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ABSTRACT: Cell-permeating esters of 2-ketoglutarate (2-
KG) have been synthesized through a convergent sequence
from two modules in two and three steps, respectively. This
route provides access to a full series of mono- and
disubstituted 2-KG esters, enabling us to define the effect of
regioisomeric masking on metabolite release and antihypoxic
activity in cell-based assays. In addition to providing insight
into the biological activity of cell permeable 2-KG esters, the
straightforward and modular nature of this synthetic route may
prove useful for the development of next-generation 2-KG
analogues for diagnostic and therapeutic applications.

2-Ketoglutarate (2-KG) plays a central role in cellular
homeostasis, functioning both as a metabolic intermediate
and a cofactor for Fe(II)-dependent dioxygenase enzymes.1

Disruption of the cofactor function of 2-KG can have drastic
phenotypic effects, as illustrated in cancers driven by succinate
dehydrogenase (SDH),2,3 fumarate hydratase (FH),4 and
isocitrate dehydrogenase (IDH) mutations.5,6 These mutations
lead to the cellular accumulation of “oncometabolites” that
compete with 2-KG for dioxygenase active sites. For example,
inhibition of 2-KG dependent prolyl hydroxylases by fumarate
increases the stability of HIF-1α, a transcription factor involved
in tumor angiogenesis and malignant transformation.7 Chem-
ical methods capable of restoring 2-KG cofactor activity in
living cells thus represent a valuable goal.
A straightforward approach to reactivate 2-KG utilizing

enzymes in oncometabolite-driven cancers would be to
pharmacologically raise the intracellular 2-KG concentration,
thereby alleviating competitive inhibition. However, 2-KG is a
dicarboxylate and, thus, sparingly cell permeable. The
permeability of 2-KG can be increased by masking its negatively
charged carboxylate groups with hydrolytically labile esters.
Gottlieb and co-workers demonstrated that 1-[3-trifluomethyl-
benzyl]-KG (1, Figure 1a) could be used to specifically increase
2-KG levels and stimulate the dioxygenase-mediated degrada-
tion of HIF-1α in hypoxic cancer cells.8,9 Structurally distinct 2-
KG esters have also been demonstrated to extend the lifespan
in C. elegans (1-octyl-KG),10 aid in the maintenance of stem cell
pluripotency (1,5-dimethyl-KG),11 and inhibit autophagy (1,5-
dimethyl-KG).12 More recently, 2-KG esters have been
proposed as sensitive probes for diagnostic detection of
oncometabolites using hyperpolarized 13C-imaging.13,14

Although such studies speak to the potential utility of 2-KG
esters in biology and medicine, these applications are limited by
their difficult synthesis. 2-KG itself presents a surprisingly
challenging target for synthetic manipulation owing to its small
size, high polarity, and susceptibility to enolization and

nucleophilic attack. Initial studies of bioactive 2-KG esters
such as 1 reported their preparation via regiospecific
esterification of 2-KG at the 1-position.8 However, in our
hands, as well as those of others,15 attempts to directly
monoesterify 2-KG are low yielding and result in a complex
mixture of products. Synthetic tractability is one reason limited
structure−function data for 2-KG esters exists. For example, the
biological studies referenced above used a wide variety of 2-KG
esters whose relative potencies have not been established.9−11

Critically, the effect of regioisomeric masking on metabolite
release and biological activity has not been defined for any 2-
KG ester.16

With these considerations in mind, we sought to develop a
concise synthetic route to regioisomerically pure 2-KG esters.
We focused on a modular synthesis capable of accessing both
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Figure 1. (a) 2-Ketoglutarate and cell-permeable 2-KG esters. (b)
Retrosynthetic analysis of 2-KG esters.
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asymmetric 2-KG monoesters. Such an approach would enable
us to define how ester regiochemistry impacts the antihypoxic
activity of 2-KG analogues and also potentially facilitate future
imaging applications requiring 13C-labeled 2-KG esters. While
modular syntheses have been invaluable for programming new
functions into cofactors such as SAM17 and acetyl-CoA,18 they
have not been widely applied to 2-KG esters to date.15 This led
us to pursue a concise route to 2-KG esters that was modular,
convergent, and utilized readily accessible synthetic building
blocks (Figure 1, 1−3). Our approach separated 2-KG into two
straightforward synthetic modules: the α-keto acid (C1−C2)
and propionic acid (C3−C5) (Figure 1). The utility of 1,3-
dithianes as acyl anion equivalents has been established in many
contexts, including for the synthesis of α-keto acids.19

Nevertheless, this approach had not previously been applied
for the synthesis of 2-KG analogues. The propensity of β-halo
esters to eliminate when treated with lithiated dithiane anions19

led us to focus on a conjugate addition approach employing an
acrylate ester as the cognate electrophile. Notably, precedent
for this convergent strategy was furnished by Baldwin and co-
workers, who explored a related approach in their synthesis of
isotopically labeled, but not esterified, 2-KG.20 For the structure
of the masking ester, we focused on the aforementioned 3-
(trifluoromethyl)benzyl (TFMB) alcohols, which have been
shown to facilitate the delivery of 2-KG and related
dicarboxylate metabolites.21,22

Accordingly, protected 1,3-dithiane carboxylates 4 and 5
were treated with n-butyllithium, converted to the cuprates in
situ using CuI, and added to acrylate esters 6 and 7 (Scheme
1).23 This furnished the orthogonally protected 1,3-dithiane
conjugates in moderate yields (47−68%). tert-Butyl acrylate 6
gave slightly higher yields upon Michael addition with the 4-
derived cuprate than TFMB-acrylate 7. Efforts to utilize
unprotected acrylic acid as an electrophile in the addition
reaction were unsuccessful. While dithiane removal can
sometimes prove problematic, deprotection proceeded
smoothly when applied to KG analogues using freshly
recrystallized NBS, although lower yields were observed for
1-TFMB KG precursors 8 and 12. Final removal of the tert-
butyl esters with TFA provided TFMB KG esters 1−3 in
reasonable yields (30−55% from starting materials). This

approach provided facile access to a complete panel of TFMB
esters and represents a significant improvement over previous
methods.20 Interestingly, while 2 and 3 were readily isolable
exclusively in ketone form, we observed that the hydrate of 1
formed regardless of workup conditions (Supporting Informa-
tion). This correlates with the enhanced carbonyl electro-
philicity of the α-keto ester of 1, which may increase its
susceptibility to acid-catalyzed hydration.
Having established a modular synthetic route to 2-KG esters,

we next sought to apply the derived molecules to generate
directly comparable structure−activity data for this compound
class. 2-KG esters including 1 have been shown to decrease
cellular levels of the transcription factor HIF-1α under hypoxic,
pseudohypoxic, and normoxic conditions.7,9,24 To gain an initial
measure of the relative activity of these compounds, we tested
their effects in a HeLa cell line that stably expresses a HIF-1α-
luciferase (HIF-Luc) gene fusion.25 In this model, stimuli that
trigger HIF-1α degradation result in decreased cellular
luminescence upon luciferase treatment (Figure 2). Impor-
tantly, this assay does not conclusively demonstrate 2-KG
delivery and dioxygenase activation but rather provides a
straightforward, preliminary measure of 2-KG ester biological
activity.24 In HIF-Luc cells grown under normoxic (21% O2)
conditions and treated with 1 mM of each compound, 2-KG
ester 1 strongly inhibited luciferase activity (>90% decrease in
HIF-Luc relative to untreated control; Figure 2), consistent
with its reported ability to trigger HIF-1α degradation.7

Notably, this reduced luciferase activity was not a consequence
of cell death, as cells were analyzed at short time points (2 h)
under which there was no evidence of cytotoxicity. Diester 3
was slightly less active (>50% decrease in HIF-Luc), while
regioisomeric monoester 2 had no measurable effect on HIF-
Luc levels (Figure 2). While the ability of 1 to reduce HIF-1α
protein levels has been previously reported,8,9 we validated the
effects of novel diester 3 on HIF-1α levels via Western blot
(Figure S1, Supporting Information). Interestingly, we found
that at concentrations below 1 mM, 1 and 3 cause a paradoxical
increase in HIF-Luc luminescence (Figure S2, Supporting
Information). The ability of 3 to increase HIF protein levels at
lower doses was also verified by Western blot (Figure S1,
Supporting Information). Finally, we analyzed two commercial

Scheme 1. Synthesis of Regiospecifically Protected KG Esters 1−3
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2-KG esters, 1-octyl-KG and 1,5-dimethyl-KG, that have been
applied in a number of studies.10,11,26 1-Octyl-KG reduced HIF-
Luc levels, although less potently than 1, while 1,5-dimethyl-
KG did not cause measurable HIF-Luc degradation at 1 mM.
The differential activity of 1 and 2 in the HIF-Luc assay may

reflect alterations in kinetics of KG release caused by ester
regiochemistry. Therefore, we measured the aqueous stability of
these compounds (Table 1). Applying a coupled-enzyme assay

to detect ketoglutarate release, we found 1-TFMB ester 1 was
considerably more labile than regioisomeric 5-TFMB ester 2
(62% hydrolyzed versus 18% hydrolyzed over 2 h). This is
consistent with the greater acidity and leaving group potential
of the 1-carboxylate (pKa ∼2.5) versus the 5-carboxylate (pKa
∼4.6) of ketoglutarate.27 While these analyses admittedly
represent a simplification of cellular conditions (where esterases
may also contribute to KG release) they suggest a direct
correlation between the HIF-destabilizing activity of 2-KG
esters and their inherent nonenzymatic hydrolytic lability.
Interestingly diester 3, which also contains a slow-hydrolyzing
5-TFMB ester, demonstrates greater antihypoxic activity than 2.

This suggests that enhanced uptake of highly lipophilic 2-KG
diesters can result in biologically meaningful 2-KG release,
despite slow hydrolysis at the C5 position.
In conclusion, here we have reported a modular synthesis of

cell-permeating 2-KG esters. This approach provides facile
access to pure 2-KG ester regioisomers, and enabled a direct
comparison of their biological activity in a cell-based luciferase
assay. We found 1-TFMB KG 1 (3:2 ratio of ketone/hydrate)
and 1-octyl-KG efficiently trigger the degradation of HIF-1α-
luciferase, highlighting the potential utility of C1-substituted 2-
KG esters as antihypoxic agents. We note that while 2-KG
esters, including 1, have been shown to directly increase 2-KG
levels as well as HIF-hydroxylation in cells, our luciferase assay
does not conclusively demonstrate either phenomenon.
However, our findings are consistent with literature showing
cell-permeable 2-KG esters can trigger HIF-degradation even
under normoxic conditions24 (similar to the degradation of
normoxic HIF-1α that can be induced by addition of exogenous
iron or ascorbate to cells28,29) and provide a foundation for
further study. An unexpected finding of this analysis was that
low concentrations of 1 and 3 cause stabilize of HIF-1α, a
phenomenon verified both by luciferase assay and Western blot
(Figure S1, Supporting Information). While the mechanistic
basis for this effect is beyond the focus of our studies reported
here, we did find that TFMB alcohol (the hydrolysis byproduct
of 2-KG esters 1−3) itself is capable of inducing HIF-Luc
stabilization in our luciferase-based assay (Figure S3,
Supporting Information). In addition, stable esters of 2-KG
and 2-KG isosteres have recently been shown to directly inhibit
hydroxylases.24,30 The paradoxical activity of 2-KG esters at low
concentrations may explain why initial studies of TFMB-KG 1
required repeated, high-concentration dosing to achieve
antihypoxic effects (for example, 1 mM KG-ester 1 added to
cells every 3 h for 9 h).8,9 These findings also suggest 2-KG
esters whose cleavage byproducts do not stabilize HIF-Luc may
have improved antihypoxic properties. Such examples also
highlight the balance that must be maintained in pro-drug
strategies between enhanced delivery of the compound of
interest (i.e., 2-KG) and the ancillary biological activity of the
pro-drug/byproducts (i.e., TFMB alcohol).31 These consid-
erations are of paramount importance in masking strategies
designed to deliver cellular metabolites such as 2-KG, which are
routinely applied at the millimolar concentrations in biological
studies. Finally, the modular nature of this synthesis should be
amenable to the preparation of 13C-enriched 2-KG esters.
Notably, the synthesis isotopically labeled C1 and C2 2-KG
synthons has been previously reported20 and should be directly
integrable with our route. Current efforts are focused on
applying this approach toward the synthesis of diverse [13C]-2-
KG esters with improved uptake and hyperpolarization
properties, for utilization as diagnostic reporters of cancer
metabolism. These studies will be reported in due course.
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Figure 2. (a) Schematic for cell-based assay of antihypoxic effects of 2-
KG esters. A cell line stably expressing a HIF-luciferase gene fusion is
treated with cell permeable 2-KG esters. Literature precedent suggests
delivery of 2-KG can increase the activity of 2-KG dependent
dioxygenases, including PHD2, the prolyl hydroxylase responsible for
HIF degradation. (b) Quantitative analysis of cellular antihypoxic
activity of 2-KG esters (1 mM). All values are normalized to the
average HIF-Luciferase activity of untreated control cells (set at
100%). Compounds 1 and 3 reduce HIF-Luc luciferase activity,
consistent with 2-KG release and dioxygenase activation. Values
represent the average of three biological replicates, ± standard
deviation.

Table 1. Aqueous Stability of 2-KG Esters (PBS pH 7.2)

compd ester regiochemistry % hydrolysis

1 C1-TFMB 61.5 ± 2.2
2 C5-TFMB 18.0 ± 1.9
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