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A highly enantioselective Friedel—Crafts alkylation of pyrroles with 2-enoylpyridine N-oxides catalyzed by chiral PYBOX-DIPH-Zn(ll) complexes
has been developed. The catalyst offers substantial substrate scope and furnished alkylated pyrroles in excellent yields (up to 99%) and

enantioselectivities (up to >99% ee).

The Friedel —Crafts (F—C) reaction, first reported in 1877,
now 132 years later remains one of the most efficient
procedures in synthetic organic chemistry for the formation
of new C—C bonds. The asymmetric version of this reaction
provides access to important enantiomerically enriched
alkylated arene products and is a topic of ongoing research.
Recently, there have been several reports of asymmetric F—C
alkylation of indole derivatives for which excellent enanti-
oselectivities have been achieved.? However, asymmetric
F—C akylation of pyrroles is less explored despite their
prevalence in biologically active compounds.® Perhaps the
tendency of dialkylation of pyrrole at both the 2- and
5-positions and instability toward acids have precluded the
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intensive research in thisarea. Thefirst enantioselective F—C
alkylation of pyrrole was reported by MacMillan using an
iminium-catalysis strategy by chiral imidazolidinone.* After
this poineering work, successful catalysts reported for
enantioselective F—C alkylation of pyrrole include chiral
bisoxazoline-metal complexes,® phosphoric acids,® BINOL -
zirconium complex,’ dinuclear zinc complex,® imidazoline-
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aminophenol-CuOTf complex,® and secondary amine orga-
nocatalysts.'® Most of the literature known F—C pyrrole
alkylation methods lack substrate generality. Previous studies
identified chira pyridine 2,6-bis(5’,5"-diphenyloxazoline)-
metal complexes as a potential catalyst for asymmetric
synthesis.* We observed that the diphenyl groups at the C-5
of the oxazoline rings played a crucia role in enhancing the
enantioselectivity. Meanwhile, 2-enoylpyridine N-oxides'
proved to be a good template for enantioselective reactions.
This led to enantioselective F—C alkylation of indoles with
2-enoylpyridine N-oxides catalyzed by chira ip-pybox-
diph-Cu(ll) complexes.**™ Herein, we report the application
of this method to catalytic enantioselective F—C alkylation
of pyrroleswith 2-enoylpyridine N-oxides catalyzed by chiral
ip-pybox-diph-metal complexes. Theinitial study was carried
out by using a 1.5:1.0:0.1 mixture of pyrrole, benzylidene-
2-acetylpyridine N-oxide, and chiral Cu(Il) complex of ligand
la (Figure 1) in chloroform at —20 °C. The F—C reaction

1a:R; = j-Pr; Ry = Ph; X = N

\ 1b: Ry = t-Bu; R, = Ph; X =N
| 1c: Ry = Me; Ry = Ph; X =

Ry O xZ N0, R, 10:Ry=sBu; Ry=Ph; X =N

I Nl\)( 1e:Ry = i-Bu; Ry = Ph; X = N

R? ; { Rz 1f:R;=Ph;R,=Ph;X=N

Ry R,y 19:R{=BnmRy=PhX=N

1h: Ry = i-Pr; Ry = Ph; X =CH
1i: R1=i-Pr;R,=Bn; X =N
1j: Ry=iPr; R, = Et X=N
1k: Ry =i-Pr;Ry;=H; X =N

Figure 1. C, symmetric bisoxazoline ligands.

of pyrrole with benzylidene-2-acetylpyridine N-oxide cata-
lyzed by 1a-Cu(OTf), was efficient and gave the product
3a with excellent enantiosel ectivity (95% ee). However, the
yield of the reaction was 48% and the monoalkylated product
3a was accompanied by dialkylated product 4 (46% yield,
Table 1, entry 1). We thought that lowering the temperature
may reduce the dialkylated product formation. However, it
was not the case, and the dialkylated product was obtained
with the same yield at —40 and —60 °C (Table 1, entries 2
and 3). Theincrease in the amount of pyrrole had abeneficia
effect on the suppression of dimer formation abeit at the
expense of enantioselectivity of the product (Table 1, entries
4—6). To optimize the reaction conditions, various Lewis
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Table 1. Enantioselective Friedel —Crafts Alkylation of Pyrrole
with Benzylidene-2-acetylpyridine N-Oxide Catalyzed by
1la-Cu(OTf),

M ]
) NN \N

N~ 1a-Cu(OThHy, N3, J

H 10 mol %

+

yield (%)*
entry pyrrole (equiv) temp (°C) time 3a 4 ee 3a (%)

1 1.5 —20 15 min 48 46 95
2 1.5 —40 30 min 65 42 96
3 1.5 —60 3h 42 40° 96
4 5 -60 2h 69 17 93
5 10 —60 2h 75 12 85
6 20 —60 2h 90 85

2 |solated yields. ® Determined by chiral HPLC, using a chiralcel OD-H
column (see the Supporting Information). © Dimer consisted of a 77:23
mixture of C2-symmetric (>99% ee):meso isomer.

acids, solvents, and chira ligands were screened. To our
delight, a change in metal sat to Zn(OTf), furnished the
product in 96% enantioselectivity and 85% yield at —20 °C
(Table 2, entry 1). Lowering the temperature to —60 °C

Table 2. Screening of Lewis Acids for Enantioselective
Friedel —Crafts AIkyIation of Pyrrole®

@ g
\ + \ 1a Lewis acid /N X
“ o, N N
3 H B 0 o
3a

catalyst temp yield® ee®

entry Lewis acid (mol %) (°C)  time (%) (%)
1 Zn(0Tf), 10 —20 30 min 85 96
2 Zn(0Tf), 10 —40 15h 84 98
3 Zn(0Tf), 10 —-60 9h 95 >99
4 Zn(OTf), 5 —60 24 h 59 99
5 Zn(OTf), 2 -60 4d 59 85
6 Cu(Cl04)6H,0 10 —60 30 min 51 96
7 Cu(BF4)xH,0 10 —60 30 min 67 95
8 (CuOTf)PhCHjy 10 —-60 25h 89 95
9 (CuOTDHyPhH 10 —-60 1h 86 94
10 Cu(MeCN),PF¢ 10 —20 60h 46 51
11 Sc(OTh)3 10 —-60 3h 38 0
12 In(OTo); 10 —60 30 min 34 6
13 Yb(OTDs 10 —60 30 min 38 37
14 Sn(OTf), 10 —-60 2h 29 2

a1.5 equiv of pyrrole was used. ° Isolated yields. ¢ Determined by chiral
HPLC, using a chiralcel OD-H column (see the Supporting Information).

improved the enantioselectivity to >99% and yield to 95%
(Table 2, entry 3). Lowering the catalyst loading to 5 mol %
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gave the product with the same enantiosel ectivity but reduced
the reaction rate and yield of the product. So, the 10 mol %
catalyst loading and temperature of —60 °C were selected,
and various Lewis acids were screened. Cu(l1) salt gave good
enantiosel ectivity, but the yield of product was low because
of the formation of dialkylated product (Table 2, entries 6
and 7). However, CuOTf gave good yields (86—89%, Table
2, entries 8 and 9). With other tested Lewis acids, the reaction
was fast but yields and enantiosel ectivities were poor (Table
2, entries 11—14). From the results of Table 2, ligand 1a-
Zn(OTf), was selected, and several solvents were evaluated.
The reaction was sensitive to solvents as shown in Table 3.

Table 3. Effect of Solvents on Enantioselective Friedel —Crafts
Alkylation of Pyrrole®

(I) 1a-Zn(OTf), A\

(o] /l
(/ \5 Ny 10 mol %
OO I O i (!
H ph

% H B 0 0o
3a
entry  solvent temp (°C) time yield (%)® ee (%)
1 CHCl; —60 9h 95 >99
2 CH,Cl, —60 9h 77 97
3 THF —-60 3d nr nr
4 THF -20 10h 56 97
5 CH;CN —60 3d nr nr
6 CH;CN —20 6h 72 48
7 toluene —60 3d nr nr

a1.5 equivalent pyrrole was used. ° Isolated yields. © Determined by
chiral HPLC using a chiralcel OD-H column (see the Supporting Informa-
tion). nr = no reaction.

Chloroform was optimal in terms of both enantioselectivity
and yield (Table 3, entry 1). Apart from chloroform,
dichloromethane gave comperable enanantiosel ectivity (Table
3, entry 2). There was no reaction in THF at —60 °C.
However, by increasing the temperature to —20 °C, the
product was obtained in 56% yield and 97% enantiomeric
excess (Table 3, entries 3 and 4). Not unexpectedly, the use
of strong coordinating solvent (acetonitrile) has a detrimental
effect on the asymmetric induction (Table 3, entries 5 and
6). To further investigate the reaction, various ligands were
screened. Pybox-diph ligands with different substituents at
the chiral center (1la—g) were used in the above reaction as
shown in Table 4. It was observed that ip-pybox-diph (1a)
gave the best results (Table 4, entry 1). The other ligands
such as tb-pybox-diph (1b) and sb-pybox-diph (1d) gave
comperable enantioselectivity (Table 4, entries 2 and 4). Poor
enantiosel ectivity (5%) with 1h indicated the importance of
pyridine nitrogen in chelation with Zn(ll) (Table 4, entry
8). Ligand 1k gave the product with 79% ee (Table 4, entry
11), which clearly indicated the importance of gem-diphenyl
substitutions at C5 of the oxazoline rings.
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351, 107.
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Table 4. Friedel —Crafts Alkylation of Pyrrole with Benzylidene-
2-acetylpyridine N-Oxide Catalyzed by Various Catalysts®

o o
N 120(0T0, 10mol %
a | N, -60°C,CHCly _
N pn &

entry ligand time yield (%)° ee (%)
1 la 9h 95 >99
2 1b 3h 75 96
3 1c 24 h 82 44
4 1d 3h 92 98
5 le 5d 61 78
6 1f 24 h 69 7
7 1g 36h 72 74
8 1h 3d 31 5
9 1i 24 h 75 92
10 1j 24 h 67 95
11 1k 40 h 79 79

1.5 equiv of pyrrole was used. ° Isolated yields. ¢ Determined by chiral
HPLC, using a chiralcel OD-H column (see the Supporting Information).

After optimization of reaction conditions, the generality
of the F—C reaction was explored. First substitution on the
pyrrole ring was studied (Table 5, entries 1—3). N-Substitu-

Table 5. Enantioselective Friedel—Crafts Alkylation of Pyrroles
with Various 2-Enoylpyridine N-Oxides®

o]
i 1a-Zn(OTf), 2Ry

Z ) +m 10 mol % ( N

H R > CHCI3 -60°C H R, O O

2 3

entry R, Ry 3 time yield (%)° ee (%)
1 H Ph 3a 9h 95 >99
2 1-Me Ph 3b 3d 87 95
3 2,4-diMe,3-Ac Ph 3c 20h 97 >99
4 H 4-FC¢H, 3d 3h 90 98
5 H 4-MeOC¢H, 3e 18h 54 99
6 H 4-NOy,C¢H; 3f 3h 96 85
7 H 3-NO,C¢H,; 3g 3h 99 98
8 H 2-NOyC¢H, 3h 5h 98 97
9 H 4-CIC¢H,y 3i 3h 86 >99
10 H 3-C1CgH, 3j 5h 96 98
11 H 2-C1CgH4 3k 5h 88 98
12 H l-naphthyl 37 9h 71 99
13 H 2-furyl 3m 18h 82 95
14 H cyclohexyl 3n 12h 76 94
15 H n-pentyl 30 5h 74 95

1.5 equiv of pyrrole was used. ° Isolated yields. © Determined by chiral
HPLC, using a chiral column (see the Supporting Information. ¢ Reaction
was carried out at —30 °C.

tion of pyrrole reduced the reaction rate. In the case of
N-methylpyrrole, the reaction took 3 daysto complete at —30
°C with 95% enantioselectivity. However, a substituted
pyrrole gave excellent enantioselectivity (>99%; Table 5,

Org. Lett, Vol. 12, No. 1, 2010



entry 3). The reaction was then extended to different
J-substituted 2-enoylpyridine N-oxides (Table 5, entries
4—15). Aromatic substituted substrates gave excellent enan-
tioselectivity, regardless of the electron density of the
aromatic ring. Even substrates having an electron-donating
group on the phenyl ring gave excellent enantioselectivity,
although the reaction rate was slow (Table 5, entry 5).

In the case of aliphatic substituted substrates, the catalyst
system was efficient, and good enantioselectivity was
obtained (Table 5, entries 14 and 15). The absolute stereo-
chemistry in the reaction was determined by converting the
product 3b into a known compound 5. The pyridine N-oxide
ring of 3b was cleaved with 20% ag KOH to give the
corresponding acid. The acid was esterified and reduced with
DIBAL-H to give an alcohol 5 without any loss in enanti-
oselectivity (Scheme 1). We have aso evaluated the ip-

Scheme 1. Determination of Absolute Stereochemistry
i) 20 % aq KOH,

reflux, 2 h
i) H*
gp i) CHaNz, 15 min I\ OMe
95% ee 62% N2
CHy Ph O
DIBAL-H, PhMe
-78 *Ct l 93%
O on
N
CHg Ph
5

95% ee

pybox-diph-Zn(l1) complex in enantioselective F—C alky-
lation of 2-methoxyfuran where the product was obtained
in 85% ee. Our catalytic system was also extended to simple
benzene derivatives, and to our delight, chiral F—C akylated
benzene derivatives were obtained in 93% ee (Scheme 2).
The absolute stereochemistry of 6 and 7 is not known.
However, we assume that the mgjor isomer would have the
same absol ute stereochemistry as that observed with pyrrole
F—C akylation product 3.

In conclusion, we have developed an efficient method for
highly enantioselective Friedel —Crafts alkylation of pyrrole

Org. Lett, Vol. 12, No. 1, 2010

Scheme 2. Enantioselective Friedel —Crafts Alkylation Catalyzed
by Chira ip-pybox-diph -Zn (II) Complex

4
1a-Zn(OTH), \
o
Meoﬂ 4 210mol %, CHCly T\ N
() -60°C,36h MeO” ~O = o}
© Ph O
6
84% yield, 85% ee
Ph O O
R 1a-Zn(OTf), 10 mol %, N
CHCl | =
+ 2 P>
Me,N R <
NMe,
R 7 temp (°C) time yield (%) ee (%)
H 7a 10 7d 87 93
OMe 7b 30 3d 88 93

with 2-enoylpyridine N-oxides utilizing the ip-pybox-diph-
Zn(l1) complex. Our catalytic system offers substantial
substrate scope and excellent enantioselectivities were ob-
tained in al cases. Even trisubstituted pyrrole underwent
Friedel —Crafts alkylation with excellent enantioselectivity.
Furthermore, the pyridine N-oxide ring of the product was
cleaved to give the corresponding acid, allowing further
transformations. The method also works well with 2-meth-
oxyfuran and benzene derivatives. Further studies to extend
the method to various phenols and related Friedel —Crafts
reaction are underway.
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