GDCh
=

Research Articles

@ Dynamic Covalent Chemistry Qgld 2 J7g

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2022, 61, €202207456
International Edition: ~ doi.org/10.1002/anie.202207456

German Edition: doi.org/10.1002/ange.202207456

Sulfur-Phenolate Exchange: SuFEx-Derived Dynamic Covalent
Reactions and Degradation of SuFEx Polymers

Yang Chao", Akash Krishna®, Muthusamy Subramaniam, Dong-Dong Liang,
Sidharam P. Pujari, Andrew C.-H. Sue, Guanna Li, Fedor M. Miloserdov, and Han Zuilhof*

Abstract: The products of the SuFEx reaction between
sulfonimidoyl fluorides and phenols, sulfonimidates, are
shown to display dynamic covalent chemistry with other
phenols. This reaction was shown to be enantiospecific,
finished in minutes at room temperature in high yields,
and useful for both asymmetric synthesis and sustainable
polymer production. Its wide scope further extends the
usefulness of SUFEx and related click chemistries. )

Introduction

Click chemistry'!l has truly revolutionized materials science
as an additional tool to construct structures with a high
molecular diversity.>® The set of click reactions that has
been developed continues to grow, as exemplified via Cul-
catalyzed azide-alkyne cycloadditions (CuAAC)™ as well as
metal-free click reactions such as thiol-ene,”! oxime
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ligation,®! (thio-)Michael,”” inverse electron-demand Diels—
Alder,” strain-promoted cycloadditions between azide-al-
kyne (SPAAC)™ cyclooctyne-o-quinone (SPOCQ),”! and
cyclopropene-o-quinone reactions,'” and more recently the
sulfur(VI) fluoride exchange (SuFEx) reaction."! In the
SuFEx reaction the S—F bond in e.g. fluorosulfates, sulfonyl
fluorides or sulfonimidoyl fluorides reacts readily with silyl-
protected phenols, phenolates or amines.

As a result, research into the SuFEx reaction has surged
in the last 5 years.” To expand the range of useful SuFEx
connectors, several SUFEx hubs and fluorosulfuryl transfer
reagents have been developed, such as ethenesulfonyl
fluoride,™ SO,F,,""*") SOF,,™ fluorosulfuryl imidazolium
salt,"! fluorosulfuryl isocyanate!'” and others."®! Recently
our group discovered that for chiral sulfonimidoyl fluorides
reacting with phenolates the first intrinsically enantiospecific
click reaction could be developed, as here a chiral S*' center
reacts exclusively with inversion of configuration.” Sub-
sequently, Bull’s group noted that this could be extended to
amines, thus further enriching the chemistry of the sulfoni-
midoyl fluoride moiety.*”

The SuFEx reaction has, among other materials, also
been successfully applied to polymer science!''™™ with the
efficient formation of polymers derived from sulfonyl
fluorides, fluoro-sulfates, etc. In the case of SOF,-derived
polymers this led to helical polymers™ and the introduction
of multidimensional click chemistry to the field of materials
science.® In parallel, starting from chiral di-sulfonimidoyl
fluorides the construction of the new class of polysulfonimi-
dates was achieved via this click reaction, and the enantio-
specificity thereof even allowed the efficient formation of
polymers with configurational backbone chirality.?!

In parallel, materials chemistry has been revolutionized
by dynamic covalent chemistry (DCC),” which combines
the strength of covalent bonds with the power for self-
healing and responsiveness that is for example displayed in
supramolecular chemistry. Unlike other click chemistries,
which have also shown to allow DCC to occur (like thiol-
yne and Diels—Alder reactions) this has not been shown for
the SuFEx reaction. Given the high potential of this class of
click reactions, this prompted us to investigate this in more
detail, with a two-fold aim: 1) Demonstrate that SuFEx
reactions provide another example to the rich set of DCC
reactions, and perhaps with the unique advantage of this
being a potentially enantiospecific reaction; 2) Construct
structurally complex polymers that are also degradable, in
line with the overall aim of making polymers that are stable

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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enough for manifold uses, yet prevent contributing to any
future “plastic soups”.

This paper describes the first case of a SuFEx-derived
DCC reaction via the development of Sulfur-Phenolate
Exchange (SuPhenEx) reactions, which is—to the best of
our knowledge—also the first case of DCC involving
phenols. We characterize the reaction, describe its scope,
determine the thermodynamic features of the reaction both
experimentally and by theoretical (wB97XD/6-311 + G(d,p)
density functional theory) studies (Figure 1a), display its
usefulness for asymmetric synthesis, and finally show the
potential for gradual degradation of SuFEx-derived poly-
mers under mild reaction conditions (Figure 1b).

Results and Discussion

As first part of our studies we reasoned that a significant
part of the driving force of the SuFEx reaction would come
from the replacement of the highly electronegative F atom
by a less electron-negative O-linked moiety. Taking this idea
one step further, we hypothesized that it should be energeti-
cally feasible to replace an electron-poor phenol moiety by a
more electron-rich phenol. Indeed, starting from R=p-Cl in
Figure la (50 mM in CH;CN) and reacting it with 10 equiv
p-OMe-phenol and 10 equiv DBU, or with 3 equiv of the
corresponding sodium phenolate salt at room temperature,
we observed that in both cases the reactions would go to
completion (94 % conversion to one product), with reaction
times of 18 h and 5 min, respectively (Figure S1 and S2,
Table S1 and S2, Supporting Information). In contrast, the
reaction is very sluggish and does not go to completion
without base, which suggested that it is the phenolate that
reacts with the p-Cl compound, leading to the phenol-
exchanged product. As rapid equilibration can thus be
reached via the use of phenolates, the reaction outcome can
be pushed towards the desired product with an excess of the
more nucleophilic phenolate, and this turned out to be easily
feasible even if the reaction was slightly uphill with less
nucleophilic phenolates (as indicated by the o, Hammett
values®! of the various substituents; details in Supporting
Information).
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Figure 1. a) General scheme for sulfur(VI)—phenolate exchange reac-
tion, and facets under current study. b) Degradation of polysulfonimi-
dates.
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Since the electro-donating power of the nucleophilic
phenolate provides the driving force for this reaction, it
would be favorable to start with the most electron-with-
drawing, chiral phenol-derived sulfonimidate that could still
be easily synthesized in high yield and provide an easy-to-
handle, stable product."” In addition, we surmised that such
and electron-withdrawing group (EWG) would strongly
decrease the nucleophilicity of phenolate, leading to a higher
energy barrier for identity reactions (in which nucleophile
and leaving group are the same) and concomitantly
suppressing background racemization of starting material.””
p-NO, compound (R)-1 turned out to be a good choice for
this, as it can be isolated in good yield on a gram scale by
recrystallization (typically 73 %, >99% ee) from SuFEx
reactions of the corresponding chiral sulfonimidoyl fluoride.
(R)-1 was then reacted in a SuPhenEx reaction with a range
of phenolates, including those with EWGs or electron-
donating groups (EDGs), and those with bulky substituents
that would provide significant steric repulsion in the
transition state and product. To our delight, such SuPhenEx
reactions from (R)-1 yielded for all but the most EWGs or
bulky substituents a highly efficient and fast reaction: high
yields of the desired sulfonimidate products (typically
>95%, see Table 1 and Supporting Information) with just
1.05 equiv of phenolate in 10 min at r.t. in CH;CN, without
any further optimization of the reaction condition.

The reaction showed an excellent functional group
tolerance, including methyl (3b-d), ether (3e, j), pyridinyl
(3p—q), halogen (3f-i, 1, m), aldehyde (3m), carboxylic acid
(3t), cyano (3k), naphthyl (3r), and phenyl (3s) groups.
When organized according to the o, Hammett values of
varieties of substituents, the para-substituents with an EDG
(3a, b-p, e, s) or a moderate EWG (3f, g-p, h-p, i, j)
exhibited almost quantitative yield with 95% to 99% es
values, while for strong EWGs 3k and 3n-p still high yields
were obtained, although with low es. Only the carboxylic
acid derivative 3t, which will be deprotonated under the
reaction conditions, displayed moderate reactivity. For the
scope of the reaction, even with multiple strong EWGs (31,
m), it still exhibited excellent reactivity despite the loss of
enantioselectivity. Particularly interesting, the reaction can
proceed well even with bulky substituents, as shown by the
easy and high-yield formation of ortho-substituted 3b-o, 3 g-
0, 3h-0 and 3n-o0, while even bulky 2,4,6-trimethyl phenolate
(3d) and 2-bromophenolate (3h-0) reacted efficiently at
room temperature, with only relatively small extensions of
the reaction time. Several phenolates (2g-0, 2h-0, 2k, 2n-0
and 2t) were poorly soluble in CH;CN and for such
phenolates 1.05 equiv of 15-crown-5 ether was used as an
additive to accelerate the reaction. For less reactive
phenolates, the yield could be increased—typically to
>80 % —upon extension of the reaction times, but this led
to a gradual reduction of the es value of the isolated
products.

Subsequently, reactant (R)-1, SuPhenEx product (§)-3f
and SuFEx products (R)-3f and (R)-3j—obtained from the
SuFEx reaction of preceding sulfonimidoyl fluoride (R)-1b
—were subjected to X-ray crystallography. This confirmed
the absolute configurations of these materials (Figure 2; see
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Table 1: Sulfur—phenolate exchange reactions: Scope, reaction conditions, isolated yields and enantioselectivity.
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Reaction conditions: (R)-1
ee(R)-1 (maximum observed in chiral HPLC reaction monitoring).
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Absolute configuration by X-ray Crystallography

Figure 2. The X-ray crystal structures of (R)-3f (from SuFEx reaction)
and (S)-3f (from SuPhenEx reaction). Color code: C, gray; O, red; S,
yellow; N, blue; Cl, green; H, white.

also Supporting Information Figures S158-S162), proving
that SuPhenEx reaction proceeds with inversion of absolute
configuration. By virtue of this characteristic, the combina-
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(0.25 mmol) and phenolates 2. [a] Adding 1.05 equiv of 15-crown-5 ether. es= enantiospecificity, given by %ee(S)-3/%

tion of SuFEx and SuPhenEx reactions allows the easy
construction of both enantiomers of a sulfonimidate in a
very facile manner (Figure S55, Supporting Information). To
illustrate this, we performed SuFEx reactions using sulfoni-
midoyl fluoride (R)-1b to react with 1.05equiv sodium
phenolates under ambient conditions (Table S58, Supporting
Information). In line with previous findings,['” this reaction
proceeds enantiospecifically with both electron-donating or
electron-withdrawing substituents on the phenolate. For
phenolates, containing ether (2e, 2j). halogen (2f, 2g-p, 2h-
p, 2i), or cyano (2k) functionalities, all showed almost
quantitative yield with 97-99 % es, leading to R-isomers of
product. Alternatively, the SuFEx reaction with p-NO,
phenolate, followed by the SuPhenEx reaction leads to
opposite S-enantiomer. Thus, starting from one enantiomer
of sulfonimidoyl fluoride (R)-1b, both enantiomeric prod-
ucts can be obtained separately, which is especially conven-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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ient considering the limited access to chiral precursors to
(S)-1b.

To further demonstrate the scope of the SuPhenEx
reaction, several natural phenolate derivatives were eval-
uated (Table 2). The sodium salts of vic-thymol, sesamol,
eugenol, and tyrosol all reacted smoothly under ambient
conditions with p-NO, compound (R)-1 to obtain the target
products ((S)-4a—c and (S)-4e) in quantitative yield (es
>99 %). However, substrates containing formyl or carboxyl
groups, such as vanillin, vanillic acid, and ferulic acid,
although still exhibiting satisfying yields, yielded products
(($)-4d and (S)-4f) with poor stereoselectivity. Further-
more, the bisphenolate, honokiol, with bulky substituents at
the ortho positions, also showed a good yield of a
corresponding di-SuPhenEx product (S, §)-4h with excellent
stereoselectivity (99% es).

We were initially puzzled by the observations for the
phenolates with strong EWGs: a high yield could still be
obtained, but typically with a strongly reduced es. Several
reasons could be causing this, including racemization of the
starting material under the reaction conditions (as observed
by Bull for sulfonimidoyl fluorides)® or reaction of the
product with starting phenolates both in the course of the
reaction, and after complete conversion of starting material,
as a slight excess of phenolate (1.05 equiv) was used.

To clarify this, we monitored the reactions of Table 1
and observed that in contrast with the corresponding SuFEx
reaction,™ hardly any racemization of the starting materials

Table 2: Scope of sulfur—phenolate exchange reactions with naturally
occurring phenolates.

Me
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+
©)LN H‘O

(S)-4
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(S)- 4c, 30 min, 93%, es >99%
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(S)-4a, 30 min, 94%, es > 99%
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(S)-4d, 24 h, 67%,1@ es = 39% (S)-4e, 1h, 91%, es >99%

(S)-4b, 1 h, 93/ es >99%

(S)-M, 24 h,23%, es = 54%

(S)-4g, 24 h, 73% @ es = 51% (S, S)-4h, 30 min, 20%."! es = 99%

Reaction conditions: (R)-1 (0.25 mmol) and phenolates 2 (1.05 equiv)
in CH;CN (1 mL), rt, after specified time. Yield of isolated products.
[a] Adding 1.05 equiv of 15-crown-5 ether. [b] Derived from disodium
honokiol (0.49 equiv). es=enantiospecificity, given by %ee(R)-3/%
ee(S)-1 (maximum observed by chiral HPLC).
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occurred. This leads to the conclusion that phenolate-
induced racemization of the products seems to be the most
likely explanation for this phenomenon.

In addition, we performed the reactions of Table 1 with
a slightly reduced amount of phenolates (0.95 equiv). For
several of tested substrates (3a, 3e, 3f) the reaction
enantiospecificity increased to >98 % es, presumably be-
cause under this reaction condition no nucleophilic pheno-
late is left at the end of the reaction to induce racemization,
while yields reduced only slightly (typically 5-10 % less; see
Table S43, Supporting Information). For substrates contain-
ing strong EWGs significantly higher es were observed at
low reaction conversions. As two points in case, for the o-
CHO ((S)-3m,0) and p-CN ((5)-3k) substituents the es
increased from 17 to 97 % and from 36 to 98 %, at 12 and
14 % conversion, respectively. However, at higher conver-
sion of (R)-1, racemization of the product started to occur at
rates comparable with SuPhenEXx, leading to a decrease in
the enantiospecificity of the reaction.

To further study several of these observations in more
detail, we investigated the reaction mechanism by temper-
ature-dependent kinetics and density functional theory
calculations. First, the activation enthalpy AH™ for the
reaction of (R)-1 with sodium p-Cl phenolate was derived
from a Van’t Hoff plot (obtained from reaction rates
obtained at six different temperatures from —30 to 0°C)
(Figure S66, Supporting Information). This yielded an ex-
perimental activation enthalpy of 14+1 kcalmol ™. Then we
calculated the activation barrier for this reaction at the
wB97XD/6-311+ G(d,p) level of theory [including SMD
model to mimic acetonitrile]. If we would just use the naked
anion attacking onto (R)-1 this yielded an enthalpic barrier
of 7.1 kcalmol™" (Figure S166, Supporting Information), i.e.
clearly below the experimentally determined barrier. It is
only upon inclusion of a Na* cation, which stabilizes the
reactant more than the TS, that the barrier increases to a
nicely corresponding 13.1 kcalmol™! (see Figure 3). From
these, two things can be concluded: 1) this difference of
6 kcalmol™' points to a clear role of the cation, which
deserves more detailed studies, as also the studies of Ball
and co-workers on the Ca’" catalysis of SUFEx reactions
shows.”) 2) The calculated activation enthalpies AH*
(ranging from 9 to 19 kcalmol '; Figure 3) are in line with
the observation that for all phenolates the reaction is very
smooth at room temperature. In addition, the reaction
enthalpies (as well as the closely matching free energies—
Table S75, Supporting Information) indicate that the p-NO,
substituent was a good choice for the reactant, as even for
EWGs like p-CF; and p-CN the enthalpy is still more
negative than —2.5 kcalmol™', guaranteeing the possibility
for quantitative conversions. A distortion-interaction
analysis®”! shows that the change in barrier is largely due to
changes in the distortion energy (required to bring the
reactants into the geometry of the TS) rather than in the
interaction energy, which was shown to be constant to within
2 kcalmol™ for all reactions under study (Table S75,
Supporting Information).

To better understand the racemization of the products,
we studied a range of identity reactions (Figure S167,

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Reaction enthalpy diagram of the SuPhenEx reaction of p-NO,
compound (R)-1 with a range of phenolates. Inset: Optimized TS of the
p-NO, compound with a p-Cl phenolate (in black). The optimized
structures of all other p-substituted compounds are shown in the
Supporting Information.

Supporting Information). The calculated activation enthal-
pies AH™ for these identity reactions vary in range from 19
to 22kcalmol™' for R=p-OMe to p-NO,, respectively
(Table S76, Supporting Information), which is significantly
smaller than the span of AH™ for SuPhenEx reactions
(Figure 3). Remarkably, the difference in AH® between
racemization and SuPhenEx (AAH™) strongly depends on
the nature of phenolate. While for EDG (p-OMe) or H the
AAH* are 7.6 and 9.8 kcalmol ™, respectively, for EWG (p-
CN) the SuPhenEx is only slightly preferred over racemiza-
tion (AAH* =1.6 kcalmol ). This is in line with reduced es
values observed for (§)-3k and other EWG-substituted
compounds.

This theoretical data thus fully explains our experimental
data of the dependence of the observed es values on the
substituent used. A) We had noted that the p-NO, com-
pound (R)-1 (rather than with e.g. the p-Cl or p-H
compounds) provides higher es values. This is not only
because the activation barriers of the reactions were lower,
but also the racemization of the starting material was
basically shut off as this requires a higher activation energy.
B) With a reduced driving force of the reaction, the AH™ of
the intended phenol-exchanging SuPhenEx reaction be-
comes almost isoenergetic to the (undesired) racemizing
identity reaction. In other words: once the reaction for
phenolates with EWGs has started to progress, an increasing
amount of products can undertake a product-racemizing
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identity reaction. Especially when the reaction becomes
sluggish, such racemization becomes increasingly likely, in
line with the experimental observation that with more
strongly EWGs the es values drop.

Finally, the very success of the SuPhenEx reaction
prompted us to study the potential of using phenolates for
the degradation of SuFEx-derived polymers. To this aim we
synthesized di-sulfonimidoyl fluoride-derived polymer 5
(M,=72kDa), and dissolved this in refluxing dry THF
containing 0.13M DBU with 0.13M phenol or p-OMe-
phenol (Figure 4). This led to the full polymer degradation
(only fragments <1.7kDa as measured by gel permeation
chromatography and LC-MS) within 48h, showing the
dynamic nature of the SuPhenEx reaction.

The observed decay is especially promising given the
occurrence of many phenols in nature. In addition, polymer
degradation can also be obtained, albeit much slower, when
polymer 5 was dissolved in 4:1 PBS buffer/DMSO at 35°C.
This led to a gradual reduction of M, to 43 kDa in 60 days.
Combined these results point to the potential of SuFEx-
based or SuPhenEx-based polymers, as these potentially
combine high degrees of functionalization without long-term
accumulation, i.e. “plastic soup” contribution.

Conclusion

In conclusion, we have demonstrated that the sulfur—
phenolate exchange (SuPhenEx) reaction displays good to
quantitative product formation within minutes at room
temperature and is compatible with multiple functional
groups. A combination of experiments and theoretical
calculations displays that the SuPhenEx reaction is a fast,
enantiospecific and concerted Sy2-type click reaction, there-
by endowing dynamic covalent character to the products of
the SuFEx click reaction. This reaction also allows the
construction of both sulfonimidate enantiomers from a
single sulfonimidoyl fluoride enantiomer, and can circum-
vent the intermediacy of sulfonimidoyl fluorides altogether,
as (R)-1 can also be synthesized without the involvement of
fluorine chemistry and (racemizing and surface-etching)
fluoride anions. Finally, SuPhenEx chemistry demonstrates
that structurally complex, stable, yet also degradable poly-
mers are within easy reach. Further mechanistic and
polymer-oriented studies are currently ongoing in our labs.
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Figure 4. Degradation of polysulfonimidate 5.
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