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Arylsulfinyl groups direct the metal-free, regiospecific, nucleophilic ortho-allylation of pyrroles and pyrazoles. Mechanistic studies support
the intermediacy of allylsulfonium salts that undergo facile thio-Claisen rearrangement onto the heterocyclic ring, giving products of coupling.
The strategy has been adapted to allow regiospecific propargylation of the heterocyclic substrates.

Functionalized aromatic and heteroaromatic systems form
the cores of many pharmaceuticals, agrochemicals, and
functional materials. Specifically, substituted pyrroles'*—©
and pyrazoles'd 2 with their broad spectrum of biological
activities find application in many fungicides, insecticides,
herbicides, statins (Lipitor), anti-inflammation (Celebrex),’
and antitumor drugs (Figure 1), thus highlighting the im-
portance of accessing elaborated systems. Functionalization
of these heterocycles heavily relies on the electrophilic nature
of the systems (exploited in Friedel—Crafts® type reactions or
C—H activation® processes using transition-metal catalysts)
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and can be problematic due to regioselectivity issues.
Alternative approaches involving the de novo synthesis
of the functionalized heterocycles,” using elaborated
building blocks, are therefore often adopted. Although
direct metalation® with stoichiometric reagents and cross-
couplings’ of heteroaryl derivatives are known, the use of
activating substituents to facilitate nucleophilic substitu-
tion is an underexploited approach. In recent years,
Pummerer-type® coupling reactions utilizing sulfoxide
substituents have begun to emerge for the nucleophilic
alkylation of heteroaromatic’ systems. Oshima and
Yorimitsu'®¢ as well as Maulide'®™" have recently
explored interrupted Pummerer reactions in approaches
to benzofurans and in a-arylation reactions, while we have
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Figure 1. Selected biologically active pyrroles and pyrazoles.

Herein we report a nucleophilic ortho-allylation of pyr-
role and pyrazole sulfoxides, such as 1, that proceeds by a
heterocycle accelerated, interrupted Pummerer/thio-Claisen 2
rearrangement sequence involving allylsulfonium salts 4
(Scheme 1). The procedure is general, metal-free, and regio-
specific with regard to both coupling partners.

Scheme 1. Nucleophilic ortho-Allylation (X = N, CH)

We began investigating the ortho-allylation reaction of
pyrazole sulfoxide 1a with allyltrimethylsilane 3a (Table 1).
Using our previously established conditions''* with TFAA
(trifluoroacetic anhydride) as the electrophilic activating
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agent in MeCN (entry 1), the allylation product 2a was
observed as a minor component. Changing the solvent to
CH,Cl, improved the reaction slightly (entries 2—3), while
heating was not helpful. The use of Tf,O (trifluoro-
methanesulfonic anhydride) significantly enhanced the re-
action to give 2ain 53% yield (entry 7)." In contrast, when
investigating the reaction of pyrrole sulfoxide 1b, TFAA
appears to be the better activating agent (entry 9) and
employing MeCN as solvent (entry 10) gave 2b in an
excellent yield of 98%."3

Table 1. Optimization of the ortho-Allylation

- T™MS
1a,)F§:l';lA, /\ \Ph \/‘\ ; S\Ph
= Me j X
1b, X=CH anhydnde ‘N
R=Ts / : AN
R 2ab

entry HetAr solvent anhyd. conditions yield (%)
1 la MeCN TFAA —-40°Ctort;2h <5
2 la CHyCl, TFAA -78°Ctort;2h 14
3 la CHyCl, TFAA -78°Ctort;18h 24
4 la DCE TFAA —-78t060°C2h 13
5 la DCE Tf,0 —78t060°C; 2 h 18
6 la CH.Cl, Tf,0 —-78°Ctort;2h 47
7 1a CH,Cl, Tf,0 -78°Ctort;18h 53
8 1b CH,Cl, Tf,0 —-78°Ctort; 18 h 14¢
9 1b CH,Cl, TFAA -78°Ctort;18h 41¢
10 1b MeCN TFAA -40°Ctort;18h 98“
11 1b MeCN TFAA —-40°Ctort;2h 95¢
12 1b MeCN TFAA —-40°C;2h 92¢

“Yields determined by '"H NMR."?

Having identified optimized conditions for the allylation
of both pyrazoles and pyrroles, we next investigated the
substrate scope. Pleasingly, the ortho-allylation of pyrrole
was not restricted with regard to the position of the sulf-
oxide moiety; both 1b and its regioisomer 1c¢ (entries 1 and
6; Table 2) underwent allylation in high yields. The reac-
tion is also tolerant to various allylsilanes, allowing high
yielding allylation when using functionalized silanes 3b—c¢
(entries 2—3) and the extended allylsilanes 3d—e (entries
4-5). Interestingly, the reaction is stereoconvergent with
regard to alkene geometry, since both silanes 3d and 3e give
products of allylation favoring the E-isomer (entries 4—5).
Although we mainly explored the reactivity with tosyl-
protected pyrrole, the unprotected N—H pyrrole 1d also
successfully underwent allylation (entry 7). Analogously,
phenylsulfinyl-pyrazoles 1a, le, 1f, and 1g were success-
fully allylated under these conditions in good yields (entries
8—10 and 13), showing more efficient reactivity when
ortho-allylation at the 4-position of pyrazole is possible.'*
A variety of commonly used protecting groups are toler-
ated in the allylation of pyrazoles (entries 9, 10, and 13).
Functionalized silanes 3b and 3c can also be used with

(13) See Supporting Information for complete optimization table.
(14) This is in agreement with the typical relative reactivities of the
positions on pyrazoles; see ref 3.
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Table 2. Scope of ortho-Allylation”

3a-e
© 2.5equiv R2

Q 3
'S—Ph TS AR S—Ph

3a;R2=R3=H
3b; R2=Br,R3=H
3¢; RZ=CH,CI,R3=H

7 5
X M X\/l‘ 3d; R2=H, R3 = Me;
N MeCN or CH,Cl, ';‘\g (EIZ=5/1)
R’ R' R? 3;R?=H, R3 = CyHg;
1a-g 2a-m
entry reactant product yield (%)
S(O)Ph SPh
1 (/\J/ £ ] 89
N N N
Ts 1b Ts 2b
S(O)Ph SPh
(/\/(( 4 | Br
2 N N 88
b T 2
S(O)Ph SPh
(/\/‘( a cl
3 N . 86
¥ 1 ¥ 2d
S(O)Ph SPh
4 (/\/‘r (] 93"
N N
Ts 1b Ts 2e
S(0)Ph SPh
/N /N -CaHe
Ts 1b Ts 2f
7
6 A (/\,'(\/ 84
N">g0yph N"“gph
Ts 1c Ts/ 2g
$(O)Ph SPh
H 1d PTG
S(O)Ph o 5P
N/\/I( N
8 \ ,Ni/\ 53
Me 1a Me 2a
; S(O)Ph SPh
N/T N a
9 N N 45
allyl  1e allyl 2i
YV
o N//\/IL " //\/lﬁ\/ o
el g SOPh NN
e 1f Mé 2
11 N\//\/IL NI e 63°
N “sopn N Ngpp
Me 1f Mé 2k
V1 1T g
12 N">g0)ph ‘N"Sgpp Cl 52
ME 1f Mo 21
= Y
B”_Nl Bn—N d
13 |\11 S(O)Ph ‘N P 77
9 2m

“Conditions: entries 1 —6: TFAA (2.5 equiv), MeCN, —40 °C to rt,
18 h; entry 7: TFAA (2.5 equiv), CH,Cl,, —40 to 0 °C, 2 h; entries 8—13:
T£,0 (2.5 equiv), CH,Cl,, —78 °C to rt, 18 h. * Crotyl-TMS (E/Z, 5/1),
giving mixture (E/Z, 11/1). ¢ Hept-2-en-1-yltrimethylsilane (E/Z, 1/9),
giving mixture (E/Z, 17/1). 100 °C MW, 2 h. €60 °C MW, 2 h.

phenylsulfinyl-pyrazoles to give products of allylation 2k
and 2l (entries 11—12).

From a mechanistic perspective, the activation of sulf-
oxides with TFAA or Tf,0'® allows for two plausible

(15) The activation of sulfoxides with TFAA or Tf,O is well docu-
mented; see ref 8.
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mechanisms. In a vinylogous Pummerer reaction,”® N-lone
pair donation with concomitant triflate expulsion could
form an extended thionium ion, allowing direct nucleophi-
lic attack at the heterocycle followed by rearomatization.'®
Alternatively, the activated sulfoxide could undergo an
interrupted Pummerer reaction'' followed by a thio-Claisen
rearrangement and rearomatization. The former pathway
could in theory lead to regioisomeric products of allylation,
whereas the process described shows complete ortho-
selectivity. Moreover, the use of the extended alkenylsilanes
3d and 3e (entries 4 and 5) selectively produced linear
alkylation products from double-allylic inversion. This
strongly suggests a pathway proceeding through a sigma-
tropic rearrangement of allylsulfonium salt 4. Alternatively,
allylsulfonium salt 4, from an interrupted Pummerer reac-
tion, could participate in intermolecular Friedel—Crafts
type alkylations in which 4 acts as an electrophilic alkylating
agent.'® The lack of crossover products from the reaction
of 1b when 1 equiv of 3-(p-tolylthio)-1-tosyl-pyrrole Sb was
present (Scheme 2A) demonstrates the intramolecularity
of the alkylation and rules out an intermolecular Friedel—
Crafts-type process. The experiment resulted in complete
allylation of the starting sulfoxide 1b and recovery of 5b.
Similar results were obtained from an analogous reaction
of sulfoxide 1h in the presence of sulfide 5a.

The relative f,,, values as determined by individ-
ual reactions for 1b/1¢/1f/1a/diphenylsulfoxide''* are
1500:1500:1020:3.2:1 (£10%), respectively.'*" In addition,
competition experiments reacting pyrrole sulfoxide 1b in
the presence of 1¢ and analogously, pyrazole sulfoxide 1a
in the presence of 1f, with limiting allyITMS, showed
a preference for the consumption of sulfoxides 1b and
1a, suggesting steric factors control the formation of 4
(Scheme 2B).!” Furthermore, competitions between 1a
and 1i, and 1b and 1i, with limiting allyITMS indicated a
preference for consumption of the heterocyclic substrates
(Scheme 2C). These results, in conjunction with the relative
reaction rates, suggest that rearrangement onto the hetero-
cyclic systems is accelerated: the overall allylation process
to form 2a and 2b is much faster comparatively to the
allylation of diphenyl sulfoxide, and the intramolecular
competition shows complete selectivity for reaction on the
heterocyclic ring.

A proposed mechanism for the ortho-allylation of
pyrrole and pyrazole sulfoxides involves an interrupted
Pummerer reaction of the activated sulfoxide 6, to form
allylsulfonium salt 4, which can then undergo a thio-
Claisen rearrangement followed by rearomatization to
give the product 2 (Scheme 3).'®

The products of ortho-allylation are rich in synthetic
potential, as both the allyl and organosulfany]'%®!!a1°
groups can be utilized as handles for further manipulation.

(16) See Supporting Information for (a) a schematic of alternative
reaction pathways and (b) a table of relative reaction 7, .

(17) Formation of allylsulfonium salt from diphenyl sulfoxide is fast;
see ref 11.

(18) Preliminary studies show that similar products can be obtained
from the corresponding sulfides using allyl iodide and silver tetrafluor-
oborate. However, complex mixtures of multiple allylation products as
well as regioisomers are obtained.
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Scheme 2. Competition Experiments

A s TMS\/\
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TFAA, MeCN N

i 1 equiv Ts 1 equiv 40°Ctort Ts
1b; R =Ph 5b; R = p-Tol 2b 81% 2n <5%
1h; R=p-Tol 5a;R=Ph 2b <5% 2n 79%
B
TMS\/\
~Ph /\/L 0.5 equiv
/Ph N
@ conditions ,
1 equiv 1 equiv
1b;R=T5,X=CH 1¢c; R=Ts, X=CH 2b:2g; 10.6:12
1a;R=Me, X=N 1f;R=Me, X=N 2a:2j; 4.5:1°
™S 2
e 0.5 squiv S~pn S<pn
S<ph 4
— X | +
conditions N N X
R 1 equiv 1 equw R
1b;R=Ts,X=CH 2b:20; 6.1:12
1a;R=Me,X=N 2a:20; 3.5:1°

“TFAA (2.5 equiv), MeCN, —40 °C to rt, 18 h. * Tf,0 (2.5 equiv),
CH,Cl,, —78 to 60 °C MW, 2 h.

Scheme 3. Mechanism of ortho-Allylation (X = N, CH)
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Preliminary studies show how the process can be exploited
in a tandem nucleophilic ortho-allylation/electrophilic
substitution sequence in the formation of 7a, or as part
of an approach to more complex heterocycles such as 7b
(Scheme 4).

Furthermore, under the conditions developed here,
propargylsilanes in conjunction with pyrazole and pyrrole

(19) (a) For a review on transition metal catalyzed C—C bond
formation reactions, see: Dubbaka, S. R.; Vogel, P. Angew. Chem.,
Int. Ed. 2005, 44, 7674. (b) For recent examples, see: Kanemura, S.;
Kondoh, A.; Yorimitsu, H.; Oshima, K. Synthesis 2008, 2659. (c)
Hooper, J. F.; Chaplin, A. B.; Gonzalez-Rodriguez, C.; Thompson,
A. L.; Weller, A. S.; Willis, M. C. J. Am. Chem. Soc. 2012, 134, 2906.
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Scheme 4. Ortho-Allylation and Product Manipulation

@o 1. 3a, Tf,0
3a, ®L CH:Cl, 100 °C MW
FoQ S Ph TFAA, CHCly S<pn  2h,45% S~ph
| - ¥ — N

[e] N 40°Ctort N 2. Hoveyda-
H 48% (2 steps) g Grubbs Il

CH,Cl,, 1t

84%
7a, X-ray R=H,X=CH R=allyl, X=N 7b

Scheme 5. Ortho-Propargylation of Pyrroles and Pyrazoles
(2,6-DTBP = 2,6-Di-tert-butylpyridine)

™S
; N=—C,H, ; -
N‘/l oy T20.260TBP N | TSSC4He
M’N Y CHCh, 78°Cn " sen
® 90 qp T2 ERRI Me g, 11y
™S
09 _
é@ \TC4H9 SPh
“Ph TFAA, 2,6-DTBP
N MeCN, -40°Ctort _ N
T 1b TS 8b,91%

sulfoxides give the respective products of nucleophilic
ortho-propargylation 8a and 8b in high yields (Scheme 5).

In summary, pyrrole and pyrazole sulfoxides undergo
ortho-allylation by a heterocycle-accelerated interrupted
Pummerer/thio-Claisen rearrangement sequence. The
operationally simple and metal-free process allows the
addition of allylic and propargylic nucleophiles with
C—H substitution and shows complete regiospecificity
with regard to both coupling partners.
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