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Control of Chemical Reactions Using Molecules that Buffer Non-

aqueous Solutions

Muhammad Sohail® and Fujie Tanaka*®

Abstract: Control of chemical reactions is necessary for obtaining
designer chemical transformation products and for preventing
decompositions and isomerizations of compounds of interest. For
the control of chemical events in aqueous solutions, the use of
aqueous buffers is a common practice. However, no molecules that
buffer non-aqueous solutions were commonly used. Here we
demonstrate that 1,3-cyclohexanedione derivatives have buffering
functions in non-aqueous solutions. We also show that these
molecules can be utilized to alter and control chemical reactions.
1,3-Cyclohexanedione derivatives inhibited both acid-catalyzed and
base-catalyzed isomerizations and decompositions in organic
solvents. The reaction products obtained in the presence of the
buffering molecule 2-methyl-1,3-cyclohexanedione differed from
those obtained in the absence of the buffering molecule. The use of
buffering molecules that work in organic solvents provides a strategy
to control chemical reactions and expands the range of compounds
that can be synthesized.
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Figure 1. Examples of buffering molecules that function in non-aqueous
solutions reported here and the control of reactions using the buffering
molecules.

We hypothesized that 1,3-cyclohexanedione derivatives
would have buffering functions in organic solvents based on the
reactions of 1,3-cyclohexanedione: When 1,3-cyclohexanedione
was used as a reactant in organic solvents, an increase in the
equivalents of 1,3-cyclohexanedione relative to the reaction
partner substrates did not enhance the reaction rates or even
slowed the reactions.”! This was unusual as reaction rates
usually increase as the loading (and thus the concentration) of a
reactant is increased. In organocatalytic and other catalytic
reactions that use simple ketones (such as acetone and
cyclohexane) as a reactant, the ketones are often used in
excess (5 equivalents or more relative to the partner
reactants).” The excess loadings of the simple ketones in the
reactions are often desired and/or required to enhance the
reaction rates and/or to obtain the desired products.” In our
survey of the literature on the reactions of 1,3-cyclohexanedione
derivatives reported by other research groups, we found that the



loading amounts of 1,3-cyclohexanedione were not in excess in
most cases."”"™ We reasoned that high loadings of 1,3-
cycohexanedione might partially neutralize bases or acids
depending on the reaction and that 1,3-cycohexanedione was
essentially functioning as a buffering molecule in organic
solvents. We hypothesized that the buffering function of 1,3-
cyclohexanedione and related compounds could be used for
adjusting conditions to control chemical events in non-aqueous
solutions (Figure 1). The data reported here support that
hypothesis.

Results and Discussion

Evaluation of 1,3-cyclohexanedione to inhibit acid- and
base-catalyzed isomerization in organic solvents. To test our
hypothesis that 1,3-cyclohexanedione has a buffering function
and neutralizes both acids and bases in non-aqueous solutions,
we first examined whether 1,3-cyclohexanedione (1a) inhibited
the isomerization of 2'1 to 3"*" catalyzed by 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU) at 25 °C and by
trifluoromethanesulfonic acid (TfOH) at 60 °C in CDCl; (Table 1).
Compound 2 is a useful synthetic intermediate in the formation
of spirooxindole polycycles and is readily isomerized to 3 under
acidic or basic conditions.'*"® The ratio of 2 to 3 can be easily
determined.l'*"?

Table 1. The effect of cyclohexane-1,3-dione (1a) in the DBU- and Tj
catalyzed isomerization of 2 to 3.1

compound
to test

cocl;  Ph
entry DBU or TfOH compound to test
(condition)
1 - (A) - >99.5:0.5
2 DBU (A) - A 24:76 (24:76)°)
3 DBU (A) 1a ‘ >99-5:0-5f)‘“,
~
4 DBU (A) CH;XOOH ‘
\ 4
5 DBU (A) A 2476
6 -(B A - >99.5:0.5
®) [
7 TfOH (B) ‘\
8 TfOH (B) \ >99.5:0.5
10 TfOH (B) ‘ m 96:4
[a] A mixt 1.0 equiv) and the test compound (1.0 equiv)
in CDCI e of DBU (0.01 equiv) under condition A or

nd the ratio of 2:3 was determined by H
' .C) for 5 min; Condition B: 60 °C for 1
h. [b] Data after 3 days. [c] With DBU (0.1 equiv).
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For the isomerization of 2 catalyzed by DBU, the ratio of
compound 2 to compound 3 was 24:76 at 5 min after the
addition of DBU (Table 1, entry 2) presence of compound
1a (1.0 equivalent relative to 2), com was unchanged or
was not isomerized by the addition of le 1, entry 3);
formation of 3 was less than 1% e ays in the
presence of 1a. Similarly, i of 1a, compound 2 did
not isomerize to 3 by the a fOH (Table 1, entry 8).
Compound 1a blocked b lyzed and the TfOH-
catalyzed isomerizati neutralized both
the base and the ppressed only the base-
catalyzed isomerigiion tries 4 and 9), and
benzylamine supp catalyzed isomerization
(Table 1, entries 5 tic acid neutralized only
the base, an d only the acid. Thus, the
effect of comp e base and the acid in an
organic solvent ( 1, entries 3 and 8) is novel; the results
1a has a buffering function in non-

(Table 1,
sed only the a
10); that is,

Next, the capabili ompound 1a to neutralize various
bases and acids in an organic solvent was analyzed by
aluating th ect of 1a on the isomerization reaction of 2 to 3
arious bases and acids (Supporting Information
S1). Although the degree of isomerization catalyzed by
ses and acids varied depending on the base or acid,
nd 1a completely or almost completely suppressed the
on of 2 catalyzed by various bases such as
potass butoxide and 1,1,3,3-tetramethylguanidine and by
various a@ds such as methanesulfonic acid and p-
toluenesulfonic acid. That is, the buffering function of compound
1a was observed in non-aqueous solutions against various
and acids.

e scope of the inhibition function of 1a on the
erization of 2 to 3, or the buffering function of 1a, was also
estigated in various solvents (Supporting Information Tables
2 and S3). In all solvents tested, the isomerization of 2 to 3 by
DBU or by TfOH was observed to some degree in the absence
of 1a. In the presence of 1a, no isomerization of 2 was detected
in chloroform or in toluene. In acetonitrile, acetone, 2-propanol,
1,4-dioxane, and tetrahydrofuran (THF), the isomerization of 2 to
3 was almost completely suppressed (less than 5%) in the
presence of 1a. In dimethylsulfoxide (DMSO), the isomerization
was partially inhibited by 1a. In polar solvents, changes in the
pKa values of the base, of the acid, and of 1a from those in non-
polar solvents may affect the neutralizing function of 1a, or the
formation of hydrogen bonds between solvent molecules and 1a
may prevent the interaction of 1a with the base or acid, resulting
in a reduction of the buffering function of 1a. Although the
buffering function of 1a did not work in some polar solvents,
compound 1a buffered various organic solvents, including 2-
propanol.

Compound 1a also inhibited the acid- and base-catalyzed
isomerization of 2 to 3 over a wide range of concentrations
(Supporting Information Tables S4 and S5). When the DBU-
catalyzed and TfOH-catalyzed isomerization reactions of 2 to 3
in CDCl; were analyzed over various concentrations of 2 in the
presence of one equivalent of 1a, the isomerization was



suppressed to less than 1% in the range from 0.003 M to 0.14 M.

Further, even when 1a was present at less than one equivalent
relative to 2, the buffering function of 1a was observed
(Supporting Information Tables S6 and S7). Further, the
buffering function of 1a was retained in the solution for more
than 3 days, even at 60 °C, in the presence of TfOH (Supporting
Information Table S8). Compound 1a has a buffering function
over a wide range of conditions in non-aqueous solutions.

Identification of other molecules that show buffering
functions in non-aqueous solutions. We then sought to
identify other molecules with buffering functions in organic
solvents. We evaluated the effects of 1,3-cyclohexanedione
derivatives and related molecules on the DBU-catalyzed and
TfOH-catalyzed isomerization reactions of 2 to 3 (Table 2; see
also S| Table S9). 1,3-Cyclohexanedione derivatives 1b-1e
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completely inhibited the isomerization of 2, as did 1a, indicating
that mono substitutions with methyl, benzyl, or phenyl groups at
the 2-position of 1,3-cyclohexane and methyl substitutions
at the 4- and 6-positions of 1,3-cyclo dione did not affect
the buffering function (Table 2). In th
cyclohexanedione derivative bearing a
position (compound 1f), th
The 1,3-cyclohexanedione
substitutions at the 5-positi
the isomerization
Cyclohexanediones
groups, which are
at the 2-position
slightly reduced ef
1,3-Cyclohex i

of 2 was less than 1%.
s with mono- or di-
1g-1i) also inhibited
to 1f. 1,3-
or triphenylmethyl
an the isopropyl group,
k, respectively) had a
erization relative to 1f.
resin beads (resin-

2:3 (reaction with TfOH)

Ph Ph
(0} (0]
Cth ot e el
1a 1b 1c 1d

>99.5:0.5 >99.5:0.5 >99.5:0.5 >99.5:0.5
Ph
Ph Ph
1j 1k 1l
96:4 99:1 >99:1 93:7

78:22 35:65 A 72:28

[a] A solution of 2 (2:3 >99.5:0.5, 1.0

60 °C for 1 h in the presenge of
reaction with DBU and in t&he reactiol

1,3-Cyclopentanedione (1)
cyclohexanedione (1m) also
DBU-catalyzed
On the

ancw 2-acetyl-1,3-
some buffering function in the
isomerization reactions of 2.
exanedione (1n), 14-
yl-1,3-cyclohexanedione
buffering function to suppress the
cule 2,4-pentanedione (1q) also did
Molecules that are used as buffers

such as 2-[bis(2-
id (BES), also did not inhibit the

hydroxy)amino]ethanesulfon
isomerization (Supporting Information Table S9).

(0} (0] OUO (0] W\;;/l/o

19 LT 1i
>99:1 >99:1 >99:1 >99:1
O O
(o) o O O O O
10 1p 1q 1r 1s
84:16 43:57 75:25 48:52 33:66

CF, o resin-linker
OH
L, Lo O
NJ\N CF3
H Hox 1y 1z

resin-conjugated 1b

38:62 53:47 63:37 >99:1

d 1 (1.0 equiv) in C!Clg, was stirred at room temperature (25 °C) for 5 min in the presence of DBU (0.01 equiv) or at
). The 2:3 ratio was determined by 'H NMR analysis at room temperature and is shown in magenta for the

These results indicate that compounds 1a-1e are the most
effective buffering molecules of the compounds tested.
Compound 1a can act as a nucleophile, as compound 2 is
synthesized by the reaction with 1a.'? The use of compounds
1b-1d may be suitable for providing buffering functions to avoid
the use of 1a, which has a reactive methylene group at the 2-
position. Compounds 1f, 1j, and 1k may also be suitable for
various applications that require buffering function. Similarly,
resin bead-attached 1,3-cyclohexanedione (resin-conjugated 1b)
may also be suitable for various uses to provide buffering
functions.



Effects of 1,3-cyclohexanedione derivatives to inhibit
acid- and base-catalyzed isomerization and decomposition.
Compounds 1 were then evaluated in isomerization and
decomposition reactions of aldol products or p-hydroxyketones
(Scheme 1a, b). Aldol 47*'¥ is readily racemized under basic
conditions,™™ and the basic conditions also cause a retro-aldol
reaction of 4 to generate 5 (Scheme 1a(i)). The addition of 2-
methyl-1,3-cyclohexanedione (1b) to the solution of aldol 4
blocked the base-catalyzed racemization and the retro-aldol
reaction of 4 (Scheme 1a(i), Supporting Information Tables S10-
S13). Resin-supported 1b also completely inhibited the
racemization and the decomposition. The addition of 2-
pyridinecarboxylic acid, N,N-dimethylglycine, or glycine instead
of 1a was unable to prevent the racemization (Supporting
Information Table S11). Aldol 4 was also racemized under acidic

Suotless

10h: 4:5 = 946 4 (24% ee)
72 h: 4:5 =81:19; 4 (17% ee)

DBU (0.1 equw
CD30N rt

(S)-4 (100% ee)

DBU (0.1 equiv)
1b (1.0 equiv)

CD4CN, rt

10 h: 4:5 = 100:0; 4 (100% ee)
72 h: 4:5 =100:0; 4 (>99.9% ee)

DBU (0.1 equiv)
resin-conjugated 1b (1.0 equiv) 10 h: 4:5 = 100:0; 4 (100% ee)
CD3CN, rt 72 h: 4:5 =100:0; 4 (>99.9% e

o]
HO
TfOH (0.1 equiv) £
CD4CN, rt N ©
H 4
(5)-4 (100% ee) 72 h: 4:6 = 90:1

TfOH (0.1 equiv)
1b (1.0 equiv)

CD4CN, rt

72 h: 4:6 >99:1; 4 (100% ee)

TfOH (0.1 equiv)
resin-conjugated 1b (1.0 equiv)

CD4CN, rt

72 h:4l6 >99:1; 4 (100% ee)

10:11 = 86~

Scheme 1. Effects of 2-methyl-1,
compounds. a, Eff
hydroxyketone deri
isomerization and dec

not limited to the prevention of
isomerization pn of compounds by buffering.
The use of 1b also altered the products of the chemical
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conditions, and the acidic conditions caused the formation of
elimination product 6"'® (Scheme 1a(ii)). Compound 1b also
prevented the acid-catalyzed rac tion and the elimination
reactions of 4 (Scheme 1a(ii)).

nd 1k also
tone 7 and
the decomposition of 7V7%¢!
or amino
of DBU was also
). Decomposition
derivative or protected
n that resulted in the
ing to the generation of
(Scheme 1d).

Isomerization of M
aldehyde derivative 1
prevented by the
reactions of p-hy
threonine derivati

(R)-7 (100% ee)

Br
7:8:9 =94:4:2;7 (99% ee)

DBU (0.1 equiv)
1b or 1k (1.0 equiv)

CDCly, 1t, 12 h

7:8:9 = 100:0:0; 7 (100% ee)

(o}

TfOH (0.1 equiv)
——FFF > 7:8:9=288:2:10; 7 (93% ee)
CDClg, rt, 6 h

Br
(R)-7 (100% ee)  TfOH (0.1 equiv)

1b or 1k (1.0 equiv)
CDClg, rt, 6 h

7:8:9 = 100:0:0; 7 (100% ee)

DBU OH
(0.1 equiv)

o) 0
OCH,Ph —————> )\l/U\OCHzPh+ -~ ﬁ)I\OCHZPh
CDClg, 1t, 1 h

NHCbz NHCbz 42 NHCbz 43
12 43 = 85- ; %
DBU 12:13 = 85:15, 12 (purity >95%)

(0.1 equiv)

1b (1.0 equiv)
CDClg, rt, 1 h

12:13 = 100:0, 12 (purity >99%)

(i) oH O TIOH OH

(0.1 equiv)
T ——

OCH,Ph
CDClg, rt, 12 h

NHCbz
12 TfOH
(0.1 equiv)
1b (1.0 equiv)
CDClg, 1t, 12 h

OCH,Ph + PhCH,OH
NHCbz 12
12:PhCH,0OH = 92:8
12:PhCH,OH = 100:0

and decomposition of B-hydroxyketone derivative (aldol) 4. b, Effects on the racemization and decomposition of f3-
s on the isomerization of amino aldehyde derivatives (Mannich reaction products) 10 and 11. d, Effects on the

For the protection of the
17

transformations (Schemes 2-4).
hydroxy group of aldol 14, when 14 was treated with TMSCN
in the presence of DBU as a base at 60 °C, products 15, 16, and
17 were obtained; selective formation of 15 in a high yield was
not achieved (Scheme 2). When the same reaction was



performed but with the addition of 1b, product 15 was obtained
in a high yield, and the enantiopurity of the starting material was
retained in the product (Scheme 2). In the absence of 1b, the
cyanide anion generated from TMSCN reacted with 14 to give
16 and 17. In the presence of 1b, the cyanide anion may be
protonated, preventing it from acting as a nucleophile.

"Pr "Pr nPr
— — —
HO o _TMSCN TMSO o TMSO cn?TMS
DBU
0 (0.1 equiv) o o
N CHCl, N1 N 16
14 60°C,1h 29% Pr 29%
CN
TMSO, o
o]
N
17
Ho 340
"Pr "Pr

TMSCN

DBU (0.1 equiv)
1b (1.0 equiv)
H (R)-14 CHCI3 60°C,1.5h

(100% ee) 96% (100% ee)

transformations; protection of hydroxy groups.

Scheme 2. Effects of 2-methyl-1,3-cyclohexanedione (1b) on chem'il

"Pr
C ) (3 equiv)

TfOH (0.1 equiv)
—_—
CDCl3, 60°C, 1 h

0
18 (48 equiv)

TfOH (0.1 equiv)

100% ('H NMR ana

more than 6 products on TLC
neat, 60 °C, 1 h

( )(48 equiv)

TfOH (0.1 equiv)

1b (1.0 equiv)
neat, 60 °C, 1 h

Ph 21
, 20:21 = 35:65

1b (1.0 equiv)
neat, 60 °C, 24 h
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The reaction of g-hydroxyenone derivative 18 with furan was
also altered by the addition of 1b (Scheme 3a). Under acidic
conditions, compound 18 was re onverted to oxa-Michael
cyclization product 19.'® Neat condi the reaction of 18

n contrast, the reaction
in the presence of 1b
) and 21 (enol form)

under the same neat condi
afforded furan-added pro
(Scheme 3a).
hydroxyenone deriy,
afforded correspo
3b), and the reac
(Scheme 3c).
thiophene or,
corresponding
(Scheme 3d).

in the presence of 1b
ts 23 and 24 (Scheme

esence of 1b afforded
respectively

26 and 27,

.
(48 equiv)

0 "o
TfOH (0.1 equiv)
—_—

1b (1.0 equiv)
neat, 60 °C, 1 h

LPh
23 \\ph 24
96% (23 + 24), 23:24 = 55:45

nPr
o)
|
[ Yo 7
2
“ o
N 25
92%

"Pr

H (0.1 equiv)

1b (1.0 equiv)
neat, 60 °C, 1 h

1b (1.0 equiv)
neat, 60 °C, 5 h

Scheme 3. Effects of 2-methyl-1 ,3—cy&hexanedione (1b) on chemical transformations; addition reactions.
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a b
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O,
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o— 5

TfOH (0.1 equiv)
CHCly \ N © 1b (1.0 equiv) —_— >

O 60°C,1h CHCl.. 60 °C 1b (1.0 equiv)
, 3 e
l\{\ 19Kph 12h CHClg, 60 °C, 12 h
o/ (1 : R2
18 Ph 100% ("H NMR analysis) 29: R' = rhexyl, R? = GH,Ph

30: R' = i-Pr, R2 = CH,Ph
31: R' = n-Pr, R2 = Ph

\ TfOH (0.1 equiv)

1b (1.0 equiv)
CHCl3, 60 °C, 12 h

34
61%
;

Wﬁn aldol derivatives to afford spirooxindole

71%

Scheme 4. Effects of 2-methyl-1,3-cyclohexanedione (1b) on chemical transformations; d
octahydropentalenes.

ificantlyﬁler than that of cyclohexanone.” Bases easily
ab¥act the proton from 1,3-cyclohexanedione derivatives. The
ir of the ketone carbonyl oxygen of 1,3-cyclohexanedione
es may act as a Lewis base to react with acids. Thus,
s added to the reaction mixtures protonate and

Further, the use of the buffering function of 1b allowed the
synthesis of complex spirooxindole derivatives (Scheme 4).
Spirooxindoles bearing fused ring systems are of interest for the
development of pharmaceuticals and related molecules.!'"3&?
Concise construction of functionalized fused ring systems
challenge,*"*'*?% however. Under acidic conditions with e 1,3-cyclohexanedione derivatives, respectively.
compound 18 was transformed to oxa-cyclization produ t19“8] As a resull, the acidic/basic environments of the solutions
The same reaction but with the addition of 1b | containing acids (such as TfOH) or bases (such as DBU) in the
dimerization of 18, resulting in the formation of s presence of 1,3-cyclohexanedione derivatives with buffering
octahydropentalene derivative 28 (Scheme 4a). s may be similar to those that the 1,3-cyclohexanedione
stereochemistry of 28 was determined by X-ray c tives provide, apart from the conditions that the acids
analysis.?"! Note that treatment of spirooxindole, h as TfOH, the pKa is 0.3 in DMSO®) or bases (such as
19 under the conditions used for the formation of U) originally create.

TfOH and 1b) did not form 28. The treatment of 18 with 1
without TfOH did not lead to the formation of 19 or 28. Mil
acids such as acetic acid and trifluoroacetic acid also di
catalyze the formation of 28 from 18. Tjese results suggest

Conclusion

the use of compound 1b in the TfO i We have developed strategies to control chemical reactions.
the reaction conditions for the form The strategies use molecules that have buffering functions in
1b makes the TfOH-catalyzed reaction en non-aqueous solutions. We have demonstrated that 1,3-

allowing the formation of th
necessary for the C-C bond for

cyclohexanedione derivatives have buffering functions in non-
aqueous solutions and that the buffering functions of these

of 28. Similarly, the TfOH-c i -31 i molecules in non-aqueous solutions can be used for tuning the
presence of 1b afford Scheme 4b). The  conditions to control chemical events. Addition of the buffering
buffering function o s of complex  molecule or its resin-conjugated version in storage solutions of
spirooxindole octahydrope . molecules of interest can prevent decompositions and/or

isomerizations of the molecules. To suppress decompositions
and isomerizations of the molecules by using the buffering
molecules that we have disclosed, there is no need to consider
whether the decomposition and/or isomerization is caused by a
base or an acid or which type of base or acid is causing the
decomposition, isomerization, and/or racemization. Additionally,
as been theoretically predicted to simply adding the buffering molecule to reaction mixtures can
ing B3LYP.2¥ It has also been completely alter the pathways of the reactions. No such simple
operations to control chemical reactions were demonstrated
previously, to the best of our knowledge. By introducing the

Mechanisms underlylng
cyclohexanedi

buffering functions of 1,3-
e buffering functions of 1,3-
cyclohexanedion explained by their pKa
values, which a the tautomerization
equilibrium of these ecules and the fast dynamics of the

be 8.0 using
reported that 1,3-cyclohexanedione has the proton affinity



concept of buffering in non-aqueous solutions, simple ways to  [8]

control chemical reactions have been realized.

The buffering molecules suppress isomerization and
decomposition reactions of various compounds and alter the
products of chemical transformations in non-aqueous solutions,
allowing access to products that are not generated in the
absence of buffering molecules. The use of buffering molecules
in non-aqueous solvents provides a strategy to control chemical
reactions and expands the range of compounds that can be
synthesized.
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