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ABSTRACT: The first Ir-catalyzed intramolecular asymmetric allylic dearomatization reaction of pyridines, pyrazines,
quinolines and isoquinolines has been developed. Enabled by in situ formed chiral Ir-catalyst, the dearomatized products
were isolated in high levels of yield (up to 99% yield) and enantioselectivity (up to 99% ee). It is worth noting that Me-
THQphos ligand is much more efficient than other tested ligands for the dearomatization of pyrazines and certain quino-
lines. Mechanistic studies of the dearomatization reaction were carried out, and the results suggest the feasibility of an
alternative process which features the formation of a quinolinium as the key intermediate. The mechanistic findings ren-
der this reaction a yet unknown type in the chemistry of Reissert-type reaction. In addition, the utility of this method was

showcased by large-scale reaction and formal synthesis of (+)-Gephyrotoxin.

INTRODUCTION

Aromatic compounds are important structural motif and
widely distributed in nature. Among them, heterocyclic
aromatics, especially those containing one or more nitro-
gen atoms, occupy a privileged position as they are found
in numerous biologically active compounds and pharma-
ceuticals." Functionalization of these compounds has wit-
nessed significant progresses for a long time. Dearomati-
zation reaction represents a special class of transfor-
mations, in which planar aromatics are directly converted
to complex three-dimensional molecules.” In particular,
catalytic asymmetric dearomatization (CADA) reaction
has attracted enormous attention because of its potential
impact on synthetic organic chemistry.> Over the past
decade, transition-metal-catalyzed allylic dearomatization
reaction* has emerged as an innovative and powerful type
of CADA reactions.” However, successful cases are limited
to electron-rich aromatics, such as indoles®5*585sksmsn
pyrroles®®>™% phenols®* and naphthols*, while electron-
poor aromatics, such as pyridines, pyrazines, quinolines
and isoquinolines are less studied.

Direct addition of nucleophiles to pre-activated elec-
trophilic pyridinium intermediate, known as the Reissert-
type reaction, is a valuable strategy for asymmetric
dearomatization of pyridines.® Other viable methods in-
clude hydrogenation’, transfer-hydrogenation®, hydrosi-
lylation® and hydroboration™ reactions. As a step toward
the dearomatization of N-heteroaromatics, we recently
developed an iridium-catalyzed intramolecular asymmet-
ric allylic dearomatization reaction of pyridines and pyra-
zines." By employing this method, a series of 2,3-

dihydroindolizines and 6,7-dihydropyrrolo[1,2-
alpyrazines were easily synthesized in high levels of yield
and enantioselectivity.

This dearomatization process was originally proposed
to proceed according to the mechanism shown in Scheme
1. It was speculated that the reaction is initiated by the
well established iridium mediated oxidative addition of
allylic carbonate.” Then the acidic H,, is deprotonated by
the liberated methoxy anion, forming a relatively stable
carbon anion. The conjugation effect compels the N-
attack to be achieved, and the corresponding dearoma-
tized product is thus obtained.

(S]
CO,, MeO

MeO,CO an

Scheme 1. Originally proposed mechanism of the
dearomatization reaction of pyridine.

In this full article, we sought to further study the scope
and detailed reaction mechanism. Our research along
these lines led to an alternative catalytic cycle. In addition,
we exploited the synthetic utility of this method as the
core structure of the dearomatized products is found in
many biologically active natural products (Chart 1).>"
Herein, we present a full account of our recent work on
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the Ir-catalyzed intramolecular asymmetric allylic
dearomatization reaction of N-heteroaromatics, which
mainly addresses these following aspects: 1) exploration of
broader substrate scope for dearomatization reaction of
pyrazines; 2) asymmetric dearomatization reaction of
quinolines and isoquinolines; 3) mechanistic studies of
the dearomatization reaction; and 4) formal synthesis of

+)-Gephyrotoxin.
wH wH
N R
gy pp

(+)-Indolizidine 195B  (+)-Gephyrotoxin 223AB (+)-Myrmicarin 237A (+)-Indolizidine 239AB

CsH11
WH
[¢]

(+)-Indolizidine 239CD (+)- Perhydrogephyrotoxm (+) Gephyrotoxm

Chart 1. Selected biologically active piperidine con-
taining natural products.

SUBSTRATE SCOPE AND MECHANISTIC
STUDIES

Iridium-catalyzed intramolecular asymmetric allylic
dearomatization reaction of pyridines. First, the
dearomatization of pyridines was investigated by using in
situ formed chiral Ir-complex as the catalyst. Under very
mild conditions, 15 examples of intramolecular dearoma-
tization were successfully explored (Scheme 2), and the
dearomatized structure was further confirmed by X-ray
analysis." The corresponding 2,3-dihydroindolizines 2
were obtained in excellent yields and enantioselectivity.

N [Ir(cod)CI], (2 mol %)
i L2 (4 mol %) R1 T OO
P
N N\y—R?
Me0,CO THF, 25 °C P N
h e

1
15 examples (S,S,S,)-L2, Ar = 2-MeO-CgHy4
up to 99% yield
99% ee

Scheme 2. Ir-catalyzed intramolecular asymmetric
allylic dearomatization reaction of pyridines.

Iridium-catalyzed intramolecular asymmetric allylic
dearomatization reaction of pyrazines. Dearomatiza-
tion of pyrazines very important as provides a rapid ac-
cess to a variety of 6,7-dihydropyrrolo[1,2-a]pyrazines,
which could lead to valuable piperazines after simple
transformations.

Our efforts to develop the dearomatization of pyrazines
began by evaluating the reaction of 3a as the model sub-
strate. Exposure of 3a to chiral Ir-complex, derived from
[Ir(cod)Cl], and the Feringa ligand L1, in THF afforded
the dearomatized product 4a in 45% conversion and 85%
ee (Table 1, entry 1). The low conversion might be caused
by the attenuated nucleophilicity of the pyrazine core.
Next, several chiral ligands were examined (Table 1, en-
tries 2-8). To our delight, it was found that Me-THQphos
L3, developed by our group, was effective in this reaction.
Substrate 3a was consumed completely, giving 4a in 93%

e (Table 1, entry 3). Further screening of temperature
and solvents (Table 1, entries 9-12) led to the optimal con-
ditions: 2 mol % of [Ir(cod)Cl],, 4 mol % of L3 in THF un-
der room temperature, and 4a was obtained in 99% yield
and 97% ee. Under these conditions, various 2-pyrazinyl
allylic carbonates were examined.

Table 1. Optimization of the reaction conditions for
the dearomatization of pyrazines‘.

[N\ [Ir(cod)Cl], (2 mol %)
| ligand (4 mol %) [
M
NN ooMe —— NN\ —CO,Me
solvent, tem
Me0,CO._~ N P

OO “““ ), g (e o
P—N PN
! /
Ph
o o
OO Croe s Qe

(S,5,S,)-L1, Ar= Ph
(S,8,8,)-L2, Ar = 2-MeO-CgHj

(R\Ry)-L3, R = Me (Ra)-LE
(R,R,)-L4, R = Et
(R,R,)-L5,R =Ph

Cr,
P—N
/

I <
Ph

(S.S,)-L7 (R)-L8

entry ligand T (°C) solvent conv. ee
@) (%)

1 L1 50 THF 45 85
2 L2 50 THF 25 93
3 L3 50 THF >95 23
4 L4 50 THF 85 94
5 Ls 50 THF 33 8o
6 L6 50 THF 65 93
7 Ly 50 THF 8o -77
8 L8 50 THF 8 -

9 I3 25 THF >95 97

(99)°
10 L3 25 CH.CL, >95 94
n I3 25 1,4- >95 95
dioxane
12 L3 25 toluene >95 95

“ Reaction conditions: 2 mol % of [Ir(cod)Cl],, 4 mol % of lig-
and, 0.2 mmol of 3a in solvent (2.0 mL). Catalyst was prepared
via "PrNH, activation.” * Determined by 'H NMR of the crude
reaction mixture. © Determined by HPLC analys1s. Isolated
yield of 4a in parenthesis.

As shown in Table 2, the reaction proceeded well with a
range of substrates, encompassing N-atom as terminating
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nucleophile and delivering a range of heterocyclic ring
systems. A series of 2-pyrazinyl allylic carbonates bearing
different electron-withdrawing substituents (Table 2, en-
tries 1-9) all underwent dearomatization in good to excel-
lent yields and enantioselectivity. For the ester group, the
yield and enantioselectivity of the reaction decreased with
the increase of the steric hindrance (68-99% yields, 92-97%
ee; Table 2, entries 1-3). Notably, switching the ester
group to cyano led to the detriment of enantioselectivity
(78% yield, 61% ee; Table 2, entry 4). To our delight, aryl
carbonyl substituted allylic carbonates were suitable in
this reaction, affording the dearomatized products in
good to excellent yields and excellent stereocontrol (63-95%
yields, 96-98% ee; Table 2, entries 5-9).

To further test the potential of this Ir-catalyzed
dearomatization reaction, we turned our attention toward
the exploration of substrates bearing various substituents
on the pyrazine core. Good to excellent yields and excel-
lent ee values were obtained for the cyclization of 3j-3n,
varying aryl substituents on the 5-position of the pyrazine
in the substrates (75-95% yields, 96-98% ee; Table 2, en-
tries 10-14). It was worth noting that phenylmercapto
group was also tolerated (82% yield, 99% ee; Table 2, en-
try 15). Furthermore, 5- or 6-methyl substituted pyrazine
derivatives proved to be good substrates for the dearoma-
tization reaction (64-71% yields, 86-91% ee; Table 2, en-
tries 16-17). Finally, formation of the six-membered ring
also proceeded smoothly starting from substrate 3r (91%
yield, 92% ee; Table 2, entry 18).

Table 2. The reaction substrate scope of pyrazine de-
rivatives”.

[Ir(cod)Cl], (2 mol %) N

N
RL[ S e L3 (4 mol %) R'{ 5/
P R
N NN\ —R?
THF, 25 °C \
Me0,CO._~ —

Journal of the American Chemical Society

7 3g (Ar=4-CIC¢H,) 12 4g 63 98
8 3h (Ar=4-BrC¢H,) 48 4h 68 96
9 3i (Ar=4-MeCeH,, 12 4i 77 98
R N, R N
\[N/ co,Me \[N \,—cogme
Me0;CO._~ -
10 3j(R=4FCH,) 36 4 75 96
u 3k (R=4-CIC¢H,) 40 4k 75 97
12 31 (R=4-MeC¢H,) 36 41 82 96
3 3m(R=4 21 4m 95 98
MEOC6H4)
14 3n(R=2- 40 4n 94 98
naphthyl)
15 30 (R = PhS) 36 40 82 99
Me N Me N
\%COPh \[Nb/coph
MeO,C0._~ .
16 3p L5 4p 64 9
N N
MeJ%/COPh MeiN5/COPh
MeO;CO._~ —
17 3q 40 49 7 86
N, N
[N/ COPh [hb/coph
Me0,CO™ F N
18 3r 36 4r 91 92

3 4
entry 3 t(h) 4 yield ee
(%) (%)
N N,
(o 0 o
Me0,CO._~ —
1 3a (R=Me) 24 4a 99 97
2 3b (R = Et) 18 4b 88 94
3 3¢ (R = ‘Bu) 17 4¢ 68 92
N N
[N/ oN [N Y
Me0,CO._~ e
4 3d n  4d 78 61
N N
[N/ COAr [N N\, COAr
Me0,CO._~ —
5 3e (Ar = Ph) 12 g4e 95 97
6 3f (Ar = 4-FC¢H,) 40 4f 66 97

“ Reaction conditions: 2 mol % of [Ir(cod)Cl],, 4 mol % of L3,
0.2 mmol of 3 in THF (2.0 mL) at 25 °C. Catalyst was prepared
via "PrNH, activation. ® Isolated yield. ¢ Determined by HPLC
analysis.

Iridium-catalyzed intramolecular asymmetric allylic
dearomatization reaction of quinolines and isoquino-
lines. To broaden the scope of this Ir-catalyzed dearomati-
zation reaction, we next examined the reactions of quino-
lines and isoquinolines. Careful investigations of ligands
revealed that Feringa ligand Li, Alexakis ligand L2, Me-
THQphos L3 and BHPphos L6 were all effective in this reac-
tion, affording 6d in good to excellent yields and excellent
enantioselectivity (Table 3, entries 1-4). Especially, the
Alexakis ligand L2 and Me-THQphos L3 offered superior
results. Altering the temperature and solvents influenced
the reaction considerably (Table 3, entries 6-9). Reducing
the catalyst loading gave slightly decreased yield in a pro-
longed time (Table 3, entry 10).

Table 3. Optimization of the reaction conditions for
the dearomatization of quinolines®.
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N [Ir(cod)Cl]; (4 mol %) BN
ligand (8 mol %)
N L N\, —COPh
solvent, temp A
Me0,CO._~ —

5d 6d
entry ligand T t(h) solvent yield ee
(°0) (%" (%)
1 L1 50 7 THF 85 94
2 L2 50 7 THF 97 98
3 L3 50 7 THF 91 97
4 L6 50 7 THF 78 08
5 L7 50 7 THF 68 -87
6 L2 25 12 THF 93 99
7 L2 25 12 CH,Cl, 99 78
8 L2 25 12 1,4- 87 98
dioxane
9 L2 25 12 toluene 93 99
10 L2 25 24 THF 88 99

“ Reaction conditions: 4 mol % of [Ir(cod)Cl],, 8 mol % of lig-
and, 0.2 mmol of 5d in solvent (2.0 mL). b Isolated yield of 6d.
Determined by HPLC analysis. 45 mol % of [Ir(cod)Cl], and 4
mol % of L2 were used.

During the exploration of the substrate scope, it was
found that Me-THQphos L3 could provide a better out-
come for certain substrates. We attributed this fact to the
delicate spatial arrangement and characteristic C(sp*)-H
bond activation of L3 during the formation of active iridi-
um catalyst.” This is also consistent with previous find-
ings that L3 is appropriate for reactions with bulky sub-
strates. Hence, two conditions were employed here to
investigate the substrate scope (conditions A: 4 mol % of
[Ir(cod)Cl],, 8 mol % of L2 in THF under room tempera-
ture; conditions B: 4 mol % of [Ir(cod)Cl],, 8 mol % of L3
in THF at 50 °C) and the results are summarized in Table
4. When ester substituted carbonates were employed, 20
mol % of DABCO were requisite to maintain the excellent
enantioselectivity (87-99% yields, 98% ee; Table 4, entries
1-3). Substituents on 4-, 5-, 6- or 7-position of the quino-
line core have little influence on yield and enantioselctivi-
ty and a number of methyl or methoxy-substituted (5e,
sh, 5i and 5j) and halogenated (5f, 58, 5k, 51, 5m and 5n)
aromatics all furnished dearomatized products in excel-
lent yields and enantioselectivity (81-99% yields, 96-99%
ee; Table 4, entries 5-14). Allylic carbonates incorporating
8-halogenated arenes were found to be highly dependent
on the steric effect. Switching the substituent from fluo-
rine to chlorine resulted in a dramatic decrease in both
yield and enantioselectivity (53-94% yields, 57-94% ee;
Table 4, entries 15-16). The tolerance of complicated sub-
strate was demonstrated in the successful conversion of

the benzol[f]quinoline derivative 5q (95% yield, 99% ee;
Table 4, entry 17). Gratifyingly, this Ir-catalyzed dearoma-
tization protocol was also suitable for substrate bearing
an N-linker, efficiently delivering the cyclized product 6r
(99% yield, 91% ee; Table 4, entry 18). Notably, this em-
bedded substructure bearing an N-linker is found as a
basic framework in nucleophilic acyl transfer catalysts
introduced by the Deng group.”® Finally, when isoquino-
line 55 was used in the reaction, the dearomatized prod-
uct was obtained smoothly, displaying excellent efficiency
and enantiocontrol (99% yield, 96% ee; Table 4, entry 19).
The structure and stereochemistry of the products were
confirmed unambiguously by X-ray crystallographic anal-
ysis of a crystal of enantiopure 6h. The absolute configu-
ration was determined to be R and this stereocontrol is in
accord ;/vith the general rule for the Ir-catalytic sys-
tem']ZC,IZ

Table 4. The reaction substrate scope of quinoline
and isoquinoline derivatives.

NS lir(cod)Cll; (4 mol %) NS
Rf\ | P R ligand (8 mol %) R—\ | -
MeO,CO N THF, temp —
s Conions B:Ls, 50 -C 6
entry 5 con t 6 yield ee
ds. (h (%)" (zA
) )
N/ COR %COR
MeO,CO._~ e
1 5a (R = OMe) A 4 6a 87 98
2¢ 5b (R = OEt) A 4 6b 94 98
3¢ 5¢ (R=O"Pr) A 4 6c 99 98
4 5d (R = Ph) A 12 6d 93 99
R R
S X
N7 COMe NN, —CO,Me
Me0,CO._ —
5 5e (R = OMe) B 5 6e 91 96
6 5f (R = Cl) B 4 6f 90 98
7 5g (R =Br) B 4 6g 87 96
OMe OMe
S A
N/ CO,Me N"X\—~CO,Me
Me0,CO._ =
8 sh B 4 6h 81 98
R N R N
N/ CO,Me %COZMG
Me0,CO._~ —
9 5i (R = Me) A 4 6i 88 99
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10 5j (R = OMe) A 4 6j 98 99
1 sk (R=F) A 4 6k 82 98
12 51 (R = Br) B 5 6l 89 97
X X
Me0,CO._~ .
13 sm (R =F) A 4 6m 99 98
14 sn (R =Cl) A 4 6n 99 98
S X
%CO;M& %COZMe
R R
MeO,CO ‘
15 50 (R=F) B 2 60 94 94
16 5p (R=Cl) B 24 6p 53 57
Cone O NN\ —CO,Me
MeO;CO._~ —
17 5q B 10 6q 95 99
MeOZCON i\‘/
18 51 B 1 6r 99 91
Xy 0co,Me N
_N N_
| )
MeO,C Me0,C
19 58 B 7 6s 99 96

“ Isolated yield. ® Determined by HPLC analysis. © 20 mol % of
DABCO was used as the additive.

Mechanistic studies of the Ir-catalyzed intramolecu-
lar asymmetric allylic dearomatization reaction. Dur-
ing the exploration of substrate scope of the pyridine
dearomatization reaction, we tested the reaction of 10
without electron-withdrawing substituent at the a-
position under the standard conditions. As shown in
Scheme 3 (top), cyclized product 20 was obtained in ex-
cellent yield and enantioselectivity after subsequent hy-
drogenation reaction.” The previously proposed reaction
mechanism (Scheme 1) could not account for the experi-
mental observations. According to the proposed mecha-
nism, the H, is deprotonated firstly by the liberated
methoxy anion. However, it seems that the basicity of
methoxy anion might not be enough to cleave the C-H,
bond (Scheme 3, bottom). These results challenged the
proposed catalytic cycle and prompted us to conduct de-
tailed mechanistic studies on this reaction.

Journal of the American Chemical Society

N Ir(cod)Cl], (2 mol % A © A
‘ Ircod)o; 2.mal %) [ ] wmeo \
NP e il > N — N
COMe  DABCO (20 mol %) § co,Me N CO,Me

Me0,C0” CoMe THF, 11,02 h co,Me cOo,Me

H, (1 atm)

N
e CO,Me

CO,Me

10
Pt/C (5 mol %)
EtOAc, rt

20
92% yield
5:1dr
89% ee

Ju 28.2 < pKa <35 MeO-H pKa =27.9
N

Scheme 3. Ir-catalyzed intramolecular asymmetric
allylic dearomatization reaction of 10 and pKa
(DMSO) values” of corresponding compounds.

Another plausible mechanism for the dearomatization
of quinolines is proposed in Scheme 4 (path b). First, oxi-
dative addition yields the m-allyl intermediate I. Subse-
quent nucleophilic substitution by the N-atom of quino-
line generates the quinolinium IIb, which would be
deprotonated by base to afford the dearomatized product
6a finally. With the formation of quinolinium intermedi-
ate, the acidity of H, would increase dramatically. To
some degree, the dearomatization reaction of 10 supports
the existence of path b. In addition, the fact that dimin-
ished yields and ee are observed when the steric bulkiness
of the ester group increases in 3a-3c (Table 2, entries 1-3)
also supports the existence of N-allylated intermediate
(pyrazinium). The bulky ester group will cause the slow
deprotonation process, and therefore lead to possible C-N

cleavage and other side reactions.
X
N”\y—-CO,Me
a

S 6

=
Ir
A N-attack
Z H‘l
N CO,Me
Me0,CO._~
5a |
»—C0,Me
0
@Ir
COy, Me()@ la*
path b
o
C
I

NN,—CO,Me

=

6a

MeOH I

deprotonation

MeOe

=

deprotonation ‘

X
P2

O,Me N CO,Me
; T

MeOH @Ir
lla

\
r
path a
A
_ N-attack ‘ J_H
N CO,Me N
8 AN

Ir @Ir

=
llb

Scheme 4. Plausible mechanism of dearomatization
reaction.

To further shed light on the mechanism, we synthe-
sized substrate 5t bearing a phosphate leaving group. Un-
der the standard conditions, the dearomatized product 6a
was obtained in 67% yield and 42% ee (Scheme 5, top).
Apparently, the observation of dearomatization of phos-
phate substrate 5t seems to support the existence of path
b as the base in this system (according to the pKa values,
dearomatized product 6a might be the strongest base in
the system) is not strong enough to deprotonate H, in the
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substrate (Scheme 5, bottom, 5.06 vs >11). The poor enan-
tiocontrol might arise from the effect of the reversible C-
N bond formation due to the slow deprotonation of quin-
olinium intermediate.

N [Ir(cod)Cl], (4 mol %) N
| | H L2 (8 mol %)
N COMe ————— >
(E10L0PO 2 THF, 25°C, 2 h N™—C0zMe
2

X —~
5t 6a
67% yield
42% ee
X 0 H ‘ X
2 By B PhNMe, __co,Me
Ne o, ® N "
H
Ir\}
pKa=485 129<pKa<159  pKa=5.06 pKa > 11

Q Q

S X
‘ _ He ®
NS Y -CozMe NN —COpMe
(Et0),0PO R

X =
Scheme 5. Dearomatization of phosphate substrate 5t
and pKa (DMSO) values” of corresponding com-
pounds.

These findings encouraged us to examine whether we
could observe or separate the quinolinium intermediate.
However, this intermediate was difficult to be observed
by in situ IR or '"H NMR experiments. Thus, we prepared
substrate su without an electron-withdrawing group. The
N-alkylation reaction could not take place under Ir-
catalysis. Surprisingly, compound 6u was obtained by
employing [Pd(PPh,),] as the catalyst, implying the feasi-
bility of N-attack directly (Scheme 6, top).

During our investigation, preliminary results showed
that the reaction of allylic carbonate with a methylene
linker could not afford quinolinium product, only a small
amount of hydrolysis product was obtained. At this stage,
further attention was paid to the in situ transformation of
the proposed quinolinium intermediate. Gratifyingly, the
proposed quinolinium species can be captured by hydro-
genation reaction, giving cyclized product 6v by employ-
ing allylic carbonate 5v as the starting material (Scheme 6,
bottom). Pd-catalyzed reversible C-N cleavage during
hydrogenation might account for the low ee value (27%
ee).®

OMe OMe
A Pd(PPhs)s (5 mol %) N O
= =
N THF, 50 °C, 24 h N
cl N —
5u 6u
96% yield
‘ B [Ir(cod)Cl]; (4 mol %) ‘ BN
CO,Me L3 (8 mol %)
N/ CC%ZMe _— ® 7 CO,Me
Me0,CO._ A THF, 1, 2h _ CO,Me
5v
Pd/C (10 mol %)
H, (60 bar)
50 °C, 48 h
H
N CO,Me
| CO,Me
6v
22% yield
27% ee

Scheme 6. Capture and in situ transformation of
quinolinium species.

The absence of Thorpe-Ingold effect in substrate su
might cause the failure of its transformation under Ir-
catalysis. Based on these information, it was envisaged
that switching the leaving group in 10 from carbonate to
chloride will provide a chance to characterize the corre-
sponding pyridinium intermediate with iridium complex
as the catalyst. As expected, the pyridinium intermediate
2p was obtained starting from allylic chloride substrate 1p
(Scheme 7). Subsequent hydrogenation produced 20 with
poor enantioselectivity, which was attributed to the re-
versible C-N bond formation. Therefore, it is strongly in-
dicated that path b (Scheme 4) is a feasible process, albeit
path a can not be ruled out.

‘ X [I(cod)Cll, (4 mol %) ‘ ~ o
P L2 (8 mol %) - cl
N —_— ®N
N co,Me THF, 1t NG CO,Me
co,Me CO,Me
1p 2p
PHC (5 mol %) H, (1 atm)

DABCO (100 mol %) | EtOAc, rt

D CO,Me
CO,Me
20

35% yield
19% ee

Scheme 7. Dearomatization of allylic chloride sub-
strate 1ipunder Ir-catalysis.

SYNTHETIC APPLICATION

Large-scale reaction. The robustness and practicality of
current methodology could further be demonstrated by
large-scale synthesis. The reaction of 3e, 3r and 5h on a
gram-scale delivered the corresponding products in good
yields and excellent enantioselectivity (Scheme 8).
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6 AN Ir(cod)Cll, (2 mol % N
8 THF, 1t, 36 h NTS
9 Me0,CO™ >F N
10 44 ::nrmm 945 mg
11 “ree
12
13 [Ir(cod)Cl], (2 mol %)

2 DABCO(100moI% Ny —CO,Me

15 MeO,CO THF, 50 °C, 2 h
16
17 5.6 mmol 725023;69'(1
18 96% ee
19 Scheme 8. Large-scale reaction.
32 Formal synthesis of (+)-Gephyrotoxin. Gephyrotoxin is
22 one member of a family of alkaloids isolated from the skin
23 extracts of the Columbian frog, Dendrobates histrioni-
24 us.” Different from other dendrobatid alkaloids, Gephy-
25 rotoxin is relatively nontoxic and possesses mild musca-
26 rinic activity and interesting neurological activities.”” The
27 interesting biological characteristics of Gephyrotoxin
28 have stimulated synthetic activity in many groups.” In
29 1983, Ito and co-workers synthesized hexahydro-
30 pyrrolo[1,2-a]quinoline 12 and converted it to Gephy-
31 rotoxin.™ To further demonstrate the synthetic utility of
32 this new method, efforts have been taken towards the
33 preparation of Ito’s intermediate 12.
34 As shown in Scheme 9, the synthesis commenced with
35 the selective hydroboration/oxidation of terminal olefin
36 in 6h and subsequent hydrogenation furnished 8 as a sin-
37 gle diastereoisomer in 48% yield and 92% ee. Protection
38 of the hydroxyl group with MOMCl yielded 9 in a quanti-
39 tative conversion and its relative configuration was de-
40 termined by NOE experiments.” Hydrolysis of the methyl
41 ester was achieved by stirring with LiOH-H,0, affording a
42 carboxylic acid, which, after removal of aqueous MeOH,
43 was decarboxylated smoothly under modified Barton de-
44 carboxylation conditions® in 64% yield over two steps.
45 Final deprotection of the MOM group produced Ito’s in-
46 termediate 12. It is noteworthy that this route is the first
47 asymmetric synthesis of Gephyrotoxin by a catalytic
48 method.
49
50
51
52
53
54
55
56
57
58
59
60
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NN\, —CO,Me 2. H;0, NaOH,2h N7\)—COMe EtOAc N WCO;Me
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= o' HO
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OMe OMe
MOMCI (3.5 equiv) LiOH*H,0 N _
DIPEA (1.5 equiv) H MeOH, H;0 H N lo (o]
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1. P"Bug, "Bu;SnH, dark M
benzene, t, 3 h H _HCL MeOH Wo_ref2ti H
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Scheme 9. Formal synthesis of (+)-Gephyrotoxin.

CONCLUSION

In summary, we have developed the first Ir-catalyzed in-
tramolecular asymmetric allylic dearomatization reaction
of pyridines, pyrazines, quinolines and isoquinolines.
These reactions are enabled by in situ formed chiral Ir-
catalyst. For pyrazines and certain quinolines, Me-
THQphos ligand is required to obtain the best outcome.
Initial mechanistic studies resulted in the discovery of an
alternative reaction pathway. The new catalytic cycle fea-
tures the formation of quinolinium as the key intermedi-
ate. However, the previously proposed mechanism involv-
ing the deprotonation of acidic H, as the first step can not
be excluded. The mechanistic findings render this reac-
tion a yet unknown type in the chemistry of Reissert-type
reaction, which is realized by an intramolecular 3-H elim-
ination protocol. Meanwhile, it is the first time to realize
Ir-catalyzed allylic substitution reaction by employing
pyridines, pyrazines, quinolines and isoquinolines as the
N-nucleophiles. The robustness and practicality of this
method was demonstrated by large-scale reactions. The
utility of this method was further illustrated by formal
synthesis of (+)-Gephyrotoxin.

ASSOCIATED CONTENT

Experimental procedures and spectral data. Single crystal X-
ray diffraction data for compound 6h. This material is availa-
ble free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

slyou@sioc.ac.cn

ACKNOWLEDGMENT

We thank the National Basic Research Program of China (973
Program 2015CB856600), NSFC (21332009, 21421001), and the
Chinese Academy of Sciences for generous financial support.

REFERENCES

1. Joule, J. A;; Mills, K. Heterocyclic Chemistry, 4th ed.; Blackwell
Science: Oxford, U.K., 2000.

2. (a) Pape, A. R;; Kaliappan, K. P.; Kiindig, E. P. Chem. Rev. 2000,
100, 2917. (b) Roche, S. P.; Porco, J. A., Jr. Angew. Chem., Int. Ed.
2011, 50, 4068.

3. Zhuo, C.-X.; Zhang, W,; You, S.-L. Angew. Chem., Int. Ed. 2012,

ACS Paragon Plus Environment


http://pubs.acs.org/

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Journal of the American Chemical Society

51, 12662.

For reviews on transition-metal-catalyzed asymmetric allylic
substitution reactions, see: (a) Trost, B. M.; Van Vranken, D. L.
Chem. Rev. 1996, 96, 395. (b) Trost, B. M.; Crawley, M. L. Chem.
Rev. 2003, 103, 2921. (¢) Lu, Z.; Ma, S. Angew. Chem., Int. Ed.
2008, 47, 258. (d) Weaver, J. D.; Recio, A., III; Grenning, A. J.;
Tunge, J. A. Chem. Rev. 2011, 111, 1846.

For a recent review, see: (a) Zhuo, C.-X.; Zheng, C.; You, S.-L.
Acc. Chem. Res. 2014, 47, 2558. For selected examples from our
group, see: (b) Wu, Q.-F.; He, H.; Liu, W.-B,; You, S.-L. J. Am.
Chem. Soc. 2010, 132, 11418. (c) Wu, Q.-F.; Liu, W.-B.; Zhuo, C.-
X.; Rong, Z.-Q.; Ye, K.-Y.; You, S.-L. Angew. Chem., Int. Ed. 2011,
50, 4455. (d) Wu, Q.-F.; Zheng, C.; You, S.-L. Angew. Chem., Int.
Ed. 2012, 51, 1680. (e) Zhuo, C.-X,; Liu, W.-B.; Wu, Q.-F.; You, S.-
L. Chem. Sci. 2012, 3, 205. (f) Zhuo, C.-X.; You, S.-L. Angew.
Chem., Int. Ed. 2013, 52, 10056. (g) Zhang, X.; Han, L.; You, S.-L.
Chem. Sci. 2014, 5, 1059. (h) Zhuo, C.-X.; Zhou, Y.; You, S.-L. J.
Am. Chem. Soc. 2014, 136, 6590. (i) Zhuo, C.-X.; Cheng, Q.; Liu,
W.-B; Zhao, Q.; You, S.-L. Angew. Chem., Int. Ed. 2015, 54, 8475.
(j) Zhang, X.; Liu, W.-B.; Tu, H.-F,; You, S.-L. Chem. Sci. 2015, 6,
4525. For selected examples from other groups, see: (k) Trost, B.
M.; Quancard, J. J. Am. Chem. Soc. 2006, 128, 6314. (1) Yoshida,
M.; Nemoto, T.; Zhao, Z.; Ishige, Y.; Hamada, Y. Tetrahedron:
Asymmetry 2012, 23, 859. (m) Liu, Y.; Du, H. Org. Lett. 2013, 15,
740. (n) Kaiser, T. M.; Yang, J. Eur. J. Org. Chem. 2013, 3983. For
an elegant report on the dearomatization of a series of electron-
poor aromatics, see: (o) Trost, B. M.; Ehmke, V.; O’Keefe, B. M.;
Bringley, D. A. J. Am. Chem. Soc. 2014, 136, 8213. For selected
examples on the racemic dearomatization reactions, see: (p)
Kimura, M.; Futamata, M.; Mukai, R.; Tamaru, Y. J. Am. Chem.
Soc. 2005, 127, 4592. (q) Kagawa, N.; Malerich, J. P.; Rawal, V.
Org. Lett. 2008, 10, 2381. (r) Chen, J.; Cook, M. J. Org. Lett. 2013,
15, 1088. (s) Montgomery, T. D.; Zhu, Y.; Kagawa, N.; Rawal, V.
H. Org. Lett. 2013, 15, 1140.

For a recent review, see: (a) Kielland, N.; Lavilla, R. Top. Heter-
ocycl. Chem. 2010, 25, 127. For selected examples, see: (b)
Takamura, M.; Funabashi, K.; Kanai, M.; Shibasaki, M. J. Am.
Chem. Soc. 2000, 122, 6327. (¢) Funabashi, K.; Ratni, H.; Kanai,
M.; Shibasaki, M. J. Am. Chem. Soc. 2001, 123, 10784. (d) Ichika-
wa, E.; Suzuki, M.; Yabu, K.; Albert, M.; Kanai, M.; Shibasaki, M.
J. Am. Chem. Soc. 2004, 126, 1808. (e) Frisch, K.; Landa, A;
Saaby, S.; Jorgensen, K. A. Angew. Chem., Int. Ed. 2005, 44, 6058.
(f) Yamaoka, Y.; Miyabe, H.; Takemoto, Y. J. Am. Chem. Soc.
2007, 129, 6686. (g) Sun, Z.; Yu, S.; Ding, Z.; Ma, D. J. Am. Chem.
Soc. 2007, 129, 9300. (h) Christian, C.; Aly, S.; Belyk, K. J. Am.
Chem. Soc. 2011, 133, 2878. (i) Hashimoto, T.; Omote, M.; Maru-
oka, K. Angew. Chem., Int. Ed. 201, 50, 3489. (j) Hashimoto, T;
Omote, M.; Maruoka, K. Angew. Chem., Int. Ed. 2011, 50, 8952.
(k) Zhou, Y.-Y.; Li, J.; Ling, L.; Liao, S.-H.; Sun, X.-L.; Li, Y.-X;;
Wang, L.-J.; Tang, Y. Angew. Chem., Int. Ed. 2013, 52, 1452. (1)
Ishida, T.; Ikota, H.; Kurahashi, K.; Tsukano, C.; Takemoto, Y.
Angew. Chem., Int. Ed. 2013, 52, 10204. (m) Xu, X.; Zavalij, P. Y.;
Doyle, M. P. J. Am. Chem. Soc. 2013, 135, 12439. (n) Garcia
Mancheiio, O.; Asmus, S.; Zurro, M.; Fischer, T. Angew. Chem.,
Int. Ed. 2015, 54, 8823.

For reviews on asymmetric hydrogenation of aromatic com-
pounds, see: (a) Dyson, P. J. Dalton Trans. 2003, 2964. (b) Glo-
rius, F. Org. Biomol. Chem. 2005, 3, 4171. (c) Zhou, Y.-G. Acc.
Chem. Res. 2007, 40, 1357. (d) Wang, D.-S.; Chen, Q.-A.; Ly, S.-
M.; Zhou, Y.-G. Chem. Rev. 2012, 112, 2557. (e) Yu, Z.; Jin, W.;
Jiang, Q. Angew. Chem., Int. Ed. 2012, 51, 6060. (f) He, Y.-M,;
Song F.-T.; Fan, Q.-H. Top. Curr. Chem. 2014, 343, 145. (g) Ye,
Z.-S.; Shi L.; Zhou, Y.-G. Synlett 2014, 25, 928. For selected re-
cent examples, see: (h) Urban, S.; Ortega, N.; Glorius, F. Angew.
Chem., Int. Ed. 20m, 50, 3803. (i) Chen, Q.-A.; Wang, D.-S,;
Zhou, Y.-G.; Duan, Y.; Fan, H.-J.; Yang, Y.; Zhang, Z. J. Am.
Chem. Soc. 2011, 133, 6126. (j) Chen, Q.-A.; Gao, K.; Duan, Y.; Ye,
Z.-S.; Shi, L; Yang, Y.; Zhou, Y.-G. J. Am. Chem. Soc. 2012, 134,
2442. (k) Kuwano, R.; Morioka, R.; Kashiwabara, M.; Kameyama,
N. Angew. Chem., Int. Ed. 2012, 51, 4136. (1) limuro, A.; Yamaji,
K.; Kandula, S.; Nagano, T.; Kita Y.; Mashima, K. Angew. Chem.,

10.

11.

12.

13.

14.

15.

Int. Ed. 2013, 52, 2046. (m) Wang, T.; Chen, F.; Qin, J.; He Y.-M.;
Fan, Q.-H. Angew. Chem., Int. Ed. 2013, 52, 7172. (n) Liu Y.; Du,
H. J. Am. Chem. Soc. 2013, 135, 12968. (0) Duan, Y.; Li, L.; Chen,
M.-W.; Yu, C.-B,; Fan, H.-].; Zhou, Y.-G. J. Am. Chem. Soc. 2014,
136, 7688. (p) Wysocki, J.; Ortega, N.; Glorius, F. Angew. Chem.,
Int. Ed. 2014, 53, 8751. (q) Chang, M.; Huang, Y.; Liu, S.; Chen, Y;
Krska, S. W,; Davies, I. W.; Zhang, X. Angew. Chem., Int. Ed.
2014, 53, 12761. (r) Zhang, Z.; Du, H. Angew. Chem., Int. Ed. 2015,
54, 623. (s) Chen, Z.-P.; Chen, M.-W.; Shi, L.; Yu, C.-B.; Zhou,
Y.-G. Chem. Sci. 2015, 6, 3415.

For reviews on transfer-hydrogenation reactions with Hantzsch
esters, see: (a) Adolfsson, H. Angew. Chem., Int. Ed. 2005, 44,
3340. (b) You, S.-L. Chem. Asian J. 2007, 2, 820. (c) Ouellet, S. G.;
Walji, A. M.; MacMillan, D. W. C. Acc. Chem. Res. 2007, 40,
1327. (d) Wang, C.; Wu, X,; Xiao, J. Chem. Asian J. 2008, 3, 1750.
(e) Rueping, M.; Dufour, J.; Schoepke, F. R. Green Chem. 20w, 13,
1084. (f) Zheng, C.; You, S.-L. Chem. Soc. Rev. 2012, 41, 2498. (g)
Wang, D.; Astruc, D. Chem. Rev. 2015, 115, 6621.

(@) Gutsulyak, D. V; van der Est, A.; Nikonov, G. I. Angew.
Chem., Int. Ed. 20m, 50, 1384. (b) Konigs, C. D. F.; Klare, H. F.
T.; Oestreich, M. Angew. Chem., Int. Ed. 2013, 52, 10076.

(a) Arrowsmith, M.; Hill, M. S.; Hadlington, T.; Kociok-K6hn,
G.; Weetman, C. Organometallics 2011, 30, 5556. (b) Oshima, K;
Ohmura, T.; Suginome, M. J. Am. Chem. Soc. 2012, 134, 3699. ()
Dudnik, A. S.; Weidner, V. L.; Motta, A.; Delferro, M.; Marks, T.
J. Nat. Chem. 2014, 6, n0oo. (d) Fan, X.; Zheng, J.; Li, Z. H.; Wang,
H. J. Am. Chem. Soc. 2015, 137, 4916.

Yang, Z.-P.; Wu, Q.-F.; You, S.-L. Angew. Chem., Int. Ed. 2014,
53, 6986.

For reviews, see: (a) Miyabe, H.; Takemoto, Y. Synlett 2005, 1641.
(b) Takeuchi, R.; Kezuka, S. Synthesis 2006, 3349. (c) Helmchen,
G.; Dahnz, A.; Diibon, P.; Schelwies, M.; Weihofen, R. Chem.
Commun. 2007, 675. (d) Hartwig, J. F.; Stanley, L. M. Acc. Chem.
Res. 2010, 43, 1461. (e) Hartwig, J. F.; Pouy, M. J. Top. Organ-
omet. Chem. 2011, 34, 169. (f) Liu, W.-B.; Xia, J.-B.; You, S.-L.
Top. Organomet. Chem. 2012, 38, 155. (g) Tosatti, P.; Nelson, A.;
Marsden, S. P. Org. Biomol. Chem. 2012, 10, 3147. (h) Helmchen
G. in Molecular Catalysis (Eds.: Gade, L. H.; Hofmann P.),
Wiley-VCH, Weinheim, 2014, pp. 235-254. For selected recent
examples, see: (i) Shu, C.; Leitner, A.; Hartwig, J. F. Angew.
Chem., Int. Ed. 2004, 43, 4797. (j) Chen, W.; Hartwig, J. F. J. Am.
Chem. Soc. 2012, 134, 15249. (k) Roggen, M.; Carreira, E. M. An-
gew. Chem., Int. Ed. 2012, 51, 8652. (1) Schafroth, M. A.; Sarlah,
D.; Krautwald, S.; Carreira, E. M. J. Am. Chem. Soc. 2012, 134,
20276. (m) Hamilton, J. Y.; Sarlah, D.; Carreira, E. M. J. Am.
Chem. Soc. 2013, 135, 994. (n) Chen, W.; Hartwig, J. F. J. Am.
Chem. Soc. 2013, 135, 2068. (0) Liu, W.-B.; Reeves, C. M.; Virgil,
S. C.; Stoltz, B. M. J. Am. Chem. Soc. 2013, 135, 10626. (p) Liu,
W.-B.; Reeves, C. M,; Stoltz, B. M. J. Am. Chem. Soc. 2013, 135,
17298. (q) Krautwald, S.; Sarlah, D.; Schafroth, M. A.; Carreira, E.
M. Science 2013, 340, 1065. (r) Qu, J.; RofSberg, L.; Helmchen, G.
J. Am. Chem. Soc. 2014, 136, 1272. (s) Hamilton, J. Y.; Sarlah, D;
Carreira, E. M. J. Am. Chem. Soc. 2014, 136, 3006. (t) Krautwald,
S.; Schafroth, M. A,; Sarlah, D.; Carreira, E. M. J. Am. Chem. Soc.
2014, 136, 3020. (u) Zhang, X.; Yang, Z.-P.; Huang, L.; You, S.-L.
Angew. Chem., Int. Ed. 2015, 54, 1873. (v) Breitler, S.; Carreira, E.
M. J. Am. Chem. Soc. 2015, 137, 5296. (w) Hamilton, J. Y.; Sarlah,
D.; Carreira, E. M. Angew. Chem., Int. Ed. 2015, 54, 7644.

(a) Weintraub, P. M.; Sabol, J. S.; Kane, J. M.; Borcherding, D. R.
Tetrahedron 2003, 59, 2953. (b) Sridharan, V.; Suryavanshi, P. A,;
J. C. Menéndez. Chem. Rev. 2011, 11, 7157.

For recent examples on synthetic potential of dihydropyridines,
see: (a) Duttwyler, S.; Lu, C.; Rheingold, A. L.; Bergman, R. G;
Ellman, J. A. J. Am. Chem. Soc. 2012, 134, 4064. (b) Ischay, M. A ;
Takase, M. K.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc.
2013, 135, 2478. (¢) Duttwyler, S.; Chen, S.; Takase, M. K.; Wi-
berg, K. B.; Bergman, R. G.; Ellman, ]. A. Science 2013, 339, 678.
(d) Duttwyler, S.; Chen, S.; Lu, C.; Mercado, B. Q.; Bergman, R.
G.; Ellman, J. A. Angew. Chem., Int. Ed. 2014, 53, 3877.

(a) Liu, W.-B.; He, H.; Dai, L.-X.; You, S.-L. Synthesis 2009,
2076. (b) Liu, W.-B.; Zheng, C.; Zhuo, C.-X.; Dai, L.-X.; You, S.-L.

ACS Paragon Plus Environment

Page 8 of 10



Page 9 of 10

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

16.

17.

18.

19.

20.

21.

Journal of the American Chemical Society

J. Am. Chem. Soc. 2012, 134, 4812.

(a) Wang, M.; Wang, Z.; Shi, Y.-H.; Shi, X.-X.; Fossey, J. S.; Deng,
W.-P. Angew. Chem., Int. Ed. 2011, 50, 4897. (b) Wang, Z.; Ye, ] ;
Wu, R; Liu, Y.-Z.; Fossey, J. S.; Cheng, J.; Deng, W.-P. Catal. Sci.
Technol. 2014, 4, 1909. (c) Jiang, S.-S.; Gu, B.-Q.; Zhu, M.-Y.; Yu,
X.; Deng, W.-P. Tetrahedron 2015, 71, 187.

Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456.

Zhao, X.; Liu, D.; Guo, H.; Liu, Y.; Zhang, W. J. Am. Chem. Soc.
2011, 133, 19354-

Daly, J. W.; Witkop, B.; Tokuyama, T.; Nishikawa, T.; Karle, I. L.
Helv. Chim. Acta 1977, 60, 128.

(a) Daly, J. W. Fortschr. Chem. Org. Naturst. 1982, 41, 205. (b)
Souccar, C.; Varanda, W. A;; Daly, J. W.; Albuquerque, E. X. Mol.
Pharmacol. 1984, 25, 384. (c) Souccar, C.; Varanda, W. A,
Aronstam, R. S.; Daly, J]. W.; Albuquerque, E. X. Mol. Pharmacol.
1984, 25, 395.

For examples on total synthesis of Gephyrotoxin, see: (a)
Overman, L. E; Fukaya, C. J. Am. Chem. Soc. 1980, 102, 1454. (b)
Fujimoto, R.; Kishi, Y.; Blount, J. F. J. Am. Chem. Soc. 1980, 102,
7154. (¢) Hart, D. J. J. Org. Chem. 1981, 46, 3576. (d) Fujimoto, R.;
Kishi, Y. Tetrahedron Lett. 1981, 22, 4197. (e) Hart, D. J.; Kanai, K.
J. Am. Chem. Soc. 1983, 105, 1255. (f) Overman, L. E.; Lesuisse, D.;
Hashimoto, M. J. Am. Chem. Soc. 1983, 105, 5373. (g) Shirokane,

22.
23.

K.; Wada, T.; Yoritate, M.; Minamikawa, R.; Takayama, N.; Sato,
T.; Chida, N. Angew. Chem., Int. Ed. 2014, 53, 512. (h) Chu, S,;
Wallace, S.; Smith, M. D. Angew. Chem., Int. Ed. 2014, 53, 13826.
For examples on formal synthesis that intersect Kishi’s route,
see: (i) Ito, Y.; Nakajo, E.; Nakatsuka, M.; Saegusa, T. Tetrahe-
dron Lett. 1983, 24, 2881. (j) Pearson, W. H.; Fang, W.-K. J. Org.
Chem. 2000, 65, 6838. (k) Wei, L.-L.; Hsung, R. P.; Sklenicka, H.
M.; Gerasyuto, A. I. Angew. Chem., Int. Ed. 2001, 40, 1516. (1)
Santarem, M.; Vanucci-Bacqué, C.; Lhommet, G. J. Org. Chem.
2008, 73, 6466. (m) Miao, L.; Shu, H.; Noble, A. R.; Fournet, S.
P.; Stevens, E. D.; Trudell, M. L. ARKIVOC 2010, 6. (n) Pichette,
S.; Winter, D. K.; Lessard, J.; Spino, C. J. Org. Chem. 2013, 78,
12532; For an elegant example on the synthesis of indolizidine
alkaloids by asymmetric hydrogenation reaction, see: (o) Orte-
ga, N.; Tang, D.-T. D.; Urban, S.; Zhao, D.; Glorius, F. Angew.
Chem., Int. Ed. 2013, 52, 9500.

See the Supporting Information for details.

Barton, D. H. R.; Samadi, M. Tetrahedron 1992, 48, 7083.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of the American Chemical Society

Page 10 of 10

[Ir(cod)Cl], (2-4 mol %)

1;
2 L2orL3 (4 -8mol%) R \]: up to 99% yield
THE 99% ee

O 0
/PN H
A °

S,S,S,)-L2, Ar = 2-MeO-CgH.
( o) 64 (+)-Gephyrotoxin

ACS Paragon Plus Environment

10



