General procedure: A solution of allylic chloride (0.50 mmol) in THF
(2.0mL) was added to a mixture of K,CO; (0.60 mmol), (S)-
1 (5 umol, 1mol%), amide (0.60 mmol), and 3A MS, and then
stirred for 15 h at 30°C. After dilution with diethyl ether, the reaction
mixture was filtered through Celite and the filtrate was concentrated
under reduce pressure. The residue was purified by silica gel column
chromatography (using a solvent gradient from toluene up to 7:3 Hex/
EtOACc) followed by recrystallization from n-hexane to give a color-
less crystal.
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