
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Se

pt
em

be
r 

20
14

. D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 1
1:

02
:2

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enantioselective
aQueen's University, Department of Chemistr

Canada. E-mail: andrew.evans@chem.queen
bThe University of Liverpool, Department of

7ZD, UK

† Electronic supplementary informa
10.1039/c4sc01317d

Cite this: Chem. Sci., 2015, 6, 777

Received 6th May 2014
Accepted 4th July 2014

DOI: 10.1039/c4sc01317d

www.rsc.org/chemicalscience

This journal is © The Royal Society of C
construction of C-chiral allylic
sulfilimines via the iridium-catalyzed allylic
amination with S,S-diphenylsulfilimine: asymmetric
synthesis of primary allylic amines†

Rebecca L. Grange,a Elizabeth A. Clizbe,b Emma J. Counsellb and P. Andrew Evans*a

We have devised a highly regio- and enantioselective iridium-catalyzed allylic amination reaction with the

sulfur-stabilized aza-ylide, S,S-diphenylsulfilimine. This process provides a robust and scalable method for

the construction of aryl-, alkyl- and alkenyl-substituted C-chiral allylic sulfilimines, which are important

functional groups for organic synthesis. Additionally, the combination of the allylic amination with an in

situ deprotection of the sulfilimine constitutes a convenient one-pot protocol for the construction of

chiral nonracemic primary allylic amines.
Introduction

Sulfur-stabilized aza-ylides, as exemplied by sullimines,
provide an interesting class of molecules that display unique
and diverse reactivity.1 For example, the ylide character of the
nitrogen–sulfur group provides an ambidentate species that can
either undergo nucleophilic or electrophilic aziridination of
electron-decient and electron-rich olens, respectively.2,3 Sul-
limines also participate in cycloaddition reactions, which
provides valuable opportunities for target directed synthesis.1

Notwithstanding the distinctive synthetic attributes of the sul-
limine, it represents a rather intriguing functional group in so
much that it can be stereogenic at both carbon and sulfur.
Although there are a number of convenient methods for the
construction of enantioenriched S-chiral sullimines, the
construction of C-chiral sullimines has not been forthcoming.
Furthermore, sullimines provide important synthetic targets,
as exemplied by their incorporation in pesticides and photo-
graphic recording materials.4 Additionally, a sullimine was
recently implicated in the stabilization of collagen IV networks
in the form of a critical cross-link between a hydroxylysine and
methionine residue, which further underscores the growing
signicance of this unusual structural motif in organic
chemistry.5

In a program directed towards the utilization of charge
separated nucleophiles in the metal-catalyzed allylic substitu-
tion reaction;6 we recently demonstrated the merit of
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pyridinium ylides, which provide a new class of air-stable and
non-basic nitrogen nucleophiles (Scheme 1A).7 In contrast, the
sulfur-stabilized derivative, which would permit the construc-
tion of the aforementioned C-chiral allylic sullimines, is a
particularly poor nucleophile for the rhodium-catalyzed reac-
tion due to the combination of eld and resonance stabiliza-
tion.8,9 Hence, we envisioned that the iridium-catalyzed
reaction, which typically facilitates the alkylation of several
weak nucleophiles,10 should overcome the poor reactivity and
thereby provide exciting opportunities to illustrate the unique
reactivity of the sullimine group. Herein, we now describe the
rst regio- and enantioselective iridium-catalyzed allylic ami-
nation11 of allylic carbonates and benzoates 1 with the
commercially available nitrogen ylide S,S-diphenylsulli-
mine12,13 for the construction of chiral non-racemic N-allylic
Scheme 1 Enantiospecific and enantioselective metal-catalyzed
allylic amination reactions with aza-ylides.
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Fig. 1 Chiral phosphoramidite ligands and the cyclometallated iridium
complex utilized for the enantioselective allylic amination.
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sullimines 2, a hitherto unreported motif of considerable
synthetic potential (Scheme 1B).

Results and discussion

Table 1 outlines the preliminary studies on the development of
the regio- and enantioselective iridium-catalyzed allylic amina-
tion with a sullimine nucleophile. Treatment of the cinnamyl
carbonate 1a with S,S-diphenylsullimine and the chiral
iridium complex derived from [Ir(cod)Cl]2 and the phosphor-
amidite ligand 4a14 (Fig. 1) in dichloromethane at 35 �C fur-
nished the sullimine 2a in 79% yield with excellent regio- and
enantioselectivity (entry 1). Interestingly, the related phos-
phoramidite ligands 4b15 and 4c16 were signicantly inferior to
4a in terms of both the efficiency and regioselectivity (Fig. 1).
Further studies examined the feasibility of utilizing catalytic
quantities of cesium carbonate as the exogenous base to
improve the overall yield. Gratifyingly, the allylic amination
reaction in the presence of catalytic cesium carbonate, fur-
nished the allylic sullimine 2a with improved efficiency and
comparable selectivity, making this an attractive synthetic
protocol (entry 2).17

Having established the optimal procedure for the aryl
derivatives, we sought to examine aliphatic substituted elec-
trophiles, which are generally more challenging substrates for
the iridium-catalyzed allylic substitution reaction.6f In this
context, the application of similar reaction conditions to the
propyl substituted allylic carbonate 1 led to poor yield with both
catalytic and stoichiometric base (entry 3), which prompted the
examination of alternative leaving groups. Although the acetate
leaving-group was inferior to the carbonate (entry 3 vs. 4), the
benzoate provided signicant improvement in yield and regio-
selectivity (entry 5). Additional modications to the stereo-
electronics of the benzoate identied the 3-uorobenzoate as
Table 1 Optimization of the regio- and enantioselective iridium-catalyz

Entry

Allylic alcohol derivative 1

pKa (LgOH)R ] Lg ]

1 Ph MeCO2 5.61
2 Ph MeCO2 5.61
3 n-Pr “ “
4 “ MeCO 4.76
5 “ PhCO 4.20
6 n-Pr 3-FC6H4CO 3.87
7 “ “ “

a All reactions were carried out on a 0.25 mmol reaction scale using
diphenylsullimine in dichloromethane at 35 �C. b Isolated yields. c Regi
mixtures. d Enantioselectivity was determined by chiral HPLC analysis of
absolute congurations of (S)-2a and (R)-2k were determined by conve
derivative and comparison of the optical rotations with the reported valu

778 | Chem. Sci., 2015, 6, 777–781
the optimal leaving group (3-FC6H4CO > PhCO > MeOCO >
MeCO) in terms of selectivity and efficiency (entry 6).18

Furthermore, this reaction can also be conducted with catalytic
base, albeit with slightly diminished yield (entry 7). Hence, the
scope of the reaction was examined using stoichiometric
cesium carbonate.

Table 2 outlines the application of the optimized reaction
conditions (Table 1, entries 2 and 6) to aryl-, alkyl- and alkenyl-
substituted allylic carbonates and benzoates.‡ Interestingly, the
reaction is tolerant of a wide array of electron-rich and electron-
poor cinnamyl alcohol derivatives, in which 2-, 3- and
4-substituted aromatic allylic carbonates afford excellent yields
and regioselectivities (entries 1–10), albeit with a slightly
diminished selectivity for the chloro- and bromo-derivatives
(entries 7 and 8). In addition, excellent enantioselectivities were
observed in all cases with the exception of the 2-substituted
variant (entry 2), which oen provides lower selectivity in
related iridium-catalyzed allylic substitution reactions.6f The
2-naphthyl derivative also provides excellent regio- and enan-
tioselectivity for this process (entry 10), thereby further illus-
trating the scope with aryl derivatives. Gratifyingly, the
application of the optimized reaction conditions to the more
challenging alkyl and alkenyl derivatives provided exquisite
regio- and enantioselectivity. For instance, the linear and
branched alkyl derivatives provide excellent yields and
ed allylic amination of aryl and aliphatic allylic electrophilesa

Cs2CO3 Yield (%)b 2/3c ee (%)d,e

— 79 $19 : 1 96
0.25 87 $19 : 1 97
1.1 43 15 : 1 90
“ 18 14 : 1 99
“ 63 $19 : 1 93
1.1 91 $19 : 1 95
0.25 72 $19 : 1 94

2 mol% of [Ir(cod)Cl]2, 4 mol% of 4a and 1.1 equivalents of S,S-
oselectivity was determined by 500 MHz 1H NMR on the crude reaction
the N-triuoroacetamide or N-p-toluenesulfonamide derivative.19 e The
rsion to either the N-triuoroacetamide or the N-p-tosylsulfonamide
es.19,20

This journal is © The Royal Society of Chemistry 2015
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Table 2 Scope of the regio- and enantioselective iridium-catalyzed allylic amination of aryl, aliphatic and alkenyl allylic alcohol derivatives
(Scheme 1B)a

Entry

Allylic alcohol derivative 1

Method Yieldb (%) b/l 2/3c eed (%)Lg ] R ]

1 MeOCO– Ph a A 87 $19 : 1 98e

2 “ 2-MeOC6H4 b A 87 $19 : 1 81
3 “ 3-MeOC6H4 c A 85 $19 : 1 94
4 “ 4-MeOC6H4 d A 80 $19 : 1 95
5 “ 4-MeC6H4 e A 90 $19 : 1 93
6 “ 4-FC6H4 f A 88 $19 : 1 96
7 “ 4-ClC6H4 g A 78 17 : 1 96
8 “ 4-BrC6H4 h A 81 18 : 1 91
9 “ 3,5-(MeO)2C6H3 i A 81 $19 : 1 94
10 “ 2-Naphthyl j A 89 $19 : 1 96
11 3-FC6H4CO– n-Pr k B 91 $19 : 1 95e

12 “ Me l B 91 $19 : 1 95e

13 “ Ph(CH2)2 m B 86 $19 : 1 91
14 “ i-Pr n C 82 $19 : 1 95e

15 “ c-Pen o C 84 $19 : 1 97
16 “ c-Hex p C 74 $19 : 1 97
17 “ i-Pen q B 86 $19 : 1 94
18 “ TBSOCH2 r C 78 17 : 1 95
19 “ TBSO(CH2)2 s C 77 14 : 1 93
20 “ BnOCH2 t B 78 16 : 1 92
21 “ BnO(CH2)2 u B 71 17 : 1 90
22 “ BocNH(CH2)5 v B 82 $19 : 1 93
23 “ CbzNH(CH2)5 w B 82 $19 : 1 92
24 “ Cl(CH2)5 x B 82 $19 : 1 92
25 “ (E)-MeCH]CH y C 72 $19 : 1 95

a All reactions were carried out on a 0.25 mmol reaction scale using 2 mol% of [Ir(cod)Cl]2, 4 mol% of 4a and 1.1 equivalents of S,S-
diphenylsullimine in dichloromethane at 35 �C. Method A: 0.25 equiv. Cs2CO3; Method B: 1.1 equiv. Cs2CO3; Method C: 1.1 equiv. Cs2CO3 and
catalyst pre-activated with n-PrNH2.10a

b Isolated yields. c Regioselectivity was determined by 500 MHz 1H NMR on the crude reaction mixtures.
d Enantioselectivity was determined by chiral HPLC analysis of the N-triuoroacetamides (entries 1–10 and 20–21) and the N-p-
tosylsulfonamides (entries 11–19 and 22–25). e The absolute congurations were determined by conversion to the known N-p-tosylsulfonamide
and comparison of the optical rotations, which are consistent with the Hartwig model.19,20

Scheme 2 Gram-scale allylic amination/deprotection and one-pot
allylic amination/deprotection: (a) cat. [Ir(cod)Cl]2, 4a, Ph2S

+NH�,
Cs2CO3, CH2Cl2, 35 �C, 81%; (b) aqueous 10MHCl, CH3CN, RT, 94%; c)
cat. [Ir(cod)Cl]2, 4a, Ph2S

+NH�, Cs2CO3, CH2Cl2, 35 �C; then aqueous
10M HCl, CH3CN, RT, 76%.
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selectivities under these conditions (entries 11–17), albeit the
a-branched derivatives required pre-activation of the catalyst
(entries 14–16) with n-propylamine to provide 5 (Fig. 1).10a

Additional studies demonstrated that tert-butyldimethylsilyl
and benzyl protected hydroxymethyl and ethyl derivatives are
also well tolerated (entries 18–21). Furthermore, the tethered
N-Boc and N-Cbz derivatives also provide suitable substrates for
this process to afford differentially protected diamines (entries
22–23). Finally, the chloro- and alkenyl-substituted allylic
benzoates afford excellent selectivity (entry 24–25), in which the
latter also requires catalyst pre-activation similar to the
a-branched derivatives. Overall, this study highlights the
synthetic versatility of the allylic amination reaction with a
sullimine nucleophile, which encompasses an array of aryl-,
alkyl- and alkenyl-substituted allylic alcohol derivatives.

Scheme 2 illustrates the synthetic utility of the iridium-
catalyzed allylic amination with S,S-diphenylsullimine, which
represents a novel ammonia equivalent.21–23 The development of
ammonia equivalents remains an important area of investiga-
tion, since chiral nonracemic primary allylic amines are versa-
tile synthons for target directed synthesis. Recent landmark
reports on the ability to utilize ammonia to directly prepare the
primary allylic amine represents an important advance in this
This journal is © The Royal Society of Chemistry 2015
area. Nevertheless, this approach has limitations, which
provides the impetus for further developments. For instance,
the allylic amination with ammonia requires a large excess of
the nucleophile (100 fold) and a specialized catalyst to reduce
dialkylation. Although this process affords exquisite selectivity,
the yields of the primary amine are generally modest.
Chem. Sci., 2015, 6, 777–781 | 779
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Alternatively, the allylic amination with sulfamic acid, which
forms ammonia through in situ fragmentation, provides modest
yields and enantioselectivities with simple alkyl substrates,
thereby making this less attractive for synthetic applications.
Consequently, we envisioned that the allylic amination with S,S-
diphenylsullimine could be combined with a simple depro-
tection to provide a practical and scalable route to this impor-
tant functional group.21 For example, the allylic amination of 1k
can be accomplished on a gram-scale to afford the enantio-
merically enriched sullimine 2k in 81% yield with excellent
selectivity. Interestingly, the cleavage of theN–S bond could also
be accomplished on a similar scale to afford the allylic amine
hydrochloride salt 6 in 94% yield (99% cee) (Scheme 2A).24

Alternatively, enantiomerically enriched primary allylic amines
can be accessed directly using the one-pot process outlined in
Scheme 2B. Treatment of the primary allylic carbonate 1w under
the optimal reaction conditions, followed by the in situ cleavage
of the N–S bond of the sullimine, furnished the mono-pro-
tected diamine 7 in 76% overall yield (b/l $19 : 1, 91% ee),
thereby illustrating the synthetic utility of the sullimine.
Conclusions

In conclusion, we have devised the rst highly regio- and
enantioselective iridium-catalyzed allylic amination reaction
with the sulfur-stabilized aza-ylide, S,S-diphenylsullimine,
which is directly applicable to aryl-, alkyl- and alkenyl-
substituted sullimines. Additionally, the sullimine provides a
convenient and commercially available ammonia equivalent,
which is readily cleaved with acid to afford the enantiomerically
enriched primary amine hydrochloride salt. Furthermore, the
ability to conduct this sequence either on a gram-scale or in
one-pot, permits the direct formation of the primary allylic
amine to illustrate the utility of this process for challenging
synthetic applications. Overall, this work demonstrates that aza-
ylides are a valuable class of nucleophiles for enantioselective
metal-catalyzed allylic substitution reactions.25
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