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Abstract

Hydrophobic thiazolium and imidazolium coenzyme mimics in the presence of modified-
polyethylenimine enzyme mimics catalyze the benzoin condensation 2300–3300 times faster than
the coenzyme mimics alone. Polycationic enzyme mimics provide not only a hydrophobic binding
domain for coenzyme and substrate, but also electrostatic stabilization of anionic species that arise
along the reaction pathway of the benzoin condensation.

Thiamine diphosphate (Figure 1, 1) is a coenzyme for important enzymatic reactions, including
pyruvate decarboxylase that converts pyruvate to acetaldehyde and transketolases that play a
critical role in glucose degradation and in the Calvin cycle in photosynthesis.1,2 It also
condenses pyruvate to acetolactate in the biosynthetic path to valine.3 In all these reactions,
its role is to form a stable equivalent of an acyl anion. In 1957 we showed that the thiazolium
ion – the most distinctive part of thiamine – can readily form an anion at C-2, species 2.4 In a
full paper in 1958 we pointed out the special stability 2 receives from resonance with a carbene
form 3.5 We showed that imidazolium ions 4 can also form such a resonance pair, 5 and 6.

Addition of the 2/3 hybrid to pyruvic acid forms an adduct that can decarboxylate, ultimately
releasing acetaldehyde and regenerating the 2/3 hybrid. The other biochemical roles played by
thiamine diphosphate can be similarly understood. In 1973, Stetter expanded the synthetic
usefulness of the thiazolium anions 2/3.6 As numerous other advances have arisen,7 it has
become fashionable to refer to species such as 2/3 and 5/6 as “nucleophilic carbenes”, although
of course it is the zwitterion resonance form that makes it clear why these species are
nucleophilic.
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The role that thiazolium ions play in biochemistry is similar to the role that cyanide ion plays
in the benzoin condensation, and indeed thiazolium ions can catalyze the benzoin condensation
(Scheme 1), as can imidazolium ions. Kinetic studies supported this scheme.8–10 The benzoin
condensation was crucial in our earliest studies of thiazolium catalysis, and in many subsequent
studies by us and others.

Previously, we mimicked the binding role played by the enzyme by attaching thiazolium ions
to cyclodextrins. With β-cyclodextrin we saw evidence that the intermediate 7 was readily
formed in water when benzaldehyde bound into the cyclodextrin cavity, but there was no room
for the second benzaldehyde in the overall benzoin-forming mechanism.11 The larger cavity
of γ-cyclodextrin, linked to a thiazolium ion, permitted the second benzaldehyde to bind and
couple with 7.12 This catalyzed the benzoin condensation with a rate increase of ~7-fold
contributed by the cyclodextrin. Pandit attached a thiazolium salt to polystyrene, and saw that
this somewhat slowed the benzoin condensation.13

In the present work, we more closely mimic the enzyme/coenzyme system with modified
polyethylenimines (PEIs) as enzyme surrogates, and hydrophobic thiamine analogs as
corresponding coenzyme mimics. This has resulted in very effective catalysis with greater than
3000-fold rate accelerations in comparison to reactions without PEI.

PEIs were pioneered as enzyme mimics by Klotz.14 We have used them in mimics of
transaminase enzymes, where we saw that incorporating a hydrophobic core in the polymers
improved both binding and rate constants.15 By contrast with one-directional transaminations
by pyridoxamines, which require an additional step to regenerate the pyridoxamine form,
thiamine diphosphate-dependent systems are true catalysts.

We have now investigated enzyme mimics in which hydrophobic thiazolium and imidazolium
ions reversibly bind to modified PEIs to catalyze the benzoin condensation. The reactions were
performed in aqueous solutions, to promote hydrophobic binding of the coenzyme and the
substrates into the same polymer region. The benzoin condensation catalyzed by thiazolium
and imidazolium ions is effective in polar organic solvents but often more sluggish in water
(see Supporting Information). Herein, we show that the modified PEIs accelerated the reactions
by accommodating the coenzyme mimics and substrates within the non-polar interior, just as
occurs with the hydrophobic cores of natural enzymes.

We used a commercial PEI with a number average molecular weight of ca. 10,000, with ca.
230 monomer residues. As previously, we laurylated a portion of the nitrogens of this material
with dodecyl iodide in ethanol, then dialyzed and reductively methylated the remaining NH
groups with formaldehyde and formic acid to form polymer 11 (Figure 2). 1H-NMR integration
indicated that ca. 6.6% of the amines were laurylated. The absence of free NH groups was
indicated by the lack of subsequent acetylation by acetic anhydride. In another PEI 12, all alkyl
groups were methyl. Some of the laurylated PEI was also permethylated to polycation 13 with
dimethyl sulfate and cesium carbonate.

We examined the benzoin condensation (Table 1) catalyzed by thiazolium salts 14 and
imidazolium salts 4 in which the hydrophobic side chains were varied (see Supporting
Information). Thiazolium and imidazolium salts are referred to as coenzyme mimics and the
PEI derivatives as enzyme mimics, by analogy with the biochemical species. The thiazolium
reactions were run in water with 10 volume % DMSO and 0.5M disodium phosphate buffer
(pH 8.0) with 2 mM thiazolium salt, PEI 6 mM in nitrogen atoms, and 40 mM initial
[benzaldehyde]. The product [benzoin] was determined by HPLC. When the reaction was
carried to only 10% loss of benzaldehyde, benzoin formed linearly with time; the resulting rate
constants are listed in Table 1, entries 1 to 11.
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As the table shows, catalysts with two hydrophobic chains were the most effective, with ca.
103-fold accelerations relative to the coenzyme mimic alone. The exception was bulky N-3
benzyl substitution (entries 6 and 10). Entry 8 with an n-butyl group was somewhat more active
than the n-hexyl group (entry 9), which was on the edge of insolubility. Entries 2 and 3 indicate
that a permethylated PEI polycation was, if anything, slightly more effective than was the PEI
with titratable amines. This indicates that the nitrogens of the PEIs are furnishing cations for
electrostatic stabilization of the negative charges formed in the catalytic processes of Scheme
2, not general acid and general base catalysis as they did in transaminations. The reversible
steps of Scheme 1 should not show general acid or general base catalysis. General acid/base
catalysis by the buffer is also excluded by comparison of entries 2 ([buffer] = 0.5 M) and 4
([buffer] = 0.2 M.). Entry 11, without added dodecyl groups on the PEI, has ca. 50% hydrophilic
cationic residues and ca. 50% neutral ones, and was less potent than those with added
hydrophobic groups.

Imidazolium salts are poorer catalysts, so the study of dialkylimidazolium ions was performed
at higher catalyst loading (8 mM), pH (10), and temperature (under reflux, 100 °C). As entries
12 to 17 show, the rates again increased as the alkyl groups were longer, promoting better
hydrophobic binding into the PEI, and perhaps with the benzaldehyde. (By contrast, the ions
with longer alkyl groups were slower in THF solvent without PEIs, where steric effects were
not overridden by hydrophobic binding. See Supporting Information).

The most striking contrast with the thiazolium data was the finding that the polycationic PEI
was a much better catalyst (entry 17) than was the polyamine catalyst (entry 18), all relative
to the simple dimethylimidazolium ion alone (entry 12). At pH 10 the polyamine 11 has much
less positive charge than at pH 8, and these data show that the most important effect of PEI
13 at pH 10, besides binding the catalysts and benzaldehydes into a hydrophobic core, is the
presence of a polycationic system that furnished electrostatic stabilization to the anions of the
reaction species.

Previously, we showed that modified PEI may act as an artificial binding domain to provide a
water-excluded core and important general acid/base reactivity for biomimetic rate
enhancement.15 This work shows that the reversible hydrophobic binding of different
coenzyme mimics and substrates into modified PEI’s hydrophobic core can lead to very
effective true catalysis. Furthermore, PEI can be manipulated to furnish cationic groups that
promote electrostatic stabilization of anionic reaction intermediates and transition states.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Thiamine diphosphate (1) and zwitterion/carbene resonance hybrids of thiazolium (2/3) and
imidazolium (5/6) ions.
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Figure 2.
Neutral (11 and 12) and polycationic (13) PEIs.
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Scheme 1.
Benzoin (10) formation catalyzed by thiazolium (or imidazolium) ions

Zhao et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zhao et al. Page 8
Ta

bl
e 

1
R

at
e 

co
ns

ta
nt

s f
or

 th
e 

be
nz

oi
n 

co
nd

en
sa

tio
n.

a

T
hi

az
ol

iu
m

 C
oe

nz
ym

e 
M

im
ic

s (
14

)

E
nt

ry
R

1
R

2
X

PE
I

V
 (×

10
−9

 M
/s

)
k r

el
b

1c
C

12
H

25
B

nO
B

r
-

4
1

2
C

12
H

25
B

nO
B

r
11

50
40

 ±
 6

0
12

60
 ±

 1
5

3
C

12
H

25
B

nO
B

r
13

51
36

 ±
 1

11
12

84
 ±

 2
8

4d
C

12
H

25
B

nO
B

r
11

51
67

 ±
 2

22
13

04
 ±

 5
6

5
C

12
H

25
B

nO
I

11
49

44
 ±

 1
11

12
48

 ±
 2

8

6
B

n
B

nO
C

l
11

24
 ±

 2
6 

± 
0.

5

7
M

e
C

12
H

25
S

I
11

55
2 

± 
56

13
8 

± 
14

8
C

4H
9

C
12

H
25

S
I

11
94

24
 ±

 5
24

23
56

 ±
 1

31

9
C

6H
13

C
12

H
25

S
I

11
46

64
 ±

 4
0

11
66

 ±
 1

0

10
B

n
C

12
H

25
S

B
r

11
15

52
 ±

 1
6

38
8 

± 
4

11
C

4H
9

C
12

H
25

S
I

12
59

6 
± 

16
14

9 
± 

4

Im
id

az
ol

iu
m

 C
oe

nz
ym

e 
M

im
ic

s (
4)

En
tr

y
R

X
PE

I
V 

(×
10

−
9  M

/s
)

k r
el

b

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zhao et al. Page 9

T
hi

az
ol

iu
m

 C
oe

nz
ym

e 
M

im
ic

s (
14

)

E
nt

ry
R

1
R

2
X

PE
I

V
 (×

10
−9

 M
/s

)
k r

el
b

12
M

e
I

-
0.

36
1

13
C

4H
9

I
13

13
 ±

 0
.1

7
37

 ±
 0

.5

14
C

6H
13

I
13

18
.7

 ±
 0

.3
3

52
 ±

 1

15
C

8H
17

I
13

44
 ±

 2
12

3 
± 

6

16
C

10
H

21
I

13
83

3 
± 

11
23

14
 ±

 3
1

17
C

12
H

25
I

13
12

25
 ±

 3
34

02
 ±

 8

18
C

12
H

25
I

11
83

 ±
 5

23
0 

± 
14

(a
) C

oe
nz

ym
e 

lo
ad

in
g 

= 
10

 m
ol

 %
 (1

4)
, 4

0 
m

ol
 %

 (4
); 

[P
EI

] =
 6

 m
M

; [
Ph

C
H

O
] in

iti
al

 =
 4

0m
M

.

(b
) R

el
at

iv
e 

to
 e

nt
ry

 1
 o

r 1
2,

 re
sp

ec
tiv

el
y.

 E
rr

or
s a

re
 th

e 
de

vi
at

io
ns

 fr
om

 tw
o 

ru
ns

.

(c
) O

ne
 ru

n.

(d
) B

uf
fe

r c
on

ce
nt

ra
tio

n 
= 

0.
2M

 N
a 2

H
PO

4 
(p

H
~8

.0
).

(e
) C

al
cu

la
te

d 
fr

om
 th

e 
in

iti
al

 sl
op

e 
of

 [B
en

zo
in

] v
s. 

tim
e.

 E
rr

or
s a

re
 th

e 
de

vi
at

io
ns

 fr
om

 tw
o 

ru
ns

.

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.


