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Sulfenylnitrene-mediated nitrogen-atom insertion
for late-stage skeletal editing of N-heterocycles
Bidhan Ghosh†, Prakash Kafle†, Rishav Mukherjee†, Randall Welles, Deacon Herndon,
Kenneth M. Nicholas, Yihan Shao, Indrajeet Sharma*

Given the prevalence of nitrogen-containing heterocycles in commercial drugs, selectively incorporating a
single nitrogen atom is a promising scaffold hopping approach to enhance chemical diversity in
drug discovery libraries. We harness the distinct reactivity of sulfenylnitrenes, which insert a single
nitrogen atom to transform readily available pyrroles, indoles, and imidazoles into synthetically
challenging pyrimidines, quinazolines, and triazines, respectively. Our additive-free method for
skeletal editing employs easily accessible, benchtop-stable sulfenylnitrene precursors over a broad
temperature range (−30 to 150°C). This approach is compatible with diverse functional groups, including
oxidation-sensitive functionalities such as phenols and thioethers, and has been applied to various
natural products, amino acids, and pharmaceuticals. Furthermore, we have conducted mechanistic
studies and explored regioselectivity outcomes through density functional theory calculations.

S
caffold hopping, first introduced by
Schneider and colleagues (1), began as
a virtual strategy in drug discovery to
identify novel pharmacophores by mak-
ing simple structural modifications that

alter a molecule's biological and pharmaco-
logical properties (2, 3). In recent years, several
scaffold hopping methods have been devel-
oped for the direct editing of drug molecules.
(4). Among them, skeletal editing has taken
center stage as it modifies the molecular frame-
works by adding or removing individual atoms
(5). In the late-stage functionalization of scaf-
folds, notable progress has been achieved by
editing carbon, nitrogen, or oxygen atoms with-
in a skeleton (5–12). This process enhances the
chemical diversity of existing libraries, allow-
ing access to uncharted regions of chemical
space in drug discovery (13).
Nitrogen atoms play a pivotal role in medic-

inal chemistry and drug development (14, 15).
For example, pyrroles, indoles, and imidazoles are
prevalent nitrogen-containing heterocycles, and
direct incorporation of a single nitrogen atom
into these structures offers a straightforward
route to synthetically challenging heterocycles
(quinazoline, pyrimidine, or triazine) without al-
tering the rest of the molecule. Therefore, incor-
porating a single nitrogen atom could enhance
late-stage diversification by adding key phar-
macophores to drug discovery libraries (16).
The strategy of N-atom insertion into an

aromatic compound goes back to 1964 when
ammonium chloride was used as the source
for a single nitrogen atom in the presence of
oxidizing agents (17) (Fig. 1A). Despite advances
in direct N-atom insertion (18–28), most meth-
ods rely on nitrene intermediates that require
harsh reaction conditions to generate, involv-

ing heavy metals (25) or excessive use of po-
tent oxidizing (24) or pyrophoric reagents (28),
which constrains synthetic applicability. Ad-
ditionally, some methods require the protection
of free nitrogen in substrates such as indoles,
necessitating a separate prefunctionalization
step (27). Moreover, the direct insertion of
nitrogen atoms into pyrroles, azaindoles, and
imidazoles remains underexplored, with only
a limited number of reports (28, 29).

Reaction development

Motivated by the potential of nitrenes bearing
a leaving group to incorporate a single nitrogen
atom,we aimed to uncover amild protocol that
does not depend on oxidizing agents. Our in-
vestigation led us to sulfenylnitrenes, which
possess a thio-functionality known for its leav-
ing group capabilities. Despite their discovery
in 1967 (30), these nitrenes have not been ex-
tensively explored (23, 31–35). Following a
comprehensive literature survey, we identi-
fied sulfenylnitrene precursors (SNPs) SNP-
1, SNP-2, and SNP-3, capable of generating
sulfenylnitrenes over a broad temperature range
(Fig. 1B). These thermal precursors have only
been used in a fewprior reports on aziridination
(32, 33, 36, 37).
Building upon the literature precedents, we

hypothesized that the aziridine intermediate
featuring an inbuilt thio-moiety as a leaving
group would facilitate ring expansion and
enable the selective incorporation of a single
nitrogen atom. The S–N bond length in sul-
fenylnitrenes is approximately 1.51 Å, indi-
cating the double bond character between
sulfur and nitrogen (32). This implies that the
metallomimetic properties of sulfur not only
stabilize sulfenylnitrenes but also modulate
their reactivity for a variety of synthetic trans-
formations (Fig. 1B).
To insert a single nitrogen atom into pyrroles,

indoles, and imidazoles, we envisioned using

benchtop-stable precursors of sulfenylnitrenes,
SNP-1, SNP-2, and SNP-3. These precursors
allow the generation of nitrenes under additive-
free conditions over a broad temperature range
(−30 to 150°C) as described in Fig. 1B (see fig.
S8 in the SM for differential scanning calo-
rimetry analyses).
Our optimization studies commenced with

the use of symmetric 2,5-diphenyl pyrrole 1a as
the model substrate to overcome the regiose-
lectivity challenge. We employed two equiv-
alents of SNP-1, which was generated in situ
by the reaction of triphenyl sulfanenitrile with
commercially available 2,4-dinitrobenzenesul-
fenyl chloride at low-temperature using dichlo-
romethane as a solvent (Fig. 2A), following
literature precedent for the aziridination (37).
The reaction produced the corresponding py-
rimidine 2a at −30°C, albeit in amodest yield
(15%, entry 1). To enhance the yield, we switched
to chlorobenzene as the solvent, inspired by
its successful application in aziridination by
Atkinson and coworkers (35), and the yield
improved to 30%. Further raising the reaction
temperature to 0°C resulted in an increased
yield of 50%; however, temperatures above
this led to increased byproduct formation.
We next examined the reaction with SNP-2.
In this case, acetonitrile was initially chosen as
the solvent, following the literature precedent
for aziridination (32). Notably, the reaction
resulted in the formation of the corresponding
pyrimidine 2a in 77% yield (Fig. 2B, entry 1).
Changing the solvent to dichloromethane or
toluene did not substantially improve the yield
(entries 2 and 3). However, using chloroben-
zene as the solvent led to a nearly quantitative
yield of pyrimidine 2a (99%) (entry 4).
We also tested industrially preferred solvents,

including esters and alcohols, and found that
the reaction proceeded in both with moderate
yields (entries 5 to 8). Finally, we screened 1 and
1.5 equivalents of SNP-2 precursors, but this
resulted in slightly lower yields and left some
pyrroles unreacted (entries 9 and 10). Moving
forward, we investigated the reactivity of var-
ious SNP-3 precursors in the N-insertion
reaction with pyrrole 1a (Fig. 2C). Three dis-
tinct nitrene precursors were synthesized and
treated with pyrrole 1a. SNP-3a demonstrated
a moderate yield (70%) at 100°C (33) when
chlorobenzene was used as the reaction solvent
(entry 1). By contrast, SNP-3b and SNP-3c ex-
hibited better reactivity with pyrrole 1a, yielding
the desired pyrimidine 2a in nearly quantitative
yield, with chlorobenzene as the solvent (entries
2 and 3). The decomposition temperatures of
SNP-3b and SNP-3c were determined to be
120°C and 150°C, respectively. Other aromatic
solvents, such as toluene and xylene, provided
slightly lower yields (entries 4 and 5). However,
the industrially preferred solvents (esters and
alcohols) provided moderate yields of the de-
sired pyrimidine 2a (entries 6 and 7).
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We selected SNP-3b as the optimal nitrene
precursor due to the generation of sublimable
naphthalene as a byproduct, easing the purifica-
tionprocess at scale. Additionally,SNP-3b canbe
easily synthesized at a large scale (~10 to 20 g) in
three simple steps (see SM for additional details).

Scope and application of N-insertion
into pyrroles

With these optimized conditions, we next in-
vestigated the scope and regioselectivity of
pyrroles (Fig. 3A). The N-insertion preferen-
tially occurs adjacent to electron-donating over
electron-withdrawing substituents. For in-
stance, a pyrrole featuring an aryl group at the
3-position and various electron-withdrawing
substituents at the 4-position consistently pro-
duced the corresponding pyrimidine in good
to excellent yields favoring N-insertion next
to the aryl side (2b to 2f). We observed that a

highly oxidation–sensitive thioether functional
group underwent the expansion reaction smooth-
ly with a satisfactory yield (2g). Next, various
3-substituted pyrroles were subjected to the
reaction conditions, and theN-insertion pre-
dominantly occurred from the substituted side
of pyrrole. We observed that phenyl rings bear-
ing electron-donating and electron-withdrawing
groups at the 3-position of pyrrole did not
affect the regioselectivity outcome (2h to 2l).
As anticipated, 3-naphthyl-pyrrole produced the
corresponding pyrimidine in high yield (90%)
with 1:5 regioselectivity (2m). We observed that
di- and tri-substituted pyrroles predominantly
yielded a single regio-isomer, favoring themore
substituted position (2n to 2r). A pyrrole deri-
vative featuring an 8-membered carbocycle
furnished the corresponding pyrimidine in high
yield (2o). We observed that tri-substituted pyr-
roles bearing a methyl ester and a carboxylic

acid functionality were compatible (2p and 2q).
Furthermore, pyrrole with a Boc-protected
aromatic amine underwent the ring expansion
reaction with a nearly quantitative yield (2r),
highlighting the robustness of this method.
Pyrroles with electron-withdrawing esters
provided lower regioselectivity, favoring the
electron-rich side (2s to 2t).
To further expand the utility of this methodol-

ogy, we applied it to complex bioactive pyrroles
(Fig. 3B).We found that a carbohydrate-bound
pyrrole was compatible preserving the stereo-
chemistry at the sensitive anomeric acetal
functionality (2u). The reaction also proved
effectivewith fenpiclonil, an agricultural phenyl-
pyrrole fungicide (38), yielding the expansion
product in a good yield (2v). Additionally, the
antipsychotic drug elopiprazole (39) demon-
strated compatibility with the reaction, provid-
ing a yield of 72%, with only one regioisomer

A

B

Fig. 1. Background and design. (A) Literature precedents for single N-atom insertion using nitrenes. (B) Our design using sulfenylnitrenes generated from SNPs to
achieve tunable, protecting group-free single N-atom insertion over a broad temperature range (−30 to 150°C).

A C

B

Fig. 2. Optimization of the N-insertion reaction. (A) to (C) Reactions were carried out on a 0.03 to 0.1 mmol scale in a sealed vial with 2.0 equiv. of SNPs. *Yield
was determined by 1H-NMR using 1,3,5-trimethoxybenzene as an internal standard. †1 equiv. of SNP-2 was used. ‡1.5 equiv. of SNP-2 was used.
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obtained (2w). Furthermore, fludioxonil, a
fungicide used for seed treatment (40), was
successfully transformed to the correspond-
ing pyrimidine (2x). Finally, a trimethoxy-
phenyl substituted pyrrole, recognized as an
antitumor agent (41), successfully expanded

into the corresponding pyrimidine (2y) with
a high yield of 88%.

Application to indole and azaindole scaffolds

Next, we harnessed the potential of sulfenyl-
nitrenes to add a single N-atom to indoles, an

important motif in numerous bioactive mol-
ecules (42) (Fig. 4A). Contrary to the literature
reports, in which indole N-protection was nec-
essary for the N-insertion, our methodology did
not require any protection (27). This methodology
accommodated various indoles, bearing both

A

B

Fig. 3. Scope and regioselectivity. (A) Reaction with pyrroles. Conditions: 1 (1 equiv.), SNP-3b (2 equiv.), chlorobenzene (0.1 M), 120°C, two hours. Reactions were
carried out on a 0.03 to 0.1 mmol scale and yields reported are isolated yields, except for the products having regioisomeric ratios, which were determined by 1H-NMR
using 1,3,5-trimethoxybenzene as an internal standard. (B) Application to complex pyrroles.
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electron-donating and electron-withdrawing
groups, and provided the corresponding quin-
azolines in good to high yields (4a to 4i). The
method also exhibited compatibility with the
oxidation-sensitive functionality phenol (4j),
which was incompatible with the existing meth-
ods as they require potent oxidizing agents. An
indole containing a Boc-protected amine was
compatible (4k). The reaction with tosyl-protected
tryptamine (3l) provided the corresponding
pyrroloindoline 5 as a single diastereomer in
high yield. Mechanistically, the opening of the
aziridine intermediate was favored over ring
expansion, occurring from the same side of the
aliphatic chain at the 3-position of tryptamine,
resulting in exclusive cis-selectivity (see SM for
additional details). This suggests that sulfenyl-
nitrenes can also be used to access bioactive
pyrroloindolines, a diverse family of structurally
complex polyindoline alkaloids derived from
various natural sources including amphibians,

plants, and marine algae (43). Additionally, the
N–S bond of the thioether functionality was
easily cleaved through reduction with sodium
borohydride. To avoid the cyclization product
pyrroloindoline, we used phthalimide-protected
tryptamine and tryptophan and transformed
them into their respective quinazoline pro-
ducts (4m and 4n), thereby providing ac-
cess to previously underexplored unnatural
amino acids and their derivatives (44). We
also attempted the reaction with 2-deuterated
indole to understand the mechanism fur-
ther. As expected, no loss of deuterium was
observed in the product (4o), supporting
the mechanistic hypothesis described in the
computational simulations (see Fig. 5C and
fig. S9).
We further demonstrated the potential of

this method for synthesizing readily acces-
sible starting materials for medicinally rele-
vant compounds, such as the anticancer agents

erlotinib and gefitinib (45), which could aid
in developing a robust library of drugs leads.
To access their analogs, a substituted indole
bearing a thioether functionality 3q was trans-
formed into quinazoline 4q, which could be
readily converted into erlotinib or gefitinib
analogs as outlined in the literature (46) (Fig.
4B). Biotinylated indoles serve as bifunctional
probes for detecting indole-binding proteins,
which are integral to numerous biological pro-
cesses (47). Additionally, 23% of newly FDA-
approved small-molecule drugs from 2013
to 2023 feature sulfur moieties (48). To dem-
onstrate the compatibility with oxidation-
sensitive sulfur-containing complex substrates,
a biotin-containing indole 3r was successfully
transformed into the corresponding quinazoline
4r with good yield. The reaction also showed
effectiveness with methionine-derivatized in-
dole 3s. These results showcase the compat-
ibility of our nitrene reaction conditions with

A

B

Fig. 4. Application to indoles and azaindoles. (A) Scope of indoles. Conditions: 3 (1 equiv.), SNP-3b (2 equiv.), chlorobenzene (0.1 M), 120°C, two hours. Reactions
were carried out on a 0.03 to 0.1 mmol scale and yields reported are isolated yields. (B) Application to complex indoles. (C) Application to azaindoles.
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various functionalities including urea, amide,
and thioether.
Furthermore, azaindoles are crucial core

structures in pharmaceuticals and natural
products, widely used in various areas of
medicinal chemistry (49). However, existing
N-insertion methods have proven inadequate
for expanding azaindoles. Our methodology
successfully expanded azaindoles to the cor-
responding 1,3,8-triazanaphthalenes (Fig. 4C;
4t and 4u) with high efficiency. We observed
that a phenol-containing azaindole 3v, a
DYRK1A inhibitor (50), underwent a smooth

N-insertion reaction, furnishing the desired
product in high yield.

Application to imidazoles, relative reactivity
studies, and computational calculations

Following the successful implementation of
N-insertion into pyrroles and indoles, we also
extended its application to imidazoles (Fig. 5A).
We observed that various aryl-substituted im-
idazoles smoothly converted into the corre-
sponding 1,3,5-triazenes, a privileged motif in
drug discovery (8a to8f). Lophine, a chemilumi-
nescent molecule known for its prolonged lumi-

nescence, readily underwent expansion in
excellent yield (8e). Additionally, the phthalimide-
protected L-histidine methyl ester (7g) was
successfully transformed into the correspond-
ing unnatural triazine amino acid (8g) at the
gram scale (Fig. 5B).
We also investigated the relative reactivity

of pyrrole, indole, and imidazole with sulfenyl-
nitrene precursor SNP-3b. Combinations of
equimolar amounts of pyrrole (1a), indole (3f),
and imidazole (7f) were subjected to the stan-
dard reaction conditions with 1.0, 2.0, and 3.0
equiv. ofSNP-3b (Fig. 5C). Rate ofN-insertion

A

B

C

D

Fig. 5. Application to imidazoles and relative reactivity studies. (A) Applications to imidazoles. Conditions: 7 (1 equiv.), SNP-3b (2 equiv.), chlorobenzene
(0.1 M), 120°C, two hours. Reactions were carried out on a 0.03 to 0.1 mmol scale and yields reported are isolated yields. (B) Gram-scale synthesis of unnatural amino
acid. (C) Relative reactivity studies of pyrrole, indole, and imidazole. (D) Computational calculations. Free energy profile for reaction of 3-Ph pyrrole with sulfenylnitrene
SNP-3b. Energies are in kcal/mol; atomic colors are as follows: C, gray; O, red; N, blue; S, yellow; H, light gray.
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with 1.0 and 2.0 equiv. SNP-3b followed the or-
der imidazole > pyrrole > indole (see figs. S21 to
S23 for details). Notably, 3 equiv. of SNP-3b
fully converted all combinations to the desired
products.
Finally, we sought to elucidate the pathway

forN-insertion to pyrroles by conducting density
functional theory (DFT) calculations (B3LYP//
6-31G(d)//D3-BJ//SMD-PhCl), resulting in the
energy profile shown in Fig. 5D. The reaction
begins with the rate-limiting release of 2,4-
dinitrophenylsulfenylnitrene, likely a ground
state singlet, from the precursorSNP-3b (DG*=
31 kcal/mol, not shown). The sulfenylnitrene
can react with a substituted pyrrole through
asymmetric dipolar transition states TS-1a or
TS-2a to form aziridine-1 or aziridine-2. In
this asynchronous concerted process, C2/C5-
bond formation precedes C3/C4-bond forma-
tion. The insertion regioselectivity, which favors
N-attack at C2 over C5, can be explained by the
more effective delocalization of the developing
positive charge in TS-1a by the phenyl group
at the C3 position. The reverse regioselectivity
observed for substrates 2s and 2t can also be
explained by our DFTmodel. Here, the nitrene
will preferentially add to the more electron rich
side of the pyrrole, favoring the dipolar structure
that avoids developing a positive charge adja-
cent to the electron-withdrawing ester group
(see figs. S24 to S31 for details).
These SNPs can be synthesized at a large scale,

highlighting their potential for commercial avail-
ability. Additive-free nitrene generation, an oper-
ationally simple protocol, and good functional
group compatibility highlight the advantages
of sulfenylnitrenes in creating distinct chem-
ical entities to explore the uncharted chemical
space in drug discovery.
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Fe(OTf )3 or Photosensitizer-free blue light
activated diazo-thioglycoside donors for
Iterative and stereoselective glycosylations

Surya Pratap Singh , Umesh Chaudhary , Adrienne Daróczi &
Indrajeet Sharma

Conventional methods for thioglycoside activation often rely on precious and
toxic platinum groupmetals. Here, we report a catalytic glycosylation strategy
employing diazo-thioglycoside donors activated by earth-abundant iron or
photosensitizer-free blue light conditions. It confers orthogonal reactivity
relative to most glycosyl donors, including widely used thioglycosides and
alkyne-based donors, thereby enabling one-pot orthogonal synthesis of gly-
cans. The Thorpe-Ingold-like effect drives the proximity of iron- or blue-light-
generated carbenes to the sulfur atom of thioglycosides. This approach
accommodates diverse protecting groups and nucleophiles. It applies to var-
ious glycosyl donors derived from glucose, mannose, galactose, rhamnose,
xylose, lactose, 2-deoxyamino glucose, and furanose derivatives such as ribose
and arabinose.Moreover, we demonstrate the robustness of thismethodology
through challenging 1,2-cis furanosides, late-stage modifications of biomole-
cules like cholesterol, and the drug simvastatin on a gram scale, along with the
iterative synthesis of challenging hexasaccharides.

Carbenes are versatile reactive intermediates in organic synthesis,
widely employed in various transformations such as cyclopropana-
tions, cycloadditions, X −H, X −R (X=O, N, S) insertions, and cascade
reactions.1–5 Traditionally, diazo compounds have been the most
common carbene precursors, but their activation typically required
harsh thermal conditions, often resulting in limited selectivity.6–13 The
introduction of transition metal catalysis, specifically rhodium14,15 (Rh)
and gold16,17 (Au), has dramatically improved the efficiency of carbene-
based transformations.,14,18–21 However, the reliance on these precious
and platinum group metals [PGMs] presents environmental and
human health concerns,22 posing substantial challenges in developing
sustainable synthetic methods.Q1Q1!Q2!Q2!Q3!Q3!Q4!Q4!Q5!Q5

Iron (Fe) is the second most abundant metal (5%) in the Earth’s
crust, after aluminum (8%),19 and offers a cost-effective and non-toxic
alternative to these precious and platinum group metals [PGMs] in
catalytic processes (Fig. 1a).23–26 Significantly less expensive than pre-
cious metals (Rh, Au) frequently used in carbene chemistry, making it a
more sustainable choice for large-scale applications. For instance,

mining 1 kg of rhodiumand gold produces 35,100 and 12,500 kilograms
of CO2, respectively, while mining the same amount of iron emits only
1.5 kilograms of CO2.27 Moreover, all these PGMs are primarily respon-
sible for global terrestrial acidification, freshwater eutrophication, and
human toxicity, compared to earth-abundant metals like iron,27

underscoring the importance of developing iron-catalyzed organic
transformations. Iron catalysts also operate under milder conditions,
exhibit lower toxicity, and are environmentally benign, making them
attractive in both industrial and academic fields. By utilizing iron in
catalytic transformations, chemists can adopt greener, more cost-
effective methodologies without compromising efficiency or selectiv-
ity. Moreover, using blue light to generate carbenes offers an eco-
friendly approach, further boosting the sustainability of these trans-
formations (Fig. 1a).2,28–30 The iron and blue light-initiated carbene
generation provides a promising platform for developing synthetic
methods that are both cost-effective and environmentally sustainable.

In this context, our group and others have developed carbene-
based transformations using iron catalysis26,31 or blue light.2,32 Focusing
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on applying carbenes in carbohydrate chemistry,33–36 we turned our
attention to thioglycoside activations. Due to their prolonged stability,
thioglycosides are themost widely used glycosyl donors in automated
glycan assembly (AGA). However, the inherent stability of thioglyco-
sides often necessitates the use of stoichiometric amounts of pro-
moters or harsh reaction conditions for activation, limiting their
applicability and compatibility with various functional groups.37–39

Over the past decade, several catalytic strategies have been developed
to overcome the limitations of traditional thioglycoside activation
(Fig. 1c).40–43 Notably, Wan and coworkers introduced an innovative
method in 2019 utilizing rhodium carbenes.44 In their report, once
rhodium carbene reacts with the thioglycoside functionality, it trans-
forms into sulfur ylide. Then, the sulfur ylide gets eliminated to form
oxocarbenium ion, eventually leading to access to the glycosidic lin-
kages. While these methods represent significant advancements, their
reliance on PGMs and precious metals such as Au,40,43 Ag,41 Rh,44 and
Sc,42 along with the requirement of harsh reaction conditions con-
tinues to present challenges for the synthetic community and calls for
more sustainable and environmentally benign alternatives.

The thioaryl group in thioglycoside donors is a valuable func-
tionality in organic synthesis, inspiring the development of numerous
synthetic transformations. A literature survey revealed that

substituted thioether derivatives can reactwith iron-carbenoids or free
carbenes to form unique sulfur ylides. These ylides are crucial inter-
mediates in significant transformations such as the Doyle-Kirmse
reaction,45 [1,2]-Stevens rearrangement,46 and Sommelet-Hauser
rearrangement.2,26 Fasan and coworkers reported the iron carbene-
mediated sulfur-ylide reaction in 2016, utilizing an iron-biocatalyst,
myoglobin (Mb), to produce allylic or allenyl sulfides (Fig. 1b).47 Fol-
lowing Fasan’s pioneering work, only a few other reports have
emerged, notably from Koenigs and colleagues,48,49 Bi and
coworkers,50,51 and the Pan group.52 They further investigated these
iron-bound sulfur-ylides in various transformations.

The reaction between blue light-initiated free carbenes and
thioetherswas reported by Koenigs and coworkers in 2019, where they
demonstrated free sulfur ylide-derived Doyle-Kirmse rearrangement
to produce allylic sulfides.53 Since then, only a few groups have utilized
these free sulfur ylides.54–57 While these iron-bound or free sulfur ylides
have been primarily used to access benzylic or allylic sulfides and
allenes, their potential remains largely untapped. Expanding sulfur-
ylides’ application, mainly through activating thioglycosides (a class of
thioethers) using iron or blue light to synthesize glycosides, represents
a significant advancement in this area.

Fig. 1 | Iron-, or Free-carbenes in organic transformations by activating thioe-
thers. a Generation of iron- or free-carbenes from donor-acceptor diazo’s,
(b) application of thioetherswith carbenes, and our hypothesis, (c)metal-catalyzed
activation of various thioglycoside donors, (d) This work: iron- or free-carbene-

mediated proximity-driven glycosylations. Pg protecting group, MDMPAmethyl 2-
diazo-2-(2-((methyl)phenyl)acetate, Me methyl, Tf trifluoromethanesulfonate, Ph
phenyl, oct octanoate.
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We propose an approach to meet the synthetic community’s
urgent need for more sustainable methods in catalytic stereoselective
glycosylations. We hypothesize that environmentally friendly, iron- or
photosensitizer-free blue-light-promoted carbenes can activate thio-
glycosides via intramolecular pathways, enabling the development of
orthogonal and stereoselective glycosylation strategies under mild
conditions. These approaches offer a milder, more cost-effective
alternative to expensive and environmentally harmful PGMs (Fig. 1d).
These carbene intermediates can fragment to generate an oxocarbe-
nium ion, a key intermediate, and easily removable thioether bypro-
ducts. The mild, carbene-based activation provides orthogonal
reactivity compared to traditional glycosyl donors. The proximity-
driven, intramolecular design will accommodate a range of nucleo-
philes, including primary, secondary, and tertiary alcohols, carboxylic
acids, phenols, and sulfur-based nucleophiles. Ultimately, this meth-
odology will offer a new platform for thioglycoside activation,
enhancing automated glycan assembly (AGA) for synthesizing
oligosaccharides.

Results
Reaction development
In our initial studies, we synthesized perbenzoylated thioglucopyr-
anoside (3a) as a donor, methyl 6-OH tri-O-benzyl glucopyranoside
(2a) as an acceptor, and methyl 2-diazo-2-phenylacetate as a carbene
precursor. We utilized our previously developed diazo-activation
method using Fe(BF4)2•6H2O as a catalyst and NaBArF as an additive.31

As expected, the diazo decomposed and generated iron-carbene.
However, we observed a direct insertion of the acceptor O–H into the
diazo- derived iron carbene, producing product 5 as a major product
and only a minimal amount of the desired product 4aa (see optimi-
zation table S1 from supporting information). After screeningmultiple
iron salts and additives, we found that Fe(OTf)3 was the most opti-
mized catalyst, and camphorsulfonic acid (CSA) was the best additive,
yielding 54% of the desired product. However, there was still a sig-
nificant amount of insertion byproduct (Fig. 2a).

Our exploration of photosensitizer-free blue-light-mediated diazo
activation successfully generated free carbenes. However, the primary

outcomewas the insertion of the carbene into the acceptor O–Hbond,
yielding product 5 as the major product, with only a minor amount of
the desired glycoside 4aa. The direct insertion of a free carbene into
the O–H bond can be explained by the work of Koenigs and
coworkers.58 They demonstrated that free carbenes interact sig-
nificantly with the hydroxyl group through hydrogen bonding, which
prefers the formation of O–H insertion products. These preliminary
findings with both reaction conditions (Fe-catalyst and photo-
chemical) highlighted a competitive interaction between two nucleo-
philic systems within the same reaction vessel. Based on the observed
byproducts and the reduced yieldof the target glycoside, weproposed
a plausible reaction pathway for the intermolecular activation of
thioglycosides (see Figure S-11 in SI for more details). In this pathway,
diazo compounds react with Fe(OTf)₃ to form an iron-carbene inter-
mediate,which then interactswith nucleophiles present in the reaction
mixture, namely the thioglycoside and glycosyl acceptor. This com-
petition leads to relatively low yields of the desired product alongside
significant byproduct formation. Nevertheless, these findings validate
and strengthen our hypothesis of developing a carbene-based meth-
odology for thioglycoside activation. To avoid the directO–H insertion
of acceptor alcohols into carbenes to achieve chemoselective thio-
glycoside activation, we designed an intramolecular thioglycoside
donor featuring a diazo functionality 3b (Fig. 2b).

This donor was synthesized using a readily available, literature-
known glycosyl thiol as the glycosyl donor,59 which reacted with
2-bromomethyl 2-diazo-2-phenylacetate (EDPA) via an SN2mechanism
with triethylamine as the base and acetonitrile as the solvent. We
anticipated that this donor would undergo an intramolecular reaction
with the carbene to form a six-membered sulfonium ylide (either iron-
bound or free), which would then transform into a glycosyl sulfonium
ion, ultimately leading to the formation of an oxocarbenium ion and a
glycosidic bond upon coupling with a glycosyl acceptor (see Figure S-
14 in the SI for mechanistic details). Upon introducing donor 3b and
acceptor 2a to the catalytic conditions of Fe(OTf)₃ without any addi-
tives, we observed the insertion of acceptor 2a into the iron carbene,
producing a major byproduct (7) and yielding only a small amount of
the desired glycoside (4aa). Similarly, irradiation of donor 3b under

Fig. 2 | Reaction development. a Carbene-based iron-catalyzed or blue-light initi-
ated intermolecular activation of traditional thioglycosides for glycosylation, (b)
iron-catalyzed or blue-light initiated intramolecular diazo-based thioglycoside acti-
vations for glycosylation, (c) retrosynthetic analysis for the proximity driven diazo-
based thioglycoside activation. [I] acceptor (0.025mmol), donor (0.037mmol),
Fe(OTf)3 (0.05mmol, 20mol%) or Blue-light (467 nm, 50% intensity), CSA

(0.012mmol), CH2Cl2 (0.05M), and diazo-1 (0.063mmol). [II] acceptor
(0.025mmol), donor (0.050mmol), Fe(OTf)3 (0.05mmol, 20mol%) or Blue-light
(467nm, 50% intensity), and CH2Cl2 (0.05M). Yields in green are for Fe(OTf)3, and
those in blue are for blue light. CSA camphorsulfonic acid, n.d. not detected, Bn
benzyl, Bz, benzoyl, Ph phenyl, Memethyl, Tf trifluoromethanesulfonate, EDPA ethyl
2-diazo-2-phenylacetate, rt room temperature, MS molecular sieves.
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blue light in the presence of acceptor 2a exclusively produced
byproduct 7. These results suggest that, despite the intramolecular
design, the sulfur and diazo groups may not be in close enough
proximity to achieve the desired reaction.

We hypothesize that the linearity of the linker in this donor could
be responsible for the unproductive pathways leading to byproducts
and the low chemoselectivity favoring alcohol over sulfur for carbene
insertion.While preliminary results demonstrated successful glycoside
formation using iron- or blue-light-promoted carbenes, the key chal-
lenge remained the chemoselective activation of the thioglycoside in
the presence of acceptor alcohol.

To enhance chemoselectivity, we propose leveraging the Thorpe-
Ingold-like effect60 to bring the sulfur atom of the thioglycoside and
the carbene closer together.We hypothesize that introducing a phenyl
ring with thioether and diazo groups at the ortho position will address
this issue, promoting chemoselective activation due to the improved
spatial alignment of the reactive centers.

Synthesis of MDMPA thioglycoside donors
After a better understanding of reactivity, we resumed our studies by
synthesizing designed thioglycoside donors. These donors were easily
synthesized using readily accessible glycosyl thiols, which could be
synthesized in two steps from the perbenzoylated glycosyl bromide to
form glycosyl thiourea salt or thioacetate and their hydrolysis. The
crude thiols59 were light brown solid and significantlypure to use in the
last step of donor synthesis, where they were coupled with methyl 2-
diazo-2-(2-(((methylsulfonyloxy)methyl) phenyl) acetate61 (MDMPA) in
an SN2 fashion (Fig. 3).42 These donors were yellow solid and benchtop
stable. Overall, the synthesis of these donors required mainly four
main steps, starting from perbenzoylated sugars, but the purification
was needed only in the last step, producing overall high yields. We

synthesize various classes of glycosyl donors, including D-glucose, D-
mannose, D-galactose, L-rhamnose, D-xylose, lactose, 2-deoxyamino
glucose, D-ribose, and D-arabinose, in good to excellent yields.

Optimization of the reaction conditions
After successfully synthesizing the MDMPA thioglycoside donors, we
optimized the reaction conditions. In our initial studies, we selected
perbenzoylated (disarmed) MDMPAT 3c as the model glycosyl donor
and 2a as the model glycosyl acceptor. Based on previous optimiza-
tions (see optimizationTableS1 fromSI), weused Fe(OTf)3 as a catalyst
at 20mol%, CH2Cl2 as a solvent, and 4Åmolecular sieves for the initial
trial. After stirring the reaction at ambient temperature for 4 h,wewere
delighted to see an excellent yield of the desired product (entry 1,
Table 1). To our delight, the major byproduct (10) and other bypro-
ducts were easily separated from the desired glycoside 4aa by a small
plug of column chromatography (see Figure S-8 in the SI). To under-
stand and determine the exact stereochemistry at the anomeric posi-
tion of the product, we performed the 2D-NMR studies. More
specifically, the coupled 1H,13C-HSQC (Heteronuclear Single Quantum
Coherence) provides the 1JC1-H1 values for the anomeric carbon and
hydrogen. In this case, we found that the 1JC1-H1 value at the newly
formed glycosidic bond was 161Hz, and at the acceptor, the 1JC1-H1
value was recorded 169Hz. These values were consistent with the
standard known values.62We also screened other iron salts as catalysts,
such as Fe(OTf)2 (entry 2) and FeCl2 (entry 3), but after stirring the
reactionmixture for 24h, no product formationwasobserved, and the
starting thioglycoside donor remained unreactive. In the case of FeCl3
(entries 4 and 5) and Fe(BF4)2•6H2O (entry 6), the donor decomposed
into unproductive pathways to produce significant endo glycal (9) as
the major outcome, highlighting the importance of triflate counter
anion in glycosylation reactions.63We also screenedRh2(esp)2 (entry 7)
as a catalyst; the reaction was completed in just 2 h, producing the
major byproducts with no product formation. Superacids such as tri-
fluoromethanesulfonic acid (TfOH) can also decompose the donor-
acceptor diazo and generate carbene, so we performed two experi-
ments with and without molecular sieves (entries 8 and 9). Molecular
sieves quenched the TfOH, and the starting material remained
unreactive, but without sieves, the starting donor decomposed into
undesired products. This experiment was crucial for understanding
the role of iron (III) and the triflate counterion in forming disaccharide
4aa. We then screened various solvents, including THF (entry 10),
CH3CN (entry 11), toluene (entry 12), acetone (entry 13), and ethyl
acetate (entry 14). Among these solvents, toluene was found to pro-
duce the desired compound, but dichloromethane remained the
optimal solvent. We also examined the effect of temperature on the
reaction conditions. We observed that lower temperatures, such as
−20 °C and −10 °C, did not produce a product, but at 0 °C, the product
was observed after a prolonged time of 36 h with slightly lower yields.
We varied the amount of donor and catalyst loading and found that 1.5
equivalents of donor and 20mol% of catalyst were optimal for the
reaction. Then, we also examined the different sizes of molecular
sieves (MS) 3 Å (entry 15) and 5 Å (entry 16). 3 Å molecular sieves work
as efficiently as 4Å MS, while 5 Å MS produces slightly less yield.
Finally, we experimented in the absence of molecular sieves (entry 17),
which also led to a slight decrease in yields, further highlighting the
importance of molecular sieves.

Simultaneously, we optimized the reaction conditions for blue-
light-promoted activation of thioglycosides, using superarmed
MDMPAT 3 f as a model glycosyl donor. During these studies, we pri-
marily screened threewavelengths of blue light (467, 456, and440nm)
known to decompose donor/acceptor diazo under photosensitizer-
free conditions.32 We also tested various additives to improve the
efficiency of the glycoside formation. Ultimately, for donor 3 f, we
found that the 456nmwavelength combined with LiOTf as an additive
produced the best results, highlighting the importance of triflate

Fig. 3 | Synthesis of MDMPA thioglycoside donors. Reactions were performed
with glycosyl thiol (1 equiv.),MDMPA linker (diazo-3) (1.15–1.2 equiv.), triethylamine
(1.5 equiv.), and CH3CN (0.3M). MDMPAT methyl 2-diazo-2-(2-((methyl)phenyl)
acetate, Me methyl, Ms methanesulfonate, Bz benzoyl, TBDPS tert-butyldiphe-
nylsilyl, Bn benzyl, Ac acetyl.
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counteranion in glycosylation63 (refer to Table S2 in the SI). We then
applied the same optimized conditions to the disarmed donor 3c, and
to our great satisfaction, we observed the desired product, though
with significantly low yields (entry 19). The ambiphilic nature of this
free carbene2 and the electron-withdrawing nature of the disarmed64

donor3c resulted in the elimination product (9) as themajor outcome.
This issue was addressed by introducing a Brønsted acid, which sig-
nificantly increased the yields, presumably protonating the free car-
bene to enhance its electrophilicity (entry 20, see Figure S-26 in SI for a
plausible mechanism). By increasing the donor’s equivalents and
adding them in portions to the ongoing reaction, we further optimized
the conditions for disarmed donor 3c (entries 21 and 22). Finally, we
conducted experiments without LiOTf (entry 23) and no blue light
irradiation (entry 24). We concluded that Fe(OTf)3 or blue light
(456nm) works equally well as an efficient promoter for activating
MDMPA thioglycoside donors.

In our continued investigation into the effects of protecting
groups on MDMPA thioglycoside donors under optimized conditions,

we selected a range of donors with varying levels ofmoderately armed
(3e), and superarmed (3 f). Fe(OTf)3 works protection at eachposition:
fully disarmed (3c), disarmed (3 d), equally efficiently across all donor
classes, although electronic variations influence reaction time. Under
blue-light-mediated activation, however, we noted changes in reac-
tivity (Fig. 4a). Specifically, electronically rich MDMPAT donors (3 d,
3 f) exhibited similar reactivity, requiring only LiOTf as an additive.

Conversely, electronically deficient MDMPAT donors reacted
slightly differently, necessitating a combination of CSA and LiOTf as
additives. To explain these reactivity differences under blue light, we
propose a plausible mechanism (refer to Figure S-26 in SI). It is well
known that carbenes, generated from diazo compounds under blue
light, are less electrophilic than metal carbenes. Once free carbene is
formed, it reacts quicklywith themost acidic site nearby. In the case of
disarmed donors, it reacts with the C2 proton, producing endo-glycal
9. A proton source is introduced into the reaction, and it first proto-
nates the carbene, generating a carbocation intermediate, which is
then captured by the sulfur atom of thioglycoside to form an

Table 1 | Optimization of the reaction conditions[a]

Entry Promotor (s) [mol%] Solvent (s) Additive (s) [equiv.] t (h) Yields (%)[b]

1. Fe(OTf)3 [20] CH2Cl2 - 4 4aa (91)[c], 10 (76)[c]

2. Fe(OTf)2 [20] CH2Cl2 - 24 n.r.

3. FeCl2 [20] CH2Cl2 - 24 n.r.

4. FeCl3 [20] CH2Cl2 - 8 4aa (<5), 9 (81)

5.[d] FeCl3 [20] CH2Cl2 - 22 4aa (<5), 9 (83)

6. Fe(BF4)2•6H2O [20] CH2Cl2 - 24 4aa (<5), 9 (72)

7. Rh2esp2 [20] CH2Cl2 - 4 8 (34)[c], 9 (70)[c], 10 (74)[c]

8. TfOH [100] CH2Cl2 - 24 n.r.

9.[e] TfOH [100] CH2Cl2 - 2 4aa (<10), 8 (28)

10. Fe(OTf)3 [20] THF - 24 n.r.

11. Fe(OTf)3 [20] CH3CN - 12 4aa (11)

12. Fe(OTf)3 [20] toluene - 18 4aa (83), 10 (92)

13. Fe(OTf)3 [20] acetone - 24 n.r.

14. Fe(OTf)3 [20] ethyl acetate - 24 n.r.

15.[f] Fe(OTf)3 [20] CH2Cl2 - 4 4aa (90)[c], 10 (73)[c]

16.[g] Fe(OTf)3 [20] CH2Cl2 - 4 4aa (82)[c], 10 (73)[c]

17.[e] Fe(OTf)3 [20] CH2Cl2 - 4 4aa (79)[c], 10 (73)[c]

18. Blue LED (456 nm) CH2Cl2 - 2 4aa (<5), 9 (91)

19. Blue LED (456 nm) CH2Cl2 LiOTf [1.0] 3 4aa (29), 9 (91), 10 (82)

20. Blue LED (456 nm) CH2Cl2 LiOTf [1.0] + CSA [0.5] 3 4aa (49), 10 (80)

21.[h] Blue LED (456 nm) CH2Cl2 LiOTf [1.0] + CSA [0.5] 3 4aa (65), 10 (73)

22.[i] Blue LED (456 nm) CH2Cl2 LiOTf [1.0] + CSA [0.5] 4 4aa (72), 10 (86)

23. Blue LED (456 nm) CH2Cl2 CSA [0.5] 4 4aa (<5)

24. none CH2Cl2 LiOTf [1.0] + CSA [0.5] 24 n.r.
[a] Unless otherwise specified, all reactions were conductedwith acceptor 2a (0.025mmol), donor 3c (0.037mmol), promotors (0.005mmol, 20mol%) or blue-light (456 nm), and CH2Cl2 (0.05M).
[b]Yield was determined by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. [c]Isolated yields, The yield of byproduct 10 was calculated based on the initial amount of the donor.
[d]reactions were performed at 0 °C temperature. [e]Molecular sieves (MS) were not added. [f]3 Å MS were added. [g]5 Å MS were added. [h]2.0 equiv. of a donor was added. [i]2.5 equiv. of a donor was
added. n.r. no reaction, n.d. not detected, Bz benzoyl, Bn benzyl, Tf trifluoromethanesulfonate, CSA camphorsulfonic acid, THF tetrahydrofuran, rt room temperature, esp ethylsorbate propionate,
M.S. molecular sieves; t, time.
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oxocarbenium ion. Notably, in the case of superarmed donors, only
LiOTf sufficiently stabilizes the carbene and facilitates efficient
glycosylation.

To further investigate the impact of electronic effects at the
anomeric position, we conducted experiments with anomerically pure
donors. Specifically, we synthesized anomerically pure donors 3c(α)
and 3c(β). Upon treatment with acceptor 2a under standard reaction
conditions, both donors exhibited identical reactivity patterns
(Fig. 4b), yielding the desireddisaccharide4ca in excellent yield. These
results indicate that the stereochemistry at the anomeric position does
not influence the reactivity of MDMPA thiofuranoside donors, and the
reaction proceeds through the common oxocarbenium intermediate.

To gain further insight into the reaction pathway, we performed
deuterium-labeling experiments. Using donor 3c(α) as a model and
methanol-d₄ as the glycosyl acceptor, we observed excellent yields of
the desired glucoside 4cb, accompanied by a 38–41% yield of the
deuterated byproduct (10) (Fig. 4c). These findings suggest that the
protonation of the glycosyl sulfonium ylide can occur via two path-
ways: (1) proton donation from the glycosyl acceptor or (2) protona-
tion from residual moisture in the reaction solvent (see Figure S-27 in
the Supporting Information). This series of experiments not only elu-
cidated the mechanistic pathways but also enhanced our under-
standing ofMDMPAdonor reactivity. Encouragedby these insights, we
extended our investigation to screen various substrates, aiming to
develop a comprehensive library of glycosylated molecules.

Scope of glycosyl acceptors
After optimizing the reaction conditions, we investigated various
nucleophiles, including O-nucleophiles (alcohols, phenols, carboxylic
acids) and S-nucleophiles, as glycosyl acceptors to demonstrate the
effectiveness of this methodology. We chose the perbenzoylated

(disarmed) MDMPA thioglycoside 3c to investigate the glycosyl
acceptors as a model donor. Initially, we utilized primary sugar alco-
holswith different protecting groups such asbenzylmannopyranoside
2b, benzoyl glucopyranoside 2c, mannopyranoside 2d, galactose
acetonide 2e, and acetyl glucopyranoside 2 f. We were pleased to
observe excellent yields of the disaccharides (4cc-4cg) (Fig. 5). Sub-
sequently, we examined sterically hindered secondary sugar alcohols
(2g-2i), producing pyranosides (4ch, 4ci) and furanosides (4cj) in
excellent yields with expedited reaction times. The chiral secondary
alcohol menthol provided an excellent yield of the desired product
4ck. Additionally, the highly sterically bulky alcohol 1-adamantanol4cl
yielded excellent results under standard reaction conditions.

After successfully screening various alcohols, we then investi-
gated other O-nucleophiles. Specifically, we used 4-methoxyphenol as
a phenol, which produced an excellent yield of 4 cm despite being less
nucleophilic. Typically, synthesizing glycosyl esters requires stoichio-
metric amounts of coupling reagents,65,66 but our methodology effi-
ciently formed glycosyl ester 4cn quantitatively from its
corresponding carboxylic acid. Glycopeptides, often found in phar-
maceutically active compounds,67 pose a significant challenge for
carbohydrate chemists due to their complex synthesis. We attempted
OH–Z–ser–OMe and OH–Z–ser–OAllyl as acceptors, successfully
obtaining their corresponding glycopeptides 4co and 4cp in excellent
yields. This suggests our methodology could be useful for the synth-
esis of late-stage glycopeptides. Following the successful screening of
the oxygen nucleophiles, we turned our attention to sulfur nucleo-
philes as glycosyl acceptors. Fortunately, we obtained the corre-
sponding thioglycosides (4cq-4cr) in moderate to good yields. To
further test the robustness of our methodology, we synthesized gly-
cosyl acceptors with thioglycoside and alkyne functionalities at the
activated anomeric position. Upon treatment with MDMPA

Fig. 4 | Effect of electronics on the reactivity of MDMPAT donors under iron-
and blue-light activation conditions. a Effect of protecting groups (disarmed,
armed, and superarmed) on the reactivity of MDMPAT donors under standard
conditions. b Effect of anomeric stereochemistry of theMDMPATdonor (3c) under
standard conditions. c A deuterium labeling experiment was conducted to eluci-
date the reaction pathway. [A] acceptor (0.025mmol), donor (0.037mmol),
Fe(OTf)3 (0.005mmol, 20mol%), and CH2Cl2 (0.05M). [B] acceptor (0.025mmol),

donor (0.050mmol), LiOTf (0.025mmol), Blue-light (456 nm, 50% intensity), and
CH2Cl2 (0.05M). [C] acceptor (0.025mmol), donor (0.062mmol), CSA
(0.012mmol), LiOTf (0.025mmol), blue-light (456 nm, 50% intensity), and CH2Cl2
(0.05M). Yields in green are for Fe(OTf)3, and those in blue are for blue light. CSA
camphorsulfonic acid, Bz benzoyl, Bn benzyl, Tf trifluoromethanesulfonate, TBDPS
tert-butyldiphenylsilyl, rt room temperature, MS molecular sieves, Ac acetyl.
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thioglycoside donor 3c, both functionalities remained unreactive
under our reaction conditions (Fig. 5). We were delighted to observe
excellent yields of the desired disaccharides 4cs-4cu. We then focused
on the reactivity of superarmed donors64 with various nucleophiles.
Using primary sugar alcohols with different protecting groups, such as
benzyl mannopyranoside 2b, benzoyl glucopyranoside 2c, and man-
nopyranoside 2 d, we observed excellent yields of disaccharides 4fb-
4cd. Similarly, sterically hindered secondary sugar alcohols 2 g pro-
duced pyranosides 4fe in excellent yield. The chiral secondary alcohol
menthol yielded the desired product 4ff with high efficiency. The
sterically bulky alcohol 1-adamantanol was tolerated well, yielding the
desired product 4fg in excellent yield under standard reaction
conditions.

Overall, our methodology is robust and cost-effective for all
classes of glycosyl acceptors. Given its robustness, this approach can
more efficiently synthesize various complex molecules such as glyco-
syl esters and glycopeptides and complement other known methods.

Scope of MDMPA thioglycoside donors
After successfully investigating glycosyl acceptors, we expanded our
studies to include MDMPA thioglycoside donors. We resumed testing
different protecting groups from Fig. 4a, using the MDMPA thioglu-
copyranoside donor 3 d with a tert-butyldiphenylsilyl (TBDPS) group
protecting the C6 oxygen. Under standard conditions, this donor
produced excellent yields with a benzoylated mannopyranoside

acceptor 2 d and a sterically hindered glucosyl acceptor 2 g, yielding
4db and 4dc (Fig. 6). We then used an MDMPAT mannosyl donor 3 g
with various acceptors, including primary sugar alcohols, thiols, and
phenols. Sugar alcohols were successfully transformed into dis-
accharides (4ga-4ge) with excellent yields. While sugar thiols pro-
duced the desired product 4gd in moderate yields, phenols yielded
product 4fe in excellent quantities. We then activated our MDMPAT
galactose donor (3 h) with primary glycosyl acceptors (2a, 2 d) and
secondary glycosyl acceptor (2 g) to produce excellent yields of the
desired disaccharides (4ha-4hc). It is well known that the protecting
group at theC6position of sugars affects the reactivity at the anomeric
position. To further investigate the effect of C6 protection, we used
our synthesizedMDMPAT rhamnose donor 3i. Wewere pleased to find
that this donor worked well with various primary and secondary sugar
alcohols, yielding rhamnose disaccharides (4ia-4ic) in excellent
quantities. Next, we explored the effect of C5 substitution on the
reactivity at the anomeric position.Weusedour xylosedonor 3j, which
has no substitution at the C5 position. We found it worked well with
both primary (2a, 2 d) and secondary (2 g) sugar acceptors without
affecting the reactivity of the thioglycosidedonor, producing excellent
yields of the xylose disaccharides (4ja-4jc). After testing mono-
saccharide donors, we examined the effect of disaccharide donors on
the reactivity at the anomeric position. We used our synthesized lac-
tose donor 3k and exposed it to glycosyl (1°, 2°) acceptors under our
standard conditions. We were pleased to find it produced the

Fig. 5 | Scope of glycosyl acceptors. [A] acceptor (0.025mmol), donor
(0.037mmol), Fe(OTf)3 (0.005mmol), and CH2Cl2 (0.05M). [B] acceptor
(0.025mmol), donor (0.050mmol), LiOTf (0.025mmol), Blue LED (456 nm, 50%
intensity), and CH2Cl2 (0.05M). [C] acceptor (0.025mmol), donor (0.062mmol),
CSA (0.012mmol), LiOTf (0.025mmol), and Blue LED (456nm, 50% intensity),

CH2Cl2 (0.05M).Yields ingreenare for Fe(OTf)3, and those inblue are for blue light.
Note: In the product numbering system, the first number and letter (e.g., 4c)
represent the donor’s identity, while the second (e.g., d in 4 cd) indicates the
product’s identity. Bz, benzoyl; Bn, benzyl; Ac, acetyl.
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respective trisaccharides (4ka-4kc) in excellent yields. So far, we only
used benzoyl protection, which worked excellently with our standard
conditions. However, we aimed to test our methodology with various
protection groups to increase its applicability. In the realm of this, we
synthesized a perbenzylated mannose donor 3 l and found it worked
with sugar alcohol to produce the desired disaccharide 4la in good
yield and with a mixture of diastereomers. Furthermore, we activated
our MDMPAT 2-deoxyamino glucose donor 3m with secondary gly-
cosyl alcohol (2 g) under standard conditions. We also found this to
workwell, producing the desired 2-deoxy amino disaccharide (4ma) in
excellent yields. After successfully exploring the scope of pyranose
donors, we shifted our focus to a different class of carbohydrates, the
five-membered furanosides.

Furanosides are crucial components of many oligosaccharides of
biological importance, and interest in the stereoselective synthesis of
furanose-containing glycans has gained significant attention from the
carbohydrate community.68–73 Furanosides often feature 1,2-trans and
1,2-cis linkages, essential for their biological function.74–76 We envision
the synthesis of these linkages using MDMPA thiofuranoside donors.

The reactivity of pyranose and furanose differ due to their con-
formational stability and rigidity; applying the same methodology to
thiofuranosides is challenging. Following our strategy, we synthesized
a perbenzoylated riboseMDMPA thiofuranoside donor 3n and reacted
it under standard conditions using primary sugar alcohols having
benzyl (2a, activated) andbenzoyl (2c, deactivated) protecting groups.
We were ecstatic to find the formation of the desired products (4na,
4nb) in excellent yields. Building on these results, we also synthesized
an arabinose MDMPA thiofuranoside donor 3o and reacted it under
standard reaction conditions using glucose (2a) and mannose (2d)
glycosyl acceptors. Expectedly, we observed similar results and pro-
duced excellent yields of desired products (4oa, 4ob). After success-
fully achieving the trans linkage, we considered applying our
methodology to access the cis linkages. The synthesis of 1,2-cis linkage
in furanosides is challenging due to the higher oxocarbenium ion
stability. It is well known that the activation of furanose donors pro-
ceeds via an oxocarbenium ion, which favors the SN1 pathway, making
1,2-cis-selectivity challenging to access.77,78 Few literature reports have
achieved 1,2-cis furanosides by utilizing chelation either by metal- or

 
Fig. 6 | Scope of MDMPA thioglycoside donors. [A] Acceptor (0.025mmol),
donor (0.037mmol), Fe(OTf)3 (0.005mmol), and CH2Cl2 (0.05M). [B] Acceptor
(0.025mmol), donor (0.062mmol), CSA (0.012mmol), LiOTf (0.025mmol), and

Blue LED (456 nm, 50% intensity), CH2Cl2 (0.05M). Yields in green are for Fe(OTf)3,
and those in blue are for blue light. Bz, benzoyl; Bn, benzyl; Ac, acetyl; Ph, phenyl;
Phth, phthalimido; TBDPS, tert-butyldiphenylsilyl; Me, methyl.
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organo-catalysts.35,79–81 We could also leverage C2-O coordination with
iron in this design to help deliver upcoming acceptors from the same
face (see Figure S-31 in SI for mechanistic pathways). We started
investigating our synthesized tri-O-benzyl ribose MDMPA thiofurano-
side donor 3p to probe our hypothesis. In our initial studies, we
introduced donor 3p under the optimized conditions along with gly-
cosyl acceptor 2a; upon completion, we were ecstatic to observe the
good yield of the desired product 4pa (68%, α/β = 9/1), but with the
high 1,2-cis selectivity (Fig. 6). The exact stereochemistry of the 1,2-cis
furanosides was confirmed through NMR analysis, particularly using
1H,13C-HSQC studies.62 After this encouraging result, attention was
directed towards other glycosyl alcohol acceptors with different pro-
tecting groups. Encouragingly, reaction yields, and selectivity were
unaffected by the influence of protecting groups for benzyl-and ben-
zoyl-protected glycosyl acceptors (4pb, 4 pc). Specifically, thioglyco-
side moiety at the anomeric position of the acceptor 4pd was also
found to work efficiently and orthogonal to our conditions. Building
on the success observed with the ribose MDMPAT donor, we explored
the range of substrates using an arabinose MDMPAT donor 3q. Like
our investigation with ribose, we began with primary sugar alcohols;
encouragingly, benzyl-and benzoyl-protected glucose acceptors
demonstrated easy reactivity in our system, yielding products 4qa and
4qb with high yields and good β-1,2-cis-selectivity. Notably, acceptors
derived from mannose were unreactive with the well-established fur-
anosylation protocols. Our method achieved the intended product

with high yields and selectivity when employing the mannosyl accep-
tor (4pc and 4qc). Overall, this extensive exploration of donors and
acceptors further supports our methodology as one of the best for
activating thioglycoside donors.

Applications of MDMPA thioglycoside donors
Late-stage modification of pharmaceuticals has been an exciting topic
for developing a chemical library of biologically active compounds.82

Similarly, we successfully performed late-stage glycosylation of bio-
logically relevant compounds such as simvastatin83 11 and cholesterol84

12 in excellent yields with perbenzoylated MDMPA glucosyl donor 3c.
Often,methods developed in academic labs are found difficult to scale
up. To test the robustness of our methodology, we did a gram-scale
late-stage glycosylation of simvastatin 13 with rhamnosyl donor 3i.
Specifically, in this transformation, we only used 3mol% of the
Fe(OTf)3, highlighting the efficiency of the catalytic cycle. Further-
more, we performed the one-pot access to trisaccharide using other
traditional thioglycoside donors to demonstrate the orthogonal nat-
ure of our activation conditions.Wefirst activatedourMDMPATdonor
3c under optimized conditions in the presence of an acceptor bearing
traditional thioglycoside, followed by the activation of in situ formed
disaccharide thioglycoside under established literature conditions85 to
achieve trisaccharide in 81% yield over two steps.

Despite the numerous glycosylation strategies available, only a
few methods can effectively accommodate the synthesis of

Fig. 7 | Applications of our methodology. a Late-stage glycosylations and gram-
scale synthesis (b) One-pot orthogonal access to trisaccharides. c Iterative synth-
esis of hexasaccharides (A) acceptor (1.0 equiv.), donor (1.5 equiv.) Fe(OTf)3
(20mol%), CH2Cl2, time = 5 h, (B) TBAF in THF (1mol/L, 1.5 equiv.), THF (2.0mL).

Bz benzoyl, Bn benzyl, Ac acetyl, TBDPS tert-butyldiphenylsilyl, THF tetra-
hydrofuran, Tf trifluoromethanesulfonate, Me methyl, NIS N-Iodosuccinimide,
TBAF tetrabutylammonium fluoride.
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oligosaccharides.86 To address this challenge,we synthesized donor 3e
for hexasaccharide synthesis. We were pleased to observe the forma-
tion of the hexasaccharide using our strategy, achieving a 31% yield
after 9 steps (Fig. 7c). Our experience synthesizing hexasaccharides
indicates that this methodology could be readily adapted for synthe-
sizing larger oligosaccharide assemblies.

In conclusion, this studypresents a catalytic glycosylationmethod
that leverages diazo-thioglycoside donors activatedby earth-abundant
iron or photosensitizer-free blue light conditions, offering a sustain-
able alternative to traditional activation methods, which typically use
precious and platinum-group metals (PGMs). The orthogonal reactiv-
ity provided by this approach opens new pathways for glycosylation
reactions, distinct from widely used thioglycosides and alkyne-based
donors. By capitalizing on a Thorpe-Ingold-like effect, this system
facilitates proximity-induced S-insertion into carbenes, ensuring high
chemoselectivity and efficiency. The versatility of carbene-based
thioglycoside donors is demonstrated through their compatibility
with a wide range of protecting groups, nucleophiles, and glycosyl
donors, including mannose, galactose, rhamnose, xylose,
2-deoxyamino glucose, lactose, and furanose derivatives. This broad
applicability highlights the potential of this method for diverse glycan
syntheses. Additionally, the robustness of the approach is underscored
by successful late-stage modifications of biomolecules, such as cho-
lesterol and the drug simvastatin, even at the gram-scale. Furthermore,
themethodology has been validated through the iterative synthesis of
complex hexasaccharides, showcasing its utility in constructing intri-
cate glycan structures. Overall, this work not only advances the field of
glycosylation by providing an iron- and light-driven catalytic strategy
but also sets the stage for further development of sustainable and
chemoselective approaches in carbohydrate chemistry. The broad
applicability and potential for late-stage functionalization render this
method a valuable tool for both fundamental research and practical
applications in the synthesis of complex glycoconjugates.

Methods
General Procedure(s) for activating MDMPA thioglycoside
donor by utilizing Fe-catalyst or Blue LED in intramolecular
fashion
General procedure A. In an oven-dried vial equipped with a stir bar, a
glycosyl acceptor (0.025mmol) was combined with MDMPA thiogly-
coside donors 3 (c-q) (0.037mmol, 1.5 equiv.), 4 Å molecular sieves
(50mg or 100wt.%), and Fe(OTf)3 (0.005mmol, 0.2 equiv.) dissolved
in CH2Cl2 (0.05M). Upon complete addition, the reaction mixture was
stirred at the ambient temperature, and the reaction progress was
monitored by TLC and quenched with saturated aqueous NaHCO3

upon completion. The layers were separated, and the aqueous layer
was washed with ethyl acetate. The organic layers were combined,
dried over Na2SO4, filtered, and evaporated under reduced pressure.
The crude product wasdissolved in ethyl acetate and passed through a
short silica pad to remove traces of iron (to check the crude material
via 1H-NMR). The filtrate was evaporated, and the resulting crude
material was purified by column chromatography.

General procedure C. In an oven-dried vial equipped with a stir bar, a
glycosyl acceptor (0.025mmol)wasmixedwithMDMPA thioglycoside
donors 3 (c-o) (0.025mmol, 2 equiv.), LiOTf (0.025mmol, 1.0 equiv.),
and 4Åmolecular sieves (50mg or 100wt.%), all dissolved in a solvent
(0.05M). The reaction mixture was then irradiated under blue LED
light (456 nm) for 1 h at the same temperature. Progresswasmonitored
by TLC, and once the starting donor was fully consumed, an additional
portionof donor 3 (c-o) (0.0125mmol, 0.5 equiv.) was added, followed
by another 1 h of irradiation under blue LED light (456nm). This step
was repeated with another addition of donor 3 (c-o) (0.0125mmol, 0.5
equiv.) and subsequent irradiation until the starting glycosyl acceptor
was completely consumed. The reaction mixture was then filtered

through a Celite pad, with no additional workup required. The filtrate
was evaporated, and the resulting crude product was purified by col-
umn chromatography.

General procedure C. In an oven-dried vial equipped with a stir bar, a
glycosyl acceptor (0.025mmol) was mixed with thioglycoside donors
3 (c-o) (0.025mmol, 2 equiv.), LiOTf (0.025mmol, 1.0 equiv.), cam-
phorsulfonic acid (0.0125mmol, 0.5 equiv.), and 4Å molecular sieves
(50mg or 100wt.%), all dissolved in a solvent (0.05M). The reaction
mixturewas then irradiated under blue LED light (456nm) for 1 h at the
same temperature. Progress was monitored by TLC, and once the
starting donorwas fully consumed, an additional portion of donor3 (c-
o) (0.0125mmol, 0.5 equiv.) was added, followed by another 1 h of
irradiation under blue LED light (456 nm). This step was repeated with
another addition of donor 3 (c-o) (0.0125mmol, 0.5 equiv.) and sub-
sequent irradiation until the starting glycosyl acceptor was completely
consumed. The reactionmixturewas thenfiltered through a celite pad,
with no additional workup required. The filtrate was evaporated, and
the resulting crude product was purified by column chromatography.

Data availability
The authors declare that all additional data supporting the findings of
this study are provided within the article and Supplementary Infor-
mation files. These data can also be obtained from the corresponding
author upon request.
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ABSTRACT: 1,2-cis-Furanosides are present in various biomedically
relevant glycosides, and their stereoselective synthesis remains a
significant challenge. In this vein, we have developed a stereoselective
approach to 1,2-cis-furanosylations using earth-abundant copper
catalysis. This protocol proceeds under mild conditions at room
temperature and employs readily accessible benchtop stable enynal-
derived furanose donors. This chemistry accommodates a variety of
alcohols, including primary, secondary, and tertiary, as well as
mannosyl alcohol acceptors, which have been incompatible with
most known methods of furanosylation. The resulting 1,2-cis-
furanoside products exhibit high yields and anomeric selectivity
with both the ribose and arabinose series. Furthermore, the anomeric
selectivity is independent of the C2 oxygen-protecting group and the
anomeric configuration of the starting donor. Experimental evidence and computational studies support our hypothesis that copper
chelation between the C2 oxygen of the furanose donor and an incoming alcohol nucleophile is responsible for the observed 1,2-cis-
stereoselectivity.
KEYWORDS: copper catalysis, 1,2-cis-furanosides, stereoselective glycosylation, enynal-derived metal carbenes, earth-abundant catalysis,
carbohydrate chemistry

C INTRODUCTION
Carbenes are versatile synthetic intermediates capable of novel
transformations, leading to the rapid generation of molecular
complexity with high eEciency, selectivity, and atom
economy.1 Diazo compounds are commonly employed to
generate these species by extruding elemental nitrogen. Other
frequently used precursors include hydrazones, triazoles,
sulfonium ylides, cyclopropenes, and alkynes (Figure 1a).
These carbenes, or metal carbenoid species, readily partake in a
range of synthetically appealing transformations, including
cyclopropanations,2 dipolar cycloadditions,3 insertions into XH
bonds (X = C, Si, O, S, N, etc.),4 reactions with nucleophiles,
as well as migratory insertions involving various metals.5
Moreover, carbenes find applications in polymerization,6 olefin
metathesis,7 and labeling biomolecules (including proteins,
RNA, and DNA) for research and diagnostic purposes.8 While
carbenes have found diverse applications across multiple
domains, their potential in carbohydrate chemistry has been
largely untapped. Carbenes are, in fact, rarely utilized in
glycoscience transformations.9
The first report on the utilization of carbenes in

glycosylation goes back to 1989, when the Vasella group
synthesized glycosylidene carbenes from the corresponding
diazirines.9a Because of the instability of diazirines, they then

employed the anomeric N-tosylhydrazone donors, which are
benchtop stable carbene precursors. The sodium salts of these
N-tosylhydrazones under photochemical conditions generate
the corresponding anomeric carbenes, which undergo an O−H
insertion reaction with alcohols to form O-glycosides (Figure
1b).10 However, the glycosylidene carbenes generated from the
sodium salts of N-tosylhydrazones require an excess of alcohol
acceptors to synthesize O-glycosides. Additionally, product
yields in these transformations were remarkably low, and the
scope was found to be very limited. The same anomeric
carbene has also been applied to protecting group-free
phosphorylation.11 The necessity for a substantial excess of
nucleophiles restricted the use of these highly reactive
anomeric carbenes in glycosylation; however, it paved the
way for potential applications of carbenes to achieve
stereoselective glycosylation. In 2019, the Wan group activated
thioglycosides using rhodium carbenes (Figure 1c).9m
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This pyranosylation strategy lacks chemoselectivity and
proceeds through two stages: initially, the generation of
anomeric sulfonium ylides using a diazo-derived rhodium
carbene, followed by protonation of the ylide to provide an
oxocarbenium ion, which subsequently engages in glycosyla-
tion with alcohol acceptors.
Diazo compounds, however, are mainly activated by using

precious rhodium catalysts and hold a reputation for their
instability and the safety concerns associated with their regular

use. Consequently, significant focus has been placed on
identifying sustainable and safe alternatives for generating
metal carbenes. Our search led us to the emerging field of
enynal and enynone chemistry.12 These carbene precursors
comprise conjugated alkenes, alkynes, and aldehydes or
ketones, thus en-yn-al/-one. These compounds maintain
numerous benefits when compared to traditional carbene
precursors like diazos. For example, these carbene precursors
are easy to synthesize and far more stable due to the absence of

Figure 1. (a) Common carbene precursors. (b) Glycosyl anomeric carbene. (c) Catalytic glycosylation with Rh-carbene. (d) Our approach.

Figure 2. (a) Cell wall hexasaccharide motifs featuring 1,2-cis-furanosidic linkages. (b) Di■erences in reactivity between furanose and pyranose
donors. (c) Catalytic furanosylation approaches.
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the high-energy dinitrogen (N2) motif that causes diazo
compounds to have a reputation for instability.13 Additionally,
enynals are recognized for their activation through transition
metals via a 5-exo-dig cyclization process, leading to the
formation of a furyl carbene. We hypothesize that the resulting
furyl carbene, derived from enynals, would facilitate the
activation of the furanose ester under mild conditions, enabling
a stereoselective furanosylation process (Figure 1d).
Furanosides are key constituents of many biomedically

relevant carbohydrates. Although less common than their
pyranoside-based counterparts, oligo- and polyfuranosides are
widely distributed in mammals, plants, bacteria, and para-
sites.14 Because of their biological significance, there has been a
growing interest in the stereoselective synthesis of furanose-
containing glycans.15 Furanosides are commonly identified as
featuring 1,2-trans and 1,2-cis linkages in oligo-and poly-
saccharides, and the stereochemistry of these linkages is
important for their biological function (Figure 2a). While
assembling a 1,2-trans linkage through anchimeric assistance
from a C2-O-acyl protecting group is relatively easy,16
synthesizing the 1,2-cis linkage is much more challenging.17

Furthermore, the higher stability of the oxocarbenium ion in
furanosides when compared to their pyranoside counterparts
favors the SN1 end of the SN1−SN2 glycosylation boundary
(Figure 2b),18 making it more challenging to achieve 1,2-cis-
selectivity in furanosides. Most glycosylation approaches
developed for 1,2-cis linkages in the pyranoside system do
not work well with the furanosides, and similar glycosyl donors
in furanosylation reactions provide a mixture of stereoisomers.
Several innovative approaches using stoichiometric reagents
have been designed to overcome these inherent challenges,
such as intramolecular aglycone transport,19 donors with
constrained conformations,15c,20 and the use of functionalized
O-protecting groups for hydrogen-bond-mediated aglycone
transport.21 Recently, a few elegant catalytic approaches to 1,2-
cis-furanosylations have been introduced (Figure 2c). The
Jacobsen group reported an elegant method for the activation
of phosphorus-based furanoside donors using a bis-thiourea
organocatalyst to access 1,2-cis-furanosides.22 However, the
bis-thiourea catalysts are diEcult to synthesize and highly
substrate-specific as they do not tolerate mannosyl alcohols as
an acceptor. The group of Schlegel and Nguyen reported a

Figure 3. General synthesis of furanosyl enynal donors.

Table 1. Optimization of the Reaction Conditionsa

entry variation from the “standard conditions” % yieldb time α/β ratioc

1 none 78 4 7/1
2 ZnCl2, no [CuOTf]2·tol 20 36 1.5/1
3 FeCl3, no [CuOTf]2.·tol 15 36 3/1
4 ZnOTf2, no [CuOTf]2·tol n.r. 36 n.d.
5d PPh3AuOTf, no [CuOTf]2·tol, no Li2CO3 56 3 7/1
6e Rh2(esp)2, no[CuOTf]2·tol, no Li2CO3 n.r. 36 n.d.
7 Cu(MeCN)4PF6, no [CuOTf]2·tol 55 4 2/1
8 Cu(MeCN)4BF4, no [CuOTf]2·tol <10 24 n.d.
9 THF as solvent n.r. 24 n.d.
10 ACN as solvent n.r. 24 n.d.
11 toluene as solvent <10 24 n.d.
12 TfOH, no Li2CO3, no [CuOTf]2·tol 25 2 1/2.5
13 [CuOTf]2·tol, no Li2CO3 50 4 5/1
14f [CuOTf]2·tol, DTBMP, no Li2CO3 46 10 5/1
15 no [CuOTf]2·tol, Li2CO3 only n.r. 36 n.d.

aAll furanosylations were conducted with acceptor (0.05 mmol), donor (0.075 mmol), 10 mol % of catalyst, and 1.2 equiv of Li2CO3 with respect
to the acceptor, CH2Cl2 (0.04 M). bYield was determined by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. cDiastereoselectivity
was determined by 1H NMR. dCatalyst was generated by premixing PPh3AuCl and AgOTf, and the reaction was carried out at −15 °C. eReaction
was refluxed at 60 °C. fReaction was heated at 40 °C. n.r. = no reaction; n.d. = not determined.
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phenanthroline-supported 1,2-cis-furanosylation strategy in
which a C1-bromo donor and a phenanthroline organocatalyst
direct an acceptor to the cis face.23 Likewise, halo donors are
highly susceptible to hydrolysis and must be used immediately
after their synthesis. Zhang and co-workers have recently
developed an alkyne-based benchtop stable donor that is
activated using precious gold-catalysis to undergo a stereo-
invertive attack at C1 with an alcohol acceptor, resulting in the
formation of 1,2-cis-furanosides.24 Furthermore, these methods
require an anomerically pure donor to achieve the desired 1,2-
cis-selectivity.
To overcome these limitations, there is a need to design a

donor where the 1,2-cis-selectivity is independent of the
anomeric configuration of the donor. Additionally, the donor
should have orthogonal reactivity to other donors and be
activated using earth-abundant metals (iron, copper, and zinc)
rather than precious rare-earth metals such as rhodium, gold,
and palladium. Based on our group’s experience in metal
carbenes,25 we endeavored to develop an earth-abundant
metalcatalyzed carbene-based approach to 1,2-cis-furanosyla-
tion.
Our methodology commences by synthesizing simple and

benchtop stable donors via straightforward EDCI-coupling of
iodobenzoic acids with readily accessible anomeric alcohols 1.
The resulting esters 2 were coupled to the enynal moiety using

a Sonogashira coupling to provide a variety of enynal donors 3
in high yields (Figure 3; see the Supporting Information for
details).
We sought to optimize the reaction conditions by identifying

the best component in the reaction in each of three categories:
catalyst, acid scavenger, and solvent. We initiated our reaction
optimization with the 2,3,5-tri-O-benzyl-α-D-ribofuranosyl
donor 3a and 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose
acceptor 4a. Through this study, we found that 10 mol % of
copper(I) trifluoromethanesulfonate as the catalyst, lithium
carbonate (1.2 equiv) as the acid scavenger, and CH2Cl2 as the
solvent (0.04 M) at 25 °C with 4 Å molecular sieves led to the
highest yield (78%) favoring the desired 1,2-cis-diastereose-
lectivity (7:1, Table 1, entry 1) in the shortest amount of time.
Reactions were carried out using 1.5 equiv of the donor as the
reaction conditions resulted in a small degree of unproductive
decomposition of the donor. Initiating our optimization, we
selected catalysts shown to activate enynal systems in the
literature.12f The earth-abundant catalysts zinc(II) chloride and
iron(III) chloride were found to decrease the yield and
diastereoselectivity considerably and required more time to
reach completion (entries 2 and 3). Other metal triflates, such
as zinc(II) triflate and triphenylphosphine gold(I) triflate, did
not appear to be e■ective. While zinc triflate yielded no
reaction after 36 h (entry 4), gold triflate displayed a lower

Table 2. Reaction of Alcohol Nucleophiles with D-Ribofuranosyl Donora

aAll furanosylations were conducted with donor (0.075 mmol), acceptor (0.05 mmol), 10 mol % of catalyst, and 1.2 equiv of Li2CO3 with respect
to the acceptor, CH2Cl2 (0.04 M). bYield was determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard. cDiastereoselectivity
was determined by 1H NMR. d30 mol % of catalyst was used.
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yield but with comparable selectivity to the parent reaction
(entry 5). Rh2(esp)2, which has also been documented to
activate enynal compounds,12f was unable to initiate the
furanosylation (entry 6). Next, we sought to investigate the
e■ect of the counterion present on the copper(I) metal salt.
When tetrakis(acetonitrile)copper(I) hexafluorophosphate was
selected, the yield fell slightly; however, the selectivity
dramatically decreased (entry 7). In the case of tetrakis-
(acetonitrile)copper(I) tetrafluoroborate, the reaction proved
to be sluggish and yielded nearly no product (entry 8). We
then proceeded to optimize the solvent for this reaction. Lewis
basic solvents such as THF and acetonitrile were found to
produce no reaction, ostensibly due to the coordination of the
solvent to the copper catalyst (entries 9 and 10). Toluene,
however, did furnish the product, albeit in a significantly

decreased yield (10%) and with no selectivity observed (entry
11). From here, we decided to perform control experiments to
determine the necessity of each additive. As metal triflates are a
mild source of triflic acid,26 it cannot be discounted that triflic
acid could catalyze this reaction. To evaluate this, we added
triflic acid instead of lithium carbonate and Cu(I)OTf. In this
case, we witnessed a significant decrease in the yield and a
complete reversal of diastereoselectivity (entry 12). This result
is in accordance with Sharma and Tan’s work on Sc(OTf)3-
catalyzed spiroketalizations,26d where triflic acid can cause the
partial decomposition or isomerization of the product from a
kinetic product to a more stable thermodynamic product. To
probe the impact of the acid scavenger, we executed the
reaction without lithium carbonate, which decreased yield and
selectivity, probably due to the generation of a small amount of

Table 3. Furanosyl Donor Scopea

aAll furanosylations were conducted with donor (0.075 mmol), acceptor (0.05 mmol), 10 mol % of catalyst, and 1.2 equiv of Li2CO3 with respect
to the acceptor, CH2Cl2 (0.04 M). bYield was determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard. cDiastereoselectivity
was determined by NMR. d30 mol % of catalyst was used.
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triflic acid in the system (entry 13). Selecting 2,6-di-tert-butyl-
4-methylpyridine (DTBMP) as an alternative acid scavenger
led to further declines in output, presumably due to thermal
decomposition induced by the higher reaction temperature
(entry 14). Finally, we discovered that the presence of a copper
catalyst is essential for the reaction to occur (entry 15).
With optimized conditions, a substrate scope consisting of

arabinose and ribose donors was built out. A benzyl-protected
D-ribofuranosyl donor was selected, and was reacted with
various alcohol acceptors. A primary alcohol featuring a
terminal olefin was examined. The reaction proceeded
smoothly in a high yield with very high α-cis-selectivity
(Table 2, 5b). Secondary alcohols, such as isopropanol and
cyclohexanol, proceeded rapidly to a■ord the corresponding
products in a >95% yield with high cis-selectivity (5c and 5d).
Chiral secondary alcohols such as cholesterol and L-menthol
were then subjected to the optimized conditions, yielding their
respective products with excellent yield and cis-selectivity (5e
and 5f). It is worth noting that a nearly exclusive α-cis-product
was observed in the case of cholesterol. Various carbohydrate
alcohol acceptors bearing di■erent protecting groups were also
screened. Unlike previous acceptors, benzyl-/benzoyl-pro-
tected glucopyranosides, as well as benzyl-protected arabino-
furanoside acceptors and protected amino acid alcohol
acceptors, required higher catalyst loading to provide the

intended products in suEcient yields. For example, 10 mol %
of the copper catalyst with acceptor 4g provides 64% yield of
product 5g with a significant amount of unreacted donor, while
20 mol % provides 82% and 30 mol % leads to almost
quantitative conversion (96%). However, we did not observe
any significant di■erence in 1,2-cis-selectivity. To our delight,
reaction yields and selectivity were independent of protecting
group influence for benzyl-/benzoyl-protected carbohydrate
acceptors (5g−5j). Notably, the mannosyl acceptor, incompat-
ible with the bis-thiourea catalyst,22 worked equally well under
our optimized conditions to provide the 1,2-cis-furanosylation
product. Amino acid alcohol acceptors, including tosyl-
protected alaninol and protected serine, were also examined,
resulting in high yields and good cis-selectivity (5k and 5l).
In addition, 1,2-trans-glycosidic linkages are also essential in

carbohydrate chemistry as they are crucial in determining the
biological activity and stability of various glycosides and
polysaccharides.27 Therefore, we decided to examine the
compatibility of our optimized reaction conditions to access a
1,2-trans-furanosidic linkage via the assistance of neighboring-
group participation. We were pleased to observe that benzoyl
donor 3b generated product 6 in a moderate yield (61%) with
an exclusive β-trans-selectivity.
With the success of the ribose donor, we sought to

investigate a substrate scope with an arabinose donor 3c. 4-

Figure 4. (a) Influence of the donor’s anomeric composition. (b) Epimerization experiment. (c) Isolation of the byproduct. (d) Influence of donor
electronics on stereoselectivity. (e) E■ect of C2 protecting groups. (f) Significance of the donor’s -en-yn-al functionality.
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Penten-1-ol reacted e■ectively, yielding the desired arabinofur-
anoside 7a with high yield and β-cis-selectivity (Table 3a, 82%,
α/β = 1:8). Simple secondary alcohol isopropanol furnished
product 7b in a high yield with good stereoselectivity (96%, α/
β = 1:4). Chiral secondary alcohol L-menthol as the acceptor
led to a similarly high yield with even greater selectivity (7c,
96%, α/β = 1:5). Tertiary alcohol acceptor 1-adamantanol also
resulted in an 88% yield, in line with those previously discussed
and with exclusive β-cis-selectivity (7d, 92%). Similarly,
cholesterol underwent a smooth reaction, yielding the
corresponding product 7e with a high yield and cis-selectivity.
To our pleasure, acetonide, benzyl, and benzoyl-protected
glucose acceptors proved facile and reactive in our system with
high yields and β-cis-selectivity (7f−7h). As previously
described, acceptors derived from mannose were unreactive
with the Jacobsen bis-thiourea furanosylation protocol.22
To our delight, our method furnished the intended product

with the arabinose donor in high yields and selectivity with the
mannose acceptor (7i, 90%, α/β = 1:3). Finally, the benzyl-
protected arabinofuranoside acceptor a■orded the desired
product 7j in a respectable yield (80%) and with exclusive β-
cis-selectivity. Furthermore, we noticed that the cis-selectivity
of the newly formed furanosidic linkage was not a■ected by the
reactivity of the nucleophilic acceptor. This was evidenced by
electron-donating and electron-withdrawing acceptors a■ord-
ing their products with similar selectivity. To demonstrate the
compatibility with an opposite enantiomer, L-arabinofurano-
side was also examined as a donor with various alcohol
acceptors. Reactions with donor 3d displayed β-cis-selectivity,
likewise, observed with D-arabinofuranoside. The acetonide
and benzoyl-protected glucopyranoside acceptors supplied
their intended products in good yield with modest selectivity
(Table 3b, 8a and 8b). Similarly, the benzoyl-protected
mannopyranoside acceptor provided the desired outcome
with a good yield and selectivity (8c, 84%, α/β = 1:4).
Jacobsen and co-workers reported that the reaction outcome

in their bis-thiourea-catalyzed furanosylation was significantly
impacted by the anomeric composition of their furanose
phosphate donors.22 Recently, the Zhang group disclosed a
gold-catalyzed alkyne donor for 1,2-cis-furanosylations,24
wherein the stereoselectivity also depends on the anomeric
purity of the initial donor. This is due to the underlying
mechanism of SN2-like displacement that requires an anomeri-
cally pure donor.
To determine the influence of the anomeric configuration of

our donor on the stereochemical outcome of the developed
protocol, a racemic mixture and an anomerically pure version
of the D-ribofuranoside donor were synthesized and
implemented in a head-to-head comparison (Figure 4a).
Based on the observed results, it is apparent that 1,2-cis-
diastereoselectivity is independent of the anomeric config-
uration of the donor, and the reaction proceeds through a
common intermediate, ostensibly the oxocarbenium ion of the
furanose donor, to produce the desired high 1,2-cis-selectivity.
Additionally, we examined the epimerization of the α/β-
furanoside products using the established reaction conditions
(Figure 4b). The product exhibited no signs of epimerization,
underscoring the stability and mildness of our developed
protocol.
Through initial studies, we found the byproduct of this

reaction to be unstable, and so we attempted to isolate an
intermediate of the byproduct through a trapping experiment;
the reaction was set up with ribose donor 3a and an excess of

alcohol acceptor isopropanol 4c (5 equiv). We found that this
resulted in the synthesis of the expected product 5c and an
isomerized isopropanol trapped byproduct 9a. Additionally, we
performed another reaction with deuterated methanol as the
acceptor, and we were able to isolate similarly isomerized
deuterated methanol incorporated byproduct 9b along with
product 5m (Figure 4c) (see Supporting Information for more
details).
To evaluate whether ester insertion into the carbene, which

leads to the formation of the oxocarbenium ion, is the rate-
determining step, we modified the electronic character of the
aromatic ring on the donor. Subsequently, D-ribofuranosyl
donors 3e and 3f were synthesized, featuring a methoxy and a
nitro group para to the ester moiety in the aromatic ring. Our
observations on the relatively similar rates of their reactions
with acceptor 4g (Figure 4d) led to the hypothesis that
insertion of the ester into the generated carbene is not the rate-
limiting step. Instead, we believe that the reaction rate depends
primarily on the reactivity of the alcohol acceptor, which in
turn depends on its steric and electronic properties. Thus, we
can infer that the rate of formation of the oxocarbenium ion
does not play a significant role in determining the rate of
reaction. To investigate the e■ect of the C2 protecting group
on the stereochemical outcome of this reaction, we synthesized
ribosyl donors with modified C2 protecting groups (Figure
4e). As copper is known to coordinate with alkenes and
alkynes, we replaced the C2 benzyl group with a non-π-aryl
coordinating methoxy group (3g) to probe the role of the
phenyl ring coordination in the benzyl protecting group. To
our delight, there was no change in the stereochemical
outcome of the product. Additionally, we employed a C2
silyloxy group (3h) to monitor coordination to the copper
catalyst in ensuring cis-selectivity. When subjected to our
parent conditions, we found that this silyloxy led to nearly
exclusive cis-selectivity while maintaining high yields. This
suggests that coordination of the copper catalyst to the C2
oxygen is necessary for the observed selectivity.
Subsequently, we explored the significance of the -en, -yn,

and -al functionalities within our innovative furanosyl donor
(Figure 4f). The absence of the aldehyde functionality in the
synthesized en−yn ribosyl donor 3i led to no reaction in the
presence of the copper catalyst. Experimentation was also
conducted with the ribosyl yn−al donor 3j, which notably
displayed a complete lack of reactivity in the desired
furanosylation reaction. The well-established D-ribosyl -yn
donor 3k was unreactive under our standard reaction
conditions. Nonetheless, the literature has shown that gold
salts can activate these types of alkyne donors to initiate
furanosylation.28 This further highlights the importance of our
copper carbene chemistry and the limitations of the known
metal-catalyzed approaches, which require precious rare metals
such as gold and rhodium. As described earlier, glycosylation
catalyzed by earth-abundant metals has been notably missing
from academic discourse, and many new donors are unreactive
in the presence of such catalysts. These results also
demonstrate the orthogonal reactivity of our donor to
literature known alkyne donors, which could be harnessed
for a one-pot iterative synthesis.
To further demonstrate the orthogonal reactivity of our

donor, we attempted a reaction with propargyl alcohol as an
acceptor to access propargyl donor 5n, known to be reactive
under gold(III) catalysis, as described by the Hotha group.29
We were pleased to observe that the reaction exhibited full
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compatibility with the alkyne group, furnishing a high product
yield of 90% with near exclusive α-selectivity. This further
highlights the selectivity of the copper catalyst for enynal
donors over other alkyne donors known in the literature
(Figure 5a).
We next demonstrated the orthogonal reactivity with well-

established and widely utilized thioglycoside donors. As
expected, acceptor 13, bearing a thioglycoside moiety, reacted
facilely under the optimized copper-catalyzed conditions,
highlighting the orthogonal reactivity of these enynal donors.
The newly formed thioglycoside product 7k can be utilized in
an established NIS/TfOH method to perform a one-pot
iterative synthesis, as demonstrated by Lowary30 (Figure 5b).
Results from the experimental study provided the following

insights into the Cu-catalyzed reaction pathway: ionization of
the ribose donor likely is not the rate-limiting step, and the cis-
stereoselectivity is determined after this step. The latter point

is supported by the noninterconvertibility of the isomeric
products and the greater stability of the experimentally minor
trans-isopropoxy product 5c (ΔGcalc = 3.5 kcal/mol), as
previously mentioned in Figure 4b. To computationally model
the reaction pathway, we considered the likely copper-ligated
species Cu(I)XY (X, Y = OR, OTf), which could attack the
intermediate oxocarbenium ion. The reactant ratio for CuOTf/
ROH/Li2CO3 of 0.1/1.0/1.0 and the Cu-anion binding
aEnities (see the Supporting Information for details) would
favor the formation of species such as Cu(OR), Cu(OR)-
(OTf)−, and Cu(OR)2−.31 Our DFT computational study32
began by first considering the approaches of Cu-OiPr to either
face of the model 2-methoxyfuran oxocarbenium ion A (Figure
6). Isomeric cis- and trans-C-bound Cu(III) alkoxide
intermediates cis-B and trans-B, arising from oxidative addition,
were found.33 The cis-Cu(III)-C intermediate cis-B, which is
stabilized by a bonding interaction with the adjacent -OMe

Figure 5. (a) Synthesis and compatibility with propargyl donor. (b) Orthogonal iterative synthesis with a thioglycoside acceptor.

Figure 6. Free energy profile for the reaction of 2-OMe furan oxocarbenium ion with Cu(OiPr). Energies are given in kcal/mol; atomic distances
are given in Å; and atomic colors: O = red, C = gray, H = white, and Cu = bronze.
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group (Cu-OMe 1.97 Å, Cu-C 2.19 Å), is found to be 9.8 kcal/
mol lower in energy (more stable) than the trans intermediate
trans-B (Cu-O(furan) 2.26 Å, Cu-C 1.97 Å). Reductive
elimination from the intermediates (cis-B, trans-B) leads to
the respective cis- and trans-product complexes (cis-D, trans-
D).34 The transition states for this process (cis-C, trans-C)
show the O−C bond-making and Cu-O-iPr bond-breaking: cis-
TS: Cu-OMe 2.09 Å, Cu-C 2.42 Å, and C-O(iPr) 1.84 Å;
trans-TS: Cu-O (furan) 2.46 Å, Cu-C 2.26 Å, and C-O(iPr)
1.85 Å. The activation energies for these isomeric transition
states are small and quite similar, 3.4 vs 2.8 kcal/mol.
According to the energetic profile of Figure 6, the cis product
complex cis-D (and its Cu-free product 5c) should be the
exclusive product. This is qualitatively, but not quantitatively,
in agreement with the experimental results. To reconcile the
computational and experimental results, we also considered the
stereoselectivity of the model carbocation reacting with
Cu(OiPr)(OTf)− and Cu(OiPr)2−. With these CuXY− species,
the cis-oxidative addition intermediate cis-B′ (Supporting
Information) was only slightly favored or equal energetically
to the trans-B′ by 0.3 kcal/mol for −Cu(OiPr)(OTf)− and
−0.0 kcal/mol for −Cu(OiPr)2−. The longer cis-Cu-OMe and
trans-Cu-O(furan) interactions in these cases (see Supporting
Information for details) apparently are weaker, probably
accounting for their similar stabilities. With both of these
CuXY− species, the trans activation energy is comparable to, or
lower (0.5−2.0 kcal/mol) than, the cis pathway, predicting a
slight preference for the trans product. The involvement of
these additional pathways would lower the observed cis-
selectivity, as would competition with o■-the-metal-alcohol
attack directly on the oxocarbenium ion.
Based on the above-described results, control experiments,

and computational calculations, we hypothesized a plausible
mechanism for this copper-catalyzed 1,2-cis-furanosylation, as
depicted in Figure 7. First, the enynal moiety in the presence of
the copper(I)-catalyst forms intermediate E via a 5-exo-dig-
cyclization. This process is followed by the back-donation from
copper, leading to the aromatization of the furan moiety,
thereby generating the copper-carbene, intermediate F. The

resulting copper carbene activates the anomeric ester to form
an oxocarbenium ion G, which is the common intermediate
regardless of the anomeric configuration of the starting donor.
The resulting oxocarbenium ion G can adopt both E3 and 3E
conformations. Based on the literature, E3 is identified as the
more stable conformation, and an inside attack from the
nucleophile to E3 produces the cis-isomer.35 The furan
byproduct H, containing copper, undergoes protodemetalation
with the acceptor alcohol, resulting in the formation of copper
alkoxide I. This copper alkoxide then undergoes oxidative
addition, leading to the formation of intermediates J and K. In
the case of intermediate J, stabilization occurs through
chelation between the C2 oxygen and copper. In contrast,
no such stabilization is observed in intermediate K.
Consequently, intermediate J is determined to be more stable
than intermediate K. Ultimately, reductive elimination from
intermediate J gives rise to the corresponding contra-
thermodynamic 1,2-cis-furanosylation product (5α). On the
other hand, the noncoordinated intermediate K can lead to the
corresponding β-1,2-trans-product (5β). This proposed mech-
anism is further supported by the optimization results outlined
in Table 1, where the use of the Cu(I)OTf catalyst resulted in
a high degree of cis-stereoselectivity compared to triflic acid,
suggesting the involvement of copper in providing the high
anomeric 1,2-cis-stereoselectivity. Notably, oxocarbenium
intermediate G can also exist in equilibrium as a contact-ion
pair. The proximal triflate anion shields the α-face (α-triflate)
or β-face (β-triflate) of the furanosyl oxocarbenium ion. A
subsequent SN2 attack on the α-triflate or the β-triflate species
would furnish the β- or the α-furanosyl product (5),
respectively, without the involvement of the copper catalyst.

C CONCLUSIONS
In conclusion, an earth-abundant copper-catalyzed stereo-
selective furanosylation strategy is developed to access the
challenging 1,2-cis furanosidic linkages.
This transformation proceeds at room temperature and

provides high yields and excellent cis-stereoselectivity by
utilizing novel benchtop stable enynal-derived furanosyl

Figure 7. A plausible mechanism for copper-catalyzed ribofuranosylations.
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donors. This chemistry accommodates primary, secondary, and
tertiary alcohol acceptors, as well as other furanose donors with
di■erent substitution and stereochemical patterns. Our control
experiments indicate that the observed 1,2-cis-stereoselectivity
is independent of the anomeric configuration of the starting
furanose donors. This method also exhibits orthogonal
selectivity with well-established alkyne and thioglycoside
donors, enabling a one-pot iterative synthesis. Through
experimental and computational studies, we have established
that the desired cis-stereoselectivity arises from chelation
between the C2-oxygen of the furanose donor and the
incoming copper alkoxide nucleophile. These findings
emphasize the unique capabilities of earth-abundant copper
as a catalyst for highly stereoselective furanosylation reactions.
Furthermore, applications of this method to other glycosyla-
tion reactions are underway and will be reported in due course.
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ABSTRACT: Given its earth abundance, cost-e%ectiveness, and ecofriendly
qualities, iron serves as a promising alternative to precious metals in catalysis.
This article presents an iron carbene-initiated cascade approach for synthesizing
highly substituted tetrahydrofurans at the gram scale. This cascade reaction
utilizes readily accessible β-hydroxyketones and diazo compounds and works
with iron catalyst loading as low as 5 mol %. This reaction proceeds through an
O−H insertion into diazo-derived iron carbenes, followed by an intramolecular
aldol reaction to access functionalized tetrahydrofurans in high yields and
diastereoselectivity. The versatile nature of this domino sequence accommodates
diverse β-hydroxyketones and diazo compounds, streamlining access to
synthetically challenging spiroethers. Furthermore, this cascade process o%ers a route to enantiopure tetrahydrofurans by utilizing
a diazo ester bearing a chiral auxiliary, 8-phenylmenthol. Postmodifications of the tetrahydrofuran product provide access to various
analogues, including a medicinally relevant oxetane motif. Density functional theory (DFT) calculations substantiate a stereospecific
mechanism wherein the intramolecular aldol reaction proceeds via a fused six- and five-membered iron−oxygen transition-state
complex, yielding the contrathermodynamic cis-aldol product.
KEYWORDS: iron catalysis, cascade reactions, diazo compounds, tetrahydrofurans, chiral auxiliary

Metal catalysts play a pivotal role in synthetic chemistry. Iron
(Fe) stands out as the second most abundant metal in the
Earth’s crust, following only aluminum, with a composition of
approximately 4.7% by weight.1 This abundance, combined
with iron’s low cost and relative nontoxic nature, positions it as
the catalyst of choice for various chemical transformations.2
Incorporating iron catalysts into synthetic processes can reduce
the cost of producing pharmaceuticals, fertilizers, and other
essential products, as the expense of reagents directly
influences compound cost. Furthermore, iron boasts a
commendable safety profile endorsed by regulatory authorities.
It is considered “a metal with a minimal safety concern”, as
1300 ppm residual iron is deemed acceptable in drug
substances. This status represents a distinct advantage
compared to the ≤10 ppm prescribed for most other transition
metals, including rhodium.1b These characteristics elevate iron
as a sustainable catalyst for chemical synthesis, presenting
economic benefits and enhanced safety features.2,3 Another
crucial factor contributing to cost-e%ective chemical synthesis
involves adopting cascade reactions, which have garnered
substantial research interest in recent years.4 These reactions
o%er remarkable advantages, encompassing atom economy, a
substantial saving in time, labor, resources, and waste
management.5 Cascade reactions introduce notable eOciencies
by consolidating multiple transformations within a singular
synthetic process. For example, a product traditionally

requiring several sequential steps can now be obtained through
a singular reaction solvent, workup procedure, and purification
phase. In this context, our research group6 and numerous
others have pioneered cascade reactions utilizing diazo-derived
rhodium carbenes.7
Rhodium is one of the most utilized metals in diazo

chemistry.8 However, due to its high cost and limited
availability, we have shifted our focus toward developing
cascade reactions utilizing environmentally sustainable, earth-
abundant metal catalysts, including iron, copper, and zinc.9
Despite the decades-long recognition of iron carbene
complexes, the utilization of iron in carbene cascade reactions
has remained unexplored, likely due to the challenge of
identifying an iron catalyst complex that e%ectively stabilizes
the necessary zwitterionic intermediate required to trigger a
cascade reaction.10 To the best of our knowledge, there is no
report of a cascade reaction involving diazo-derived iron
carbenes. However, multiple research groups have reported
N−H, O−H, S−H, and Si−H bond insertion reactions,11
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cyclopropanations,12 and C−H functionalization reactions of
iron carbenes.13 We conceived of employing iron as a catalyst
within the established carbene-initiated O−H-insertion/aldol
cascade as a starting point. This methodology aims to enable
access to functionalized tetrahydrofurans, commonly found in
naturally occurring bioactive substances spanning diverse
classes such as lignans, acetogenins, ionophores, and macro-
lides.14 Notable examples include (+)-fragransin A2,15
caloxylane,16 and amphidinolide F17 (Figure 1).

Multiple strategies have been developed to attain the
stereoselective synthesis of tetrahydrofurans.18 Despite sig-
nificant progress in synthetic methodologies, synthesizing
substituted tetrahydrofurans remains formidable, underscoring
the need to explore innovative approaches. The Moody and
the Hu group reported rhodium(II)-catalyzed reactions of
diazocarbonyl compounds with β-hydroxyketones to access
highly substituted tetrahydrofurans (Figure 2a).19 Our group

developed a cascade reaction involving O−H insertion/aldol/
oxy-Cope sequence to access medium-sized rings.6b Taking
inspiration from these studies, we introduce an inexpensive
iron catalyst in diazocarbene chemistry to synthesize highly
substituted tetrahydrofurans (Figure 2b).
Taking inspiration from the Zhou group,11a we envisioned

that BOX ligand would coordinate and stabilize the Fe(II)
catalyst. At the same time, sodium tetrakis(3,5-bis-
(trifluoromethyl)phenyl)borate (NaBArF) would initiate a
counterion exchange to create a highly Lewis acidic Fe(II)
complex that would e%ectively decompose the diazo. There-
fore, we initiated our optimization studies for the iron-
catalyzed cascade reaction with readily available starting

materials keto-alcohol 1a, and diazo 2a as model substrates
to access the desired tetrahydrofurans (Table 1).

Following a thorough evaluation of various reaction
conditions, we discovered that the optimal results, with a
yield of 95% and an aldol/insertion ratio of 8:1, could be
obtained by using Fe(BF4)2•6H2O (20 mol %), tetramethyl-
bis(oxazoline) (tmBOX) (22 mol %) and NaBArF (22 mol %)
in methylene chloride with 4 Å molecular sieves. The reaction
was carried out by adding a solution of diazo compound 2a in
methylene chloride to the reaction mixture under reflux
conditions using a syringe pump for 1.5 h (entry 1). The 1H
NMR analysis confirmed the formation of a single diaster-
eomer (dr ≥ 98:2) of the aldol product. Subsequently, we
evaluated the reaction’s e%ectiveness using a low (5 mol %)
catalyst loading and were delighted to find a similar outcome as
with 20 mol % loading (entry 2). It is noteworthy to mention
that we use 20 mol % of iron catalyst in our standard
conditions as it is more practical to weigh. Significantly, the
absence of 4 Å molecular sieves reduced both the yield and the
aldol/insertion ratio (entry 3). FeCl3 also catalyzed the aldol
reaction but resulted in low yield and selectivity (entry 4).
Conversely, FeCl2 was observed to be unreactive in this
context (entry 5). Without Fe(BF4)2•6H2O, no desired
product was obtained (entry 6). Without the tmBox, the
reaction provided a good yield but a lower aldol/insertion ratio
for the desired product (entry 7). Likewise, in the absence of
NaBArF, the reaction proceeded with a comparable yield but
exhibited an increase in the insertion product (entry 8).
Particularly, NaBArF has been shown to enhance the Lewis

Figure 1. Naturally occurring tetrahydrofurans.

Figure 2. (a) Previously known rhodium-catalyzed approaches. (b)
This work: iron catalyzed carbene cascade.

Table 1. Optimization of the Reaction Conditionsa

entry variation from “standard conditions” % yieldc 3a/4ad

1 none 95% 8:1
2e low catalyst loading (5 mol %) 83% 8:1
3 no 4 Å MS 70% 6:1
4 FeC13 instead of Fe(BF4)2•6H2O 50% 3:1
5 FeC12 instead of Fe(BF4)2•6H2O n.r. n.d.
6 no Fe(BF4)2•6H2O n.r. n.d.
7 no tmBOX 70% 1:1
8 no NaBArF 75% 1:3
9 44 mol % of NaBArF 80% 1:2.5
10 44 mol % of tmBOX 20% 1:1
11 CHC13 as solvent 70% 1:1
12 DCE as solvent 60% 4:1
13 no syringe pump addition 40% 1:1

aAll reactions were performed by adding diazo compound 2a (1.3
equiv, 0.15 M CH2Cl2) dropwise via syringe pump to a solution of
keto-alcohol 1a (1.0 equiv), Fe(BF4)2•6H2O (20 mol %), NaBArF
(22 mol %), and tmBOX (22 mol %) in 0.2 M CH2Cl2.
bDiastereomeric ratio (dr) of 3a was determined by 1H NMR (dr
≥ 98:2). cYield was determined by 1H NMR using 1,3,5-
trimethoxybenzene as an internal standard. dSelectivity (3a/4a) was
determined by 1H NMR. eFe(BF4)2•6H2O (5 mol %), NaBArF (5.5
mol %), and tmBOX (5.5 mol %) was used. n.r. = no reaction; n.d. =
not determined.
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acidity and electrophilicity of the iron catalyst by exchanging
the counteranion with a bulky and noncoordinating BArF
anion, resulting in improvements in reaction eOciencies13b,20
and consequently improving the aldol/insertion ratio. How-
ever, augmenting the quantity of NaBArF (2 equiv) results in
the rapid decomposition of the diazo compound, leading to a
faster reaction with an increased amount of the insertion
product (entry 9). Additionally, increasing the loading of the
tmBox ligand reduced iron’s catalytic activity, thereby
decreasing the yield, and a lower aldol/insertion ratio was
observed (entry 10). Subsequently, our e%orts were directed
toward optimizing the solvent for this reaction. Chloroform
and 1,2-dichloroethane (DCE) demonstrated solvent compat-
ibility, although the yield and aldol/insertion ratio were
reduced. Despite this, none of these solvents outperformed
dichloromethane, leading to its selection for further inves-
tigations (entries 11, 12). We eventually discovered that the
slow addition of the diazo compound using a syringe pump
over 1.5 h is crucial in achieving the desired yield and a high
aldol selectivity (entry 13).
After establishing the optimal conditions, we investigated the

scope of α-aryl-α-diazocarbonyl compounds, also known as
donor−acceptor diazos21 (Table 2). At first, substituting the
ester group of the diazo compound from ethyl to methyl ester
resulted in the formation of the corresponding product 3b with
a comparable yield, and a similar aldol:insertion ratio (10:1)
was obtained. Next, we focused on examining di%erent

electronic substituents in the aryl group. Notably, electron-
donating groups such as methyl and methoxy at the para-
position of the phenyl ring provided excellent yields of the
desired products (3c, 3d) with favorable aldol/insertion ratios.
Similarly, the electron-donating thiophene diazo a%orded the
corresponding product 3e in excellent yield with 1:1 aldol/
insertion selectivity. Conversely, the electron-withdrawing
nitro substituent a%orded a lower yield (35%) of desired
product 3f with 4:1 aldol/insertion selectivity.
Moreover, when a halogen was substituted at the para

position of the phenyl group, the transformation smoothly
proceeded to a%ord the desired product with an outstanding
yield (3g). Notably, the cyclic diazo compounds proceeded in
high yield to provide the desired spiroethers (3h), which are
challenging to obtain with high stereoselectivity. Diazo
compounds derived from tetralone also provided the desired
spiroethers in good yield (3i).
Next, we aimed to explore the range of substrates for

di%erent hydroxyketones (Table 3). We introduced various
keto-substituted groups to evaluate their compatibility with
diazo substrate 2. Keto-alcohols 1, containing substituents such
as phenyl, p-Me-phenyl, and p-Br-phenyl, all underwent
smooth reactions with diazo 2 and resulted in the formation
of the desired products 3j−l, with yields ranging from 50 to

Table 2. Scope of Diazo Compoundsa

aAll reactions were performed by adding diazo compound 2 (1.3
equiv, 0.15 M CH2Cl2) dropwise via a syringe pump to a solution of
keto-alcohol 1 (1.0 equiv), Fe(BF4)2•6H2O (20 mol %), NaBArF (22
mol %), and tmBOX (22 mol %) in 0.2 M CH2Cl2. bYield was
determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal
standard. cDiastereomeric ratio was determined by 1H NMR (dr ≥
98:2). dSelectivity was determined by 1H NMR.

Table 3. Scope of β-Hydroxyketonesa

aAll reactions were performed by adding diazo compound 2 (1.3
equiv, 0.15 M CH2Cl2) dropwise via syringe pump to a solution of
keto-alcohol 1 (1.0 equiv), Fe(BF4)2•6H2O (20 mol %), NaBArF (22
mol %), and tmBOX (22 mol %) in 0.2 M CH2Cl2. bYield was
determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal
standard. cDiastereomeric ratio was determined by 1H NMR (dr ≥
98:2). dSelectivity was determined by 1H NMR. eDiazo compound 2
(1.3 equiv, 0.15 M CH2Cl2) dropwise via syringe pump to a solution
of keto-alcohol 1 (1.0 equiv), Fe(BF4)2•6H2O (30 mol %), NaBArF
(32 mol %), and tmBOX (32 mol %) in 0.2 M CH2Cl2.
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95%. Furthermore, 2- and 3-substituted furan containing
hydroxyketones a%orded the corresponding tetrahydrofurans
with a high yield and exclusive aldol selectivity (3m−n). It is
important to note that the presence of the α,β-unsaturated
carbonyl functionality yielded only the aldol product
exclusively in every case. Surprisingly, we did not observe
any insertion products with these substrates. Ketones bearing
acidic α-hydrogens were well tolerated and furnished the
corresponding products (3o, p) with an excellent yield (95%)
and a high aldol-selectivity. Pleasantly, substituted vinyl keto-
alcohol displayed eOcient reactivity, forming the correspond-
ing product 3q in an excellent yield of 98% and with exclusive
formation of the aldol product. Encouragingly, a 2-methyl-
substituted keto-alcohol yielded the related aldol product 3r
exclusively, albeit with a moderate yield (55%). Importantly,
the methyl and the hydroxyl groups were found to be in the cis
conformation. This is presumably due to steric interaction
arising from the α-methyl and phenyl groups of the β-
hydroxyketone in the 5-6-membered fused transition state (see
SI page S15 for details).
The stereochemistry of the aldol product was unequivocally

established by the single crystal X-ray analysis of compounds
3h (CCDC 2285941) and 3q (CCDC 2285940) (Figure 3).22

Significantly, the newly formed stereocenters in the aldol
product have the hydroxyl and ester groups on the same side.
This observation suggests a well-organized transition state
during the formation of the aldol product.
Next, we focused on synthesizing enantiopure tetrahydrofur-

ans by using chiral ligands on iron. Initially, we employed
various chiral BOX-ligands (L1−L3) to induce enantiomeric
excess (ee), as shown in Figure 4a. Although tetrahydrofuran
3a was obtained in a good yield in all cases, no significant
amount of ee was observed. To overcome this challenge, we
devised a strategy involving an easily accessible chiral auxiliary
that could be conveniently attached through the ester moiety
of the diazo compound (Figure 4b).
Consequently, we synthesized esters containing chiral

menthol-based auxiliaries 2s and 2t. The reaction of
hydroxyketone 1a with L-(−)-menthol diazo 2s resulted in
an aldol-insertion product 3s with a 15:1 ratio in 84% yield.
However, only a 2:1 diastereomeric excess (de) was observed.
Significantly, when we employed the bulkier (−)-8-phenyl-
menthol as the chiral auxiliary, the desired diastereomeric
excess was achieved in a 7:1 ratio (3t). To our delight, both
diastereomers were easy to separate by silica gel flash column
chromatography. As expected, the newly formed stereocenters
in the major diastereomer had the hydroxyl and ester groups in
syn fashion and had an opposite configuration to the alcohol
stereocenter of 8-phenylmenthol (see the SI, page S18 for
plausible transition states). The absolute stereochemistry of the
predominant diastereomer 3t was established by analyzing its

crystal structure (CCDC 2285942).22 Ultimately, the chiral
auxiliary, 8-phenylmenthol, could be e%ectively recovered from
the product through LiAlH4 reduction, yielding a 90% recovery
with the formation of the pure enantiomer of tetrahydrofuran 5
in 78% yield (Figure 4c).
To demonstrate the practical utility of this approach, the

reaction was executed on a 4 mmol scale of β-hydroxyketone
1b. The reaction involving diazo compound 2u exhibited
eOcient progress with a notably lowered iron catalyst loading
(5 mol %), a%ording an 80% yield (1.4 g) of the resulting 3u
compound, as illustrated in Scheme 1.
Additionally, the robustness of this method was demon-

strated by successfully applying it to late-stage modifications.
The ester moiety of the product was e%ectively converted to
the corresponding alcohol 5u through diisobutylaluminum
hydride (DIBAL-H) reduction. Subsequently, compound 5u
underwent Sonogashira coupling with trimethylsilyl acetylene,
forming alkyne 6 in 85% yield. A Sonogashira coupling of 5u
with phenylacetylene a%orded alkyne 7 in 60% yield.
Treatment of compound 7 with Mitsunobu reaction conditions
furnished a dioxabicycloheptane compound 8 bearing an
oxetane, which is an important motif in medicinal chemistry
due to its physiochemical properties.23 Additionally, it is
important to note that the alkyne functionalities can be further

Figure 3. Single crystal X-ray structures of tetrahydrofuran 3h and 3q.
Figure 4. (a) Screening of chiral BOX-ligands. (b) Induction of
diastereomeric excess (de) by a chiral auxiliary. (c) Recovery of chiral
auxiliary.
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diversified using Click Chemistry to form triazoles found in
various bioactive compounds and drug molecules.24
To gain further insights into the reaction mechanism, we

synthesized the pure insertion product 4a, following the
literature-reported rhodium(II) catalyzed activation protocol,
and subjected it to our optimized reaction conditions.
However, the reaction did not proceed to yield the
corresponding aldol product. DFT calculations also support
this observation, as the insertion product 4a is 8 kcal/mol
more stable than the aldol product 3a (Scheme 2). This
experiment suggests the involvement of a metal species in the
formation of an O-enolate intermediate, which is crucial for the
subsequent progression of the aldol step.

We also performed detailed density functional theory (DFT)
calculations using B3LYP//6-31G(d)/LANL2DZ//vac25 to
elucidate the underlying mechanism, as shown in Figure 5.
To economize, the tmBOX ligand was replaced with an

electronically similar Me2-diimine ligand. A combination of
Fe(BF4)2•6H2O, Me2-diimine, and keto alcohol is expected to
produce iron carbene keto-alcohol complex A with extrusion of
nitrogen. Intermediate A can engage in exergonic O−C bond
formation with the bound keto alcohol to provide iron η2-C-
enolate B with the loss of the alcohol (O−H) proton.
Alternatively, B can undergo exergonic C-protonation, leading
to the O-insertion intermediate D. Substrate-assisted decom-
plexation of D provides the thermodynamically favored O-
insertion product H. The η2-C-enolate B is in equilibrium with
the O,O,O-bound iron O-enolate C, favoring the latter by 7.5
kcal/mol. The O-enolate C can undergo aldol reaction via a
chair-type transition state E (ΔG* = 15.0 kcal/mol) to form
the cis-iron aldol adduct F. Finally, proto-demetalation of F

provides the cis-aldol product G. The iron O,O,O-coordination
of C, E, and F strongly favors the experimentally observed cis-
(OH, CO2Et) aldol product G, despite being nearly
isoenergetic with the trans-isomer (ΔG = 0.3 kcal/mol). The
origin of the interesting R1-carbonyl group e%ect on insertion/
aldol chemoselectivity (Table 3) is not apparent from our
calculations, but it could originate from a high barrier step in
the proton transfer B to D insertion pathway.
Based on the literature precedent,19a experimental results,

control experiments, and DFT studies, we propose a plausible
mechanism for the iron-catalyzed O−H insertion/aldol
cascade reaction, depicted in Figure 6.
The initial step involves chelating the tmBOX ligand with

Fe(BF4)2•6H2O in the presence of NaBArF, forming iron-
tmBOX complex A. Subsequently, hydroxyketone 1 coor-
dinates with complex A, yielding iron-complex B. Next, diazo-
ester 2 reacts with iron-complex B, leading to the creation of
the iron-carbene intermediate C. Following this, insertion of an
O−H transpires, generating the zwitterionic intermediate D,
which may exist in equilibrium with an enol form E.
Subsequently, intermediate E undergoes an intramolecular
aldol reaction via a fused five-six-membered chair-type
transition state, generating intermediate F. This intermediate
then experiences protodemetalation, ultimately giving rise to
observed tetrahydrofuran product 3 in a cis-diastereoselective
fashion. It is essential to highlight that intermediate D also has
the potential to undergo a [1,2]-H shift, resulting in the
formation of the O−H insertion product 4. This mechanism is

Scheme 1. Gram-Scale Synthesis and Post-Modifications

Scheme 2. Control Experiment

Figure 5. Computational study of the reaction mechanism (B3LYP/
6-31G(d)/LANL2DZ/vac).
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consistent with the DFT calculations and experimental findings
that chiral BOX-ligands in the more stable O-enolate form (E),
are not able to induce enatioinduction in the aldol step due to
being far away from the reactive center, as described in the
literature.19a
In conclusion, we devised a strategy to achieve stereo-

selective synthesis of highly substituted tetrahydrofurans using
an O−H insertion/aldol cascade reaction. This method
employs an Earth-abundant iron(II) catalyst and demonstrates
tolerance toward a broad range of β-hydroxyketones and diazo
compounds. The attainment of enantioselectivity in the
reaction is attributed to the utilization of 8-phenylmenthol as
a chiral auxiliary. The observed high stereoselectivities in the
formation of tetrahydrofurans can be rationalized by proposing
a mechanistic pathway supported by DFT calculations
involving a fused five-six-membered transition state for the
intramolecular aldol reaction. The pragmatic utility of our
method has been sustained through a gram-scale synthesis of
functionalized tetrahydrofurans, followed by subsequent post-
modifications, including the creation of the medicinally
relevant oxetane motif. Moreover, understanding iron’s role
as a catalyst in carbene cascade reactions will undoubtedly pave
the way for novel synthetic transformations.
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ABSTRACT: Thioglycoside activation, crucial for oligosaccharide synthesis,
faces challenges with the need for stoichiometric promoters, additives, and
cryogenic conditions, particularly in stereoselective 1,2-cis-linkage formation.
This study introduces a carbene-based catalytic method using Cu(OTf)2 for
thioglycoside activation, enabling efficient 1,2-cis-furanosylation in ribose and
arabinose. The method is orthogonal to conventional thioglycoside and alkyne
donors, accommodates sterically demanding acceptors, and achieves stereo-
selectivity independent of the donor anomeric configuration and C2-protecting
groups, with copper chelation playing a key role.

Thioglycosides have been employed for decades as facile
glycosyl donors for synthesizing oligosaccharides and

glycoconjugates as they hold excellent thermostability and
tunable reactivities.1 Numerous methods have been developed
for activating and selectively functionalizing these thioglycoside
donors.1a,2 While elegant, most methods use stoichiometric
amounts of harsh and moisture-sensitive reagents, often
resulting in undesired side reactions, especially in substrates
bearing reactive functionalities.1f,3 For example, the activating
conditions for substrates bearing alkenes are often incompat-
ible and require low temperatures to avoid side reactions.4
Thus, developing milder methods for thioglycoside activation
has been an area of continuous interest. Additionally, catalytic
activation of thioglycosides is limited, with most methods
utilizing precious rare-earth metals such as rhodium and gold.5
Furthermore, no catalytic methods for thioglycoside activation
are known for synthesizing 1,2-cis-furanosides, key constituents
of several biomedically relevant carbohydrates.6 This is likely
because constructing a 1,2-trans linkage via anchimeric
assistance from a C2-O-acyl protecting group is relatively
straightforward,2f,7 while achieving the 1,2-cis linkage poses a
more formidable challenge due to the absence of C2-O-
participating groups. Additionally, the higher stability of the
oxocarbenium ion in furanosides compared to their pyranoside
counterparts further complicates the attainment of 1,2-cis-
selectivity.8 Therefore, most glycosylation methods developed
for 1,2-cis linkages in the pyranoside system are inefiective for
furanosides, leading to a mixture of stereoisomers with similar
glycosyl donors in furanosylation reactions.9
A literature review identified an approach by the Wan group

using cooperative catalysis with rhodium(II) and Brønsted acid
for carbene-based thioglycoside activation (Figure 1a).5b This
method generates anomeric sulfonium ylides, followed by

protonation to form oxocarbenium ions for glycosylation.
However, it struggles with 1,2-cis-selectivity, likely due to
rhodium’s inability to form C2-O coordination to direct the
nucleophile, and it lacks examples of 1,2-cis-furanosylations.
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Figure 1. (a) Catalytic glycosylation with Rh-carbene. (b) Enynal
derived carbene based 1,2-cis-furanosylation. (c) Our approach.
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To address the challenge of 1,2-cis-furanosylations, our
group recently developed benzoate donors activated by enynal-
derived copper carbenes (Figure 1b).10 However, the need for
higher loadings of copper(I) trifluoromethanesulfonate, the use
of a base additive (Li2CO3), and the lengthy synthesis required
for benzoate donors prompted us to shift our focus to more
stable and versatile thioglycoside donors. Drawing inspiration
from our previous work and expertise in using earth-abundant
metal carbenes,10,11 we hypothesized that copper carbenes
could efiectively activate thioglycosides and direct alcohol
nucleophiles by coordinating with the C2-ether protecting
group, thereby achieving 1,2-cis-furanosylation with high
stereoselectivity (Figure 1c).
Our approach commences with the activation of a simple

thioglycoside donor using an external diazo compound under
copper-catalyzed conditions, exploiting the ability of copper to
coordinate with furanose C2-O and incoming alcohol
nucleophiles to achieve 1,2-cis-selectivity.10 The reaction of
thioglycoside donor 1a with diazo compound 2a and methyl-
2,3,4-tri-O-benzyl-α-D-glucopyranose acceptor 3a under
copper(I) trifluoromethanesulfonate conditions produced the
desired disaccharide 4a with excellent 1,2-cis-stereoselectivity
but a low yield (Table 1a, 15%, α/β = 7/1), with most starting

materials unreacted. Using copper(II) trifluoromethane-
sulfonate slightly improved the yield to 20%, though unreacted
materials persisted. Stoichiometric copper further improved
the yield to 55%, but it also generated multiple byproducts,
including carbene dimer, direct alcohol insertion, and other
unidentified compounds.
Aiming for an additive-free thioglycoside activation method

and addressing the competitive direct attack of the acceptor

nucleophile on the diazo-derived carbene, we focused on
enhancing the reactivity of the sulfur atom in thioglycosides
toward the diazo moiety. To this end, we devised an
intramolecular thioglycoside diazo donor, anticipating that
the proximity and intrinsic reactivity of the sulfur atom would
overcome the competitive reactivity issues observed in
intermolecular reactions.
Intramolecular diazo thioglycoside donors can be synthe-

sized in two steps using commercially available starting
materials and remain stable for months (see Supporting
Information (SI) for details). Optimization of our intra-
molecular diazo thioglycoside activation began with the 2,3,5-
tri-O-benzyl-D-ribofuranosyl donor 1b and the glucopyranose
acceptor 3a (Table 1b). Replicating Rh(II)-catalyzed con-
ditions yielded the desired disaccharide 4a at ∼10% with the
formation of major byproduct 5 (entry 1).5b Switching to
copper salts, 10 mol % copper(I) triflate improved the yield to
37% with excellent 1,2-cis-selectivity (9/1) (entry 2). However,
using other copper(I) counteranions reduced both yield and
selectivity (entries 3, 4). Remarkably, with 10 mol % of
copper(II) triflate, the reaction provided an excellent yield
(88%) with an α-cis-selectivity of 9/1 at room temperature in
20 h (entry 5). Under the reaction conditions, a minor degree
of byproduct formation was observed, specifically byproduct 5,
which likely results from the interaction between the
oxocarbenium ion and the released oxathian counterpart (see
SI page S31 for details).5b Since some of the donors followed
an unproductive pathway, an increased amount of donor (1.4
equiv) was necessary to fully consume the acceptor. At lower
temperatures, the decomposition of diazo compounds slows,
which is a critical step in forming copper carbenes. The
subsequent reaction steps depend on the successful completion
of this initial process. Although byproduct formation
decreased, the reaction resulted in a similar yield and selectivity
of the desired product 4a (entries 6, 7). Testing other metal
triflates, Zn(OTf)2 gave only the rearrangement byproduct 5,
while Fe(OTf)2 required 50 °C for diazo decomposition with
no stereoselectivity (entries 8, 9). Without molecular sieves,
both yield and selectivity decreased, leading to increased
byproduct formation (entry 10).
With optimized conditions, we explored the substrate scope

with the benzyl-protected D-ribofuranosyl donor 1b (Table
2a). Primary alcohols featuring terminal alkene and alkyne
functionalities underwent smooth reactions, providing high
yields and α-cis-selectivity (4b, 4c). Secondary and tertiary
alcohols including chiral alcohol acceptors also afiorded
corresponding furanosylation products with high yields and
α-cis-selectivity (4d−4h). Encouragingly, reaction yields and
selectivity with carbohydrate alcohol acceptors were unafiected
by protecting groups including acetonide, benzyl, and benzoyl
(4i−4l). Notably, hindered carbohydrate acceptors, which are
typically less reactive toward glycosylation, performed equally
well with high yields and excellent 1,2-cis-selectivity (4m, 4n).
A protected amino acid alcohol acceptor also showed high cis-
selectivity (4o). Additionally, our system was successfully
applied to synthesize C- and N-glycosides, achieving high
yields and excellent cis-selectivity (4p, 4q).
Following this, we expanded the substrate scope using

arabinose donor 1c (Table 2b.) Primary, secondary, and
bulkier tertiary alcohol acceptors reacted efiectively, producing
the desired disaccharides in good yields with excellent β-cis-
stereoselectivity (6a−6e). Remarkably, acetonide-protected
galactose-, benzyl-, benzoyl-, and acetyl-protected glucose

Table 1. Optimization of the Reaction Conditionsa

Entry Catalyst (mol %) Time
% Yield
(4a)b

α/β
ratio

% Yield
(5)b

1. Rh2(OAc)4 (5%),
TfOH·DTBMP

16 h 10% n.d. 80%

2. [CuOTf]2·tol (10%) 24 h 37% 9/1 45%
3. Cu(MeCN)4PF6 (10%) 24 h 20% 4/1 55%
4. Cu(MeCN)4BF4 (10%) 24 h 0% n.d. 65%
5. Cu(OTf)2 (10%) 20 h 88% 9/1 20%
6. Cu(OTf)2 (10%), 0 °C 36 h 65% 9/1 <10%
7. Cu(OTf)2 (10%), 10 °C 36 h 88% 9/1 20%
8. Zn(OTf)2 (10%) 36 h n.r. n.d. 60%
9. Fe(OTf)2 (10%), 50 °C 16 h 56% 1/1 40%
10. Cu(OTf)2 (10%), no

4 Å MS
20 h 58% 7/1 45%

aAll furanosylations were conducted with acceptor 3a (0.05 mmol),
donor 1b (0.07 mmol), and CH2Cl2 (0.04 M) at 23 °C. bYield was
determined by 1H NMR using 1,3,5-trimethoxybenzene as the
internal standard, with respective to the acceptor 3a. cDiastereose-
lectivity was determined by 1H NMR.
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acceptors demonstrated facile reactivity, furnishing products
with good β-cis-selectivity and high yields (6f−6i). Notably,
acceptors derived from mannose were unreactive with the
Jacobsen bis-thiourea furanosylation protocol.12 Our method
achieved the intended product with high yields and selectivity,
adding to the versatility of our approach (6j, 6k).
To demonstrate compatibility with the opposite enantiomer,

L-arabinofuranoside donor 1d was also tested (Table 2c).
Reactions with this donor also exhibited β-cis-selectivity,
likewise D-arabinofuranoside. The acetonide- and benzoyl-
protected glucopyranoside acceptors, as well as the benzoyl-
protected mannopyranoside acceptor, afiorded corresponding
products in good yields and β-cis-selectivity (7a−7c).
Recent studies by Jacobsen12 and Zhang13 groups showed

that donor anomeric composition afiects 1,2-cis-furanosylation
stereoselectivity. We investigated the correlation between the
initial anomeric ratio of our diazo thioglycoside donor and the
final product’s stereoselectivity using both a racemic mixture
and an enantiopure ribose donor 1b (Figure 2a). To our
delight, we observed the same yield and stereoselectivity in
each trial, suggesting the anomeric composition of the starting
diazo donor does not influence the stereoselectivity outcome.
Furthermore, testing for potential epimerization of the α/β-
furanoside products under the same conditions revealed no
epimerization, demonstrating the mild nature of our protocol.
Next, we investigated the efiect of the electronic properties

of diazo donors on the reaction kinetics (Figure 2b). Under
standard conditions with acceptor 3a, the para-methoxy ribose
donor (1e) reacted more quickly but produced mainly
byproducts, yielding only 34% of the desired product. In
contrast, parent donor 1b provided an 88% yield with minimal
byproduct. The para-nitro donor (1f) was unreactive under
the optimized conditions, likely due to the increased stability of
the acceptor/acceptor diazo complex.

To investigate the impact of the C2-group, we synthesized
donors with various C2 modifications (Figure 2c). We tested
whether cis-selectivity was driven by copper π-aryl coordina-
tion or C2 oxygen using a C2 methoxy donor (1g), which
yielded 92% product with high α-cis-selectivity (8). Encour-
aged by this, a C2-OTIPS donor (1h), which is suitable for
iterative and solid-phase syntheses due to their facile
deprotection,1d,14 provided an excellent yield and α-cis-
selectivity (9). In contrast, the C2 deoxyribose donor (1i)
decomposed unproductively, indicating that a coordinating
group at C2 is crucial for smooth and selective reactivity.
Furthermore, to investigate the role of copper in driving α-cis-
selectivity, we tested the reaction of traditional C2-OTIPS
thioglycoside donor (1h) under literature-reported NIS/
TMSOTf2n and NIS/AgOTf2m reaction conditions. The
reaction produced disaccharides in good yields but without
stereoselectivity (Figure 2c). This indicates that copper is likely
crucial for achieving the high 1,2-cis-selectivity observed in our
method.
Building on the success of the C2-TIPS protecting group, we

explored furanosylation with various alcohol acceptors,
achieving good to excellent yields and exclusive 1,2-cis-
selectivity (Figure 2d). The method efficiently synthesized
phenolic glycosides (9b) and showed high yield and exclusive
α-cis-selectivity with benzoyl-protected glucose and benzyl-
protected mannose acceptors (9c, 9d). Furthermore, the
donor exhibited orthogonal reactivity with alkynyl and
thioglycoside donors (9e−9g), ideal for iterative oligosacchar-
ide synthesis. We then applied our donor in an iterative
synthesis for 1,2-cis-selective trisaccharide formation. Using
C2-OTIPS donor 1h with acceptor 3a, we achieved a 90%
yield of the 1,2-cis product. Subsequent TBAF deprotection of
the C2 silyl group and reaction with additional donor 1h
produced the trisaccharide in 74% yield with α-only selectivity.

Table 2. Scope of 1,2-cis-Furanosylationsa

aAll furanosylations were conducted with acceptor 3 (0.05 mmol), donor 1b/1c/1d (0.07 mmol), and CH2Cl2 (0.04 M). bYield was determined by
1H NMR using 1,3,5-trimethoxybenzene as the internal standard. cDiastereoselectivity was determined by 1H NMR.
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Mechanistically, the reaction proceeds through an oxocarbe-
nium ion, and the desired 1,2-cis-stereoselectivity stems from
chelation between the C2-oxygen of the furanose donor and
the incoming copper alkoxide nucleophile (see SI page S31 for
detailed mechanism and S32 for computational calculations).
In summary, we developed an additive-free, copper(II)-

catalyzed 1,2-cis-furanosylation, achieving high yields and
diastereoselectivity at room temperature. Using benchtop-
stable diazo-derived thiofuranosyl donors, the method
accommodates diverse alcohol acceptors and furanose donors.
Influence of C2 group investigations revealed a very high 1,2-
cis-selectivity, which was applied in the iterative synthesis of a
cis-selective trisaccharide. The approach ofiers stereoselectivity
independent of donor anomeric configuration and exhibits
orthogonal reactivity with alkyne and thioglycoside donors,
broadening its applicability in iterative oligosaccharide syn-
thesis.
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Abstract: Herein, we present an approach for catalytic orthogonal glycosylation utilizing earth-abundant
copper carbenes. This method operates under mild conditions and employs readily accessible starting
materials, including benchtop stable enynal-derived glycosyl donors, synthesized at the gram scale. The
reaction accommodates a variety of glycosyl acceptors, including primary, secondary, and tertiary alcohols.
The enynal-derived copper carbenes exhibit remarkable reactivity and selectivity, allowing for the formation of
glycosidic linkages with different protecting groups and stereochemical patterns. This approach provides
access to both 1,2-cis- and -trans-glycosidic linkages. The product stereoselectivity is independent of the
anomeric configuration of the glycosyl donor, which also has orthogonal reactivity to widely used alkynes and
thioglycoside donors. An iterative synthesis of a trisaccharide further demonstrates the application of this
orthogonal reactivity.

Keywords: copper catalysis; 1,2-cis-glycosides; stereoselective glycosylation; enynal-derived metal carbenes

Introduction

Carbenes are versatile synthetic intermediates, en-
abling new transformations for constructing a wide
range of scaffolds, including complex molecules and
materials.[1] The most common carbene precursors are
diazo compounds that generate these species by
extruding nitrogen gas. Other precursors besides
diazo compounds are hydrazones, triazoles, sulfonium
ylides, cyclopropenes, and alkynes (Figure 1).

Carbenes can be easily generated from these
precursors using transition metals, heat, and photo-
chemical conditions (UV light, blue LED).[2] They
can perform novel reactions such as
cyclopropanations,[3] cyclopropenations,[4] heteroatom
insertion,[5] C!H functionalization,[6] trifluorometh-
ylations,[7] rearrangements,[8] and dipolar- and
cycloadditions.[9] Transition metal carbene complexes
act as a catalyst in polymerization,,[10] and olefin
metathesis.[11] Furthermore, carbenes are used in
labeling biomolecules (proteins, DNA, and RNA) for

research and diagnostic applications.[12] Despite the
application of carbenes in various fields, these
synthons have been underutilized in carbohydrate
chemistry.[13]

The first report on the utilization of carbenes in
glycosylation goes back to 1989 when the Vasella
group synthesized glycosylidene carbenes from the
corresponding diazirines.[13a] Because of the instabil-

Figure 1. Common carbene precursors.
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ity of diazirines, they then employed the anomeric N-
tosylhydrazone donors, which are benchtop stable
carbene precursors. The sodium salts of these N-
tosylhydrazones under photochemical conditions gen-
erate the corresponding anomeric carbenes, which
undergo an O!H insertion reaction with alcohols to
form O-glycosides (Scheme 1a).[13c] A similar anome-
ric carbene has also been employed in protecting
group-free phosphorylations.[14] The requirements of a
significant excess of nucleophiles limited the use of
highly reactive anomeric carbenes but opened the
door for the potential application of carbenes in
stereoselective glycosylation. In 2019, the Wan group
activated thioglycosides using rhodium carbenoids
(Scheme 1b).[13m] However, this glycosylation ap-
proach lacks chemo-selectivity and proceeds in two
steps: first, the generation of an anomeric sulfonium
ylides by employing a diazo-derived rhodium
carbenoid,[1f,15] followed by protonation of the ylide to
provide the oxocarbenium ion, which undergoes
glycosylation with alcohol acceptors. Besides the
carbene approach, notable contribution in catalytic
glycosylation methods[16] include the pioneering palla-
dium-catalyzed coupling of anomeric stannates,[17]
bis-thiourea catalysis,[18] phosphoric acid catalysis,[19]
activation of anomeric fluorides using B(C6F5)3,[20]
and the successful utilization of Bi(OTf)3,[21] phenan-
throline catalysts[22] to activate anomeric bromides,

halogen-bond assisted radical activation of glycosyl
donors.[23] Most of these approaches utilize moisture-
sensitive anomeric donors. Among all catalytic
methods, a widely studied process employs the
benchtop stable alkyne-based donors activated mainly
by gold (I/III) and with limited reports of copper
catalysts.[24–26] While numerous novel glycosylation
techniques have emerged, the process still necessi-
tates laborious fine-tuning and trial-and-error ap-
proaches for synthesizing diverse glycans. Addition-
ally, these catalytic approaches have several
limitations, such as using precious metals (gold/
rhodium), potentially explosive or unsafe diazo
compounds, and the need for orthogonality with other
donors.

Based on our experience in metal carbene
chemistry,[27] we envision addressing these limitations
by designing a benchtop stable enynal-derived car-
bene-based donor for catalytic orthogonal glycosyla-
tion. The idea was to activate this enynal using earth-
abundant metals such as iron, copper, and zinc.
Enynals are carbene surrogates, known to be activated
using zinc salts through a 5-exo-dig cyclization to
form furyl carbene (Scheme 1c).[28] We envisioned
that the resulting furyl carbene from enynals would
activate the glycosyl ester under mild conditions to
enable stereoselective glycosylation (Scheme 1d).

Results and Discussion
To initiate our work, we synthesized benchtop stable
enynal donors 3 through the direct EDCI-coupling of
iodobenzoic acids with easily accessible anomeric
alcohols 1. The resulting esters 2 were then coupled
to the enynal moiety using well-established Sonoga-
shira coupling (Scheme 2; vide SI for details).

Scheme 1. Carbenes in glycosylations. Scheme 2. Synthesis of enynal donors at gram scale.
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We initiated our optimization study with the 4,6-
O-benzylidene-2,3-di-O-benzyl-D-mannopyranosyl
donor 3a to showcase the compatibility of the acid-
sensitive acetal moiety under our reaction conditions.
Another factor for selecting the donor was the
absence of any example in the previously established
carbene-based glycosylation (Scheme 1b).[13m] Addi-
tionally, the impact of the 4,6-benzylidene locking
group is known to enhance the β-1,2-cis-selectivity,
as previously shown by Sharma and Crich.[29] The
methyl-tri-O-benzyl-α-D-glucopyranoside 4a was se-
lected as the acceptor to optimize the reaction
conditions so that the resulting product can undergo
global deprotection (Pd/C+H2) to provide the un-
protected disaccharide.[30] We focused on identifying
the optimal components among earth-abundant metal
catalysts, acid scavengers, and solvents (Table 1).
Through our studies, we determined that the highest
yield (90%) and desired 1,2-cis-diastereoselectivity

(α:β=1:8) could be achieved using 30 mol% Cu-
(I)OTf as the catalyst, lithium carbonate (1.5 equiv.)
as the acid scavenger, CH2Cl2 as the solvent at 0 °C
with 4 Å molecular sieves in 24 h. Through our
observations, we found that employing 1.5 equiv. of
the donor resulted in the desired glycoside with
excellent yield. A higher amount of the donor is
attributed to a slight decomposition leading to an
unproductive pathway.

Next, the effect of different copper(I) counter-
anions was examined. Notably, the triflate counter-
anion was superior to the corresponding iodide,
hexafluorophosphate, and tetrafluoroborate (en-
tries 2–4). Following that, we examine the potential
catalytic capability of copper(II) carbonate; never-
theless, no reaction was observed after 24 h (entry 5).
Next, we aimed to explore the ideal temperature for
the reaction. It was noted that at a lower temperature
of !20 °C, the reaction did not occur. Upon raising
the temperature to !10 °C, the reaction proceeded at a
slower rate, resulting in a reduced yield. However, the
selectivity remained comparable to that of the original
reaction. (entries 6, 7). Elevating the reaction temper-
ature to room temperature resulted in a diminished
yield and selectivity (entry 8). From here, we decided
to perform control experiments into the necessity of
each additive. As metal triflates can act as a mild
source of triflic acid (TfOH),[31] the possibility of
triflic acid as a catalyst was probed. With TfOH, we
witnessed the complete decomposition of the donor
without any desired glycoside (entry 9). A reaction
without lithium carbonate decreased the yield and
selectivity, highlighting the importance of an acid
scavenger (entry 10). 2,4,6-tri-tert-butylpyrimidine
(TTBP) as an alternative acid scavenger also worked,
albeit in lower yield and selectivity (entry 11). Lewis
basic solvents like tetrahydrofuran (THF) and
acetonitrile (ACN) did not produce any reaction,
likely due to solvent coordination with the copper
catalyst (entry 12). Likewise, when the reaction
solvent was switched to toluene or CH2Cl2/heptane
(v/v=1/1), as described by the Zhang group, the yield
and α-selectivities were diminished (entry 13). Other
catalysts known to activate the enynal systems in the
literature, such as iron (III) chloride, zinc (II)
chloride, zinc (II) triflate, and rhodium (II) acetate,
decreased the product yield and anomeric selectivity
(entries 14–17). Finally, no reaction was observed
without a copper catalyst, highlighting its importance
(entry 18).

With these optimized conditions, we investigated
the substrate scope of varying alcohol acceptors with
4,6-O-benzylidene-2,3-di-O-benzyl-D-mannopyrano-
syl donor 3a (Table 2). Secondary alcohols proceeded
smoothly to afford the corresponding products in
excellent yields and 1,2-cis-selectivity (5b–5e). Elec-
tron-rich phenol was glycosylated with excellent yield

Table 1. Optimization of the reaction conditions.[a]

Entry Deviations from standard conditions Yield[b] α/β[c]

1 none 90% 1/8
2 CuI as a catalyst NR –
3 Cu(CH3CN)4]PF6 as a catalyst 51% 1/1.2
4 Cu(CH3CN)4]BF4 as a catalyst 20% 1/1.1
5 CuCO3 as a catalyst, no Li2CO3 NR –
6 !20 °C instead of 0 °C NR –
7 !10 °C instead of 0 °C 20% 1/8
8 rt instead of 0 °C 81% 1/5
9 no Li2CO3, TfOH instead of [CuOTf]2 · tol NR –
10 No Li2CO3 65% 1/4
11 TTBP, instead of Li2CO3 80% 1/4
12 THF or ACN as solvents NR –
13 Toluene or CH2Cl2/heptane as solvents 45% 1/3
14 FeCl3, instead of [CuOTf]2 · tol <10% 1/2
15 Zncl2 instead of [CuOTf]2 · tol 18% 1/2
16 Zn(OTf)2, instead of [CuOTf]2 · tol <10% 1/2
17 Rh2(OAc)4 instead of [CuOTf]2 · tol NR –
18 no [CuOTf]2 · tol, Li2CO3 only NR –
[a] Reaction conditions: 3a (0.075 mmol), 4a (0.05 mmol),
catalyst (30 mol%), additive (1.5 equiv.), solvent (0.04 M),
0 °C – rt, 24 h.

[b] Yield was determined by 1H NMR using 1,3,5-trimeth-
oxybenzene as the internal standard.

[c] Diastereoselectivity was determined by 1H NMR. NR=no
reaction.
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and high cis-selectivity (5 f). Bulky tertiary alcohol
acceptors like 1-adamantanol also provided good cis-
selectivity (5g). Various carbohydrate alcohol accept-

ors bearing different protecting groups were then
screened. Likewise, acetonide-protected galctopyra-
noside acceptors, benzyl-/benzoyl-protected manno-

Table 2. Scope of enynal donors in 1,2-cis glycosylations.[a]

[a] Reaction conditions: 3 (0.075–0.09 mmol), 4 (0.05 mmol), catalyst (10–30 mol%), Li2CO3 (1.5 equiv.), solvent (0.04 M).
[b] Yield was determined by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard.
[c] Diastereoselectivity was determined by 1H NMR.
[d] 10 ml% of [CuOTf]2 · tol was used.
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pyranoside acceptors, and acetyl/benzoyl-protected
glucopyranoside acceptors provided the intended
products in high yields, preferring 1,2-cis-selectivity
(5h–5k). Notably, reaction yields and selectivity
were independent of protecting group influence for
benzyl-, benzoyl- and acetyl-protected carbohydrate
acceptors. We evaluated the catalytic glycosylation
reaction with an amino acid alcohol acceptor, afford-
ing the coupling product in good yield and cis-
selectivity (5 l).

Next, we examined the locking effect of 4,6-O-
benzylidene protection on the D-glucopyranosyl
donor 3b. We were pleased to observe that the
glycosylation reaction with benzyl/benzoyl-protected
gluco-pyranoside acceptors afforded the respective
products with exclusive 1,2-cis-selectivity (5m, 5n),
albeit in slightly lower yields. We then investigated
other donors, such as tetra benzyl-protected glucopyr-
anosyl, mannopyranosyl, galactopyranosyl, and 2-
deoxy glucopyranosyl donors, lacking the 4,6-O-
benzylidene protection. Glycosylation reactions of
these synthesized donors with different alcohol
acceptors proceeded in good yields; however, no
selectivity was observed (5o–5w).

We then focused on synthesizing 1,2-trans glyco-
sidic linkages, which play a crucial role in the
biological activity of various glycosides and
polysaccharides.[32] Additionally, the glycosyl donor
containing an acetate group at the C2 encounters
multiple limitations, including the concurrent forma-
tion of the 1,2-ortho ester as an undesired
byproduct.[33] Following that, we decided to check the
compatibility of our optimized reaction conditions to
access 1,2-trans glycosidic linkages via the assistance
of neighboring group participation. As anticipated, C2
acetyl-protected mannopyranosyl, glucopyranosyl,
and galactopyranosyl donors effectively participated
in the catalytic glycosylation, producing the desired
1,2-trans products with complete stereoselectivity and
satisfactory yields (Table 3). For instance, glycosyl-
derived acceptors, with diverse stereochemical pat-
terns and protections, bulkier 1-adamantanol, and the
phenolic acceptor, successfully underwent the reac-
tion with 2-acetyl mannopyranosyl donor 3g to yield
the trans-glycosides selectively (6a–6 f). Signifi-
cantly, a sterically crowded, less reactive glucose (4-
OH) acceptor afforded the glycosylated product in
high yield (6g). Likewise, C2-acetyl donors of
glucose and galactose exhibited comparable reactivity
in the glycosylation reaction (6h–6n). Finally, the
reaction was evaluated with a less activated peracy-
lated mannose donor and benzyl-protected glucose
acceptor. To our delight, our method furnished the
intended product (6o) with high yield.

Next, we investigated the importance of -en, -yn,
and -al functionalities within our innovative en-yn-al
glycosyl donor. As expected, the synthesized en-yn

donor 3 j and yn-al donor 3k exhibited complete
stability under the reaction conditions, as shown in
Scheme 3a. We then tested the reactivity of a well-
established thioglycoside donor (S-1.4) under our
standard reaction condition. Interestingly, the donor
was completely stable, indicating orthogonal reactiv-
ity to our designed enynal donor. Likewise, the
commonly used alkyne donor 3 l showed no activity
towards the glycosylation reactions under the opti-
mized reaction conditions. We also investigate the
effect of aromatic ring electronics on glycosylation by
synthesizing the donors (3m, 3n) bearing electron-
donating (!OMe) and electron-withdrawing (!NO2)
groups para to the ester moiety (Scheme 3c). The
methoxy donor (p-OMe) 3m provided a faster
reaction (~10 h) compared to the parent (p-H) donor
(~24 h), while the glycosylation reaction with the
nitro donor (p-NO2) 3n was sluggish (~36 h). The
methoxy (p-OMe) afforded a similar yield (88%) to
the parent donor (p-H), while the nitro donor provided
the product with a slightly lower yield (67%).
However, there was no change in the anomeric
selectivity of the product with either donor (3a, 3m,
3n), suggesting that the reaction proceeds through a
common oxocarbenium ion intermediate in all cases.

Next, we made significant efforts to isolate the
plausible leaving group byproduct, which was found
to be unstable under the reaction conditions. How-
ever, we were able to trap an intermediate of the

Scheme 3. a) Importance of en-yn-al moiety and reactions of
commonly used glycosyl donors under standard conditions. b)
Influence of donor’s electronics.
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byproduct through an excess amount of alcohol
acceptor isopropanol 4b (5 equiv.) along with the
anticipated glycosylation product 5b (Scheme 4). The
isomerized isopropanol-trapped byproduct 7 structure
was established using extensive NMR and HRMS

analysis. This product results from the copper-bound
intermediate 9, and a plausible mechanism has been
provided in the SI. Furthermore, the same byproduct
has been isolated in our corresponding copper
catalyzed 1,2-cis-furanosylation studies.[34]

Based on the above-described results, and liter-
ature precedence,[29d,35] we hypothesized a plausible
mechanism to explain the 1,2-cis-selectivity with 4,6-
benzylidene donor (Scheme 5). First, the enynal
moiety in the presence of copper(I) triflate forms the
copper carbene intermediate 8 via a 5-exo-dig-
cyclization.[36] The resulting copper carbene activates
the anomeric ester to form an oxocarbenium ion 11.
The oxocarbenium intermediate 11 exists in equili-
brium as a solvent-separated ion pair (SSIP) or
contact-ion pair (CIP), or more stable α-covalent
triflate 12 (thermodynamic product). In the context of
CIP, the proximal triflate anion shields the α-face of

Table 3. Scope of enynal donors in 1,2-trans glycosylations.[a]

[a] Reaction conditions: 3 (0.075–0.09 mmol), 4 (0.05 mmol), catalyst (10–30 mol%), Li2CO3 (1.5 equiv.), solvent (0.04 M).
[b] Yield was determined by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard.
[c] Diastereoselectivity was determined by 1H NMR.
[d] 10 ml% of [CuOTf]2 · tol was used.

Scheme 4. Isolation of byproduct.
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the glycosyl oxocarbenium ion, forming the β-
mannopyranosides. On the other hand, in SSIP, the
anomeric effect predominantly influences the forma-
tion of α- mannopyranosides. A subsequent SN2
attack on the α-covalent species would furnish the β-
anomer. As described by Crich, the role of the 4,6-
benzylidene group is to lock the C6!O6 bond in an
antiperiplanar conformation to the C5!O5 bond,
effectively enhancing its electron-withdrawing effect.
This destabilizes the glycosyl oxocarbenium ion and
drives the equilibrium strongly toward the covalent
triflate form. This shift promotes cis-selectivity and
facilitates the desired outcome of the reaction. With-
out the locking effect, the acceptor can capture the
oxocarbenium ion intermediate from any face, form-
ing both the α- and β- stereoisomers of the glycosidic
bond.

Finally, the application of this methodology was
demonstrated with a disaccharide acceptor 13 that
resulted in the successful formation of a trisaccharide
14 in good yield (Scheme 6). We further showcased
the versatility of our donor by performing an iterative

synthesis, taking advantage of its unique orthogonal
selectivity. Acceptor 15 reacted smoothly with enynal
donor 3g to provide the disaccharide 17 bearing a
thioglycoside moiety that underwent activation with
NIS/TMSOTf[37] to give the trisaccharide 14. Addi-
tionally, orthogonal reactivity is harnessed with an
alkyne acceptor 16, which was activated in this
iterative sequence with Au-catalyzed condition,[24b] to
furnish the trisaccharide 14 with a yield of 76%.

Conclusion
In conclusion, we present an earth-abundant copper
metal for catalytic orthogonal glycosylation. This
approach involves the utilization of benchtop-stable
enynal donors, enabling the synthesis of both 1,2-cis
and -trans linkages. The observed selectivity remains
consistent regardless of the donor’s anomeric config-
uration. The applicability of this catalytic system is
exemplified through the orthogonal reactivity to
thioglycoside and alkyne donors and an iterative
synthesis of a trisaccharide. Moreover, the benchtop
stability of the glycosyl donors, coupled with their
mild activation using earth-abundant copper, renders
them well-suited for the automated synthesis of
oligosaccharides.[38] Finally, mechanistic insights
from this approach will pave the development of

Scheme 5. Plausible reaction mechanism of 1,2-cis-selectivity
with 4,6-benzylidene donor.

Scheme 6. Orthogonal iterative synthesis of a trisaccharide.
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carbene-mediated metal-free glycosylations using
blue-LED.

Experimental Section
General Procedure for the Synthesis of 1,2-cis (5a–
5w), and 1,2-trans (6a–6o) glycosylations
A 5 mL dried Schlenk flask was charged with corresponding
alcohol acceptor (0.05 mmol, 1.0 equiv.), pyranosyl donor
(0.1 mmol, 2.0 equiv.), [Cu(I)OTf]2 · tol (0.3 mmol, 30 mol%)
with respect to the alcohol, Li2CO3 (0.06 mmol, 1.5 equiv.),
4 Å molecular sieve and 2 mL CH2Cl2. The resulting solution
was stirred at 0 °C or room temperature and the progress was
monitored by TLC (2–24 h). After completion, saturated
NaHCO3 solution was added, the aqueous phase was extracted
with CH2Cl2 (3x), 1,3,5-trimethoxybenzene (0.05 mmol,
1.0 equiv.) was added, and the organic phases were concen-
trated in vacuo. The product yield and anomeric ratio were
determined by 1H NMR.

Acknowledgements
This work was supported by the NSF CHE-1753187 and the
Oklahoma Center for the Advancement of Science and
Technology (OCAST HR20-078). We thank Dr. Novruz
Akhmedov and Dr. Steven Foster from the Research Support
Services, University of Oklahoma, for NMR and mass spectral
analyses, respectively. We also thank Dr. Anae Bain and Dr.
Prashant Mandal for their helpful discussions.

References

[1] a) D. M. Flanigan, F. Romanov-Michailidis, N. A. White,
T. Rovis, Chem. Rev. 2015, 115, 9307–9387; b) F. E.
Hahn, Chem. Rev. 2018, 118, 9455–9456; c) H. M. L.
Davies, D. Morton, Chem. Soc. Rev. 2011, 40, 1857–
1869; d) H. M. L. Davies, J. Nikolai, Org. Biomol.
Chem. 2005, 3, 4176–4187; e) D. Zhu, L. Chen, H. Fan,
Q. Yao, S. Zhu, Chem. Soc. Rev. 2020, 49, 908–950;
f) H. M. L. Davies, J. R. Denton, Chem. Soc. Rev. 2009,
38, 3061–3071; g) Z.-Y. Cao, Y.-H. Wang, X.-P. Zeng, J.
Zhou, Tetrahedron Lett. 2014, 55, 2571–2584.

[2] M. Jia, S. Ma, Angew. Chem. Int. Ed. 2016, 55, 9134–
9166.

[3] a) S. Zhu, J. A. Perman, X. P. Zhang, Angew. Chem. Int.
Ed. 2008, 47, 8460–8463; b) R. R. Nani, S. E. Reisman,
J. Am. Chem. Soc. 2013, 135, 7304–7311; c) S. Zhu, X.
Xu, J. A. Perman, X. P. Zhang, J. Am. Chem. Soc. 2010,
132, 12796–12799.

[4] a) J. F. Briones, H. M. L. Davies, Org. Lett. 2011, 13,
3984–3987; b) X. Cui, X. Xu, H. Lu, S. Zhu, L. Wojtas,
X. P. Zhang, J. Am. Chem. Soc. 2011, 133, 3304–3307.

[5] a) M. Yang, T. Albrecht-Schmitt, V. Cammarata, P.
Livant, D. S. Makhanu, R. Sykora, W. Zhu, J. Org.
Chem. 2009, 74, 2671–2678; b) X. Li, D. P. Curran, J.
Am. Chem. Soc. 2013, 135, 12076–12081; c) C. J.
Moody, R. J. Taylor, Tetrahedron Lett. 1987, 28, 5351–

5352; d) C. S. Shanahan, P. Truong, S. M. Mason, J. S.
Leszczynski, M. P. Doyle, Org. Lett. 2013, 15, 3642–
3645.

[6] a) M. Álvarez, F. Molina, P. J. Pérez, J. Am. Chem. Soc.
2022, 144, 23275–23279; b) S. Jana, C. Empel, C. Pei, P.
Aseeva, T. V. Nguyen, R. M. Koenigs, ACS Catal. 2020,
10, 9925–9931; c) N. Jha, N. P. Khot, M. Kapur, Chem.
Rec. 2021, 21, 4088–4122; d) Y. He, Z. Huang, K. Wu,
J. Ma, Y.-G. Zhou, Z. Yu, Chem. Soc. Rev. 2022, 51,
2759–2852.

[7] a) M. Hu, C. Ni, J. Hu, J. Am. Chem. Soc. 2012, 134,
15257–15260; b) Y. Liu, X. Shao, P. Zhang, L. Lu, Q.
Shen, Org. Lett. 2015, 17, 2752–2755.

[8] a) S. Jana, Y. Guo, R. M. Koenigs, Chem. Eur. J. 2021,
27, 1270–1281; b) C. Empel, S. Jana, R. M. Koenigs, in
Homologation Reactions, 2023, pp. 265–286.

[9] A. Padwa, S. F. Hornbuckle, Chem. Rev. 1991, 91, 263–
309.

[10] a) A. V. Zhukhovitskiy, I. J. Kobylianskii, A. A. Thomas,
A. M. Evans, C. P. Delaney, N. C. Flanders, S. E. Den-
mark, W. R. Dichtel, F. D. Toste, J. Am. Chem. Soc.
2019, 141, 6473–6478; b) E. Jellema, P. H. M. Budze-
laar, J. N. H. Reek, B. de Bruin, J. Am. Chem. Soc. 2007,
129, 11631–11641; c) F. Li, L. Xiao, B. Li, X. Hu, L.
Liu, Coord. Chem. Rev. 2022, 473, 214806.

[11] a) S. G. Patra, N. K. Das, Polyhedron 2021, 200, 115096;
b) J. Huang, E. D. Stevens, S. P. Nolan, J. L. Petersen, J.
Am. Chem. Soc. 1999, 121, 2674–2678; c) C. Adlhart, P.
Chen, J. Am. Chem. Soc. 2004, 126, 3496–3510;
d) B. W. Grau, A. Neuhauser, S. Aghazada, K. Meyer,
S. B. Tsogoeva, Chem. Eur. J. 2022, 28, e202201414.

[12] a) N. A. McGrath, K. A. Andersen, A. K. F. Davis, J. E.
Lomax, R. T. Raines, Chem. Sci. 2015, 6, 752–755;
b) K. A. Mix, R. T. Raines, Org. Lett. 2015, 17, 2358–
2361; c) J. V. Jun, Y. D. Petri, L. W. Erickson, R. T.
Raines, J. Am. Chem. Soc. 2023, 145, 6615–6621;
d) K. A. Mix, M. R. Aronoff, R. T. Raines, ACS Chem.
Biol. 2016, 11, 3233–3244; e) B. Bernardim, L. Dun-
smore, H. Li, B. Hocking, R. Nuñez-Franco, C. D. Navo,
G. Jiménez-Osés, A. C. B. Burtoloso, G. J. L. Bernardes,
Bioconjugate Chem. 2020, 31, 1604–1610; f) F.-L. Liu,
C.-B. Qi, Q.-Y. Cheng, J.-H. Ding, B.-F. Yuan, Y.-Q.
Feng, Anal. Chem. 2020, 92, 2301–2309.

[13] a) K. Briner, A. Vasella, Helv. Chim. Acta 1989, 72,
1371; b) K. Briner, A. Vasella, Helv. Chim. Acta 1990,
73, 1764; c) S. E. Mangholz, A. Vasella, Helv. Chim.
Acta 1991, 74, 2100; d) E. Bozo, A. Vasella, Helv. Chim.
Acta 1992, 75, 2613; e) K. Briner, A. Vasella, Helv.
Chim. Acta 1992, 75, 621; f) A. Vasella, P. Uhlmann,
C. A. A. Waldraff, F. Diederich, C. Thilgen, Angew.
Chem. 1992, 104, 1383; g) P. R. Muddasani, E. Bozo, B.
Bernet, A. Vasella, Helv. Chim. Acta 1994, 77, 257; h) P.
Uhlmann, D. Nanz, E. Bozo, A. Vasella, Helv. Chim.
Acta 1994, 77, 1430; i) P. Uhlmann, A. Vasella, Helv.
Chim. Acta 1994, 77, 1175; j) A. Vasella, Oxford
University Press, Inc., 1999, p. 56; k) J. Wu, X. Li, X.
Qi, X. Duan, W. L. Cracraft, I. A. Guzei, P. Liu, W.
Tang, J. Am. Chem. Soc. 2019, 141, 19902–19910; l) T.

RESEARCH ARTICLE asc.wiley-vch.de

Adv. Synth. Catal. 2024, 366, 1847–1856 © 2024 Wiley-VCH GmbH1854

Wiley VCH Dienstag, 23.04.2024
2408 / 343555 [S. 1854/1856] 1

 16154169, 2024, 8, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsc.202301207 by Prakash K

afle - U
niversity O

f O
klahom

a , W
iley O

nline Library on [05/02/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1021/acs.chemrev.5b00060
https://doi.org/10.1021/acs.chemrev.8b00495
https://doi.org/10.1039/c0cs00217h
https://doi.org/10.1039/c0cs00217h
https://doi.org/10.1039/b509425a
https://doi.org/10.1039/b509425a
https://doi.org/10.1039/C9CS00542K
https://doi.org/10.1039/b901170f
https://doi.org/10.1039/b901170f
https://doi.org/10.1016/j.tetlet.2014.01.084
https://doi.org/10.1002/anie.201508119
https://doi.org/10.1002/anie.201508119
https://doi.org/10.1002/anie.200803857
https://doi.org/10.1002/anie.200803857
https://doi.org/10.1021/ja401610p
https://doi.org/10.1021/ja1056246
https://doi.org/10.1021/ja1056246
https://doi.org/10.1021/ol201503j
https://doi.org/10.1021/ol201503j
https://doi.org/10.1021/ja111334j
https://doi.org/10.1021/jo802086h
https://doi.org/10.1021/jo802086h
https://doi.org/10.1021/ja4056245
https://doi.org/10.1021/ja4056245
https://doi.org/10.1016/S0040-4039(00)96727-3
https://doi.org/10.1016/S0040-4039(00)96727-3
https://doi.org/10.1021/ol4015199
https://doi.org/10.1021/ol4015199
https://doi.org/10.1021/jacs.2c11707
https://doi.org/10.1021/jacs.2c11707
https://doi.org/10.1021/acscatal.0c02230
https://doi.org/10.1021/acscatal.0c02230
https://doi.org/10.1002/tcr.202100193
https://doi.org/10.1002/tcr.202100193
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1021/ja307058c
https://doi.org/10.1021/ja307058c
https://doi.org/10.1021/acs.orglett.5b01170
https://doi.org/10.1002/chem.202002556
https://doi.org/10.1002/chem.202002556
https://doi.org/10.1021/cr00003a001
https://doi.org/10.1021/cr00003a001
https://doi.org/10.1021/jacs.9b01532
https://doi.org/10.1021/jacs.9b01532
https://doi.org/10.1021/ja073897+
https://doi.org/10.1021/ja073897+
https://doi.org/10.1016/j.ccr.2022.214806
https://doi.org/10.1016/j.poly.2021.115096
https://doi.org/10.1021/ja9831352
https://doi.org/10.1021/ja9831352
https://doi.org/10.1021/ja0305757
https://doi.org/10.1039/C4SC01768D
https://doi.org/10.1021/acs.orglett.5b00840
https://doi.org/10.1021/acs.orglett.5b00840
https://doi.org/10.1021/jacs.2c11325
https://doi.org/10.1021/acschembio.6b00810
https://doi.org/10.1021/acschembio.6b00810
https://doi.org/10.1021/acs.bioconjchem.0c00232
https://doi.org/10.1021/acs.analchem.9b05122
https://doi.org/10.1002/hlca.19890720626
https://doi.org/10.1002/hlca.19890720626
https://doi.org/10.1002/hlca.19900730621
https://doi.org/10.1002/hlca.19900730621
https://doi.org/10.1002/hlca.19910740845
https://doi.org/10.1002/hlca.19910740845
https://doi.org/10.1002/hlca.19920750218
https://doi.org/10.1002/hlca.19920750218
https://doi.org/10.1002/ange.19921041019
https://doi.org/10.1002/ange.19921041019
https://doi.org/10.1002/hlca.19940770128
https://doi.org/10.1002/hlca.19940770521
https://doi.org/10.1002/hlca.19940770521
https://doi.org/10.1002/hlca.19940770426
https://doi.org/10.1002/hlca.19940770426
https://doi.org/10.1021/jacs.9b11262
http://asc.wiley-vch.de


Kametani, K. Kawamura, T. Honda, J. Am. Chem. Soc.
1987, 109, 3010; m) L. Meng, P. Wu, J. Fang, Y. Xiao,
X. Xiao, G. Tu, X. Ma, S. Teng, J. Zeng, Q. Wan, J. Am.
Chem. Soc. 2019, 141, 11775–11780.

[14] L. J. G. Edgar, S. Dasgupta, M. Nitz, Org. Lett. 2012, 14,
4226–4229.

[15] H. M. L. Davies, J. Org. Chem. 2019, 84, 12722–12745.
[16] a) M. M. Nielsen, C. M. Pedersen, Chem. Rev. 2018, 118,

8285–8358; b) S. S. Nigudkar, A. V. Demchenko, Chem.
Sci. 2015, 6, 2687–2704; c) A. Chen, B. Yang, Z. Zhou,
F. Zhu, Chem Catal. 2022, 2, 3430–3470; d) R. Das, B.
Mukhopadhyay, ChemistryOpen 2016, 5, 401–433;
e) M. M. Mukherjee, R. Ghosh, J. A. Hanover, Front.
Mol. Biosci. 2022, 9.

[17] a) T. Yang, F. Zhu, M. A. Walczak, Nat. Commun. 2018,
9, 3650; b) F. Zhu, S. O’Neill, J. Rodriguez, M. A.
Walczak, Chem. Eur. J. 2019, 25, 3147–3155.

[18] A. B. Mayfield, J. B. Metternich, A. H. Trotta, E. N.
Jacobsen, J. Am. Chem. Soc. 2020, 142, 4061–4069.

[19] a) J. Lee, A. Borovika, Y. Khomutnyk, P. Nagorny,
Chem. Commun. 2017, 53, 8976–8979; b) J.-H. Tay,
A. J. Argüelles, M. D. DeMars, II, P. M. Zimmerman,
D. H. Sherman, P. Nagorny, J. Am. Chem. Soc. 2017,
139, 8570–8578.

[20] G. C. Sati, J. L. Martin, Y. Xu, T. Malakar, P. M.
Zimmerman, J. Montgomery, J. Am. Chem. Soc. 2020,
142, 7235–7242.

[21] H. B. Steber, Y. Singh, A. V. Demchenko, Org. Biomol.
Chem. 2021, 19, 3220–3233.

[22] H. Xu, R. N. Schaugaard, J. Li, H. B. Schlegel, H. M.
Nguyen, J. Am. Chem. Soc. 2022, 144, 7441–7456.

[23] C. Zhang, H. Zuo, G. Y. Lee, Y. Zou, Q.-D. Dang, K. N.
Houk, D. Niu, Nat. Chem. 2022, 14, 686–694.

[24] a) J. Luo, Q. Wan, in Carbohydrate Chemistry: Chemical
and Biological Approaches, Volume 40, Vol. 40 (Eds.: A.
Pilar Rauter, T. Lindhorst, Y. Queneau), The Royal
Society of Chemistry, 2014.; b) S. Hotha, S. Kashyap, J.
Am. Chem. Soc. 2006, 128, 9620–9621; c) G. Sure-
shkumar, S. Hotha, Chem. Commun. 2008, 4282–4284;
d) S. Adhikari, K. N. Baryal, D. Zhu, X. Li, J. Zhu, ACS
Catal. 2013, 3, 57–60; e) Y. Li, Y. Yang, B. Yu,
Tetrahedron Lett. 2008, 49, 3604–3608; f) Y. Tang, J. Li,
Y. Zhu, Y. Li, B. Yu, J. Am. Chem. Soc. 2013, 135,
18396–18405; g) X. Mi, Q. Lou, W. Fan, L. Zhuang, Y.
Yang, Carbohydr. Res. 2017, 448, 161–165; h) F. Yang,
Q. Wang, B. Yu, Tetrahedron Lett. 2012, 53, 5231–5234;
i) B. Yu, Acc. Chem. Res. 2018, 51, 507–516; j) S. R.
Vidadala, S. Hotha, Chem. Commun. 2009, 2505–2507;
k) A. K. Kayastha, S. Hotha, Chem. Commun. 2012, 48,
7161–7163.

[25] a) X. Ma, Z. Zheng, Y. Fu, X. Zhu, P. Liu, L. Zhang, J.
Am. Chem. Soc. 2021, 143, 11908–11913; b) X. Ma, Y.
Zhang, X. Zhu, Y. Wei, L. Zhang, J. Am. Chem. Soc.
2023, 145, 22, 11921–11926.

[26] B.-B. Zhan, K.-S. Xie, Q. Zhu, W. Zhou, D. Zhu, B. Yu,
Org. Lett. 2023, 25, 3841–3846.

[27] a) A. I. Bain, K. Chinthapally, A. C. Hunter, I. Sharma,
Eur. J. Org. Chem. 2022, 27, e202101419; b) A. C.

Hunter, S. C. Schlitzer, J. C. Stevens, B. Almutwalli, I.
Sharma, J. Org. Chem. 2018, 83, 2744–2752; c) K.
Chinthapally, N. P. Massaro, S. Ton, E. D. Gardner, I.
Sharma, Tetrahedron Lett. 2019, 60, 151253; d) D. J.
Paymode, I. Sharma, Eur. J. Org. Chem. 2021, 13, 2034–
2040.

[28] a) J. Ma, L. Zhang, S. Zhu, Curr. Org. Chem. 2016, 20,
102–118; b) M. J. González, L. A. López, R. Vicente,
Org. Lett. 2014, 16, 5780–5783; c) R. Jana, S. Paul, A.
Biswas, J. K. Ray, Tetrahedron Lett. 2010, 51, 273–276;
d) C. Ou, B. Ghosh, I. Sharma, Org. Chem. Front. 2023,
10, 5933–5939.

[29] a) D. Crich, I. Sharma, Org. Lett. 2008, 10, 4731–4734;
b) D. Crich, I. Sharma, J. Org. Chem. 2010, 75, 8383–
8391; c) I. Sharma, L. Bohé, D. Crich, Carbohydr. Res.
2012, 357, 126–131; d) S. Aubry, K. Sasaki, I. Sharma,
D. Crich, in Reactivity Tuning in Oligosaccharide
Assembly (Eds.: B. Fraser-Reid, J. Cristóbal López),
Springer Berlin Heidelberg, Berlin, Heidelberg, 2011, pp.
141–188.

[30] a) D. Dhara, A. Dhara, P. V. Murphy, L. A. Mulard,
Carbohydr. Res. 2022, 521, 108644; b) V. S. Rao, A. S.
Perlin, Carbohydr. Res. 1980, 83, 175–177.

[31] a) T. C. Wabnitz, J.-Q. Yu, J. B. Spencer, Chem. Eur. J.
2004, 10, 484–493; b) D. C. Rosenfeld, S. Shekhar, A.
Takemiya, M. Utsunomiya, J. F. Hartwig, Org. Lett.
2006, 8, 4179–4182; c) T. T. Dang, F. Boeck, L.
Hintermann, J. Org. Chem. 2011, 76, 9353–9361.

[32] a) in Essentials of Glycobiology (Eds.: A. Varki, R. D.
Cummings, J. D. Esko, P. Stanley, G. W. Hart, M. Aebi,
A. G. Darvill, T. Kinoshita, N. H. Packer, J. H. Preste-
gard, R. L. Schnaar, P. H. Seeberger), by The Consortium
of Glycobiology Editors, La Jolla, California. All rights
reserved., Cold Spring Harbor (NY), 2015; b) R. A.
Dwek, Chem. Rev. 1996, 96, 683–720; c) A. Varki,
Glycobiology 1993, 3, 97–130.

[33] a) P. H. Seeberger, M. Eckhardt, C. E. Gutteridge, S. J.
Danishefsky, J. Am. Chem. Soc. 1997, 119, 10064–
10072; b) D. Crich, Z. Dai, S. Gastaldi, J. Org. Chem.
1999, 64, 5224–5229.

[34] B. Ghosh, A. Alber, C. W. Lander, Y. Shao, K. M.
Nicholas, I. Sharma, ACS Catal. 2024, 14, 2, 1037–1049.

[35] a) D. Crich, Acc. Chem. Res. 2010, 43, 1144–1153; b) Y.
Fu, L. Bernasconi, P. Liu, J. Am. Chem. Soc. 2021, 143,
1577–1589; c) P. O. Adero, H. Amarasekara, P. Wen, L.
Bohé, D. Crich, Chem. Rev. 2018, 118, 8242–8284;
d) P. R. Andreana, D. Crich, ACS Cent. Sci. 2021, 7,
1454–1462; e) P. Wen, D. Crich, J. Org. Chem. 2015, 80,
12300–12310; f) M. Moumé-Pymbock, D. Crich, J. Org.
Chem. 2012, 77, 8905–8912; g) D. Crich, N. S. Chan-
drasekera, Angew. Chem. Int. Ed. 2004, 43, 5386–5389;
h) D. Crich, O. Vinogradova, Chem. Informationsdienst
2007, 38, i.

[36] a) K. Miki, Y. Kato, S. Uemura, K. Ohe, Bull. Chem.
Soc. Jpn. 2008, 81, 1158-1165; b) Y. Kato, K. Miki, F.
Nishino, K. Ohe, S. Uemura, Org. Lett. 2003, 5, 2619–
2621.

RESEARCH ARTICLE asc.wiley-vch.de

Adv. Synth. Catal. 2024, 366, 1847–1856 © 2024 Wiley-VCH GmbH1855

Wiley VCH Dienstag, 23.04.2024
2408 / 343555 [S. 1855/1856] 1

 16154169, 2024, 8, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsc.202301207 by Prakash K

afle - U
niversity O

f O
klahom

a , W
iley O

nline Library on [05/02/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1021/ja00244a024
https://doi.org/10.1021/ja00244a024
https://doi.org/10.1021/jacs.9b04619
https://doi.org/10.1021/jacs.9b04619
https://doi.org/10.1021/ol3019083
https://doi.org/10.1021/ol3019083
https://doi.org/10.1021/acs.joc.9b02428
https://doi.org/10.1021/acs.chemrev.8b00144
https://doi.org/10.1021/acs.chemrev.8b00144
https://doi.org/10.1039/C5SC00280J
https://doi.org/10.1039/C5SC00280J
https://doi.org/10.1016/j.checat.2022.10.019
https://doi.org/10.1002/open.201600043
https://doi.org/10.1002/chem.201803082
https://doi.org/10.1021/jacs.0c00335
https://doi.org/10.1039/C7CC05052F
https://doi.org/10.1021/jacs.7b03198
https://doi.org/10.1021/jacs.7b03198
https://doi.org/10.1021/jacs.0c03165
https://doi.org/10.1021/jacs.0c03165
https://doi.org/10.1039/D1OB00093D
https://doi.org/10.1039/D1OB00093D
https://doi.org/10.1021/jacs.2c02063
https://doi.org/10.1038/s41557-022-00918-z
https://doi.org/10.1021/ja062425c
https://doi.org/10.1021/ja062425c
https://doi.org/10.1039/b806707d
https://doi.org/10.1021/cs300670k
https://doi.org/10.1021/cs300670k
https://doi.org/10.1016/j.tetlet.2008.04.017
https://doi.org/10.1021/ja4064316
https://doi.org/10.1021/ja4064316
https://doi.org/10.1016/j.carres.2017.04.021
https://doi.org/10.1016/j.tetlet.2012.07.059
https://doi.org/10.1021/acs.accounts.7b00573
https://doi.org/10.1039/b822526e
https://doi.org/10.1039/c2cc32649c
https://doi.org/10.1039/c2cc32649c
https://doi.org/10.1021/jacs.1c04584
https://doi.org/10.1021/jacs.1c04584
https://doi.org/10.1021/acs.orglett.3c01163
https://doi.org/10.1021/acs.joc.7b03196
https://doi.org/10.1016/j.tetlet.2019.151253
https://doi.org/10.1021/ol502848n
https://doi.org/10.1016/j.tetlet.2009.10.125
https://doi.org/10.1039/D3QO01354E
https://doi.org/10.1039/D3QO01354E
https://doi.org/10.1021/ol8017038
https://doi.org/10.1021/jo101453y
https://doi.org/10.1021/jo101453y
https://doi.org/10.1016/j.carres.2012.05.025
https://doi.org/10.1016/j.carres.2012.05.025
https://doi.org/10.1016/j.carres.2022.108644
https://doi.org/10.1016/S0008-6215(00)85381-1
https://doi.org/10.1002/chem.200305407
https://doi.org/10.1002/chem.200305407
https://doi.org/10.1021/ol061174+
https://doi.org/10.1021/ol061174+
https://doi.org/10.1021/jo201631x
https://doi.org/10.1021/cr940283b
https://doi.org/10.1093/glycob/3.2.97
https://doi.org/10.1021/ja971640d
https://doi.org/10.1021/ja971640d
https://doi.org/10.1021/jo990424f
https://doi.org/10.1021/jo990424f
https://doi.org/10.1021/acscatal.3c05237
https://doi.org/10.1021/ar100035r
https://doi.org/10.1021/jacs.0c12096
https://doi.org/10.1021/jacs.0c12096
https://doi.org/10.1021/acs.chemrev.8b00083
https://doi.org/10.1021/acscentsci.1c00594
https://doi.org/10.1021/acscentsci.1c00594
https://doi.org/10.1021/acs.joc.5b02203
https://doi.org/10.1021/acs.joc.5b02203
https://doi.org/10.1021/jo3011655
https://doi.org/10.1021/jo3011655
https://doi.org/10.1002/anie.200453688
https://doi.org/10.1246/bcsj.81.1158
https://doi.org/10.1246/bcsj.81.1158
https://doi.org/10.1021/ol034731q
https://doi.org/10.1021/ol034731q
http://asc.wiley-vch.de


[37] R. Liu, Q. Hua, Q. Lou, J. Wang, X. Li, Z. Ma, Y. Yang,
J. Org. Chem. 2021, 86, 4763–4778.

[38] a) S. Escopy, Y. Singh, K. J. Stine, A. V. Demchenko,
Chem. Eur. J. 2022, 28, e202201180; b) P. H. Seeberger,

Chem. Soc. Rev. 2008, 37, 19–28; c) M. Guberman, P. H.
Seeberger, J. Am. Chem. Soc. 2019, 141, 5581–5592.

RESEARCH ARTICLE asc.wiley-vch.de

Adv. Synth. Catal. 2024, 366, 1847–1856 © 2024 Wiley-VCH GmbH1856

Wiley VCH Dienstag, 23.04.2024
2408 / 343555 [S. 1856/1856] 1

 16154169, 2024, 8, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsc.202301207 by Prakash K

afle - U
niversity O

f O
klahom

a , W
iley O

nline Library on [05/02/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1021/acs.joc.1c00151
https://doi.org/10.1039/B511197H
https://doi.org/10.1021/jacs.9b00638
http://asc.wiley-vch.de

