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Abstract: The acid-catalyzed benzylic
and allylic alkylation of protic nucleo-
philes is fundamentally important for
the formation of carbon—carbon and
carbon—heteroatom bonds, and it is a
formidable challenge for benzylic and
allylic amine derivatives to be used as
the alkylating agents. Herein we report
a highly efficient benzylic and allylic al-
kylation of protic carbon and sulfur nu-
cleophiles with sulfonamides through

of sp® carbon-nitrogen bonds at room
temperature. In the presence of a cata-
Iytic amount of inexpensive ZnCl,-
TMSClI (TMSCI:  chlorotrimethylsi-
lane), 1,3-diketones, P-keto esters, -
keto amides, malononitrile, aromatic
compounds, thiols, and thioacetic acid

Keywords: allylic compounds - ben-
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can couple with a broad range of tosyl-
activated benzylic and allylic amines to
give diversely functionalized products
in good to excellent yields and with
high regioselectivity. Furthermore, the
cross-coupling reaction of 1,3-dicarbon-
yl compounds with benzylic propargylic
amine derivatives has been successfully
applied to the one-step synthesis of
polysubstituted furans and benzofur-
ans.

double Lewis acid catalyzed cleavage

Introduction

The benzylic and allylic alkylation of protic nucleophiles is
fundamentally important for the formation of carbon—
carbon and carbon—heteroatom bonds, and benzylic and al-
lylic halides and the corresponding sulfonates are frequently
employed as the alkylating agents. In general, at least stoi-
chiometric amounts of bases are needed to activate protic
nucleophiles, such as active methylene compounds, alcohols
and thiols, to facilitate the corresponding alkylating reac-
tions. Alternatively, the alkylation of protic nucleophiles can
be catalyzed by Lewis or Brgnsted acids, owing to the ready
cleavage of benzylic and allylic sp® carbon-halogen and sp’
carbon-oxygen bonds under acidic conditions,"! and the
scope of protic nucleophiles for the acid-catalyzed alkylation
has been successfully extended to aromatic compounds.
Nevertheless, the use of benzylic and allylic halides and the
corresponding sulfonates as alkylating agents in the reaction
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results in the formation of hydrogen halides and sulfonic
acids, the strong acidity of which may lead to undesired side
reactions. One of the promising approaches to avoid this
problem is to explore benzylic and allylic amines or their de-
rivatives as alkylating agents, which can completely shut
down the formation of acidic by-products. However, it re-
mains a formidable challenge for benzylic and allylic amines
and their derivatives to be coupled with protic nucleophiles
through catalytic cleavage of sp’ carbon-nitrogen bonds
under acidic conditions.”

Although benzylic amine derivatives have been reported
to undergo Friedel-Crafts alkylation of aromatic com-
pounds, such an alkylation is restricted by the use of highly
activated substrates, a large excess of acids and/or elevated
temperature, and at times the formation of a multitude of
products.”] Furthermore, the reaction conditions have not
been extended to the benzylic and allylic alkylation of other
important protic nucleophiles, such as active methylene
compounds, thiols, and thioacids. To explore benzylic and al-
lylic amines as useful alkylating agents, we planned to acti-
vate the amino groups with appropriate electron-withdraw-
ing groups (EWG) and Lewis acids (LA) to facilitate the
cleavage of benzylic and allylic sp® carbon—-nitrogen bonds
(Scheme 1). The cross-coupling reaction of benzylic and al-
lylic amine derivatives with protic nucleophiles (Nu—H) re-
sults in the formation of ammonia derivatives, H,N(EWG),
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Scheme 1. Double activation of amino groups with EWG and LA.

which do not exhibit strong acidity and therefore avoid con-
siderable side reactions. Herein we report a highly efficient
benzylic and allylic alkylation of various protic nucleophiles
with sulfonamides through double Lewis acid catalyzed
cleavage of sp® carbon-nitrogen bonds at room temperature
and its application to the one-step synthesis of polysubstitut-
ed furans and benzofurans.

Results and Discussion

As a strong electron-withdrawing group that can be intro-
duced easily from p-tosyl chloride, the tosyl group was first
selected to activate the amino group. In the model reaction
of N-tosyl benzhydrylamine (1a) with acetyl acetone (2a) a
number of inexpensive Lewis and Brgnsted acids (5 mol %),
shown in Table 1, were examined at room temperature, but
none of them showed significant catalytic activity. Gratify-
ingly, the catalytic activity of some of the Lewis and Brgnst-
ed acids were dramatically enhanced by the incorporation of
chlorotrimethylsilane (TMSCI),* which when used alone
failed to catalyze the reaction. ZnCl,-TMSCI was identified
as the catalyst system of choice judging by the yield and re-
action time. In the presence of Smol% of ZnCl, and
10 mol % of TMSCI the reaction proceeded cleanly to give
substituted 1,3-diketone 3aa in 99 % yield, and no inter-
mediate was observed by '"H NMR analysis of the reaction
mixture (Table 1, entry 14). It should be noted that the re-
placement of the tosyl group in substrate 1a with less elec-
tron-withdrawing groups such as SOPh, PO(OPh),, COPh
and Cbz could not activate the amino group efficiently and
therefore resulted in formation of product 3aa in much
lower yields (Table 1, entries 15-18).

A Dbroad range of tosyl-activated benzylic and allylic
amines were examined in the ZnCl,-TMSCl-catalyzed alky-
lation of acetyl acetone (2a) at room temperature (Table 2).
The cross-coupling reaction of tosyl-activated benzylic
amines, bearing either electron-donating groups or electron-
withdrawing groups on their aromatic rings, with acetyl ace-
tone (2a) proceeded smoothly to give the corresponding
substituted 1,3-diketones in good to excellent yields
(Table 2, entries 1-8). With regard to the allylic alkylation of
acetyl acetone (2a), tosyl-activated acyclic and cyclic allylic
amines were found to serve as suitable substrates (Table 2,
entries 9-13). As demonstrated by the lack of any isomeric
products generated from the reaction with unsymmetric al-
lylic amine derivatives 1j-11 (Table 2, entries 10-12),! the
attack of acetyl acetone (2a) to these amine derivatives
took place only at the allylic positions in order to maintain a
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Table 1. Survey of catalysts and activating groups.!
acid (5 mol %)

Ph H . COMe TmsCl (10 mol %) Ph COMe
N H e ———

PH  EWG come  CHCLRT PH  COMe
1a-1ae 2a 3aa
la-lae Acid t[h] Yield [%]®
EWG

1 1a, Ts H,SO, 24 56
2 1a, Ts TsOH 24 <5
3 1a, Ts CF,;SO;H 24 <5
4 1a,Ts AICI 24 <5
5 1a, Ts FeCl, 24 18
6 1a, Ts Fe,(SO,);5 H,0 24 63
7 1a, Ts Fe(NO3)+9 H,0 24 59
8 1a, Ts BiCl, 24 80
9 1a, Ts Biy(SO,); 24 60
10 1a, Ts SnCl,5H,0 24 88
1 1a, Ts CuCL2H,0 24 <5
12 1a, Ts FeSO,7H,0O 24 9
13 1a, Ts FeCl,4 H,0 24 7
14 1a, Ts ZnCl, 4.5 99
15 1ab, SOPh ZnCl, 48 69
16 lac, PO(OPh),  ZnCl, 48 2
17 1lad, COPh ZnCl, 24 70
18 lae, Cbz ZnCl, 24 <5

[a] Reaction conditions: la-lae (0.50 mmol), 2a (1.2 equiv), acid
(5mol %), TMSCI (10 mol %), CH,Cl, (0.50 mL), RT. [b] Isolated yield.
Ts =p-toluenesulfonyl. Cbz =benzyloxycarbonyl.

Table 2. Catalytic alkylation of acetyl acetone with sulfonamides.!
ZnCl, (5 mol %)

1 COMe  TMSCI (10 mol %) 1 COMe
R-NHTs + H _——
come  CMLCERT COMe
1 2a 3aa-3ma
1, R! Product ¢ Yield
] [%]"
1 ' 1a, R=Ph 3aa 4.5 99
2 e 1b, R=PMP 3ba 1 98
3 1c, R=4-CIC,H, 3ca 6 89
4 ; 1d, R=Ph 3da 9 95
5 R le, R=PMP 3ea 8 9%
6l © 1f, R=4-CIC{H, 3fa 30 85
7 1g Me 3ga 7 90
8  1h, pMp” 3ha 24 73
9 : 1i, R=Ph 3ia 5 90
10 Ph/\/\R 1j, R=Me 3ja 4 86
11 1k, R=nPr 3ka 4 70
-
2, /\/\ Me  3la 25 77
Ph
13 1m, <—:_> o 3ma 7 91
Ph  ,—Ph
14 laf= N 3aa 3 98
PH s

[a] Reaction conditions: 1 (0.50 mmol), 2a (1.2 equiv), ZnCl, (5 mol %),
TMSCl (10mol%), CH,Cl, (0.50mL), RT. [b]Isolated yield.
[c] 10 mol% of ZnCl, and 100 mol% of TMSCI were used. PMP=4-
methoxyphenyl.
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maximum degree of conjugation. Furthermore, excellent se-
lectivity was observed in the application of tosyl-activated
secondary amines as benzylic and allylic alkylating agents.
For example, secondary amine derivative 1af could donate
its benzhydryl group exclusively to acetyl acetone (2a) in
the presence of the ZnCl,-TMSCI catalyst system (Table 2,
entry 14).

The cross-coupling reaction of optically active sulfon-
amide (R)-1e (95% ee) with acetyl acetone (2a) was carried
out to afford product 3ea in nearly racemic form (Table 2,
entry 5). This result suggests that a carbocation intermediate
is generated from the sulfonamide and then couples with
the nucleophile. Nevertheless, the observed racemization
can also be ascribed, in part, to the reversible cleavage of
sp’ carbon—nitrogen bonds under the reaction conditions.
When treated with 5mol% of ZnCl, and 10 mol% of
TMSCI, sulfonamide (R)-le underwent racemization
smoothly at room temperature and its optical purity de-
creased from 95% to 11 % in 24 h.

The scope of protic carbon nucleophiles is very general in
the cross-coupling reaction with tosyl-activated benzylic and
allylic amines (Table 3). As indicated by reaction time, yield
and the amount of catalyst, 1,3-diketones and -keto esters
showed better reactivity than [-keto amides and malononi-
trile in the benzylic alkylation of active methylene com-
pounds with tosyl-activated amines (Table 3, entries 1-6).
Appropriately activated arenes could undergo Friedel-
Crafts alkylation with tosyl-activated benzylic and allylic
amines to give the corresponding products in very good to
excellent yields”! and with greater than 20:1 regioselectivity
(Table 3, entries 7-14).! Owing to their electron-donating
nature, hydroxy, methoxy, and methylmercapto not only ac-
tivate arenes in the Friedel-Crafts reaction, but also domi-
nate the regioselectivity thereof. As expected, the para-posi-
tion of aromatic ring in the nucleophile, if available, was al-
kylated predominantly by a tosyl-activated amine. Alterna-
tively, the ortho-position was the choice if the para-position
was occupied previously by another group.

The cross-coupling reaction of 1,3-dicarbonyl compounds
with benzylic propargylic amine derivatives was successfully
applied to the synthesis of tetrasubstituted furans,® which
are key moieties in many natural products and pharmaceuti-
cals.”! The ZnCl,-TMSCl-catalyzed cross-coupling reaction
of acetyl acetone (2a) with sulfonamide 1n proceeded
smoothly at room temperature to give f-alkynyl diketone
3na, which was subsequently converted to tetrasubstituted
furan 4na through cycloisomerization in the presence of
10mol% of ZnCl, and 50mol% of TMSCI at 70°C
(Scheme 2).'! Tentatively, the intramolecular nucleophilic
attack of the enolic form of 1,3-dicarbonyl group to carbon—
carbon triple bond (5-exo-dig cyclization), which is activated
by a Lewis acid (LA, ZnClL-TMSCI) through m-coordination
(A), followed by the loss of proton to generate cyclic inter-
mediate B. Protonolysis of intermediate B regenerates the
Lewis acid catalyst and at the same time releases intermedi-
ate C, which subsequently undergoes the acid-catalyzed aro-
matization to give the final product 4na.
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Table 3. Catalytic alkylation of protic carbon nucleophiles with sulfona-
mides. !
ZnCl, (5 mol %)

TMSCI (10 mol %)
R'“NHTs + H-R# ——————— R'-R?

) ) CH,Cl,, RT s
1 2 Product, 3 t Yield
[h] [%]"
1 1a 2b come PhHCOMe 3ab 1 9
a ai
COPh Ph  COPh
E
2 1la COEt 2¢,R=Me Ph_ CO.Et 3ac 2 94
3 1a ‘cor 2dR—Ph ) 3ad 5 91
Ph  COR
CO,Et
4 1n 2d —~ 3hd 9 88
PMP  COPh
CONEL  pr,  CoNEt,
5l 1a  2e, >—< 3ae 48 62
COMe Ph  COMe
Ph CN
6 1a 2f (NC),CH — 3af 24 80
Ph  CN
Ph
7 1la Ph 2g, R=H 3ag 0.5 80
8 1a OR 2h, R=Me Ph)\©\ 3ah 1 9
OR
9 1h 2h oMP~ " PMP 3hh 3 89
10 1j 2h e 3jh 15 91
j jh 1.
Ph/\/\PMP
11 1af 2h 3ah 1 93
Ph
12 1a 2i, PhSMe Ph)\©\ 3ai 20 82
SMe
OR Ph OR
13 1a 2j,R=H 3aj 05 82
14 1a 2k, R—Me Ph)\© 3ak 1 90
Me Me

[a] Reaction conditions: 1 (0.50 mmol), 2 (1.2 equiv), ZnCl, (5 mol%),
TMSCl (10mol%), CH,Cl, (0.50mL), RT. [b]Isolated yield.
[c] 10 mol % of ZnCl, and 50 mol % of TMSCI were used.

More excitingly, the direct treatment of sulfonamide 1n
and acetyl acetone (2a) with 10mol% of ZnCl, and
50 mol % of TMSCI at 70°C resulted in formation of tetra-
substituted furan 4na in good yield (Table 4, entry 1). Fur-
thermore, this one-step procedure for the cross-coupling re-
action of 1,3-dicarbonyl compounds with benzylic propargyl-
ic amine derivatives has proved to be useful for the con-
struction of several other tetrasubstituted furans (Table 4,
entries 2-4).

Similarly, the cross-coupling reaction of para-substituted
phenols with benzylic propargylic amine derivatives was suc-
cessfully applied to the one-step synthesis of polysubstituted
benzofurans, such as compound 4nj (Scheme 3). As indicat-
ed by the appearance of intermediate 3nj at an early stage
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2a, ZnCl, (5 mol %) o 0
NHTs  TMSCI(10mol %) e Me
CH,CL, RT, 4 h

- - s
Ph \\ 85% Ph %

ZnCl, (10 mol %)
TMSCI (50 mol %)
DCE, 70°C, 24 h

80%

Ph COMe
LA = ZnCl,-TMSCI
Ph ]\

/)
// HO o~ Me
4na
S\ COMe COMeJ
Ph LA pn

B

Scheme 2. Cycloisomerization of p-alkynyl diketone 3ma to generate
furan 4na.

Table 4. One-step synthesis of tetrasubstituted furans.
ZnCl, (10 mol %)

NHTSs . TMSCI (50 mol %) Ph  COR?
COR"  DCE, 70°C, 24 h ,
Ph e € ————— R N\,
I~ COR® o~ R
1n-o 2a, 2l or 2¢ 4
1, R! 2, R4 R? 4 Isolated Yield [%]
1 1n, Ph 2a, Me, Me 4na 65
2 1n 21, Ph, Ph 4nl 63
3 1n 2¢, OEt, Me 4nc 47
4 1o, nBu 2a 40a 61
ZnCl, (10 mol %)
NHTs Me TMSCI (50 mol %)

DCE, 70°C,24 h

.
Ph)\ 45%
Ph
1n

/
//

4nj

Scheme 3. One-step synthesis of benzofuran 4nj.

of the reaction, benzofuran 4nj should be formed in a reac-
tion pathway that is analogous to that for tetrasubstituted
furans.'!

To expand the scope of protic nucleophiles, we found that
mercapto-substituted arenes were also able to couple with
tosyl-activated benzylic and allylic amines, but the reaction
gave the corresponding thioethers instead of C-alkylation
products. For example, the cross-coupling reaction of N-
tosyl benzhydrylamine (1a) with 2-methylthiophenol (5a) in
the presence of 5mol% of ZnCl, and 10 mol % of TMSCI
proceeded smoothly at room temperature to give thioether
6a in 99% yield (Table 5, entry 1). Likewise, thioether 6b
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Table 5. Catalytic alkylation of protic sulfur nucleophiles with sulfonami-
des.1
ZnCl, (5 mol %)

, . TMSCI (10 mol %)
R'“NHTs + H-SR? ——————> R'-SR?

CH,Cl,, RT
1 5 e 6
1 5 Product, 6 t Yield
[h]  [%]"
SH Ph
1 1a 53, C[ Ph/J\S 6a 1 99
Me Me
2 1a 5b /©/SH Ph/©/CI 6b 1 98
a )
cl Ph/KS
Ph
3 1a 5S¢, PhCH,SH 6c 1 92
2 Ph)\S/\Ph
SH Ph
4 1a 5d, O/ 6d 15 99
Ph/ks
5 1h S5c PMP” s Ph Ge 2 93
s Ph
6 1j S5c 6f 2 9%
Me)\/\Ph
SAc
7 1a 5e, AcSH 6 0.5 91
Ph)\Ph &
SAc
8 le Se 6h 2 93
PMP” “Me
SAc
9 1g Se Me 6i 1 83
10 1h Se PMP” “SAc 6j 2 56
SAc
11 1j S5e PN 6k 05 96
12 1n Se )\ 61 1 81

[a] Reaction conditions: 1 (0.50 mmol), 5 (1.2 equiv), ZnCl, (5 mol%),
TMSCI (10 mol %), CH,Cl, (0.50 mL), RT. [b] Isolated yield. Ac=acetyl.

was obtained from the reaction of 4-chlorothiophenol (5b)
with N-tosyl benzhydrylamine (1a) in excellent yield
(Table 5, entry 2). The overwhelming selectivity of S-alkyla-
tion over C-alkylation in the reaction of mercapto-substitut-
ed arenes with sulfonamides prompted us to investigate
more protic sulfur nucleophiles to synthesize diverse sulfur-
containing compounds. As expected, aliphatic thiols were
found to serve as excellent substrates in the cross-coupling
reaction with tosyl-activated benzylic and allylic amines
(Table 5, entries 3-6). Further investigation showed that
readily available thioacetic acid reacted well with a range of
tosyl-activated benzylic and allylic amines to afford the cor-
responding thioesters in good to excellent yields (Table 5,
entries 7-12).
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Conclusion

We have developed, for the first time, a highly efficient ben-
zylic and allylic alkylation of protic carbon and sulfur nucle-
ophiles with sulfonamides through double Lewis acid cata-
lyzed cleavage of sp’ carbon-nitrogen bonds at room tem-
perature. In the presence of a catalytic amount of inexpen-
sive ZnCl,-TMSCI, 1,3-diketones, [-keto esters, p-keto
amides, malononitrile, aromatic compounds, thiols, and thio-
acetic acid are able to couple with a broad range of tosyl-ac-
tivated benzylic and allylic amines to give diversely func-
tionalized products in good to excellent yields and with high
regioselectivity. Furthermore, the cross-coupling reaction of
1,3-dicarbonyl compounds with benzylic propargylic amine
derivatives has been successfully applied to the one-step
synthesis of polysubstituted furans and benzofurans.

Experimental Section

General procedure for the catalytic alkylation of protic nucleophiles with
sulfonamides: To a solution of sulfonamide 1 (0.50 mmol) in dichloro-
methane (0.50 mL) were added protic nucleophile 2 or 5 (0.60 mmol),
TMSCI (5.4 mg, 6.3 pL, 0.050 mmol), and ZnCl, (3.4 mg, 5 mol%). The
resulting mixture was stirred at room temperature until no further trans-
formation was observed by using thin layer chromatography (TLC) anal-
ysis, and then purified by flash column chromatography on silica gel, elut-
ing with petroleum ether/EtOAc (200:1 to 10:1), to give product 3 or 6
(Tables 2, 3 and 5).

General procedure for the one-step synthesis of tetrasubstituted furans:
To a solution of sulfonamide 1n (or 1o, 0.50 mmol) in 1,2-dichloroethane
(0.50 mL) were added protic carbon nucleophile 2a (2¢ or 2l
0.60 mmol), TMSCI (27.2 mg, 31.5 pL, 0.25 mmol), and ZnCl, (6.8 mg,
10 mol % ). The resulting mixture was stirred at 70°C for 24 h, cooled to
room temperature, and purified by flash column chromatography on
silica gel, eluting with petroleum ether/EtOAc (200:1 to 50:1), to give
product 4 (Table 4).
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