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ABSTRACT: We report a stereoretentive cross-coupling reaction of (

configurationally stable nucleophiles with disulfide and N-sulfenylsuc- —4 Y
cinimide donors promoted by Cu(I). We demonstrate the utility of this
method in the synthesis of thioglycosides derived from simple alkyl and =5-2
aryl thiols, thioglycosides, and in the glycodiversification of cysteine
residues in peptides. These reactions operate well with carbohydrate
substrates containing common protective groups and reagents with free
hydroxyl and secondary amide functionalities under standardized
conditions. Competition experiments in combination with computa-
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tional DFT studies established that the putative anomeric intermediate

is an organocopper species that is configurationally stable and resistant to epimerization due to its short lifetime. The
subsequent reductive elimination from the Cu(IIl) intermediate is rapid and stereoretentive. Taken together, the glycosyl cross-
coupling is ideally suited for late stage glycodiversification and bioconjugation under highly controlled installation of the

aliphatic carbon—sulfur bonds.

B INTRODUCTION

The stereoselective synthesis of carbon—heteroatom bonds
constitutes a central goal of synthetic chemistry given their
functional importance in the activities of commercial drugs,
natural products, and biologics." An example in which the
handedness of the saturated carbon plays an imperative role is
in the synthesis of bioactive glycosides where the configuration
of the anomeric carbon is essential in determining the shape,
recognition, localization, and, in general, the biological
activities.” In addition to O-linked glycosides, both synthetic
and natural modifications of saccharides frequently involve the
introduction of a sulfur atom, and many of the commercially
available bioactive thioacetals displaying important biological
activities are in the form of thioglycosides (Scheme 1A).
Numerous synthetic applications of thioglycosides highlight
their utility as versatile glycosyl donors in chemical
glycosylation reactions.” Thioglycosides are also common
glycomimetics (e.g., S-linked galactosylceramides) and dem-
onstrate enhanced hydrolytic stabilities relative to their natural
O-linked congeners while retaining similar conformational
preferences. Considering biologics, carbohydrate modifica-
tions of cysteine residues in peptides and proteins is of special
interest.” In addition to the S-glycosidic bond found in natural
peptides (e.g., sublancin),® synthetically modified S-linked
glycopeptides are abundant given their resistance to chemical
and enzymatic degradation,'’™'* improved antibacterial
activities, > and ability to act as stable surrogates of the
natural O-GIcNAc in proteins and peptides.”"* Within the
family of a-substituted thioethers, aminothioacetals in the form
of f-lactams are one of the most common broad-spectrum
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antibiotics consisting of penicillins, cephalosporins, and
carbapenems.'® In all of the above examples, the configuration
of the C—S linkage is crucial for preserving the relevant
physicochemical and biological properties.

Given the significance of glycosyl thioacetals, various
methods for their synthesis have been described (Scheme
1B). The preparation of thioglycosides and glycoconjugates
starts from a glycosyl donor activated with a Lewis acid in the
presence of a thiol nucleophile.'® Reactions with substrates
already equipped with anomeric thiols proceed via displace-
ment of a halide'”"” or via a thiol—ene reaction with
dehydroalanine 4."* However, these processes lack stereo-
chemical control at the anomeric carbon and/or the newly
formed amino acid a-carbon center.”'”?" Davis and co-
workers established an alternative protocol that involves a
disulfide exchange followed by reductive contraction of the
glycosyl disulfide with a phosphine.””* All of the above
methods are limited by the nature of the anomeric thiols,
which are often available only as the thermodynamic anomer
or require multistep syntheses.””” Thus, in order to access
both anomers of thioglycosides, an alternative synthetic
platform would be necessary, and a complementary approach
capitalizes on reversal of polarity at the anomeric carbon.
Organolithium™* and Grignard™ reagents have been engaged
in reactions with sulfur electrophiles; however, this class of
reagents is limited only to 2-deoxy sugars due to inherent
instability and presents a challenge to bioconjugation due to
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Scheme 1. (a) Selected Bioactive Thio(amino)acetals; (b) Representative Methods for the Synthesis of S-Linked Glycosides

and Thioacetals
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their incompatibility with various functional groups commonly
found in peptides and proteins.”””’ The formation of a
C(sp*)—S bond in small molecules and proteins has been
accomplished with various aryl nucleophiles such as boronic
acids, > 3! organopalladium,?'2 and organogold33 reagents.
Unlike aryl nucleophiles, the synthesis of C—S bonds with
saturated carbons via transition metal-catalyzed reactions is
limited. In fact, the cross-coupling of primary and secondary
alkyl boronic acids and a trifluoromethylthiol electrophile in
the presence of copper(I) and a 2,2’-bipyridine ligand
represents the sole example of C(sp*)—S bond formation.****

Curiously, a stereospecific C(sp®)—S cross-coupling process
has not been reported despite its obvious advantages such as
predictable stereochemical outcomes and the myriad of
preparative methods for accessing chiral nucleophiles. Here,
we report a stereoretentive cross-coupling reaction between
configurationally stable nucleophiles and sulfur electrophiles
resulting in the formation of thioacetals and thioglycosides.
This method represents a conceptually novel approach to C—S
bond formation as it signifies a departure from previously
established strategies (i.e., nucleophilic substitution). To the
best of our knowledge, this work is the first example of a
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stereospecific metal-catalyzed C(sp*)—S cross-coupling reac-
tion characterized by a broad substrate scope with potential
applications in high-precision bioconjugation.

B RESULTS AND DISCUSSION

Motivated by the importance of C(sp*)—S linkages, we set out
to identify conditions that would establish a C—S bond in high
stereoselectivity. Our previous work involvin% the stereo-
specific transformations of anomeric stannanes®* >’ led us to
hypothesize that the controlled formation of new C(sp*)—S
bonds would result from a stereoretentive cross-coupling
process of anomeric nucleophiles. Configurationally stable
glycosyl stannanes were elected for their excellent stability,
availability as either anomer, as well as their amenability
toward the preparation of glycoconjugates and protein
bioconjugation. For optimization of the reaction conditions,
we chose 2,3,4,6-tetra-O-benzyl-f-p-glucopyranosylstannane 8
and phenyl disulfide 9a as the model substrates (Table 1).

Table 1. Identification of Glycosyl Cross-Coupling
Conditions”

OBn OBn
B%ongé&/SnBu:, + xSepp T nggé@\/3~ph
OBn OBn
8 9 10
entry solvent El time (h) a:f®  yield (%)°
1 m-xylene 9a 24 S only 20
2 (CH,C), 9a 24 P only 42
3 1,4-dioxane 9a 24 1.0:2.1 28
4 (CH,CI), 9a 72 S only 45
S m-xylene 9a 72 f only 62
6 m-xylene:(CH,Cl), (2:1)  9a 72 S only 68
7 m-xylene:(CH,Cl), (2:1)  9a 96 S only 72
8 m-xylene:(CH,Cl), (2:1)  9b 72 f only 52
9 m-xylene:(CH,CI), (2:1)  9¢ 72 S only 50
10 m-xylene:(CH,Cl), (2:1)  9d 72 S only 30
11 m-xylene:(CH,Cl), (2:1)  9e 72 S only 49
12 m-xylene:(CH,Cl), (2:1)  9f 72 f only 71
13 m-xylene:(CH,Cl), (2:1)  9g 72 1.0:2.9 39
147 14-dioxane 9a 72 S only 1s
157 1,4-dioxane 9 72 S only 58

“Reaction conditions: sulfide 9a—9g (0.100 mmol, 1.0 equiv), 8 (1.5
equiv), CuCl (3.0 equiv), and dry solvent (3.0 mL) under N,, 130 °C.
Anomeric selectivities determined by 'H NMR using unpurified
reactions mixtures. “Isolated yields. “CuCl (50 mol %), JackiePhos
(55 mol %) in 1,4-dioxane (3.0 mL).

PhS-SPh qu SPh @:iN SPh /@N SsPh

9d

99

First, various solvents were assayed using CuCl (3 equiv) at
130 °C. Although m-xylene and 1,2-dicholoroethane produced

the desired product 10 in 20% and 42% yield, respectively,
with exclusive f selectivity, the reaction in 1,4-dioxane afforded
10 in 28% yield as an a:f (1:2.1) mixture of anomers (entries
1-3). The latter case was intriguing as it represented the first
instance in which we observed an erosion of stereoselectivity
when running the glycosyl cross-coupling in an ethereal
solvent. We rationalized this result by the coordinating ability
of 1,4-dioxane and its propensity to stabilize copper in high
oxidation states, which presumably led to the erosion of
anomeric configuration. Exclusive selectivity was restored by
extending the reaction time to 72 h and changing the solvent
to either 1,2-dicholoroethane or m-xylene, which afforded
thioglycoside 10 in 45% and 62% yield, respectively (entry 4
and 5). We further improved the yield by using a 2:1 mixture
of m-xylene and 1,2-dicholoroethane, furnishing 10 in up to
72% yield (entry 6 and 7).

Having established the feasibility of the sulfenylation
reaction with symmetrical disulfides, we next tested various
unsymmetrical sulfide donors equipped with competent
leaving groups (entries 8—13). Our investigation of these
electrophiles stemmed from the hypothesis that, in order to
access a diverse selection of S-linked glycans, the various
sulfide donors might require a suitable leaving group to
facilitate the coupling. We discovered that succinimide-
containing thiophenol 9b was less effective than disulfide 9a
and provided 10 in only 52% yield. Additional studies with
phthalimide-containing thiophenols, regardless of their elec-
tronic nature (e.g, 9¢; electron-deficient phthalimides with 4-
NO, in 9d and 4,5-Cl, in 9e), resulted in no improvement to
the yield. When testing the reaction with unsymmetrical sulfide
donors, we had to consider the competition for transfer to the
C1 position introduced by the liberated leaving group. With
the understanding that optimal results would only be viable if
the leaving group’s nucleophilicity was relatively low, we
employed pentafluorophenyl disulfide 9f and, to our delight,
isolated 71% of the desired product 10 (entry 12). Finally, S-
phenyl benzenethiosulfonate 9g was coupled with $-stannane 8
to afford 10 in a moderate yield (39%, entry 13) and only a
slight preference for the f-anomer (a:f 1:2.9). Again, we
reasoned that the destabilizing effects exerted by poorly
coordinating ligands, such as sulfonates, on highly oxidized
copper species generated a configurationally labile intermedi-
ate, which ultimately led to the observed scrambling of
stereochemistry.

When we assessed the reaction’s performance using
substoichiometric amounts of CuCl, we found that N-
phenylsulfenylsuccinimide 9b was more effective than sym-
metrical disulfide 9a (entries 14 and 15) at 50 mol % of CuCl.
The catalyst loading of CuCl could be reduced as low as 20
mol %, but this resulted in ~10% decrease in the yield, albeit
with no change in diastereoselectivity (data not shown). It is
also interesting to note that, under these conditions, only the
anomer was detected in 1,4-dioxane when JackiePhos (55 mol
%) was included as an external phosphine ligand.*” The bulky
phosphine ligand prevents anomerization of the organocopper
intermediate(s) and ensures substrate compatibility with
coordinating solvents. Having found these conditions, the
sulfenylation was now amenable to the coupling of unsym-
metrical donors and could provide entry into the glycodiversi-
fication of complex substrates, which might be otherwise
challenging to access in the form of symmetrical disulfides.

The inevitable loss of one thiol moiety in the reaction of
symmetrical donors presented an opportunity for further
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Scheme 2. Scope of C(sp*)—S Cross-Coupling of f-p-Glucose Stannane 8 with Aryl and Alkyl Sulfur Electrophiles

CuCl (50 mol% or 3 equiv)

m-xylene:(CH,Cl), (2:1) OBn
130°C, 96 h
BnO RS-SR or N-SR > Bno O
BnO SnBU3 " BnO s®
OBn
12 13
OBn OBn
BnO o
BnO BnO ’éﬁ, BnO
Bngéh\’ %ngéﬁ; BnO BnO S
OBn
NHA
14, 73% 15, 70% 16, 86% 17, 82% ©
B only B only B only p only
OBn OBn
BnO O
BnO BnO BnO BnO S
BnO \©\ OBn
o(;|:3 20, 50%*2
18, 96% 19, 56% B only 21, 62%
B only a:p <1:20 a:p 1:14
OBn OBn
Bnoéﬂ, B”Oéﬂ, BnO R
BnO
BnO BnO =es BnO S~ NHBoc
OBn
22, 60%° 23, 73% 24, R = i-Pr, 41% 26, 69%32P
a:p <1:20 B only 25, R =Cy, 58% B only
onl
OBn p only
n n
BnO \/\n/ OBn
o7
27, 67%3P 28, 68%2
B only a:p <1:50

#CuCl (50 mol %), JackiePhos (55 mol %), 1,4-dioxane (3.0 mL), 130 °C, 96 h. 110 °C. Compounds 14—19, 21, and 23 were prepared with 11;
compounds 20, 22, and 24—28 were prepared with 12. General reaction conditions: f-p-glucose 8 (1.5 equiv), sulfur electrophile (1 equiv), CuCl

(3 equiv), anh. m-xylene:(CH,Cl), (2:1, 3.0 mL) under N,, 130 °C,

96 h.

reaction improvement and led us to focus our concluding
optimization studies on finding the ideal stoichiometry of the
coupling partners. We reasoned that, under oxidative
conditions, the thiol byproduct generated over the course of
the reaction could be recycled into a disulfide, which would
allow for only 0.5 equiv of the sulfide electrophile to be used.
Thus, when we attempted the cross-coupling reaction in an
open flask using 9a (0.50 equiv), CuCl (3 equiv), and 8 (1
equiv), 10 was isolated in 58% (data not shown). The sole role
of air in this process was to dimerize a thiol into a disulfide,
and because these conditions also afforded exclusive anomeric
control, we excluded the possible intermediacy of a radical
organocopper species. This protocol ensures full consumption
of the thiol and offers an alternative to reactions where
modifications of the thiol with another leaving group could be
problematic.

The optimized conditions were applied to reactions with j-
D-glucose stannane 8 and various disulfides 11 and
succinimides 12 (Scheme 2). For simple and commercially
available thiol substrates, disulfides 11 were used with 3 equiv
of CuCl in a mixture of m-xylene and 1,2-dichloroethane.

18143

These conditions afforded aryl glycosides containing electron-
withdrawing (14) and electron-donating (15—20) groups on
the aromatic ring, along with polysubstituted (21, 22) and
polycyclic (23) aryls. For the reactions forming alkyl glycosides
24-27, we found that N-sulfenylsuccinimides 12 were better
suited based on the improved yields, the ability to use catalytic
amounts of copper, and the ease of preparation of complex
substrates (e.g., 27). We also found that the addition of a bulky
phosphine ligand (JackiePhos) helped to stabilize the putative
anomeric organocopper intermediate by preventing elimina-
tion of the C2 substituent, which allowed for an increase in the
reaction yields. Additionally, the reaction of a succinimide
derived from d-tocopherol furnished the S-linked glycoside 28,
demonstrating the potential value of the cross-coupling
method for late-stage functionalization.

Further studies were aimed at establishing the generality of
the cross-coupling method with different saccharides (Scheme
3). A series of monosaccharide nucleophiles was prepared for
each anomer and subjected to the optimized conditions from
Table 1 using p-methoxyphenyl disulfide 30 or succinimide 31
as the common electrophile. We were pleased to find that the

DOI: 10.1021/jacs.8b11211
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Scheme 3. Reaction Scope of Mono- and Disaccharides: Carbohydrate Diversity Explored with (PMPS), or N-(4-

Methoxyphenyl)sulfenylsuccinimide as the Sulfur Electrophiles
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31 (1.5. equiv), CuCl (50 mol %), JackiePhos (55 mol %), KF (3 equiv), 1,4-dioxane (3.0 mL), 130 °C, 96 h. General reaction conditions: 29
(1.5 equiv), (PMPS), 30 (1 equiv), CuCl (3 equiv), anh. m-xylene:(CH,Cl), (2:1, 3.0 mL) under N,, 130 °C, 96 h.

general conditions were operational for both anomers of p-
glucose (33), p-galactose (34, 35), as well as the a-anomer of
p-mannose (36), all proceeding with retention of configuration
for each substrate. Moreover, the nature of the protective
group had no impact on the selectivity, and groups commonly
used in preparative carbohydrate chemistry such as esters (37,
38), and silyl (39) and benzyl ethers (40, 41) were also
tolerated. We ultimately employed benzyl groups in many of
our examples because they are highly convenient for the
preparation and manipulation of anomeric nucleophiles.
Historically, the removal of benzyl ethers has required harsh
conditions, potentially rendering their use incompatible with
sensitive groups such as the C—S linkage. Cognizant of this
restraint, we were able to demonstrate that benzyl groups in
the thioglycosides (e.g, 10) could be removed without
cleavage of the C—S bond and concomitant C1-epimerization
using a strong Lewis acid (BCly) in the presence of a
carbocation scavenger (mesitylene) in 71% (for details, see the
SI). This protocol, in addition to other known methods for the
debenzylation of thioglycosides,*' could be easily extended to
other S-linked glycans.

2-Deoxy glycosides, notorious for their reluctance toward
stereocontrolled manipulations,”** were easily prepared from
the corresponding stannanes 42 and 43 in synthetically useful
yields. Similarly, other electron-rich monosaccharides such as
L-fucose (44), L-quinovose (45), and even a pentose (p-

arabinose 46) furnished the corresponding thioglycosides with
a complete transfer of anomeric configuration. Encouraged by
these results, we also tested reactions with disaccharides. In
addition to maltose 47 and lactose 48, which were viable
substrates in this coupling, the C2-linked disaccharide
sophorose also underwent smooth conversion into S-linked
disaccharide 49 despite possessing a heavily congested
anomeric position. We believe the preparation of 49 strongly
highlights the utility of the presented glycosyl thiol coupling
since other methods frequently used to install glycosidic
linkages in high selectivities often rely on neighboring-group
participation and, considering the poor anomeric preferences
exerted by 1,2-linked disaccharides together with the lack of
participating group at C2, this particular synthesis would
present them with a formidable challenge.

S-linked glycosides are frequently employed as surrogates of
O-linked glycans due to their increased hydrolytic stability**
and retention of conformational preferences similar to the
natural cognates.'””> We found consistently high anomeric
selectivities in reactions using 6-thio-6-deoxy-p-glucose,
modified at C6 with a succinimide group, which resulted in
the formation of @- and f-linked glycosides 51—56 (Scheme
4a). We reasoned that the synthetic endeavor might be
unnecessarily complicated by the preparation of symmetrical
disulfide glycosyl donors, and oxidative conditions under air or
oxygen to regenerate the disulfide might produce suboptimal

DOI: 10.1021/jacs.8b11211
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Scheme 4. (a) Scope of Reactions with Various Mono- and Disaccharides; (b) Conjugation of Saccharides via Sulfur in
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“KF (3 equiv). “29 (1.0 equiv), 12 (1.5 equiv), CuCl (50 mol %), Jackie

Phos (55 mol %), 1,4-dioxane (3.0 mL), 90 °C, 96 h. General reaction

conditions: 29 (1.5 equiv), 12 (1.0 equiv), CuCl (50 mol %), JackiePhos (55 mol %), 1,4-dioxane (3.0 mL), 130 °C, 96 h.

results, especially for those disulfides derived from congested
(e.g, C4) thiols. A more challenging reaction with the
succinimide at the axial position resulted in a diminished but
synthetically useful yield of §7 (54%). An accessible C4
equatorial N-sulfenylsuccinimidate of D-glucose was coupled
with f and @ anomers of D-glucose and D-galactose to smoothly
furnish disaccharides $58—60 in improved yields (55—61%).
With this protocol we were able to prepare a precursor to
thiocellobiose (58), an inducer of cellulose-degrading
enzymes.” Finally, reactions with sensitive thiol electrophiles
at C1 are particularly interesting and allow for access to 1,1-S-
linked glycans with exclusive selectivities for both anomers
(61—63). The synthesis of this unique class of disaccharides
demonstrates yet another important feature of the glycosyl

18145

cross-coupling platform; the electronic effects of various
protective groups in either the glycosyl donor (i.e., stannane)
and the acceptor (i.e., (di)sulfide) do not bear any impact on
the yield or selectivities. This observation stands in striking
contrast to more classical glycosylation reactions where
reactivity differences form the conceptual basis for armed-
disarmed reactivities of various glycosyl donors.*®

Next, we expanded the cross-coupling protocol to reactions
with amino acids and peptides (Scheme 4b). In addition to
natural S-linked glycopeptides, cysteine glycosylation is an
established method for the glycodiversification of peptides and
proteins, providing entry into wide scope of glycoconjugates
with improved stabilities and activities.'* While many methods
are available for glycopeptide and glycoprotein synthesis, their
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scope is often limited to reactions with the f-anomers of C1-
thiols.” With the newly developed glycosyl thiol coupling,
access to both configurations is possible as exhibited in the
synthesis of @- and f-linked cysteine derivatives 64 and 65.
Furthermore, we demonstrated that disaccharide 66 and
dipeptide 67 underwent smooth conversion into the
corresponding f-linked cysteine glycoconjugates in 36—62%
yield. Our concerns that the peptide substrates could be
incompatible with elevated reaction temperatures causing
epimerization at the a-carbonyl through the probable
elimination of the anomeric thiol followed by addition to the
a,f-unsaturated system were unwarranted. This undesired
pathway was completely suppressed by lowering the reaction
temperature to 90 °C, allowing for glycoconjugates 64—67 to
be isolated as a single diastereomer in each case. On the basis
of these encouraging results, we believe the developed method
is suitable for the late-stage coupling of fully assembled
oligopeptide chains, thus providing an unprecedented
opportunity to pursue bioconjugation of therapeutics and
biologics.

To further highlight our method’s potential in general
biodiversification, we pursued the synthesis of thioacetals and
thioaminoacetals derived from unfunctionalized heterocyclic
building blocks (Scheme $). The general conditions optimized

Scheme S. Cross-Coupling with Unfunctionalized
Heterocycles®

O CuCl (10 mol%)
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“68 (1.0 equiv), 30 (1.5 equiv). 768 (1.0 equiv), 30 (2.0 equiv), Cul
(10 mol %), LiF (3 equiv), 1,4-dioxane (2.0 mL). “General reaction
conditions: 68 (2.0 equiv), 31 or 69 (1.0 equiv), CuCl (10 mol %),
KF (55 mol %), KF (3 equiv), toluene (2.0 mL), 130 °C, 96 h.

for complex substrates were successfully translated to oxygen-
bearing saturated heterocycles 71—74. We were also able to
demonstrate that these conditions were compatible with N-
heterocyclic substrates and successfully merged pyrrolidine-

and azetidine-derived a-aminostannanes 75 and 76 with
disulfide 30. Thioaminoacetal 76 is a noteworthy example
given the presence of this structural element in pS-lactam
antibiotics. In these reactions, addition of KF (3 equiv) was
critical to achieve high yields despite being unnecessary in the
correlative reaction using saccharides. We postulated that the
fluoride source must play an important role in activating the
Cl-tin, as it is comparatively less reactive in simple
tetrahydropyran and tetrahydrofuran substrates, which lack
oxygen substitution and are thus considered more electron-rich
in nature. Additionally, the ability of the benzyl groups at the
neighboring positions in protected saccharides to stabilize the
anomeric organocopper cannot be ruled out.*’

The high anomeric selectivities produced by the C—S cross-
coupling reactions prompted us to undertake mechanistic and
computational studies summarized in Schemes 6—9. From the
outset of the investigations, we excluded the possibility that,
under the optimized conditions with either a disulfide or N-
sulfenylsuccinimide donor, the cross-coupling proceeds via
radical intermediates.”*~>" The consistently high diastereose-
lectivities observed for both anomers suggested no intercession
of radical species and control studies of the reactions involving
8 with disulfide 9a or succinimide 9b in the presence of a
radical scavenger (1,1-diphenylethylene, 1 equiv; for details,
see the SI) had no impact on yield or selectivity, confirming
our initial assumption. Additional experimental results lead us
to propose that the C—S bond-forming step occurs intra-
molecularly. We base this assertion on the cross-coupling
reaction of disulfide 9a or succinimide 9b in the presence of
thiol 77, which resulted in the exclusive formation of 10. This
result indicates that (a) the sulfur ligands at the copper center
do not undergo exchange with external thiols; (b) the
formation of a C—S bond occurs via reductive elimination
from the copper intermediate as opposed to substitution at C1;
and (c) under the reaction conditions, disulfide 77 does not
partake in a thiol exchange with 9a or 9b to form mixed
disulfide 4-MeOCH,S-SC¢H (Scheme 6). We also estab-
lished that weakly coordinating solvents (e.g., 1,4-dioxane, t-
BuOH) diminish the anomeric selectivity by facilitating the
dissociation of copper from C1. This result stands in contrast
to the C—C cross-coupling process in which no scrambling of
stereochemistry was observed regardless of the solvent used.’”
The loss of stereochemical integrity could be averted by
inclusion of JackiePhos, which, in addition to suppressing the
elimination of the C2 group (e.g, OBn), restores high
anomeric selectivities for reactions involving either anomer
and functions to stabilize Cu(III) species. This beneficial effect
is likely caused by facilitating the reductive elimination step
from a short-lived anomeric Cu(III) intermediate (vide infra).

Scheme 6. Competition Experiments between Disulfide 9a and N-Sulfenylsuccinimide 9b in the Presence of External Thiol 77

. . @]
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Taken together, we propose that the Cu(I)-mediated
stereoretentive C(sp3)—S cross coupling proceeds via an
oxidative addition of anomeric organocopper species 78 across
the S—S or S—N bond leading to the formation of Cu(III)
species, 79 (Scheme 7).”" Intermediate 79 then undergoes a

Scheme 7. Proposed Mechanism of Stereoretentive C(sp>)—
S Cross-Coupling

9 o
mSR' mSnB%
81 N 78
o $R® o
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80 L 79
X = SR', NR' R'S-SR' or R'S—-NR,

reductive elimination to form the new C—S bond in 80,
which releases a thiol or imide byproduct and restores a Cu(I)
catalyst. In the presence of an external oxidant, such as O,, the
thiol generated is dimerized into a disulfide that can reenter the
catalytic cycle. This mechanistic proposal is consistent with in
silico studies,”® and the free energy diagrams describing the
most favorable pathways for the Cu(I)-catalyzed C(sp®)—S
cross coupling of fB- and a-p-glucosyl stannanes with N-
phenylsulfenylsuccinimide 9b are shown in Scheme 8 and 9.
With the f-stannane (Scheme 8), the initial glucose-CuCl
complex intl undergoes a sequential oxidative addition via
TS2 to give int3 followed by a reductive elimination via TS4 to
achieve the overall transmetalation and furnish glycosyl
cuprous intermediate intS. The formation of this organocopper
species is endergonic, with a Gibbs free energy difference of
+13.4 kcal/mol between intl and intS. Despite extensive

efforts, the cyclic concerted transmetalation transition state
could not be located. Subsequent transformations of
intermediate int$ involve a ligand exchange with 9b to form
succinimide-coordinated intermediate int7 followed by an
oxidative addition via five-centered transition state TS8, which
results in the cleavage of the S—N bond and the formation of
int9. The imide carbonyl assists the oxidative transformation of
Cu(I) into Cu(IIl), presumably by its ability to stabilize
copper centers in high oxidation states. The structural
instability of int9—due to the highly oxidized Cu center—
causes a rapid, heterolytic dissociation of the C—Cu bond via
TS10 and, facilitated by a charge transfer concurrent with
bond cleavage, results in equatorial organocopper intl1 with a
reduced Cu(I) center. While complex intll displayed
noticeable ion-pair character, we presumed the overall
likelihood of full separation between the glycosyl moiety and
metal—which would result in loss of anomeric configuration—
was small.>* Results from additional studies on the dissociation
of intll and int26 into neutral radical species intl$ and
copper complex intl4 supported this hypothesis; the trans-
formations from int9 and int26 required +20.5 and +16.8
kcal/mol, respectively, to generate the corresponding prod-
ucts—an endergonicity that seemed too high to make such
pathways feasible (Schemes 8 and 9). Furthermore, we
determined that the dissociations of intll and int26 into
two, separated ions were equally as improbable given that they
were even more endergonic and significantly less favorable (for
details, see the SI). The subsequent three-centered C—S bond
formation proceeds through an early transition state TS12,
which has a shallow barrier of only 3.4 kcal/mol and also
precludes the anomerization of int11. The rapid conversion of
int9 into intl3 is reminiscent of a C-heteroatom reductive
elimination with well-defined aryl-Cu(III) complexes studied

Scheme 8. DFT-Computed Free Energy Profile of Cu(I)-Catalyzed C(sp®>)—S Cross-Coupling of f-Glycosyl-stannanes
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Scheme 9. DFT-Computed Free Energy Profile of Cu(I)-Catalyzed C(sp*)—S Cross-Coupling of a-Glycosyl-stannanes
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by Rivas and Stahl.>**> On the basis of the Gibbs free energy
profile, the rate-determining step of the stereoretentive glycosyl
C(sp®)—S cross-coupling is the oxidative addition of N-
sulfenylsuccinimide with an overall barrier of 27.2 kcal/mol.

The mechanism of the C(sp®)—S cross-coupling with a-
glucosyl substrate is similar to the reaction pathway computed
for the 8 anomer (Scheme 9). The initial transformations of
Cu-succinimide complex int16 into int22 are comparable in
profile to the equatorial stannane. However, the rearrangement
of int22 into unstable int24 is more facile than the analogous
step with the f glucoside, with a calculated activation barrier
4.7 kcal/mol less than the corresponding value for the S
pathway. The lower barrier for this conversion, which is also
the rate-determining step, could be attributed to the
destabilizing interactions in int22 originating from a 1,2-cis
arrangement of the C2-OMe group and the anomeric copper
center. Finally, to complement the studies on the redox
pathway, we also considered an alternative mechanism in
which anomeric organocopper intermediates int7 and int22
form the C—S bond through a nucleophilic substitution at the
sulfur center without a change in oxidation state of the metal.
However, a relevant transition state could not be located
despite extensive efforts.

The C—S cross-coupling with disulfide donors was also
investigated computationally, and the overall reaction profiles
are strikingly similar to the computed pathway with N-
sulfenylsuccinimide with the oxidative addition step across a
S—S bond in intermediates int5 and int20 being the rate-
determining step (data not shown).

B CONCLUSIONS

In conclusion, we have presented a stereoretentive method for
the formation of a C(sp®)—S bond and its applications in the
synthesis of chiral thioacetals and thioglycosides. This novel
reaction is characterized by a uniformly high transfer of
configuration from the glycosyl donor to the product under
standardized conditions and is compatible with a multitude of
functional groups. The electrophilic sulfur component, in the
form of a disulfide or succinimide, can be installed into a wide
range of small molecules, including various saccharides and a
selection of peptides, making this method suitable for late-stage
glycodiversification. Furthermore, the availability of anomeric
nucleophiles in either configuration offers unprecedented
access to a chemical glycosylation platform that accommodates
the predictable and programmable preparation of both
anomers. A combination of experimental and theoretical
studies established that the transfer of anomeric configuration
and the generation of glycosyl copper species involves
sequential oxidative addition and reductive elimination steps,
which are both stereoretentive in nature. Once the glycosyl
copper intermediate undergoes the oxidative addition, the
lifetime of the anomeric organocopper(III) species is too short
for epimerization at the anomeric center due to the low
barriers of C—Cu bond cleavage and C—S bond formation.
Taken together, the C(sp®)—S cross-coupling method estab-
lishes a novel mechanistic platform for the discovery of
stereoretentive reactions in preparative carbohydrate chemistry
and beyond.
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