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ABSTRACT: Several coenzyme A (CoA) analogues are made in a single step under mild conditions via transamidation
reactions catalyzed by boric acid in water. This approach offers rapid access to compounds useful for the study of a wide
spectrum of enzyme catalyzed reactions, especially processes involving acyl carrier proteins (ACP) of polyketide synthases
(PKS), fatty acid synthases (FAS), and nonribosomal peptide synthetases (NRPS). The CoA analogues presented are readily
elaborated or extended by precedented reactions for specific applications that may be required.

C oenzyme A (CoA) is a cofactor that is utilized in the
activation and transfer of acyl groups in over 4% of known
enzymatic reactions.””” Some of these involve fatty acid synthesis
and degradation, polyketide assembly, nonribosomal peptide
biosynthesis, oxidation of pyruvate in the citric acid cycle, and a
number of other diverse metabolic pathways."”~” Although CoA
is highly functionalized, many of its functional groups serve
primarily as recognition elements for binding to specific
enzymes.' One key reactive feature of CoA is its nucleophilic
thiol group that is readily acylated in water and subsequently
allows facile transfer of the acyl moiety to other nucleophiles. A
second important property is its ability to donate its
phosphopantetheinyl group to acyl carrier proteins (ACP) that
covalently bind growing acyl chains in fatty acid synthases (FAS),
polyketide synthases (PKS), and nonribosomal peptide
synthetases (NRPS).® Replacement of the reactive thioester
moiety of acyl CoA with more chemically robust functionality to
block acyl transfer has received considerable attention, and the
amide bond has emerged as a good isostere that is physiologically
stable to cleavage.®

A number of different strategies have been developed to
synthesize CoA and its analogues, with considerable work
followmg the original synthesis of CoA by Khorana et al. in
1959.” Their approach involved joining the adenosine bridge
between the pyrophosphate and previously synthesized pan-
tetheine portions, followed by the regioselective phosphorylation
of the 3’ hydroxyl group on the ribose. Michelson later used
addition of the adenosine diphosphate with subsequent
enzymatic hydrolysis of the 2 3’ -cyclic ghosphate to form
CoA." The groups of Wright,'"" Burkart,'"”"* and Bruner®'*
employed chemoenzymatic methods for preparation of CoA
analogues. In these approaches, modified pantetheine moieties
are synthesized and then further elaborated by three enzymes:
pantethenate kinase (PanK); phosphopantetheine adenylyl-
transferase (PPAT); and dephosphocoezyme A kinase
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(DPCK), to produce modified CoA derivatives (Scheme
1).*""'* In particular, the Bruner group used these enzymes to

Scheme 1. Final Enzymatic Steps for the Synthesis of CoA
Analogues from Chemically Synthesized Pantetheine
Derivatives”
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“For CoA, R = SH whereas in “amino-CoA” (CoA-NH,) R = NH,.

synthesize “amino CoA” (CoA-NH,) in which the sulthydryl is
replaced with a 8prlmary amine, which could then be acylated with
an amino acid.”>"*

It is mentioned in a review that, with the exception of
desulfurized CoA, unnatural analogues cannot be made readily
from CoA itself, due to its sensitivity to acid and high
temperature.’> Herein, we report the single-step chemical

Received: January 26, 2017

DOI: 10.1021/acs.orglett.7b00291
Org. Lett. XXXX, XXX, XXX—XXX


pubs.acs.org/OrgLett
http://dx.doi.org/10.1021/acs.orglett.7b00291
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

Organic Letters

synthesis of CoA analogues directly from CoA by trans-
amidation, using a green approach with mild aqueous conditions.
We initially used N-acetyl cysteamine (SNAC) as a CoA mimic
to develop a method. The first approach was to transform the free
thiol into a leaving group to be displaced by a nucleophile. We
attempted the direct displacement of sulfur via the corresponding
thiophosphonium salts following the work of Krafft and Siddall,*®
but unfortunately the displacement did not work in our hands,
and the intact thiophosphonium salt was recovered. We next
attempted a cyanogen bromide activation'” of the sulfide
prepared from reaction of SNAC with 1-fluoro-2,4-dinitroben-
zene (Sanger’s reagent).18 Unfortunately, starting material was
generally recovered, possibly due to the electron-withdrawing
effect of the two nitro groups reducing sulfur nucleophilicity.
Reduction of the nitro groups in this sulfide to amines'” resulted
in cyanogen bromide forming cyanamides and dicyanamides
without sulfur displacement. A variety of other common
approaches to improve the leaving ability of sulfur also failed.
We next considered an N to S acyl transfer, with the idea that
the thiol could be displaced from the resulting thioester by an
external nucleophile present in excess, essentially a reverse
chemical ligation.”” We also considered transamidation with
boric acid as a possible catalyst, as was done in the studies of Al-
Mourabit and co-workers on simple amides in nonpolar organic
solvents (e.g., p-xylene) at higher temperature (e.g., 120—160
°C).”" We switched to aqueous conditions and optimized to a
lower temperature (5SS °C) because CoA is primarily water-
soluble and decomposes on heating much above that temper-
ature. An attempt to transamidate acetamide with ethylenedi-
amine (10 equiv) in water at 55 °C showed that no measurable
transformation to the desired product after 48 h, in accord with
the literature report”' (Table 1). However, upon addition of 1.0

Table 1. Screening of Reaction Conditions for
Transamidation Using Ethylenediamine in Water at $$ °C for
48 h

entry amide amine  B(OH); conversion
equiv equiv %
(o}
1 ANHZ 10 - 0
(o}
2 )J\NHZ 10 1 9
a (o]
3 ANHZ 10 1 9
o]
4 8. 10 - 23
H
[o]
5 )J\N/\/SH 10 1 35
H
6 8. 10 30 23
H
S S 1 26

H

“Cysteamine as an additive. See Supporting Information for complete
procedures.

equiv of B(OH), under the same conditions, the reaction gave
9% conversion to the targeted product, monoacetylated
ethylenediamine, thereby supporting the beneficial effect of
water as a solvent. To test the impact of potential intramolecular
N to S acyl migration,”” SNAC was used as the amide in water at
5§ °C with ethylenediamine (10 equiv) in the absence of
B(OH);. This reaction produced 23% of monoacetylated
ethylenediamine. To confirm this was dependent on an
intramolecular thiol transacylation, the acetamide reaction was

repeated with B(OH); using cysteamine as an external
nucleophilic additive. However, the transamidation yield was
only 9%, as seen earlier with acetamide in the absence of the
additive. Combining the approaches into a single reaction using
SNAC as the amide with 1.0 equiv of B(OH); gave an increase to
35% conversion. This indicates a synergistic effect from
combined use of boric acid catalysis accompanied by an
intramolecular N to S acyl migration (Scheme 2). Attempts to

Scheme 2. Possible Mechanism for the Boric Acid Catalyzed
N to S Acyl Migration, Followed by Nucleophilic
Displacement of the Thiol by an External Nucleophile,
Ethylenediamine
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improve the conversion by increasing the amount of B(OH); or
the amount of amine did not succeed and reduced the overall
conversion significantly. To possibly improve the reaction, a
number metal salts and other catalysts known to facilitate high
temperature transamidations”' " were screened for activity with
the optimized system. Five of the potential catalysts inhibited the
transformation, including ZrCl;, CeCl;, SnCl,, Eu(NO;), and
NH,OH-HCI. However, boric acid showed significant activity,
even after correcting for any background reaction with these
agents. Boric acid was 10-fold more effective than FeCl;, 20-fold
more effective than Fe(NO,;);, and 100-fold more than
Fe,(SO,)s.

As mentioned above and described in the literature,"> CoA
dissolves readily in water and is quite insoluble in most organic
solvents. It is also relatively unstable to acid and displays rapid
decomposition under alkaline conditions at higher temperatures.
With the conditions developed in the SNAC model system, we
were able to prepare the “amino CoA (8)”° (CoA—NH,, R =
NH, in Scheme 1), as well as unpublished “azido CoA (9)”
(CoA-N;, R = Nj;) and previously unreported “alkynyl CoA
(10)” in single steps from commercially available CoA with
reasonable yields, given both the complexity of the molecule and
its sensitive nature (Table 2). The conditions were optimized to

Table 2. One-Step Preparation of Amino CoA (8), Azido CoA
(9), and alkynyl CoA (10) Analogues by Transamidation in
Water at 55 °C Using B(OH), for 48 h”

entry amine amine yield
equiv %

8 H N2 10 30

9 NENEN~ N2 20 28

10 NN, 20 28

“See Supporting Information for complete procedures, purifications
and characterizations.

minimize degradation of CoA, which is sensitive and decomposes
into complex mixtures upon more prolonged heating (>48 h) or
more elevated temperatures. The addition of boric acid was
essential for the reactions to proceed. Monitoring of these
reactions in D,0 by NMR spectrometry showed relatively clean
conversion with most of the remaining material as CoA and its
disulfide (also recovered by HPLC purification).
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The formation of CoA disulfide could not be completely
suppressed even though attempts were made to exclude oxygen.
Since the free thiol plays an important role in the transformation,
water-soluble disulfide reducing agents were added to enhance
the process. These included 1,4-dithiothreitol (DTT) and
(tris(2-carboxyethyl)phosphine (TCEP). Although both are
good reducing agents, TCEP was much faster at breaking the
disulfide bond at room temperature. However, TCEP gives a side
reaction with the free thiols at more elevated temperature (55
°C), namely radical desulfurization of CoA to form a small
amount of desulfurized CoA. Given that the “desulfo” (des-thio)
CoA is also an important compound used in crystallography and
as an inhibitor in a number of cases,'”**™** we decided to
examine this desulfurization reaction. We found that upon the
addition of the commercially available water-soluble radical
initiator, 2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihydro-
chloride, we were able to transform CoA using TECP in water
at 55 °C into desulfo CoA (11) in 96% yield in 4 h. (Scheme 3).

Scheme 3. Aqueous Radical Desulfurization of CoA for Rapid
Preparation of Desulfo CoA (11)
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As shown earlier by Danishefsky and co-workers, this radical-
based approach can also be used in the post-ligation
desulfurization of cysteines in proteins, likewise almost
quantitatively.”’

Even though it had been proposed that the TCEP (phosphine)
species is responsible for the desulfurization process,”” we further
probed the reaction to confirm that this was the sole phosphorus
species present in the reaction mixture that can effect this radical
process. This was accomplished by replacing TCEP with TCEP
oxide and TCEP sulfide, respectively, under the same reaction
conditions using SNAC as the thiol. The results showed that
neither TCEP oxide nor TCEP sulfide led to any observed
desulfurized product. This confirmed that the TCEP species is
required for the formation of the thio-phosphine adduct, which
then undergoes f-scission to produce the primary alkyl radical
and TCEP sulfide as a byproduct. An intermolecular radical
hydrogen transfer from nearby thiols presumably quenches the
carbon radical forming the desulfurized product and propagates
another thiyl radical (Scheme 4).

Thioester replacement in acyl CoA by an amide functionality
has been commonly used in numerous studies on PKS, FAS, and
NRPS enzymes. Usually this is accomplished by synthesis of the
corresponding acylated pantetheine derivative followed by
enzymatic transformation®” as shown above in Scheme 1.

Scheme 4. Proposed Mechanism of the TCEP, Radical
Desulfurization Reaction
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However, the Bruner group has demonstrated acylation of amino
CoA in water with an activated amino acid.** Given its potential
widespread application, we briefly examined the ease with which
amino CoA may be elaborated by aqueous attachment to an
activated acyl group. p-Coumaroyl CoA amide (14) could be
readily made by the reaction of amino CoA and p-coumaric acid
N-hydroxysuccinimide (NHS) ester in 74% isolated yield. The
reaction was conducted at room temperature in phosphate buffer
at pH 7.5 and was completed in 14 h, quite mild conditions
(Scheme $S). As p- coumaro%fl CoA (14) is akey precursor for type
I polyketide synthases,”" the corresponding amide analogue
should be a useful probe for biochemical and structural studies.

Scheme S. Preparation of p-Coumaroyl CoA Amide (14),
from Amino CoA and p-Coumaric Acid NHS Ester
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In summary, we have provided a novel transamidation
approach for the one-step preparation of several useful CoA
analogues. These compounds were prepared using a green
method, under mild conditions with catalysis by boric acid in
water. The CoA analogues presented are readily elaborated or
extended by well precedented reactions for the specific
applications that may be required. It offers rapid access to
compounds that are useful for the study of a wide spectrum of
enzyme catalyzed reactions, especially processes involving acyl
carrier proteins (ACP) of polyketide synthases (PKS), fatty acid
synthases (FAS), and nonribosomal peptide synthetases
(NRPS).
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