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Abstract: Biomimetic N-acetylcysteamine thioesters are essential for the study of polyketide syn-
thases, non-ribosomal peptide synthetases and fatty acid synthases. The chemistry for their prepa-
ration is however limited by their specific functionalization and their susceptibility to undesired
side reactions. This is especially detrimental to transition metal-catalyzed reactions. Here we report
a method for the rapid preparation of N-acetylcysteamine (SNAC) 7-hydroxy-2-enethioates, which
are suitable for the study of various enzymatic domains of megasynthase enzymes, particularly ox-
ygen heterocycle-forming cyclase domains. The method is based on a one-pot sequence of hydrob-
oration and Suzuki-Miyaura reaction. Optimization of the reaction conditions made it possible to
suppress potential side reactions and to introduce the highly functionalized SNAC methacrylate
unit in high yield. The versatility of the sequence was demonstrated on a dienal precursor, which
was subjected to Brown crotylation followed by the hydroboration-Suzuki-Miyaura reaction se-
quence and deprotection, finally giving a complex polyketide SNAC thioester. Backbone extension
by six carbons and a terminal SNAC enethioate was achieved, introducing an E-configured double
bond and two adjacent stereocenters in a highly selective manner. The presented method allows for
the synthesis of the target motif in significantly fewer steps and with higher overall yield than pre-
viously described approaches, while maintaining higher flexibility and control over the stereogenic
elements. It is also the first reported example of a transition metal-catalyzed cross-coupling reaction
in the presence of an SNAC thioester.

Keywords: Suzuki-Miyaura reaction; biomimetic thioesters; polyketide synthases; enzymes;
cyclases

1. Introduction

Thioesters are an important functional group in many biosynthetic systems. They
often serve to link biosynthetic acyl intermediates to carrier thiols, which can be free mol-
ecules such as coenzyme A (CoA) or proteins. Important systems working with protein-
bound metabolites are so-called megasynthase enyzmes like fatty acid synthases, polyke-
tide synthases (PKS) and non-ribosomal peptide synthetases (NRPS) and their hybrids!2.
They are responsible for the formation of polyketide and peptide natural products, in-
cluding some of the most important small-molecule drugs in clinical use, such as erythro-
mycin, rapamycin or epothilone. The availability of suitable substrate surrogates is essen-
tial for the functional study of these biosynthetic systems. N-Acetylcysteamine (SNAC)
thioesters are of particular importance for this as they effectively mimic protein attach-
ment of the substrate via the 4'-phosphopantetheine arm and thus allow simplified studies
with active enzymes (Figure 1A)3-10,
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Figure 1. (A) Structure of the 4’-phosphopantetheine prosthetic group of acyl carrier proteins and
the partial structure that is mimicked by SNAC. (B) Susceptibilities and side reactions of acyl-
SNACs. (C) IMOMA cyclases catalyze intramolecular oxa-Michael addition to oxygen heterocycles.
The natural reaction of AmbDH3 is shown as an example. (D) Structure of the target compound
required for our biosynthetic studies.

Acylated SNACs contain an acetamide and a thioester as conserved reactive func-
tional groups that afford them with problematic properties (Figure 1B)”!l. The thioester
can undergo side reactions with external or internal nucleophiles, resulting in irreversible
loss of substance. Due to its polarity, the acetamide can cause problems during substance
purification and can, as a nucleophilic/protic group, cause undesired side reactions. The
functionalization distance between acetamide and thioester carries the risk that they act
as a chelate ligand and interact with metals. The synthesis of SNAC thioester surrogates
of late-stage biosynthetic intermediates is as challenging as the synthesis of natural prod-
ucts of similar structural complexity but, for the above-mentioned reasons, has the chal-
lenge of an additional problematic functional group. A useful strategy to overcome this
problem would be to introduce the SNAC moiety at a late stage of synthesis along with a
larger fraction of the polyketide moiety.

Improving the specific methodology for the synthesis of complex polyketide-SNAC
thioesters is therefore of great interest to the biosynthetic research community. Transition
metal-mediated reactions are well suited for late-stage attachment in the convergent syn-
thesis of complex biosynthetic thioester surrogates but have only very rarely been de-
scribed in the presence of SNAC thioesters. To the best of our knowledge, the literature
currently only contains a report about olefin cross metathesis between SNAC-acrylates
and hydroxyolefins catalyzed by the 2" generation Grubbs catalyst!2.

The Suzuki-Miyaura reaction (SMR) is a highly versatile Pd-catalyzed cross-coupling
reaction. It allows couplings between halides and non-toxic boronic acid derivatives un-
der relatively mild conditions (Figure 2).131¢ In addition to sp?-sp? bond formations, it is
now possible to carry out couplings between sp? and sp® centers as well as between two sp?
centers. Two aspects of the SMR could be problematic when applied to SNAC thioesters.
On the one hand, the use of base is necessary to accelerate the essential group transfer
from the boronic acid to the Pd during the catalytic cycle (step 3). Moreover, Pd can also
insert into the C-S bond of the thioester instead of the C-halide bond (step 1).' This reac-
tivity is so pronounced that it forms the basis of the Liebeskind-Srogl reaction, a modifi-
cation of the SMR for the direct synthesis of ketones from thioesters.1617
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Figure 2. Mechanism of the SMR.

Among the diverse enzymatic PKS domains, cyclases that form saturated oxygen
heterocycles by intramolecular oxa-Michael addition IMOMA) stand out for the syn-
thetical value of this transformation (Figure 1C).181° It has been shown that they catalyze
ring formation with exceptional stereoselectivity and therefore represent a potential new
type of biocatalyst.2-2 For the study of such enzymes, SNAC-7-hydroxy-2-enethioates are
required as substrate surrogates. The synthetic methodology for the selective installation
of this structural motif is however not well developed, making the generation of precursor
libraries a difficult task. The multi-step routes described in the literature are either highly
elaborate, are not stereoselective or lack flexibility and are therefore narrow in their ap-
plicability.2-2 For example, the synthesis of the SNAC surrogate of 2 in stereochemical
pure form was accomplished in eight steps and required multiple purification proce-
dures.?"22 A lack of convergence furthermore makes it necessary to carry out the largest
part of this sequence from different starter building blocks to access derivatives with var-
iations in the eastern part of the molecule. Other reported routes are shorter, but also less
flexible due to the choice of larger starting building blocks or the choice of the introduction
reaction for the SNAC thioester. Olefin cross-metathesis for example is only possible with
SNAC-acrylthioates and not with SNAC-methacrylthioates. Therefore, we set out to de-
velop a flexible, straightforward and broadly applicable method for the preparation of
SNAC-7-hydroxy-2-enethioates.

As a solution, we turned to a sequence of hydroboration and SMR to assemble the
backbone and directly introduce the SNAC moiety. The specific challenge was to effec-
tively perform the SMR in the presence of the SNAC thioester, which has not been
achieved before to the best of our knowledge. The versatility of the method should be
shown on the example of the synthesis of 4 (Figure 1D). This compound was on the one
hand specifically required for our enzymatic studies on new IMOMA cyclases. On the
other hand, it represents a particularly challenging substrate during the preparation of
which various detrimental side reactions could occur and thus a reasonable benchmark.

2. Results and Discussion

Thioester-halides are rare substrates in SMRs. The literature however contains an ex-
ample of coupling reactions of simple 4-bromothiophenols with 4-tolyl-boronic acid in
which the bulky acyl unit of the thioesters served as a protecting group for the thiol's. We
used the reported conditions for the synthesis of an ethylenoate sensitive towards hydrol-
ysis and base described by Suzuki et al. as the starting point for our studies®. These were
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carried out using the SNAC (E)-3-bromo-2-methylprop-2-enethioate 5 and the OTBS-pro-
tected 3-hydroxyolefin 6 (1.0 equiv. of 5, 1.1 equiv. of 6, 1.1 equiv. 9-BBN, 5mol%
PdClz(dppf) und 2.0 equiv. K2CO:s). Fortunately, a basic coupling reactivity was observed.
The yields of the reactions however varied hardly reproducibly over a wide range and
showed a strong dependence on even small variations of the amounts of thioester, alkene,
borane and Pd catalyst. This suggests that several side reactions might proceed at rates
similar to the desired pathway. We therefore carried out a systematic optimization study
(Table 1).

Table 1. Optimization of the conditions for the coupling of SNAC thioester halides 5a/5b and TBS-
protected olefin 6.

0 o

SNACJ\‘/\X ¢ AN neu 2 SNAc)Wn-Bu

5a; X=Br 6 OTBS 7 OTBS

5b: X=|

Entry X Base Additive Temperature [°C] Isolated yield [%]

a Br KoCOs - 50 54
b Br K>COs P(o-furyl)s 50 23
c Br K2COs AsPhs 50 55
d Br Cs2C0s - 50 55
e Br KoCOs - 20 13
f I K2COs - 50 55
g I Cs2C0s AsPhs 50 34
h I Cs2C0s AsPhs 65 -
i I Cs2C0s AsPhs 20 78

General reaction conditions: 1. 6 (1.5 eq., 1 M in THF), 9-BBN (1.5 eq., 0.5 M in THEF), 0 °C to 20 °C, o.n.; 2. DMF (total 0.2 m),
5 (1.0 eq.), base (2.0 eq.), PdACladppf (5 mol%), additive (5 mol%), reaction control via TLC. Reaction scale: 90-100 pmol.

For this, we varied the individual reaction parameters. Since we assumed that side
reactions of the 3-bromoacryl thioate 5a were be a particular problem, we worked with an
excess of 1.5 equiv. of alkene 6 and 9-BBN. Different thioester halides (Br and I), bases
(K2COs and Cs2C0s), additives (P(o-furyl)s and AsPhs) and temperatures (20 °C, 50 °C and
65°C) were tested. All reactions were carried out on a scale of 90-100 pumol of 5a/5b and
compared based on the isolated yield after column chromatography. The yields in the
basic experiment with an excess of 1.5 equiv. of 6 and 9-BBN (entry a) were fortunately
stable upon repetition in a range slightly above 50%. The variation of individual parame-
ters did not lead to a marked increase of this value, whereas the addition of P(o-furyl)s
and the decrease of the reaction temperature even significantly reduced the yield (entries
b and e). Fortunately, the combined change of several parameters led to a significantly
improved result (entry i). Using 3-iodoacryl thioate 5b, Cs2COs, AsPhs and carrying out
the reaction at room temperature resulted in a yield of 78%.

Side products were regularly detected in the low-yielding reactions that could not be
isolated and fully analyzed. According to TLC, these were highly polar compounds whose
migration behavior suggests that they are derived from SNAC. We assume that a major
part of this is the homocoupling product of the thioester acrylates 5a/5b and the 2-(N-
acetamidyl)-ethylketone resulting after C-S bond insertion of the Pd, a side reaction de-
scribed previously for low-functionalized thioesters.!> The yield improvement observed
in the optimization study would be consistent with the suppression of these side reactions.
Cs2C0s is much better soluble in DMF than K2COs leading to a much higher effective con-
centration of carbonate. This should significantly improve the activation of the ate com-
plex for alkyl group transfer to the Pd (step 3 in Figure 2) and accelerate the heterocou-
pling reaction. The iodoacrylate is more reactive towards Pd insertion than the bromo-
acrylate, thus favoring this productive reaction (step 1) compared to insertion of the Pd
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into the C-S bond. This selectivity is expected to be even more pronounced at room tem-
perature than at 50 °C. The addition of AsPhs supports these effects by accelerating both,
the formation of the active Pd(0) from the Pd(Il) species and the transmetallation due to
its lower o-donor effect than PPhs.3132

Table 2. Optimization of the conditions for the coupling of 5 and protected trienes 8a/8b, varying
protecting group, halogenide, base, additives and temperature.

OR . (e} OR

a-j
SNAC)H/\X Tz ZNF SNACT N NS
5a: X=Br 8a: R=TBS 9a: R=TBS

5b: X=I 8b: R=TES 9b: R=TES
Entry X PG Base Additive  Temperature [° C]  Isolated yield [%]
a Br TBS 2eq. K:COs - 50 27
b Br TBS 3 eq. KsPOs - 50 17
c Br TES 2eq.KoCOs - 50 25
d Br TES 3 eq. KsPOsu - 50 12
e Br TES  2eq. K:COs - 20 15
f I TES  2eq. KxCOs - 50 49
g Br TES 2eq. Cs2COs - 50 80
h Br TES 2eq. K:COs AsPhs 50 77
i I TES 2eq. K:COs - 20 63
j I TES 2eq. Cs:COs AsPhs 20 87

Reaction conditions: 1. 8 (1.5 eq., 1 M in THF), 9-BBN (1.5 eq., 0.5 M in THF), 0 °C to 20 °C, o.n.; 2. DMF (total 0.2 M), 5 (1.0 eq.), Base
(2.0 eq.), PdCl2dppf (5 mol%), additive (5 mol%), reaction control via TLC.

We shifted to the coupling between the thioester 5 with the olefins 8a and 8b that
resemble the sensitive 5-hydroxy-tri-1,3,7-ene in target molecule 4 (Table 2). The higher
degree of functionalization makes them more susceptible to side reactions during the in-
troduction and removal of the protecting group and during the coupling cascade. Beside
screening the same thioester halides (5a/5b) as in Table 1, a broader panel of bases
(Cs2C0s, K2COs and KsPOs) and hydroxyl protection groups (TBS and TES) on the olefinic
coupling partner were examined. Due to the superiority in the previous optimization,
only AsPhs was applied as an additive and only 20 °C and 50 °C were tested as reaction
temperature.

Compared to the basic experiments (entries a and c, Table 2), a decrease in yield was
observed when the reaction was carried out at 20 °C instead of 50 °C or when KsPOs was
employed as a base (entries a—e). In contrast to the experiments with the simpler coupling
partner 6 (Table 1), the change of one or two reaction parameters already led to an increase
of the yield up to 80% (entries f-i). When these measures were combined and the reaction
was carried out at 20 °C, a further increase to 87% yield was achieved (entry j). The TES
group is expected to be easier removable than the TBS group (vide infra). As it showed to
be stable under the conditions tested and as both protecting groups gave similar yields in
the comparable entries a-d, the optimization in entries f- was conducted with this silyl
protection group. The results summarized in Table 2 are in agreement with those ob-
served in Table 1 and confirm the conclusions / interpretations drawn from them.
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Table 3. Testing conditions for silylether deprotection.

(0] OR (0] OH
a-
9a: R=TBS 10

9b: R=TES

Entry PG Reagent Conditions Result

a TBS PPTS DMSO, 50 °C, on.  Decomposition
TBS TBAF THF,0°C,1h No reaction
TBS TBAF THF, 0 > 20 °C, o.n. Decomposition
TES TBAF THEF,0°C,1h Decomposition
TBS HF*pyridine THEF, 0°C, 3 h Decomposition
TBS HF*pyridine, pyridine THF,0->20°C,3h 51%
TES HF*pyridine, pyridine  THF, 0> 20°C,3 h 81%

e -~ ® u n T

Numerous side reactions are conceivable during the deprotection of silyl ethers 9a
and 9b, such as eliminations, intramolecular oxa-Michael additions or interference with
the thioester. The slightly acidic conditions in the presence of PPTS resulted in elimination
of the alcohol / silylether (entry a, Table ). With TBAF, the formation of the desired prod-
uct was also not observed in any case. No reaction of the TBS ether 9a was found after 1 h
at 0 °C (entry b). Decomposition occurred for the TBS ether 9b after overnight reaction at
20 °C and for the TES ether already after 1 h at 0 °C (entries c and d). Standard HF*pyridine
treatment also resulted in decomposition (entry e). A successful procedure was finally
adopted from a protocol previously reported by Carreira et al., which relied on using a
premixed stock solution of HF*pyridine in THF supplemented with additional pyridine
at 0 °C3. Deprotection was successful for both silylethers and led to the desired alcohol 10
in pure form after column chromatography (entries f and g). The reactions were continu-
ously monitored by TLC and stopped before noticeable decomposition occurred. The
yield for the TES ether was significantly better than that of the TBS ether, suggesting the
former to be the preferable protecting group for the synthesis of 4.

o 1. cis-butene, (+)-Ipc,.BOMe OH PG-CI OR
| 2. NaOH, H,0, Imidazole
"4 Z4 " —_— = N
THF, -78 °C, 4 h — 0 °C, o.n. DMF, rt, o.n.
1 71%, all-syn, 86% e.e. 12 91% (R = TBS)
84% (R =TES) 13a: R=TBS
13b: R =TES

Scheme 1. Synthesis of protected hydroxytrienes 13a/13b from aldehyde 11.

Table 4. Two—pot—three—step reaction sequence to thioester 4.

r 13a: R=TBS 14a: R=TBS
13b: R=TES 14b: R=TES

Entry X PG Conditions Coupling yield [%] Deprotection yield [%] Overall yield [%]

a Br TBS A 30 53 16
b Br TES A 51 86 44
c I TES B 74 81 60

Reaction conditions: A. 13 (1.0 eq., 1 M in THF), 9-BBN (1.0 eq., 0.5 M in THF), 0 °C to 20 °C, o.n.; 2. DMF (total 0.2 M), 5 (1.5 eq.), K2COs
(2.0 eq.), PdCladppf (5 mol%), 50 °C, reaction control via TLC; B. 13 (1.5 eq., 1 M in THF), 9-BBN (1.5 eq., 0.5 M in THF), 0 °C to 20 °C,
o.n.; 2. DMF (total 0.2 M), 5 (1.0 eq.), Cs2CO:s (2.0 eq.), PACldppf (5 mol%), AsPhs (5 mol%), 20 °C, reaction control via TLC; C. 14
(10.0 mg, 1.0 eq.), 110 pL of HF-containing stock solution (1 part HF*pyridine, 2 parts pyridine, 8 parts THF).
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The reaction sequences to 4 were carried out starting from aldehyde 11. Brown cro-
tylation first afforded the highly sensitive hydroxytriene 12 in 71% yield with an e.e. of
86%, which was immediately transformed into the isolatable TBS and TES ethers 13a and
13b in 91% and 84% yield (Scheme 1). This was followed by the established one-pot-two-
step-cascade of hydroboration and SMR to give 14a and 14b, which were deprotected to
give 7-hydroxy-2-ene-SNAC thioate 4 in overall yields of 16-60% (Table ). These results
confirm on the one hand that TES is the preferable protecting group compared to TBS
(entries a and b). On the other hand, they show the positive effect of optimizing the SMR
conditions, which led to a yield improvement from 51% to 74% in the coupling step (en-
tries b and c).

In total, product 4 was obtained in four synthetic operations from aldehyde 11 with
an overall yield of 36% in high stereoisomeric purity. This represents a significant im-
provement over previously described routes to similar compounds, which either required
significant more steps and gave lower overall yields (8 steps, 10% overall yield for the
SNAC thioester analog of 2). Other routes gave 7-hydroxy-2-ene SNAC thioates in five
steps from TBS-protected 1,5-hexanediol with a total yield of 23%. The latter however only
gave access to racemic products, which were also not branched in the a-position, and did
not offer the flexibility in backbone installation that the presented method does.

5. Conclusions

The SMR-based coupling method presented here is compatible with the presence of
SNAC thioesters and can be used in the future for the flexible and efficient preparation of
substrate surrogates for studies of IMOMA cyclases. Such 2-ene thioates can also be used
for studies of other catalytic megasynthase domains that act on similar functionalization
patterns as present at C-1-C-6 in 4. The method should also be of interest for the synthesis
of precursors of non-enzymatic IMOMA reactions. It has been shown for chemically-cat-
alyzed IMOMA reactions that cis-THP stereoselectivity can be more reliably achieved
with enethioates than with enoates so that the former are attractive precursors.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, The Supplementary Materials contain detailed synthetic procedures and
analytical data including 'H and 3C NMR spectra.
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