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Abstract—A series of novel meso-chiral porphyrins were effectively synthesized from reactions of 5,15-dibromo-10,20-diarylporphy-
rins with readily available chiral alcohols and amides via palladium-mediated C–N and C–O bond formations. Cobalt complexes of
these chiral porphyrins were prepared and shown to be effective catalysts for cyclopropanation of styrene with ethyl diazoacetate
under mild and practical conditions, affording the desired cyclopropane ester as a trans-dominant form in excellent yields. Due
to orientation and flexibility of the chiral appendages, only low enantioselectivity was observed.
� 2005 Elsevier Ltd. All rights reserved.
Biologically relevant chiral porphyrins have found a
range of useful applications in several areas such as
asymmetric catalysis, chiral recognition/sensing and
enzymatic mimicry.1 Several approaches have been
described for the syntheses of chiral porphyrins.2

Among them, covalent link of appropriate chiral
building blocks to a preformed porphyrin synthon via
peripheral functional groups is one of the most general
and chirally economic approaches.1,2 Established
porphyrin synthons include meso-tetrakis(2-aminophenyl)-
porphyrin,3 meso-tetrakis(2,6-diaminophenyl)porphy-
rin,4 meso-tetrakis(2,6-dihydroxyphenyl)porphyrin5 and
meso-tetrakis(2,6-dicarboxyphenyl)porphyrin,6 which
permit linkages of multiple chiral acids, amines or alco-
hols through amide or ester bond formation.1,2 To
enhance generality and practicality of chiral porphyrin
synthesis, there is a need to develop alternative synthons
that allow versatile and effective assembly of chiral
porphyrins.

Based on metal-catalyzed carbon–heteroatom bond
formations,7 we have developed several general and
efficient methods for the synthesis of heteroatom-substi-
tuted porphyrins from catalytic reactions of halogenated
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porphyrins with soft, non-organometallic nucleo-
philes.8–11 For example, a general and efficient method
has been developed for the synthesis of meso-arylamino-
and alkylamino-substituted porphyrins from reactions
of meso-bromoporphyrins with amines.8a Similar meth-
odology can also be effectively applied to brominated
diphenylporphyrins and tetraphenylporphyrins, leading
to versatile synthesis of porphyrin derivatives bearing
multiple arylamino and alkylamino groups.8b In addi-
tion, we described a convenient and general approach
for the synthesis of meso-aryloxy- and alkoxy-substi-
tuted porphyrins from reactions with alcohols via palla-
dium-catalyzed etheration.8c Subsequently, we reported
a general synthetic method for meso-amidoporphyrins
from reactions with amides via palladium-catalyzed
amidation.8d Expanding the synthetic strategy to palla-
dium-mediated carbon–sulfur bond formation, a versa-
tile procedure has been recently developed for the
synthesis of meso-arylsulfanyl- and alkylsulfanyl-substi-
tuted porphyrins from reactions of the corresponding
bromoporphyrin precursors and thiols.8e These catalytic
reactions can be performed in high yields under mild
conditions and are suitable for a wide variety of amines,
amides, alcohols and thiols, forming a variety of new
functional porphyrins.8

Given that large numbers of chiral amines, amides,
alcohols and thiols are readily available, our synthetic
methodologies8 would render halogenated porphyrins
a new class of synthons for construction of chiral
porphyrins. For example, we demonstrated previously
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Scheme 1. Synthesis of meso-chiral porphyrins and their cobalt complexes.
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that 5,10-bis(2 0,6 0-dibromophenyl)porphyrins are versa-
tile synthons for modular construction of ortho-chiral
porphyrins via palladium-catalyzed amidation reactions
with chiral amides.12 The quadruple carbon–nitrogen
bond formation reactions can be accomplished in high
yields with different chiral amide building blocks under
mild conditions, forming a family of D2-symmetric
ortho-chiral porphyrins.12 As a part of our program of
metalloporphyrin-based atom/group transfer catalysis,13

we also showed that cobalt(II) complexes of these ortho-
chiral porphyrins are active catalysts for highly enantio-
selective and diastereoselective cyclopropanation.12 To
probe the relationship between porphyrin structure
and reaction selectivity in asymmetric cyclopropanation,
we expanded our efforts in chiral porphyrin synthesis to
include meso-chiral porphyrins. We report herein
effective synthesis of novel meso-chiral porphyrins from
reactions of meso-dibromoporphyrins with chiral nucleo-
philes via palladium-catalyzed etheration8c and amida-
tion8d (Scheme 1). The synthesis can be carried out
under mild conditions, typically giving high yields, and
is suitable to various porphyrin precursors with different
chiral alcohols and amides. In this letter, we also de-
scribe the preparation of cobalt complexes of these chi-
ral porphyrins (Scheme 1) and their application as
catalysts for cyclopropanation of styrene with ethyl dia-
zoacetate (EDA) (Scheme 2).

Four types of meso-dibromoporphyrin 1 bearing differ-
ent meso-aryl groups (1a: Ar = phenyl; 1b: Ar = 2,6-
dimethylphenyl; 1c: Ar = 2,4,5-trimethylphenyl; 1d:
Ar = 3,5-di-tert-butylphenyl), which were readily pre-
pared in gram scale via selective bromination of 5,15-
diarylporphyrins,11b,e,f were successfully coupled with
several commercially available chiral alcohols and
amides under palladium-catalyzed etheration8c and ami-
dation8d conditions (Table 1), affording a series of novel
meso-chiral porphyrins (Fig. 1). For example, the com-
bination of Pd2(dba)3 and DPEphos could effect the
double C–O coupling reactions of the secondary cyclic
alcohol (+)-dihydrocholesterol with 1a–c to form
meso-chiral porphyrins 2a–c, respectively, in 45–82%
yields (Table 1, entries 1–4). The same catalytic system
also doubly coupled the aromatic alcohol (+)-estrone
with 1a to produce meso-chiral porphyrin 2e in 98%
yield (Table 1, entry 5). Only one set of resonances
was observed in both 1H and 13C spectra of the products
2a–e, suggesting that there is a free rotation around the
O–C bond at ambient temperature in these meso-chiral
porphyrins. When R-(+)-BINOL was used in an excess
amount, the double etheration reaction with 1d could
be controlled to give meso-chiral porphyrin 2f where
only one of the two hydroxyl groups was reacted,
although the yield was low (Table 1, entry 6). The obser-
vation of multiple 1H NMR resonances for the tert-bu-
tyl groups suggests the product 2f existed as a mixture of
two atropisomers (a,a- and a,b-isomers), presumably
due to increased rotation barrier around the O–C bond.
Using Xantphos as a supporting ligand in combination
with Pd2(dba)3, meso-dibromoporphyrin 1a,c and d
could be doubly amidated with chiral amide (R)-(+)-4-
benzyl-2-oxazolidinone via C–N bond formation, pro-
ducing meso-chiral porphyrin 4a,b and c, respectively,
in high yields (Table 1, entries 7–9). As evidenced by
the two well-separated sets of 1H NMR resonances in
approximately equal intensities, the products 4a–c all ex-
isted as a mixture of two atropisomers in nearly same
amounts, resulting from a high rotation barrier around
the bond between the porphyrin meso-carbon atom
and the amide nitrogen atom. Attempts to separate
these atropisomers have been unsuccessful.14

In our first step to explore the applications of these no-
vel chiral porphyrins, meso-chiral porphyrin 2a–f and
4a–c were converted to their cobalt(II) complexes 3a–f
and 5a–c, respectively (Scheme 1 and Fig. 1). The metal-
lation reactions were performed either with CoCl2 in
THF in the presence of 2,6-lutidine or with Co(OAc)2

in DMF at higher temperature. In all cases, the desired
cobalt(II) porphyrins were obtained in high to excellent
yields (Table 1).



Table 1. Synthetic conditions and yields for meso-chiral porphyrins and their cobalt complexes

Entry Ar group of 1 *ROH/*RNH Coupling condition Product:

yield a (%)

Metallation condition Product:

yielda (%)

1 O
H

H

H

H

H

Pd2(dba)3/DPEphos/Cs2CO3

toluene/100 �C/17 h

2a: 45 CoCl2/2,6-lutidine/THF

70 �C/15 h

3a: 71

2 O
H

H

H

H

H

Pd2(dba)3/DPEphos/Cs2CO3

toluene/100 �C/20 h

2b: 82 CoCl2/2,6-lutidine/THF

70 �C/14 h

3b: 96

3 O
H

H

H

H

H

Pd2(dba)3/DPEphos/Cs2CO3

toluene/100 �C/20 h

2c: 80 CoCl2/2,6-lutidine/THF

70 �C/14 h

3c: 88

4 O
H

H

H

H

H

Pd2(dba)3/DPEphos/Cs2CO3

toluene/100 �C/18 h

2d: 79 CoCl2/2,6-lutidine/THF

70 �C/14 h

3d: 89

5 O
O

H
H

H

H
Pd2(dba)3/DPEphos/Cs2CO3

toluene/100 �C/40 h

2e: 98 Co(OAc)Æ4H2O/DMF

160 �C/2 h

3e: 77

6 OH
O

H

Pd2(dba)3/DPEphos/Cs2CO3

toluene/100 �C/20 h

2f: 35b CoCl2/2,6-lutidine/THF

70 �C/14 h

3f: 96b

7

O

N
O

H

Pd2(dba)3/Xantphos/Cs2CO3

THF/68 �C/22 h

4a: 62b CoCl2/2,6-lutidine/THF

70 �C/14 h

5a: 87b

8

O

N
O

H

Pd2(dba)3/Xantphos/Cs2CO3

THF/80 �C/20 h

4b: 72b CoCl2/2,6-lutidine/THF

70 �C/14 h

5b: 94b

9

O

N
O

H

Pd2(dba)3/Xantphos/Cs2CO3

THF/80 �C/22 h

4c: 79b CoCl2/2,6-lutidine/THF

70 �C/14 h

5c: 95b

a Yields represent isolated yields of >95% purity as determined by 1H NMR.
b Products existed as a mixture of two atropisomers (a,a- and a,b-isomers) in approximately equal amounts.
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In line with the recent findings by us13d and others,15 co-
balt(II) porphyrins 3a–f and 5a–c were found to be effec-
tive catalysts for cyclopropanation of alkenes as
demonstrated with the reaction of styrene with EDA
(Scheme 2 and Table 2).16 Using 2 mol% catalysts, the
cyclopropanation reactions could be successfully per-
formed with styrene as the limiting reagent and required
no slow-addition of EDA. The practical one-pot proto-
col could effectively operate at different temperatures
(80, 23 or 0 �C). In all these cases, the desired cyclopro-
panes were produced in high to excellent yields with
moderate trans-selectivities but low enantioselectivities
(Table 2). Although all the enantioselectivities were
low, statistically significant differences were observed
for different meso-chiral porphyrins. For example, the
secondary cyclic alcohol-substituted cobalt(II) porphy-
rins 3a–d provide relatively higher enantioselectivities
than the aromatic alcohol-substituted cobalt(II) porphy-
rin 3e (Table 2, entries 1–9). While the R-(+)-BINOL-
substituted cobalt(II) porphyrin 3f gave the lowest
enantioselectivities (Table 2, entries 10–11), the enantio-
selectivities of the amide-substituted cobalt(II) porphy-
rins 5a–c were in-between others (Table 2, entries 12–
17). As we reported previously,12 cobalt(II) complexes
of the D2-symmetric ortho-chiral porphyrins proved as
efficient catalysts for cyclopropanation with both high
enantioselectivity and high diastereoselectivity. The
favorable orientation and suitable rigidity of the chiral
elements in the D2-symmetric ortho-chiral porphyrins
are attributed due to their high selectivities.12 Similarly,
the orientation and flexibility of the chiral appendages
are likely responsible for the low enantioselectivities ob-
served for these meso-chiral porphyrins. For complexes
3f and 5a–c, the existence of atropisomers certainly
caused additional problems for obtaining high
enantioselectivity.

In summary, the results demonstrated that meso-bromo-
porphyrins are a class of versatile synthons for effective
construction of meso-chiral porphyrins via palladium-
mediated C–N and C–O bond formation reactions.
Considering the ready availability of large number of
chiral alcohols, amines and amides, the new approach
will allow the synthesis of different types of meso-chiral
porphyrins that could find broad applications. For
the specific application in asymmetric catalysis, we are
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Figure 1. Cyclopropanation of styrene by cobalt complexes of meso-chiral porphyrins.

Table 2. Cyclopropanation of styrene with EDA catalyzed by cobalt

complexes of meso-chiral porphyrinsa

Entry [co(por)]b Temp (�C) Yield (%)c cis:transc ee (%)d

1 3a 80 97 28:72 9(1)

2 3a 23 92 27:73 11(2)

3 3a 0 88 26:74 12(2)

4 3b 80 95 32:68 8(5)

5 3c 80 95 31:69 9(5)

6 3d 0 87 27:73 12(1)

7e 3e 80 99 32:68 1(1)

8 3e 23 98 30:70 4(1)

9e 3e 0 92 30:70 3(1)

10 3f 80 79 36:64 1(1)

11 3f 23 73 35:65 1(0)

12 5a 80 80 34:66 6(6)

13 5a 0 83 32:68 5(8)

14 5b 80 99 37:63 6(6)

15 5c 80 82 32:68 5(4)

16 5c 23 79 32:68 6(5)

17 5c 0 73 32:68 6(6)

a Reactions were carried out in toluene for 24 h under N2 with

1.0 equiv of styrene, 1.2 equiv of EDA and 2 mol% [Co(por)]. Con-

centration: 0.5 mmol styrene/2 mL toluene.
b See Fig. 1 for structures.
c Determined by GC.
d Determined by chiral GC: trans (cis).
e Reaction time was 15 h.
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currently in the process of designing and synthesizing
new meso-chiral porphyrins that contain more rigid chiral
appendages with desirable geometry and orientation for
improving diastereoselectivity and enantioselectivity.
This new generation of meso-chiral porphyrins should
offer different electronic, steric and chiral environments
from those of the ortho-chiral porphyrins that we
described previously.12
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