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Abstract: We demonstrate herein the capacity of simple
carboxylate salts — tetrametylammonium and tetrameth-
ylguanidinium pivalate — to act as catalysts in the isomer-
ization of f,y-unsaturated thioesters to a,f3-unsaturated
thioesters. The carboxylate catalysts gave reaction rates
comparable to those obtained with DBU, but with fewer side

reactions. The reaction exhibits a normal secondary kinetic
isotope effect (k;u/kip=1.065=+0.026) with a p,y-deuterated
substrate. Computational analysis of the mechanism provides
a similar value (k;y/k;p=1.05) with a mechanism where y-
reprotonation of the enolate intermediate is rate determining.

J

Introduction

In the laboratory, enolizations of esters, thioesters and ketones
are typically carried out with strong, non-nucleophilic bases
such as hindered alkali amide bases, for example lithium
disisopropylamide (LDA) or potassium hexamethyldisilazide
(KHMDS).™ In contrast, in vivo, enzymatic enolization of
thioesters or ketones proceeds readily with mild carboxylate
ions as the catalytic bases. Enzymes such as citrate synthase®”
and ketosteroid isomerase (KSI)***' use the carboxylate side
chain of aspartate as the general base, and aspartate or
glutamate carboxylates are the general bases in the crotonase
superfamily® of enzymes. As an example, A’ A%enoyl-CoA-
isomerases (ECls) catalyze the isomerization of f3,y-unsaturated
coenzyme A (CoA) thioesters 3 to their o,f-unsaturated isomers
4 (Scheme 1).7# The isomerization is a key step in fatty acid
degradation and these enzymes are present in both mitochon-
dria and peroxisomal cell organelles of eukaryotes. In the active
site of the human mitochondrial A3 A%enoyl-CoA-isomerase
(hmECI), the catalytic base is a glutamate residue (Glu136,
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Scheme 1).”! The y-carbon of the substrate is protonated by
Glu136 (Scheme 1).

The general bases at the active sites of enolizing enzymes
are not sufficiently basic to deprotonate a-protons of carbonyl
compounds on their own."” The a-C—H groups of thioesters
and ketones have pK;s in the range of 18-21,"" whereas the
carboxylate bases have pK,,'s of only ca. 4.8 (Asp 3.9 and Glu
4.25 in water)."" The high rates of the enzymatic enolization
reactions have been rationalized by the additional assistance of
the oxyanion hole of the enzymes that either stabilizes the
enolate intermediate by hydrogen bonding, or O-protonates
the enolate giving an enol."” However, more recent studies
with KSI™ involving careful site-directed mutagenesis studies at
the oxyanion hole, have provided evidence that the oxyanion
hole of KSI provides only moderate contribution to increasing
the catalytic rate (by ca. 10%fold), suggesting that the hydro-
phobic binding cavity and the general base catalysis alone can
provide significantly enhanced rates (10°-fold) compared to
reactions in water.

These results suggest that in a hydrophobic, aprotic
environment, carboxylates might be more powerful catalytic
bases than their aqueous pK,s would suggest. In a singular
example, Ooi and co-workers have recently demonstrated that
chiral phosphonium carboxylates can be used for catalytic
Mannich reaction of azlactones in THF."® Surprisingly, carbox-
ylates are very rarely used as base catalysts for organic
synthesis"¥ outside of the realm of enzymes.

Herein we show that tetramethylammonium pivalate
(TMAP), a carboxylate salt, rapidly isomerizes {,y-unsaturated
thioesters to their o,p-unsaturated isomers in MeCN via a
mechanism that involves a rate-determining protonation of the
intermediate enolate.

Results and discussion

To mimic the reaction mechanism of ECl, we used a biomimetic
system with N-acetylcysteamine (NAC) thioesters as substrates.
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Scheme 1. Isomerization reactions catalysed by a) ketosteroid isomerase (KSI, b) enoyl-CoA isomerase (ECI) and ¢) proposed reaction mechanism for ECI-
catalyzed isomerization of f3,y-unsaturated CoA-thioesters. The X-ray structure of ECl complexed with the unreactive substrate analogue, octanoyl-CoA is

shown in inset. (PDB code: 15G4).

In lieu of the glutamate base, we used tetramethylammonium
pivalate (TMAP) or tetramethylguanidinium pivalate (TMGP). For
comparison, non-ionic bases DBU and Et;N were also used. The
reaction progress was monitored by 'H NMR (Scheme 2). Both
Z- and E-isomers of f,y-unsaturated NAC-thioesters were
synthesised.

Thioesters 5E and 5Z were synthesised in two and four
steps, with overall yields of 13% and 17% respectively

(e} (¢}
W R cat base W R
5 S/ ~ 5 S/
CDsCN 6

5E, 5Z: R = CH,CH,NHAC
Scheme 2. Catalytic isomerization of unsaturated NAC thioesters.
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(Scheme 3)."*' The deuterated variant 5Z-d, was synthesized
using the same route, using D, in the Lindlar reduction step
(Scheme 3). The p,y-unsaturated carboxylic acids and their
derivatives were sensitive to premature isomerization, requiring
the use of very mild conditions for the final thioester formation
step (Table 1).

Standard coupling conditions (DCC in DCM) led to concom-
itant isomerization to the a,B-unsaturated isomer (Table 1,
entry 1). With EDCHCI (entry2) the product was almost
completely isomerized. While diisopropylcarbodiimide (DIC)
caused no isomerization, the side product diisopropylurea (DIU)
could not be separated from the product (entries 3 and 4).
Finally, acceptable levels of isomerization were obtained using
DCC in acetonitrile, as the resulting dicyclohexylurea is only
sparingly soluble in acetonitrile, and a maximum of 3.5%
isomerization was observed (entry 6).
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Scheme 3. Synthesis of NAC thioesters.
Table 1. Optimization of the thioesterification of §,y-unsaturated carboxylic acids.
0 N-acetylcysteamine 13 1.1 equiv 0
Coupling reagent 1.1 equiv H
OH DMAP 0.2 equiv S/\/ T(
= Solvent = o
10 52
Entry Coupling reagent Solvent Reaction time [h] Product Yield [%)] Premature isomerization [%)]
1 DCC DCM 25 5Z 75*% 16
2 EDC-HCI DCM 2 57 18 70
3 DIC DCM 2 5Z 60" 0
4 DIC MeCN 15 5Z 56 0
5 DCC MeCN 3 5Z 36 35
6 DCC MeCN 3 5E 28 0
7 DCC MeCN 3 5Z-d, 64 <3%
[a] Product and large amounts of DCU or DIU

Table 2. Rates of isomerization with different catalysts
The DCC/MeCN method was also used for the preparation Y
o N

of thioesters 5E and 5 Z-d,, with 28 and 64% yields, respectively | Entry  Substrate  Catalyst  Rate [mmol I""s™]  Reaction time [h]
(Table 1). 1 5E DBU 1.23£0.05 2

For the isomerization experiments, we initially screened § gg iméi g-;iigg? 12
Et;N as the base, but the reaction rates were very low, with 5E 2 57 DBU 10,5+ 0.49 035
taking 50 days to reach equilibrium (30 days with 52). We then 5 5Z TMAP 547+£1.12 0.35
turned to stronger bases. The results of these base-catalyzed | 52 TMGP  0.20£0.36 16

isomerization reactions are summarized in Figure 1 and Table 2.
As shown in Table 2, the rate of isomerization was faster with
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Figure 1. Isomerization of 5E (left) and 5Z (right) with DBU, TMAP and TMGP. Reaction conditions: 27 umol of thioester in 600 uL of CD;CN, 0.3 equiv. of
TMAP, TMGP or DBU, dibenzyl ether as internal standard. The reactions were monitored by 'H NMR (see the Supporting Information for details).

5Z compared to 5E irrespective of the base used (Figure 1).
With DBU, the initial rate is with the Z isomer almost tenfold
compared to the rate with 5E. However, DBU also leads to rapid
product decomposition, complicating the rate measurement.
With the carboxylate base catalyst, TMAP, 5Z isomerizes > 30
times faster than the 5E, with significantly less product
decomposition. The rate difference is less pronounced with
TMGP, which is also less efficient as a catalyst compared to
TMAP.

Leito and co-workers! ! have measured and calculated
PK, values for various acids and bases in non-aqueous media.
According to their results, the pK, of acetate and DBU in
acetonitrile are 23.8 and 24.3, respectively. These pK,s correlate
nicely with our experimental results: with DBU the rate is higher
than with TMAP with both 5E and 5Z, but the carboxylate base
(TMAP) catalyses the reaction at a comparable rate (see Table 2,
entries 1 vs. 2 and 4 vs. 5). The pK, values of these bases in
water are, however, not reliable indicators of reactivity: the pK,
of DBU is 11.9 and the pK, of the acetate ion is 4.8.%"

To investigate the reaction mechanism, we hypothesized
that the reaction might take place via discrete proton transfer/
migration events (Scheme 4), catalysed by the pivalate anion
(piv) of TMAP and TMGP. The overall rate could be controlled
by either the a-deprotonation, a-to-y-migration, or y-reproto-
nation steps (Scheme 4). If the last step contributed significantly
to the reaction rate, the reaction might exhibit a secondary KIE
if the y-position is deuterated. To explore this possibility, we
carried out a reaction progress kinetic study with quadruplicate
measurements using 5Z and 3,4-dideuterated 5Z-d, (see

17,18,19,20]
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Scheme 4) as substrates. To account for the reversibility of the
reaction, the rates of the forward reaction (k;) as well as the
reverse reaction (k.;) were determined from the data via COPASI
simulations (see the Supporting Information). These data
provided a KIE of k;./k,p=1.065 4 0.026 for the forward reaction
and k,u/k 5 =1.659+0.097 for the reverse reaction.

While a normal KIE would be expected for the reverse
reaction as it involves a C—H or C—D bond cleavage at the -
carbon, the observed normal 2° KIE for the forward reaction
does not appear to be consistent with the hybridization
changes during the reaction. If the protonation of the y-carbon
of the enolate intermediate is rate-determining, an inverse 2°
KIE would be expected based on sp* to sp* hybridization change
(Scheme 4). Alternatively, a rate-determining a-deprotonation
should result in a 2° KIE close to 1.00.

However, these seemingly abnormal 2° KIEs may also be a
result of coupled motion (CM) or CM combined with hydrogen
tunnelling (HT) (Scheme 4b). Pollack and coworkers have carried
out a systematic study of the KIEs in a related isomerization
reaction catalysed by KSI (Scheme5) and determined the
intrinsic KIEs for the key y-protonation step.”? The experimental
2° KIE for the KSl-catalyzed y-protonation step (1.073 +0.023) is
very close to the KIE observed herein, and the slow acetate-
catalyzed isomerization of 1 in solution also displayed a normal
KIE (1.031+ +0.010). Independently of the KIEs, free energy
diagrams and rate constants for all individual steps have been
determined for the KSI catalyzed reactions, and they show that
the y-protonation has a higher barrier than the a-deprotonation
(the AAG* between TSa and TSy is 0.7 kcal/mol for the reaction

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 4. a) Simplified mechanism and the system examined computation-
ally (14/15). The p-deuterium label of 5Z-d, has been omitted in the TS
diagrams. b) Rationalization of the (ab)normal 2° KIE by the coupled motion
(CM) hypothesis and explanation of the magnitude of the KIE of the reverse
reaction.

catalysed by wild-type KSI and 2.2 kcal/mol for the acetate-
catalyzed reaction).”*® Finally, in another related isomerization
reaction, catalysed by cinchona alkaloid organocatalyst 17,
carbon isotope effects also indicated a rate-determining y-
protonation (KIE=1.023, see Scheme 5).24%!

Overall, the KIE studies are compatible with previously
proposed mechanisms for the conjugate isomerization reactions
via enolization involving rate-determining <y-protonation. To
investigate the mechanism further and to compare computa-
tionally determined KIEs with the experimental values, we
carried out DFT calculations for the isomerization of simplified
model thioesters (14Z and 14E), using the pivalate anion (piv)
as a base catalyst (Scheme 4; for computational details, see the
Supporting Information).? The computed free energy diagram
and the structures of the relevant intermediates and transition
states for the reaction with thioester 14Z are depicted in

Chem. Eur. J. 2022, €202201030 (5 of 8)

a) Pollack and coworkers: normal, not inverse 2° KIE for the KSI-
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derived
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Scheme 5. Previous KIE studies of conjugate isomerization reactions. In both
cases, the y-protonation step has the highest barrier.

Figures 2 and 3. The results obtained for thioester 14E are
reported in the Supporting Information.

The isomerization of 14Z is initiated by the deprotonation
of the CH, group at the a-position, which occurs via ts; with a
fairly low barrier (15.9 kcal/mol). Facile rearrangement of
intermediate int, via ts, gives intermediate int, which is
preorganized for proton transfer to the y-carbon of the enolate.
The y-protonation transition state ts; is predicted to be at
19.3 kcal/mol on the free energy scale, so it represents the rate-
determining step of the isomerization. The energy difference
between ts; and ts, is 3.4 kcal/mol, which is comparable to the
experimentally determined difference (2.2 kcal/mol) between
the a-deprotonation and y-protonation transition states for the
isomerization of 1 to 2 (see Scheme 5a).”>?® Importantly, the
calculated isotope effects (k;.,/k;p=1.05 for the forward reaction
and k./k,p=1.67 for the reverse reaction, see the Supporting
Information) are in excellent agreement with the experimentally
obtained values. For the isomerization of 14E, computations
predict similar mechanism with a slightly higher barrier
(21.6 kcal/mol; see the Supporting Information). The higher
barrier with 14 E compared to 14Z also agrees with experimen-
tal observations.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Optimized structures of species identified computationally for the isomerization of 14Z catalyzed by piv. Relative stabilities are shown in parentheses
(in kcal/mol; with respect to the reactant state 14Z + piv). Selected bond distances are given in A.

In addition to pivalate as a base, isomerization reactions
with the DBU and TEA bases were also investigated computa-
tionally. The results of the computational analysis indicate that
these neutral nitrogen bases act in a similar fashion as the
investigated carboxylate base, because they operate via the
same isomerization mechanism, which involves y-reprotonation
as the rate-determining step. For both bases, DBU and TEA, ts;-dbu (21.5; 23.0) ts;-tea (24.7; 25.7)
proton transfer to the enolate anion is found to be the highest

lying transition state for 14Z and 14E thioesters (Figure 4; for  Figure 4. Optimized structures of rate-determining transition states in the
details, see the Supporting Information). isomerization of 14Z catalyzed by DBU and TEA. Relative stabilities are

. . . T . shown in parentheses (in kcal/mol; with respect to the reactant state 142
The barrier of DBU-assisted isomerization is predicted to be + base). The second number refers to analogous reaction with 14E

slightly higher than that catalyzed by the pivalate anion (21.5  (reference state: 14E+ base). Selected bond distances are given in A.
versus 19.3 kcal/mol for 14Z and 23.0 versus 21.6 kcal/mol for

14E). This apparent disagreement with the observed rates is

likely due to the simplified carboxylate model that neglects the

presence of counterions. Indeed, the reaction rates measured  counterion show notable variation. Nevertheless, the barrier
for TMAP and TMGP that differ only in the nature of the computed for the weaker TEA base is higher (24.7 and

Chem. Eur. J. 2022, €202201030 (6 of 8) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Selected computed carbon atomic NBO charges of enolates 197
and 19E derived from 14Z and 14E, respectively, and NBO charges of
extended enolate 20.

25.7 kcal/mol for 14Z and 14 E thioesters, respectively), which is
again consistent with the experimental observations.

The high barrier of the y-protonation relative to the a-
deprotonation mirrors the less negative atomic charge at the y-
carbon compared to the a-carbon (Figure 5). Interestingly, in a
longer conjugated enolate such as 20, the same trend is
observed in the series a-y-e-m-, with the 1-carbon bearing the
least negative atomic charge (Figure 5). The HOMO coefficients
at the carbons follow a similar trend in these enolates (see the
Supporting Information). These computational results are in
agreement with experimental observations with extended
enolates, where generally the a-position shows higher reactivity
with electrophiles compared to the y-position.””

Conclusions

A biomimetic carboxylate-catalyzed isomerization reaction of
B,y-unsaturated thioesters to o,p-unsaturated thioesters pro-
ceeds rapidly with TMAP as the base at a rate that is
comparable to the rate obtained with DBU. Kinetic isotope
effect and computational studies suggest a multistep mecha-
nism where the initial enolization step is not the turnover-
limiting step. Instead, the y-protonation step, where the enolate
is reprotonated to generate the product, appears to have the
highest barrier. The relatively rapid enolization with carboxylate
bases suggests that carboxylate salts in aprotic solvents should
be considered as viable non-nucleophilic bases in organic
synthesis. TMAP, the base used in this work, is a bench-stable,
easily dispensible solid, and it is readily extracted into water
upon workup. Research into other applications of carboxylate
catalysis is already underway.
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