SuFEx-Enabled Direct Deoxy-Diversification of Alcohols
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ABSTRACT: We introduce a new use of sulfonyl fluoride as a bifunctional reagent that facilitates the one-step deoxy-diversifica-
tion of complex alcohol libraries. Our reaction design features a Sulfur(VI) Fluoride Exchange (SuFEx) mediated activation of alco-
hols and fluoride-induced activation of silicon-bound nucleophiles. This method enables the direct conversion of alcoholic C-O
bonds in complex molecules into diverse analogs via C—C, C—N, C—Cl, and C—Br bond formation while suppressing any elimination

side-products.

The prevalence of hydroxy motifs in structurally diverse bio-
molecules and chemical feedstocks has inspired heightened in-
terest in advancing synthetic strategies for the deoxygenative
functionalization of alcohols.! * Such campaigns have enabled
the diversification of alcohol-bearing natural products into
new analogs with enhanced biological properties,>® and facili-
tated the generation of versatile intermediates that simplify
the synthesis of bioactive molecular targets (Figure 1A).7°

Pivotal to the development of deoxy-functionalization pro-
tocols is the strategic transformation of a hydroxy group into a
more potent leaving group prior to substitution with nucleo-
philes (Figure 1B). In this regard, the use of phosphorus rea-
gents as activators has led to the development of prominent
deoxy-functionalizations such as the Mitsunobu'®*? and Ap-
pel'>!* reactions, and, more recently, a PhsP/ICH,CH,l medi-
ated deoxy-functionalization by Xiao and co-workers.'>*® How-
ever, these transformations generate stoichiometric amounts
of phosphonium oxide byproducts that render product isola-
tion quite laborious and require the use of hazardous reagents,
such as tetrahalomethanes and azodicarboxylates. Although
sulfonyl chlorides are alternative alcohol activators, they re-
quire two synthetic steps to achieve deoxy-functionalization.
Also, the activation step necessitates aqueous workup or chro-
matographic purification, which is wasteful and decreases syn-
thetic efficiency.'” As an alternative approach, radical deoxy-
functionalization strategies have emerged as a powerful tool
that offers complementary scope and improved yields.*®
However, the activation stage generates carbon-centered rad-
icals that often undergo non-stereospecific radical coupling
with poor stereocontrol. As a result, the quest for more univer-
sal, safe, and operationally convenient alternatives remains a
pressing goal.
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D. This work: Our reaction design using sulfonyl fluoride as a bifunctional reagent for
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Figure 1. Deoxy-functionalization of alcohols: Applications in drug
discovery and synthetic strategies

In conceptualizing a new unified strategy that could enable
diverse deoxy-functionalization, we were drawn to the well-
known Sulfur(VI) Fluoride Exchange (SuFEx) click chemistry,
which utilizes sulfonyl fluorides (R-S'-F) as a key reagent for
the creation of several covalent linkages.'*-?2 Sulfonyl fluorides
are attractive reagents due to their remarkable hydrolytic sta-
bility compared to sulfonyl chlorides.? Although SuFEx



reactions with aliphatic alcohols are far less developed than
with aromatic alcohols, the SUFEx reactions of aliphatic alco-
hols have led to the development of efficient deoxy-fluorina-
tions?*%> and deoxy-azidation?® (Figure 1C). While the use of
sulfonyl fluorides in deoxy-fluorinations offers unique ad-
vantages over classic reagents like PhenoFluor,?” DAST,?®
XtalFluor,?® and Deoxo-fluor,3® a versatile SuFEx-based proto-
col capable of facilitating deoxy-functionalization using a di-
verse array of nucleophiles remains underdeveloped.3! The re-
alization of such protocol would enable late-stage diversifica-
tion of complex alcohols and expedite access to analogs of bi-
oactive molecules.3%33

With this objective in mind, we present a one-step deoxy-
functionalization that employs sulfonyl fluoride as a bifunc-
tional reagent that carries out two roles in a cascade manner —
SuFEx-mediated activation of alcohols'®? and fluoride-in-
duced activation of silicon-bound nucleophiles (Figure 1D).
Herein, the fluoride anion generated from the SuFEx activation
of alcohols facilitates an in situ activation of a silicon-bound nu-
cleophile via the formation of a favorable silicon-fluoride
bond,3* thereby facilitating a chemoselective substitution on
the sulfonate ester intermediate. This sequence of activation
allows us to employ a diverse range of silyl reagents as nucle-
ophiles towards stereospecific deoxy-functionalization across
various substrates. Importantly, the use of in situ generated
fluoride for the activation of silicon-bound nucleophiles con-
tributes to an overall atom-economic process by eliminating
the need for an external Lewis base activator, thereby stream-
lining the synthetic pathway and enhancing efficiency.

Our investigation began with identifying a SuFExable reagent
that can quantitatively promote rapid alcohol activation while
yielding a reactive sulfonate ester that is amenable to seamless
functionalization with a diverse array of nucleophiles. A survey
of existing literature pointed us toward the commercially avail-
able PBSF (2) as an ideal candidate due to its common usage in
industry, high reactivity, cost-effectiveness, and utility in the
deoxy-fluorination of alcohols.?#3>3¢ For the optimization of
deoxy-diversification, we began with deoxy-chlorination. We
found that the desired deoxy-chloro product 4a was obtained
in 50% isolated yield when alcohol 1 was reacted with TMS-CI
in the presence of 2 and MTBD (Table 1, entry 1). In addition,
we observed that commencing the reaction at -70 °C is crucial
for the success of this transformation, as control experiment
suggested that at this starting temperature, the nucleophilicity
of the fluoride anion is tamed to accommodate effective se-
questration by the silyl reagent. (Table 1, compare entry 1 and
2). Furthermore, conducting the reaction with a 2:1 volume ra-
tio of THF and DCM was paramount for minimizing the gener-
ation of deoxy-fluorination side-product 3 (Table 1, entries 1,
3-4) and enhancing deoxy-chlorination, deoxy-bromination
and deoxy-azidation (Table 1, entries 6, 8 and 13, respectively).
For deoxy-cyanation, conducting the reaction solely in THF
yielded maximal selectivity for deoxy-cyano product 4d (Table
1, entry 17). Also, the reactions displayed distinct compatibil-

ity between the identity of the base and nucleophile employed.

While DBU proved optimal for deoxy-halogenation (Table 1,
entries 6 and 8), TMG was more effective for both deoxy-az-
idation and deoxy-cyanation (Table 1, entries 13 and 17).

Table 1. Reaction optimization for the deoxy-diversification
of alcohols.?
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Sop PBSF (2 equiv) 2 So;lfg SO;ITS
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Bd H © (1.5 equiv) 53333(3‘.‘2” Il\\;l)) 820 H © sd H ©
; 7010 0°C s o
Nu = Cl (4a), Nu = Br (4b)
Nu = N; (4c), Nu = CN (4d)
En- | TMS—Nu | Base Solvent 3 4
try (%)° | (%)
1 TMS—CI MTBD | THF 30 50
2d TMS—CI MTBD | THF 96 nde
TMS—CI MTBD | DCM 34 48

TMS-CI MTBD | THF/DCM (2:1) 16 78

TMS-CI T™MG THF/DCM (2:1) 31 36

THF/DCM (2:1) | 11 80

TMS-CI DBN THF/DCM (2:1) 04 63

TMS-Br DBU THF/DCM (2:1) 10 81

3
4
5
6 TMS—CI DBU
7
8
9

TMS-Br MTBD | THF/DCM (2:1) 28 51

10 TMS-Br ™G THF/DCM (2:1) 36 38

11 TMS—-N3 DBU THF/DCM (2:1) 48 41

12 TMS—-N3 MTBD | THF/DCM (2:1) 31 33

13 TMS-N3 | TMG THF/DCM (2:1) nde 96

14 TMS-CN | DBU THF/DCM (2:1) 95 nde

15 TMS—-CN | MTBD | THF/DCM (2:1) 83 07

16 TMS-CN | TMG THF/DCM (2:1) 40 31

17¢ | TMS—CN | TMG THF 39 53

aUnless noted otherwise, reactions were conducted on a 0.2
mmol scale using alcohol (1.0 equiv), PBSF (2.0 equiv), base (4.0
equiv), TMS-Nu (1.5 equiv), and solvent (1 mL); reagents were
added at -70 °C and the reaction mixture was allowed to gently
warm up to 0 °C while stirring for 12 h. Plsolated yields; products
were furnished as single isomers based on *H NMR analysis of the
crude reaction mixture. ¢Reaction time was 24 h. 4 Reagents were
added at 0 °C, and the mixture was stirred at 0 °C for 1 h. ¢ Not
detected by H NMR analysis of the crude reaction mixture. (PBSF
= perfluorobutanesulfonyl fluoride; TMS = trimethylsilyl; MTBD =
7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene; TMG = 1,1,3,3-tet-
ramethylguanidine; DBU = 1,8-diazabicyclo-[5.4.0Jundec-7-ene;
DBN = 1,5-Diazabicyclo(4.3.0)non-5-ene)

Under our optimized conditions, the desired substitution
products were furnished with inversion of configuration as sin-
gle isomers, which were confirmed by *H NMR analysis of
crude reaction mixtures and the X-ray structure of 4b (see Fig-
ure S12 and S13 in the supporting information). Also, notably,
no elimination side-product was observed. These observations
suggest that the nucleophilic substitutions proceed via an Sy2
pathway and that any ionization pathway is highly unlikely.

With the optimized conditions in hand, we embarked on
elaborating the substrate scope using structurally diverse pri-
mary and secondary alcohols derived from natural products
and biomolecules. We are pleased to report that sugar-derived
secondary alcohols (1 and 5), hydroxy proline (7), and epi-an-
drosterone (9) readily underwent deoxy-diversification with in-
version of configuration to furnish the corresponding products
in moderate to excellent yields (up to 96% isolated yield)




without any elimination side-products (Figure 2). Furthermore,
the transformation displayed good scalability given that 95%
isolated yield of the azide 4c was obtained as a single isomer
starting from 1 mmol of alcohol 1 (see the supporting infor-
mation).
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Figure 2. Deoxy-diversification of secondary and primary alcohols
(see procedure in the supporting information). Isolated yields are
reported. Products were furnished as single isomers based on 1H
NMR analysis of the crude reaction mixture. 22 equivalents of
DBU was used.

We noted that the deoxy-cyanation of alcohol 7 and 9 were
sluggish and low isolated yields were obtained for the corre-
sponding cyano-product 8d and 10d (22% and 17% vyield, re-
spectively). We observed near quantitative recovery of their
unreacted sulfonate esters, suggesting that the nucleophilicity
of the cyanide anion is dampened, perhaps due to the pres-
ence of stoichiometric quantities of conjugate Brgnsted acid in
the reaction medium.

Primary alcohols derived from sugars (11 and 13), amino al-
cohol (15), and adenosine nucleoside (17) readily underwent
deoxy-diversification to furnish the corresponding products in
good to excellent yields (up to 85% isolated yield, Figure 2).
While trace amounts of elimination side-products (<10% by *H
NMR analysis) were observed in some cases of deoxy-halogen-
ation (see compound 8a, 8b, 14a, and 14b in Figure 2), the un-
desired pathway was completely suppressed by employing
two equivalents of DBU instead of four equivalents. Overall,
the high yields and extensive accommodation of a diverse class
of biomolecules accentuate our protocol's versatility and syn-
thetic potential for the efficient late-stage diversification of
complex molecules and natural products.

We also conducted a series of control experiments to gain
insights into the underlying reaction mechanism (Figure 3).
Fundamental of the SUFEx reaction relies on fluoride's ability
to transition from a stable covalent S-F bond to a good leaving
group. Previous reports have suggested that this transition can
be initiated via coordination with acidic species (such as H* and
RsSi*) or accelerated by Lewis basic catalysts (such as tertiary
amines, amidines, and phosphazenes).1°-21:3>37.38 Building upon
these considerations, we embarked on a mechanistic investi-
gation using NMR spectroscopy to ascertain whether a silyl re-
agent such as TMS-Cl could initiate the SUFEx process with 2
under our standard condition (Figure 3A). We observed that in
the absence of DBU, the °F NMR spectrum of the reaction mix-
ture revealed no discernible alteration in the chemical shifts of
2. Concurrently, the *H NMR spectrum showed unreacted com-
pound 1 and the absence of deoxy-functionalization interme-
diate or product (Figure S1 and S2 in the supporting infor-
mation). These findings collectively suggest a lack of apparent
interaction between 2 and TMS-Cl. We then probed the possi-
bility of S—F bond activation by DBU via the formation of a sul-
fonyl ammonium fluoride salt with 2.1° Combining 2 and DBU
in a 1:1 molar ratio exhibited no observable change in the 'H
and °F NMR spectra, underscoring a lack of evident interaction
(Figure 3B and Figure S3). Next, we considered whether the re-
action proceeds via an initial deprotonation or H-bonding acti-
vation of alcohol 1 by DBU (Figure 3C). Titrating 2.0 equivalents
of DBU with alcohol 1 resulted in a collective upfield displace-
ment of the 'H NMR signals belonging to alcohol 1, which rea-
sonably suggest the formation of alkoxide-amidinium complex
19 (Figure S4 — S7 in the supporting information).?® Finally, our
focus shifted to unraveling the role of the silicon reagent. Un-
der our standard condition, alcohol 1 reacted with 2, DBU and
TMS—CI to furnish the corresponding deoxy-fluorination and
deoxy-chlorination products in a 17:83 molar ratio as deter-
mined by *H NMR analysis of the crude reaction mixture (Fig-
ure 3D). However, when TMS—CI was replaced with benzyl tri-
ethylammonium chloride, the product selectivity was reversed,
where products 3 and 4a were generated in a 60:40 molar ratio,
respectively (Figure 3D). This outcome strongly attests to the
pivotal role of silicon as a fluoride scavenger, which enables
deoxy-functionalization with the nucleophile of choice.

Taken together, our experiments are consistent with the fol-
lowing reaction mechanism (Figure 3E). First, hydroxy group of
the alcohol undergoes reversible deprotonation by a Brgnsted
base.3>4° Subsequently, the conjugate acid activates the S—F
bond within 2 via H-bond interaction, and the activated entity
combines with the alkoxide to generate the corresponding sul-
fonate ester and a fluoride anion. Alternatively, it is plausible
that the alkoxide is nucleophilic enough to promote the SUFEx
process and liberate the fluoride anion without the H-bond in-
teraction. In turn, the fluoride anion engages with the silicon-
bound nucleophile, which facilitates a Sx2 reaction on the sul-
fonate ester, furnishing the deoxy-functionalized product.
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Figure 3. Control experiments and plausible reaction mechanism.
(A) Reaction of alcohol 1 with 2 and TMS-CI under standard con-
dition without base. (B) Combining 2 and DBU in CDCl; showed
no change in 'H and 1°F NMR spectra. (C) Titration of DBU into a
solution of alcohol 1 lead a collective upfield displacement of 1H
NMR signals. (D) Replacement of TMS-Cl with BnEtsNCl led to de-
oxy-fluorination as the major pathway, indicating the role TMS as
a fluoride trap. (E) Proposed mechanism of the SuFEx-mediated
deoxy-diversification.

In conclusion, we have developed a unified strategy for ro-
bust, operationally simple, and versatile deoxy-diversification
of complex alcohols into several analogs via C-C, C—-N, C-Cl,
and C-Br bond formation. Mechanistic studies are consistent
with the proposed cascade reaction pathway that combines
SuFEx reaction and fluoride-induced activation of silicon-
bound nucleophiles. This work demonstrates its synthetic util-
ity for the late-stage modification of complex molecules.
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