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ABSTRACT: This study reports on the development of a palladium-catalyzed carbonylative coupling reaction for synthesizing
glucal amino acids and fluorescent amino acid derivatives. A metal carbonyl was employed as a CO surrogate, avoiding the use of
CO gas. Utilizing Pd(OAc), and triphenylphosphine, methyl esters of L-amino acids were coupled with 1-iodoglucal under
optimized reaction conditions. Yields of up to 65% were achieved. The methodology was applied to amino acids with different side
chains. Notably, the synthesized fluorescent derivatives containing stilbene moieties exhibited distinct absorption and emission

properties with high fluorescence quantum yields.

B INTRODUCTION

Lasky’s discovery in 1992 of the role of cell surface
glycoproteins in the inflammatory process opened a new
gateway for the development of synthetic approaches aimed at
the construction of sugar-linked amino acids." This is especially
true for preparing non-natural sugar amino acids, in which the
a-amino acid group is tethered to the anomeric carbon atom of
the sugar moiety.” These carbon-linked C-glycosyl amino acids
exhibit increased conformational rigidity; free amino acids or
peptides typically have many conformational degrees of
freedom.” Furthermore, the C-tethered analogues are enzy-
matically and metabolically resistant.” Collectively, these
features position the fused sugar amino acids as a promising
scaffold for the design of bioactive molecules.”

Although sugar amino acids occur naturally, only a few
known natural C-glycosyl amino acids exist. Important
examples are q-C-mannosyl tryptophan (1, Scheme 1),
whose synthesis has been pursued by several groups,® and
hydantocidin (2), a phytotoxin isolated from Streptomyces
hygroscopicus,” whose derivatives show glycosidase inhibitor
activity.8

Considering the ultimate application of glycosyl amino acids
as foundational building blocks for the synthesis of
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glycopeptide mimic libraries,” different methodologies have
been proposed for linking amino acids and sugars.” Xu and
coworkers demonstrated that amino acids or peptides
containing an alkynyl pendant and glycosyl bromides can be
selectively coupled in a regio- and stereoselective manner
under Ni catalysis, yielding metabolically stable vinyl C-
glycosyl amino acids and peptides (Scheme 1a).'" In 2023,
Zhu and coworkers published the first visible-light photoredox-
catalyzed C(sp®)-glycosylation of redox-active glycosyl dihy-
dropyridine (DHP) esters with dehydroalanine (Dha)
derivatives via anomeric C—O bond homolysis, enabling the
concise synthesis of alkyl C-glycoamino acids and C-glycosyl
peptides (Scheme 1b)."" Recently, Yao and Ding demon-
strated an inverse approach to peptide glycosylation, reporting
a Pd(II)-catalyzed methionine-directed 5-C(sp*)—H glycosy-
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Scheme 1. Approaches for Linking Sugars and Amino Acids: (a—c) Previous Approaches; (d) This Work
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lation of peptides with l-iodoglycals to construct C-glycosyl
glycopeptides (Scheme 1c)."”

In the field of chemical biology, the emergence of new
labeling strategies for fluorescence-based techniques has
created a need for novel methodologies to construct non-
natural fluorescent amino acids.'” The carbonylative coupling
reaction is frequently employed to couple aryl halides and
amino acids."* Our group has studied carbonylative coupling
reactions with sugars and recently reported the synthesis of C2-
branched glycosides bearing an amino acid group.'> Compared
with the preparation of the native O/N- or artificial S/Se-
glycosyl peptides, the synthesis of C-glycosyl peptides is more
challenging due to the lower nucleophilicity of the carbon
center, highlighting a gap in this field that remains underex-
plored. Peptide-based therapeutics represent a key area in the
development of new pharmaceuticals.”” Consequently, devel-
oping synthetic routes to couple amino acids with diverse
moieties without relying on acid chlorides, anhydrides, or
stoichiometric coupling reagents such as N,N’-diisopropylcar-

bodiimide (DIC), 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDCI), or hexafluorophosphate de (dimethyla-
mino)-N,N-dimethyl(3H-[1,2,3]triazolo[4,5-b]pyridin-3-
yloxy)methaniminium (HATU) is desirable.'®

Herein, we investigated the palladium-catalyzed carbon-
ylative coupling of L-amino acid esters and 1-iodoglucal by
employing a metal carbonyl as a CO surrogate (Scheme 1d),
thereby eliminating the need to handle toxic CO gas. This
approach enabled the synthesis of novel fluorescent amino acid
analogs, whose photochemical properties were subsequently
examined.

B RESULTS AND DISCUSSION

Triisopropylsilyl (TIPS)-protected 1-iodoglucal (1a) and -
amino acid methyl esters (2a) were used as starting materials
for synthesizing glucal amino acids (Figure 1). L-Amino acids
were converted into the corresponding methyl esters by
reactions with thionyl chloride (SOCL,) in anhydrous
methanol.'” 1-Todoglucal was prepared in two steps. The free
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Figure 1. Synthesis of glucal amino acids. * Reactions conditions: 1a (0.1 mmol; 1.0 equiv); 2a (0.12; 1.2 equiv); Pd(OAc), (10 mol %); PPh, (20
mol %); DIPEA (0.2 mmol; 2.0 equiv); Mo(CO)4 (1.0 equiv) and their corresponding yields for the coupling of 1-iodoglucal and L-phenylaniline

methyl ester.

hydroxyl groups of p-glucal were protected via silylation with
triisopropylsilyl chloride (TIPSCI) and imidazole in DMEF."®
Subsequently, the silylated glucal vinyl anion was generated by
adding t-BuLi in THF at —78 °C, followed by a reaction with
diiodoethane (C,H,I,), yielding the desired 1-iodoglucal."
With the starting materials in hand, we systematically
explored a range of reaction conditions for the coupling
between 1-iodoglucal (1a, 1 equiv) and L-phenylaniline methyl
ester as the nucleophile (2a, 1.2 equiv). For the standard
reaction condition, we employed Mo(CO), (2 equiv) as a
solid CO source,””* diisopropylethylamine (DIPEA, 2 equiv)
as the base, PA(OAc), (10 mol %) and triphenylphosphine (20
mol %, L1, Figure 1) as the catalytic system, and acetonitrile as
the solvent. The reaction time was 16 h, and temperature was
80 °C. Under these conditions, compound 3a was obtained
with a 65% yield, as determined by 'H NMR using
trichloroethylene as an internal standard (IS). To be sure
about the role of the phosphine ligands in the catalytic system,
we tested some other palladium sources without the addition
of any ligands, including Pd(0) catalysts, such as Pd(dba),. As
depicted in Figure 1, the yields were decreased, showcasing the
rule of the phosphine ligand in the reaction. We also applied
two Pd(0) catalysts, Pd(dba), and Pd(PPh,),. Both provided
lower yields of the desired product, 29% and 42%, respectively

32446

(Figure 1). Using another metal (i.e., a rhodium complex)
resulted in a trace amount of product. Next, we added some
ligands, but only Xantphos exhibited a good yield (53%)
(Figure 1). However, the yield was still lower than with the
standard conditions. The use of different bases (such as
DABCO and Na,COs) also led to lower yields (Figure 1; 33%
and 43%, respectively), revealing that DIPEA was necessary for
achieving higher yields. Different solvents were also explored,
and all, including THF (Figure 1, 45%), resulted in lower
yields. We also explored other sources of CO gas, including
different metal carbonyls, such as Co,(CO); (Figure 1). In this
example, only the starting material was observed. Applying a
longer reaction time (36 h) (Figure 1) also led to a decrease in
the reaction yield. Finally, attempting to perform the reaction
in a shortened time of 8 h did not improve the reaction yield.

Next, using the standard reaction conditions, we explored
the carbonylative coupling reaction with different amino acid
methyl esters. The isolated yield of compound 3a was 64%
(Scheme 2). We then applied L-tyrosine methyl ester, and
although the former is structurally related to L-phenylalanine,
the presence of the hydroxyl group led to a decrease in the
isolated yield, as depicted in Scheme 2, 3b. We noticed that a
double coupling was occurring, and the phenolic hydroxyl
group was acting as a nucleophile. This observation led us to

https://doi.org/10.1021/acsomega.5c04865
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Scheme 2. Amino Acid Scope”
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“Reaction conditions: 1a (0.1 mmol, 1.0 equiv), 2a (0.12 mmol, 1.2 equiv), Pd(OAc), (10 mol %), PPh; (20 mol %), DIPEA (0.2 mmol, 2.0
equiv), Mo(CO); (0.1 mmol, 1.0 equiv), MeCN (0.1 M) ®Pd(PPh,), (10 mol %) without phosphine.

protect the hydroxyl group with tert-butyl(dimethyl)silyl
(TBS). However, using the (tert-butyldimethylsilyl ether)
OTBS-protected amino acid led to a lower isolated yield
(17%) of compound 3c (Scheme 2). Therefore, we decided to
explore another aromatic amino acid. The use of L-tryptophan
methyl ester provided a 63% yield of the desired isolated
product (Scheme 2, 3d). Next, we decided to evaluate the use
of l-amino acids with nonpolar aliphatic side chains. Our first
attempt was with L-valine methyl ester, and our standard

conditions were used. This experiment led to a considerably
low yield of 27% of the desired coupling product (Scheme 2,
3e). Although we thoroughly exploited conditions to perform a
general coupling reaction with high yields, our standard
reaction conditions were effectively applied to a few L-amino
acid methyl ester examples. We believe that the low
nucleophilicity of the a@-amino group, the presence of
chemically different side chains, and steric hindrance led to a
lack of reproducibility in the reactivity. b

32447 https://doi.org/10.1021/acsomega.5c04865
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Scheme 3. Synthetic Applications”
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Figure 2. Absorption and fluorescence properties of 30. (a) Normalized absorption and corrected fluorescence spectra of solutions of compound
30 in aerated CHCI, at 25 °C. Excitation wavelength: 280 nm; excitation bandwidth: 10 nm; emission bandwidth: 1.47 nm. (b) The spectra of a

reference scatterer (CHCI,, black line) and the sample (red line). The inset shows the reflectance (gray area) and emission of the sample used to
calculate the @

We decided to use the other catalytic system that performed
well with our model substrate L-phenylalanine and then applied
palladium-tetrakis (Pd(PPh;),) (10 mol %). To our surprise,
this condition led to an isolated yield of 48% (3e). Similar
lower isolated yields were observed with L-isoleucine, L-
glutamic acid, L-valine, and L-glycine methyl esters. We also
performed coupling reactions with palladium-tetrakis, which
led to an increase in the isolated yields (Scheme 2, 3f, 3h, 3i,
3j). The use of L-methionine methyl ester under the standard
conditions led to a good, isolated yield (Scheme 2, 3g). When

the reaction was performed with palladium tetrakis, the yield
decreased.

Then, we performed some double coupling reactions,
intentionally changing the stoichiometry of the reaction and
using an excess of 1-iodoglucal (2 equiv). First, we evaluated
the L-cysteine methyl ester. Under these conditions, the
isolated yield of product 31 was 96% (Scheme 2). Second, we
tested L-lysine methyl ester, but the yield was only 5%.
Considering that the aforementioned condition with palla-
dium-tetrakis improved the performance for most amino acids
containing an aliphatic side chain, we applied this condition to
this example, resulting in an increased yield of 15% for 3n
(Scheme 2). Finally, we applied the same stoichiometry
conditions to increase the ratio of double coupling with L-

32448 https://doi.org/10.1021/acsomega.5c04865
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tyrosine methyl ester. However, we isolated only 13% of
product 31 (Scheme 2).

Furthermore, to broaden the potential applications of this
approach, we extended the example to a dipeptide. Specifically,
we performed the carbonylative coupling reaction on the
glycine-phenylalanine dipeptide, achieving a satisfactory yield
of 51% for 3k (Scheme 2).

Then, we turned our attention to carbonylative coupling
using fluorescent amino acid derivatives. We applied a
compound that can be prepared from 3-iodo-L-tyrosine,
performing the coupling with trifluoroalkylborates or boronic
acids.”'* The fluorescent derivatives with a stilbene moiety
were prepared with an isolated yield of 24% (compound 3o,
Scheme 2). The derivative with a fluor substituted in position 4
of the stilbene ring (compound 3p, Scheme 2) had an isolated
yield of 27%.

Next, synthetic transformations were carried out to
demonstrate the potential applications of the obtained
products. A scale-up reaction was performed using tryptophan
as the amino acid precursor. The carbonylative coupling
reaction at a 1 mmol scale afforded the coupling product with a
50% yield (Scheme 3), showing only a slight reduction
compared to the smaller-scale reaction. Subsequently, other 1-
iodoglycal was tested in the aminocarbonylation conditions,
the 1-iodo-L-rhamnal, synthesized according to the procedures
outlined in the literature.”> As shown in Scheme 3, compound
4 was isolated with a 40% yield. And finally, deprotection of
the intermediate was achieved using tetrabutylammonium
fluoride (TBAF) in THF as the solvent. The resulting
hydroxylated C-glycoside amino acid had a 77% yield (Scheme
3).

The absorption and fluorescence spectra of 30 were
acquired in CHCl; (Figure 2a) because the fluorescence
profiles of o-hydroxystilbene-substituted tyrosine derivatives
have been shown to be insensitive to solvent effects.”® The
absorption profile (4, at ~290 and 325 nm), singlet energies
(Eg), and fluorescence quantum yields (®;) of compound 30
(i.e,, 315 k] mol™" and 0.14 + 0.02 (14%), respectively), are in
agreement with the data reported previously for o-hydrox-
ystilbene-substituted tyrosine peptides.”> The emission profile
(zlf at ~380 nm) is independent of the excitation wavelength
and could be assigned to the lowest 'z, 7* state of the stilbene
core. As previously reported by our group, the fluorescence of
30 results from the stilbene core, and the tyrosine-triazole
moiety has a minor effect on the fluorescence of the o-
hydroxystilbene-substituted tyrosine derivatives.”> The high
fluorescence quantum yield of 30 in CHCl; at room
temperature compared to p-hydroxystilbene (5%), but not to
m-hydroxystilbene (92%), may be related to a combination of
electronic effects from the o-hydroxy group and steric effects
that increase the C=C torsion barrier of the stilbene core.”®

B CONCLUSION

In conclusion, this study highlights the successful development
of a palladium-catalyzed carbonylative coupling method for
synthesizing glucal amino acids and fluorescent amino acid
derivatives, using a metal carbonyl as a CO surrogate to avoid
handling toxic CO gas. Although we strived to develop a
general reaction, the presence of chemically different side
chains and steric hindrance led us to perform some focused
optimization, especially for the amino acids with alkyl nonpolar
side chains. Additionally, the fluorescent derivatives synthe-
sized display promising photochemical properties, including

high fluorescence quantum yields, highlighting their potential
for various applications in chemical biology.

B EXPERIMENTAL SECTION

General Information. All reagents were purchased from
Sigma-Aldrich, Alfa Aesar, Acros Organics, Oakwood or
Fluorochem. When they were not a HPLC-grade solvents,
they were purified by distillation. Other solvents, like DIPEA
was also dried over CaH,. The O-TIPS protection of p-glucal/
L-rhamnal and its subsequent C1 iodination was performed
using protocols reported in literature.'”**** Esterification of
amino acids were performed using thionyl chloride (SOCL,)
and anhydrous methanol.'” The synthesis of fluorescent amino
acids derivatives were previously reported by Vasconcelos et al.
and Boc-deprotection reported by Suzuki et al.*'* The Thin
Layer Chromatography was carried out using g Merck TLC 60
F254 silica gel plates and visualized under UV light (254 nm)
and stained with acidic vanillin solution. Flash column
chromatography was performed using silica gel with a pore
size of 60 A, 230—400 Mesh (Sigma-Aldrich, cat# 22,719-6).
Nuclear magnetic resonance (NMR) spectra were recorded in
CDCl; or DMSO-d; using a Bruker DPX 300 instrument (‘"H
at 300 MHz, *C at 75 MHz). Chemical shifts, &, are reported
in parts per million (ppm) and are referenced to the TMS
signal. 'H peaks are quoted to the nearest 0.01 Hz and “C
peaks are quoted to the nearest 0.1 Hz. The abbreviation
utilized to report the peaks are s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), m (multiplet). High-
resolution mass spectra (HRMS) were recorded on a
Shimadzu ESI-TOF mass spectrometer or Shimadzu
MALDI-TOF Axima Performance spectrometer. FTIR data
were obtained using an Agilent Technologies Cary 630.
Optical rotations were measured at 20 °C by using an Anton
Paar MCP200 Polarimeter.

General Procedure for the Synthesis of Glycals
Amides (3a—3p and 4). To a flame-dried 5 mL reaction
tube capped with a rubber septum were added 1-iodo-glycal
(0.1 mmol), amino ester (0.12 mmol, 1.2 equiv), DIPEA (3S
uL; 0.2 mmol, 2 equiv), palladium (*Pd(OAc), (2.25 mg, 10
mol %)—PPh; (5.25 mg, 20 mol %) or *Pd(PPh,), (11.55 mg,
10 mol %)) and Mo(CO), (26.4 mg, 0.1 mmol, 1.0 equiv).
Dry and degassed MeCN was added to the system (0.8 mL).
The mixture was then stirred at 80 °C for 16 h. The resulting
mixture was filtered through a sintered funnel with Celite and
washed with EtOAc to remove insoluble materials. The filtrate
was concentrated under reduced pressure and purified by flash
column chromatography (eluent: 0 to 40% EtOAc in hexanes).

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-.-phenylalaninate (3a). The product was obtained as a
pale-yellow oil (65%*—45%"). [a]p® = +15 (¢ = 0.1 in
CHCI;). 'H NMR (300 MHz, CDCL,) 6 7.18—7.15 (m, 3H),
7.07=7.02 (m, 3H), 5.98 (dd, ] = 5.3 Hz, 1.4 Hz, 1H), 4.87—
4.81 (m, 1H), 4.32—4.29 (m, 1H), 4.04—4.00 (m, 2H), 3.92
(dd, J = 11.4 Hz, 8.1 Hz, 1H), 3.69 (dd, ] = 11.4 Hz, 3.8 Hz,
1H), 3.60 (s, 3H), 3.10 (dd, J = 13.7 Hz, 5.8 Hz, 1H), 3.02
(dd, J = 13.8 Hz, 5.9 Hz, 1H), 0.98—0.93 (m, 63H). *C NMR
(75 MHz, CDCly) 6 171.4, 161.9, 143.1, 136.0, 129.4 (2C),
1282 (2C), 127.1, 104.6, 82.1, 69.9, 65.8, 61.3, 53.4, 52.2,
38.3, 18.2—17.8 (18C), 12.6 (3C), 12.4 (3C), 12.1 (3C). IR
(v, cm™) = 3296, 2846, 2771, 1687, 1631, 1601, 1452, 1413,
1315, 1300, 1022, 855, 730. HRMS (ESI- TOF) m/z: [M +
Na]* calc. for C,,Hg;NO,Siy 842.5218; found 842.5219.

https://doi.org/10.1021/acsomega.5c04865
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Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-1-tyrosinate (3b). The product was obtained as a pale-
yellow oil (33%). [a]p*® = +16 (¢ = 0.1 in CHCL;). 'H NMR
(300 MHz, CDCl;) 6 7.17 (d, ] = 8.0 Hz, 1H), 6.95 (d, ] = 8.0
Hz, 2H), 6.69 (d, ] = 8.1 Hz, 1H), 6.05 (d, J = 5.3 Hz, 1H),
4.90—4.83 (m, 1H), 4.40—4.37 (m, 1H), 4.13—4.07 (m, 2H),
4.00 (dd, J = 11.5, 8.2 Hz, 1H), 3.76 (dd, J = 11.5, 3.8 Hg,
1H), 3.66 (s, 3H), 3.08 (dd, J = 13.9, 6.1 Hz, 1H), 3.01 (dd, J
=13.9, 6.1 Hz, 1H), 1.06—1.01 (m, 63H). '*C NMR (75 MHz,
CDC13) 5 171.5, 162.0, 155.1, 143.0, 130.4 (2C), 127.7, 115.6
(2C), 104.8, 82.2, 69.9, 65.7, 61.3, 53.7, 52.2, 37.6, 18.2—18.0
(18C), 12.6 (3C), 12.4 (3C), 12.1 (3C). IR (v, cm™}) = 3296,
2846, 2771, 1693, 1596, 1466, 1413, 1052, 1026, 855, 730.
HRMS (ESI- TOF) m/z: [M + Na]* calc. for C,;Hg;NOsSi,
858.5167; found 858.5169.

Methyl (S)-2-((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
boxamido)-3-(4-((tert-butyldimethylsilyl)oxy)phenyl)-
propanoate (3c). The product was obtained as a pale-yellow
oil (17%%). [a]p* = +10 (¢ = 0.1 in CHCL;). "H NMR (300
MHz, CDCl,) 6§ 7.12 (d, ] = 7.4 Hz, 1H), 6.95 (d, ] = 8.3 Hz,
2H), 6.70 (d, J = 8.3 Hz, 1H), 6.04 (dd, J = 5.3 Hz, 1.7 Hz,
1H), 4.90—4.83 (m, 1H), 4.39—4.35 (m, 1H), 4.11—4.06 (m,
2H), 3.099 (dd, J = 11.3 Hz, 8.0 Hz, 1H), 3.75 (dd, J = 114
Hz, 3.8 Hz, 1H), 3.65 (s, 3H), 3.07 (dd, J = 13.9 Hz, 5.8 Hz,
1H), 3.02 (dd, J = 13.9 Hz, 5.8 Hz, 1H), 1.06—1.00 (m, 63H),
0.96 (s, 9H), 0.16 (s, 6H). *C NMR (75 MHz, CDCl,) 6
171.4, 161.9, 154.8, 143.2, 130.3 (2C), 128.7, 120.2 (2C),
104.6, 82.1, 69.9, 65.8, 61.3, 53.6, 52.2, 37.6, 25.8 (3C), 18.3—
18.0 (18C), 12.6 (3C), 12.4 (3C), 12.0 (3C), —4.3 (2C). °C
NMR (75 MHz, CDC13) 0 171.4, 161.9, 154.7, 143.1, 130.3
(2), 128.6, 120.2 (2), 104.6, 82.1, 69.9, 65.7, 61.3, 53.6, 52.2,
37.5,25.8 (3C), 18.3—18.0 (18C), 12.5 (3C), 12.4 (3C), 12.0
(3C), —4.3 (2C). IR (v, cm™') = 3310, 2833, 2771, 1670,
1601, 1460, 1413, 1225, 1033, 855, 728. HRMS (ESI-TOF)
m/z: [M + Nal]* cale. for CyoHgsNOgSi, 972.6032; found
972.6034.

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-L-tryptophanate (3d). The product was obtained as a
pale-yellow oil (63%%). [a]p*® = +11 (c = 0.1 in CHCL;). 'H
NMR (300 MHz, CDCl,) 6 8.01 (br, 1H), 7.57 (d, J = 7.7 Hg,
1H), 7.25 (d, J = 7.6 Hz, 1H), 7.15 (td, J = 8.0 Hz, 1.2 Hg,
1H), 7.09 (td, J = 8.0 Hz, 1.1 Hz, 1H), 6.97 (d, J = 2.1 Hg,
1H), 6.08 (dd, J = 5.3 Hz, 1.5 Hz, 1H), 4.98—4.92 (m, 1H),
4.37—4.35 (m, 1H), 4.13—4.07 (m, 2H), 3.98 (dd, ] = 11.3 Hz,
8.1 Hz, 1H), 3.76 (dd, J = 11.3 Hz, 3.9 Hz, 1H), 3.59 (s, 3H),
3.32 (m, 2H), 1.05—1.03 (m, 63H). *C NMR (75 MHz,
CDCl) 6 1719, 162.0, 1432, 1362, 127.6, 122.9, 122.2,
119.7, 118.8, 111.2, 110.3, 104.6, 82.1, 69.9, 65.8, 61.3, 53.0,
52.3, 18.2—18.0 (18C), 12.6 (3C), 12.4 (3C), 12.0 (3C). IR
(v, em™) = 3295, 2846, 2771, 1687, 1601, 1460, 1411, 1022,
855, 730. HRMS (ESI- TOF) m/z: [M + Nal* calc. for
C.sHg,N,0-Si; 881.5327; found 881.5332.

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-i-valinate (3e). The product was obtained as a pale-
yellow oil (27%*—48%"). [a]p>® = =12 (¢ = 0.1 in CHCL,). '"H
NMR (300 MHz, CDCl;) 7.09 (d, ] = 9.0 Hz, 1H), 6.05 (dd, J
= 5.3 Hz, 1.5 Hz, 1H), 4.59 (dd, ] = 9.0 Hz, 5.4 Hz, 1H),
4.37—4.35 (m, 1H), 4.44—4.41 (m, 1H), 4.12 — 4.08 (m, 2H),
4.05 (dd, J = 11.5 Hz, 8.2 Hz, 1H), 3.77 (dd, ] = 11.5 Hz, 3.6

Hz, 1H), 3.71 (s, 3H), 2.24—2.13 (m, 1H), 1.05—1.03 (m,
63H), 0.91 (t, ] = 6.6 Hz, 6H). *C NMR (75 MHz, CDCL,) §
171.8, 162.2, 143.2, 136.2, 104.6, 82.3, 70.0, 65.8, 61.4, 57.2,
52.0, 31.6, 19.03, 18.2—18.1 (18C), 17.8, 12.6 (3C), 12.4
(3C), 12.0 (3C). IR (v, cm™") = 3310, 2859, 2771, 1672, 1637,
1601, 1460, 1413, 1229, 1084, 1032, 855, 730. HRMS (ESI-
TOF) m/z: [M + Na]* calc. for C,HgNO,Si; 794.5218;
found 794.5211.

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-t-isoleucinate (3f). The product was obtained as a
white oil (25%*—52%"). [a]p* = —10 (¢ = 0.1 in CHCL). 'H
NMR (300 MHz, CDCL,) 7.12 (d, J = 8.8 Hz, 1H), 6.05 (dd, J
= 5.4 Hz, 1.5 Hz, 1H), 4.61 (dd, ] = 8.8 Hz, 5.5 Hz, 1H),
4.44—4.40 (m, 1H), 4.12—4.07 (m, 2H), 4.12—4.07 (m, 2H),
4.05 (dd, J =11.5 Hz, 8.3 Hz, 1H), 3.77 (dd, J =11.5 Hz, 3.5
Hz, 1H), 3.71 (s, 3H), 1.96—1.87 (m, 1H), 1.49—1.40 (m,
2H), 1.06—1.03 (m, 63H), 0.93—0.87 (m, 6H). *C NMR (75
MHz, CDCI3) 0 171.8, 162.1, 143.2, 104.5, 82.3, 70.0, 65.8,
61.4, 56.5, 52.0, 38.1, 25.2, 18.2—18.0 (18C), 15.4, 12.6 (3C),
12.4 (3C), 12.0 (3C), 11.5. IR (v, em™) = 3302, 2846, 2771,
1689, 1637, 1601, 1460, 1413, 1391, 1059, 1026, 855, 730.
HRMS (ESI- TOF) m/z: [M + Na]* calc. for C,;Hg;NO,Si,
808.5375; found 808.5376.

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-.-methioninate (3g). The product was obtained as a
pale-yellow oil (50%°—38%"). [@]p>® = —4 (c = 0.1 in CHCL,).
"H NMR (300 MHz, CDCl;) 6 7.20 (d, ] = 8.0 Hz, 1H), 6.04
(dd, J = 5.3 Hz, 1.5 Hz, 1H), 4.76 (td, ] = 11.0 Hz, 5.3 Hg,
1H), 443—4.39 (m, 1H), 4.12—4.07 (m, 2H), 4.03 (dd, J =
11.4 Hz, 8.2 Hz, 1H), 3.76 (dd, J = 11.5 Hz, 3.7 Hz, 1H), 3.73
(s, 3H), 2.50—2.45 (m, 2H), 2.26—2.15 (m, 1H), 2.06 (s, 3H),
2.03—1.93 (m, 1H), 1.05—1.04 (m, 63H). 3*C NMR (75 MHz,
CDCI3) 6 171.8, 162.1, 143.0, 104.7, 82.3, 69.9, 65.7, 61.4,
52.5, 51.5, 32.1, 29.9, 18.2—18.0 (18C), 15.5, 12.6 (3C), 12.4
(3C), 12.1 (3C). IR (v, cm™) = 3308, 2844, 2771, 1672, 1631,
1601, 1460, 1413, 1231, 1061, 1030, 855, 730. HRMS (ESI-
TOF) m/z: [M + Na]* calc. for C,oHgNO,SSi; 826.4939;
found 826.4937.

Dimethyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-i-glutamate (3h). The product was obtained as a
brown oil (28%*—34%"). [a]p?® = =12 (c = 0.1 in CHCL,). 'H
NMR (300 MHz, CDCL,) 7.18 (d, ] = 7.9 Hz, 1H), 6.05 (dd, J
= 5.3 Hz, 1.3 Hz, 1H), 4.68 (td, ] = 7.9 Hz, 5.0 Hz, 1H), 4.43—
4.40 (m, 1H), 4.11—4.00 (m, 3H), 3.79—-3.74 (m, 4H), 3.66
(s, 3H), 2.40—2.23 (m, 3H), 2.08—1.96 (m, 1H), 1.05 (m,
63H). *C NMR (75 MHz, CDCl;) § 173.0, 171.7, 162.2,
143.0, 104.8, 82.2, 69.9, 65.7, 61.3, 52.5, 51.8, 51.5, 29.9, 27.7,
18.2—18.0 (18C), 12.6 (3C), 12.4 (3C), 12.1 (3C). IR (z,
em™!) = 3297, 2846, 2771, 1687, 1635, 1601, 1413, 1391,
1026, 855, 730. HRMS (ESI-TOF) m/z: [M + K]* calc. for
C,HgNO,Si; 838.5116; found 838.5112.

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-t-alaninate (3i). The product was obtained as a
transparent oil (30%*—52%"). [a]p®® = —10 (¢ = 0.1 in
CHCL). 'H NMR (300 MHz, CDCl;) 7.13 (d, J = 7.3 Hz,
1H), 6.04 (dd, J = 5.3 Hz, 1.6 Hz, 1H), 4.62 (quin, ] = 7.1 Hg,
1H), 4.43—4.39 (m, 1H), 4.13—4.101 (m, 3H), 3.79—3.73 (m,
4H), 1.43 (d, ] = 5.3 Hz, 3H), 1.05 (m, 63H). *C NMR (75
MHz, CDCI3) 6 172.9, 161.9, 143.2, 104.5, 82.2, 70.0, 65.8,
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61.4,52.4,48.1, 18.2—18.0 (18C), 17.8, 12.6 (3C), 12.4 (3C),
12.1 (3C). IR (v, cm™) = 3306, 2846, 2771, 1691, 1601, 1460,
1413, 1059, 1026, 855, 730. HRMS (ESI-TOF) m/z: [M +
Na]* cale. for C3sH,,NO,Siy 766.4905; found 766.4903.

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-
carbonyl)glycinate (3j). The product was obtained as a white
solid (38%*—45%"). mp 63.2 —63.8 °C. [a]p** = =11 (¢ = 0.1
in CHCL,). '"H NMR (300 MHz, CDCL,) 7.17 (d, J = 5.2 Hz,
1H), 6.04 (dd, J = 5.2 Hz, 1.4 Hz, 1H), 4.42—4.39 (m, 1H),
4.22—4.14 (m, 1H), 4.10 — 4.00 (m, 4H), 3.77—3.72 (m, 4H),
1.04—1.02 (m, 63H). *C NMR (75 MHz, CDCL;) § 168.8,
162.6, 143.0, 104.7, 82.1, 69.9, 65.7, 61.3, 52.4, 41.2, 18.2—
18.0 (18C), 12.6 (3C), 12.4 (3C), 12.1 (3C). IR (v, cm™!) =
3298, 2842, 2769, 1696, 1601, 1475, 1413, 1033, 855, 763,
734. HRMS (ESI- TOF) m/z: [M + Nal]* calc. for
C3,H,sNO,Si; 752.4749; found 752.4745.

Methyl ((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-
carbonyl)glycyl-.-phenylalaninate (3k). The product was
obtained as a transparent oil (51%%). [a]p* = +10 (¢ = 0.1
in CHCL,). 'H NMR (300 MHz, CDCL,) & 7.27-7.21 (m,
4H), 7.09 (d, ] = 7.9 Hz, 2H), 6.54 (d, ] = 7.9 Hz, 1H), 6.09
(dd, J = 5.2 Hz, 1.3 Hz, 1H), 4.87—4.80 (m, 1H), 4.41—4.40
(m, 1H), 4.14—4.09 (m, 2H), 4.053.98 (m, 2H), 3.89—3.76
(m, 2H), 3.69 (s, 3H), 3.13 (dd, ] = 13.8 Hz, 6.0 Hz, 1H), 3.06
(dd, J = 13.8 Hz, 6.1 Hz, 1H), 1.06—1.03 (m, 63H). *C NMR
(75 MHz, CDCl;) 6 171.6, 168.2, 163.1, 142.9, 135.8, 129.3
(2C), 128.7 (2C), 127.3, 105.1, 82.0, 69.9, 65.8, 61.2, 53.5,
52.4,43.4,38.0, 18.2—18.0 (18C), 12.5 (3C), 12.4 (3C), 12.1
(3C). IR (v, cm™) = 3298, 3196, 2846, 2771, 1689, 1618,
1596, 1460, 1413, 1026, 855, 730. HRMS (ESI- TOF) m/z:
[M + Na]* calc. for C,sHg N, O4Si; 899.5433; found 899.5431.

Methyl N,S-bis((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
bonyl)-L-cysteinate (3l). The product was obtained as a pale-
yellow oil (96%). [a]p?® = +8 (c = 0.1 in CHCI;). '"H NMR
(300 MHz, CDCl,) 7.32 (d, ] = 7.6 Hz, 1H), 6.04 (dd, ] = 5.2
Hz, 1.5 Hz, 1H), 5.88 (d, ] = 5.3 Hz, 1.4 Hz, 1H), 4.83—4.76
(m, 1H), 4.42—4.40 (m, 2H), 4.17 (m, 1H), 4.14—4.09 (m,
3H), 4.01 (dd, ] = 11.4 Hz, 8.0 Hz, 1H), 3.93—3.89 (m, 2H),
3.79 (dd, J = 11.4 Hz, 4.0 Hz, 1H), 3.69 (s, 3H), 3.46 (dd, ] =
13.9 Hz, 5.2 Hz, 1H), 3.35 (dd, J =139 Hz, 6.3 Hz, 1H),
1.05—1.03 (m, 126H). *C NMR (75 MHz, CDCl;) § 188.6,
170.1, 162.0, 146.7, 143.1, 104.9, 103.8, 82.1, 81.9, 69.9, 69.8,
66.0, 65.9, 61.3, 61.2, 52.6, 52.1, 30.2, 18.2—18.0 (36C), 12.67
(3C), 12.65 (3C), 12.47 (3C), 12.6 (3C), 12.16 (3C), 12.13
(3C). IR (v, em™) = 3300, 2846, 2771, 1695, 1631, 1601,
1460, 1413, 1059, 1028, 855, 730. MALDI (TOF/TOF) m/z:
[M + Na]* calc. for C,,H;,sNO,SSig 1438.9000; found
1438.9758.

4-((S)-2-((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
boxamido)-3-methoxy-3-oxopropyl)phenyl (2R,3R,4R)-3,4-
bis((triisopropylsilyl)oxy)-2-(((triisopropylsilyl)oxy)methyl)-
3,4-dihydro-2H-pyran-6-carboxylate (3m). The product was
obtained as a pale-yellow oil (13%%). [a]p*® = —8 (¢ = 0.1 in
CHCL). '"H NMR (300 MHz, CDCl,) 7.17 (d, ] = 7.7 Hg,
1H), 7.13 (d, J = 8.3 Hz, 2H), 7.02 (d, ] = 8.3 Hz, 2H), 6.22
(d, J = 5.4 Hz, 1H), 6.06 (d, ] = 5.4 Hz, 1H), 4.94—4.87 (m,
1H), 4.53—4.48 (m, 1H), 4.40—4.38 (m, 1H), 4.22 (m, 1H),
4.19—4.17 (m, 1H), 4.12—4.10 (m, 1H), 4.07—4.05 (m, 1H),
4.03-3.95 (m, 3H), 3.76 (dd, ] = 11.5 Hz, 3.9 Hz, 1H), 3.65

(s, 3H), 3.14—3.11 (m, 2H), 1.09—1.02 (m, 126H). *C NMR
(75 MHz, CDCl,) & 171.2, 161.9, 161.4, 149.8, 143.1, 142.0,
133.7, 130.3 (2C), 121.7 (2C), 109.6, 104.8, 82.2, 81.7, 69.9,
69.5, 66.0, 65.8, 61.3, 53.5, 52.3, 37.8, 18.2—18.0 (36C), 12.67
(3C), 12.62 (3C), 12.5 (3C), 12.4 (3C), 12.18 (3C), 12.11
(3C). IR (v, cm™) = 2831, 2771, 1670, 1460, 1413, 1229,
1084, 1035, 855. 724. MALDI (TOF/TOF) m/z: [M + Na]*
calc. for C,gH,4,sNO3Sis 1498.9542; found 1499.0957.

Methyl N2,N6-Bis((2R,3R,4R)-3,4-Bis((triisopropylsilyl)-
oxy)-2-(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-
pyran-6-carbonyl)-1-lysinate (3n). The product was obtained
as a pale-yellow oil (5%*—15%"). [a]p*® = =7 (c = 0.1 in
CHCL,). '"H NMR (300 MHz, CDCL;) 7.11 (d, J = 8.1 Hz,
1H), 6.70 (d, ] = 5.8 Hz, 1H), 6.05—6.01 (m, 2H), 4.67—4.60
(m, 1H), 4.43—4.36 (m, 2H), 4.11—4.00 (m, 6H), 3.80—3.67
(m, SH), 3.29-3.21 (m, 2H), 1.97—1.84 (m, 2H), 1.77—1.67
(m, 2H), 1.55—1.48 (m, 4H), 1.05 (m, 126H). *C NMR (75
MHz, CDCL,) 8 172.2, 162.4, 162.1, 143.3, 143.1, 104.6, 104.0,
82.2, 82.0, 70.1, 69.9, 65.84, 65.82, 61.3, 52.4, 51.9, 39.0, 32.3,
29.3,22.7,18.2—17.8 (36C), 12.6—12.1 (18C). IR (v, cm™) =
3322, 2846, 2771, 1691, 1631, 1601, 1460, 1413, 1218, 1048,
1026, 855, 730. MALDI (TOF/TOF) m/z: [M + Na]* calc.
for C,sH,,N,0,,Sis 1463.9858; found 1464.0276.

Methyl (S)-2-((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy) methyl)-3,4-dihydro-2H-pyran-6-car-
boxamido)-3-(4-hydroxy-3-((E)-styryl)phenyl) propanoate
(30). The product was obtained as a beige oil (24%?). [a]p*
=+11 (¢ = 0.1 in CHCL,). '"H NMR (300 MHz, CDCl,) 7.53—
7.50 (m, 2H), 7.36—7.24 (m, SH), 7.18 (d, ] = 7.71 Hz, 1H),
7.07 (d, ] = 16 Hz, 1H), 6.89 (dd, J = 8.2 Hz, 2.1 Hz, 1H),
6.80 (d, ] = 8.2 Hz, 1H), 6.06 (dd, J = 5.3 Hz, 1.7 Hz, 1H),
5.43 (br, 1H), 4.90—4.83 (m, 1H), 4.40—4.36 (m, 1H), 4.13—
3.99 (m, 3H), 3.75 (dd, J = 11.5 Hz, 3.7 Hz, 1H), 3.68 (s, 3H),
3.09—3.06 (m, 2H), 1.05—1.00 (m, 63H). *C NMR (75 MHz,
CDCl,) 6 171.1, 162.1, 152.5, 143.1, 137.8, 130.2, 129.4, 128.7
(2C), 1284, 127.9, 127.6, 126.7 (2C), 124.9, 123.2, 116.2,
104.8, 82.2, 70.0, 65.8, 61.4, 53.8, 52.3, 37.8, 18.2—18.1 (18C),
12.6 (3C), 12.4 (3C), 12.1 (3C). IR (z, cm™!) = 3302, 2861,
2771, 1680, 1600, 1411, 1333, 1218, 1052, 1028, 981, 966,
855, 732. HRMS (ESI-TOF) m/z: [M + Na]* calc. for
Cs,Hg,NOgSi; 960.5637; found 960.5625.

Methyl (S)-2-((2R,3R,4R)-3,4-Bis((triisopropylsilyl)oxy)-2-
(((triisopropylsilyl)oxy)methyl)-3,4-dihydro-2H-pyran-6-car-
boxamido)-3-(3-((E)-4-fluorostyryl)-4-hydroxyphenyl)-
propanoate (3p). The product was obtained as a beige oil
(27%%). [a]p®® = +14 (¢ = 0.1 in CHCl,). "H NMR (300 MHz,
CDCl,) & 7.49—7.45 (m, 2H), 7.19—7.16 (m, 2H), 7.06—6.99
(m, 3H), 6.89 (dd, ] = 8.4 Hz, 2.0 Hz, 1H), 6.68 (d, ] = 8.1 Hz,
1H), 6.06 (dd, J = 5.4 Hz, 1.6 Hz, 1H), 5.41 (br, 1H), 4.90—
4.83 (m, 1H), 4.39—4.37 (m, 1H), 4.10—3.99 (m, 3H), 3.75
(dd, J = 11.5 Hz, 3.5 Hz, 1H), 3.67 (s, 3H), 3.13—3.00 (m,
2H). 1.04—1.00 (m, 63H). *C NMR (75 MHz, CDCl;) §
171.6, 162.4 (d, ] = 245 Hz, C—F), 162.1, 152.4, 143.0, 134.1
(d, J = 3.3 Hz, C—F), 129.4, 128.8, 128.5, 128.2 (d, ] = 7.8 Hz,
C—F), 127.8,124.7, 123.0, 116.2, 115.7 (d, ] = 21.5 Hz, C—F),
104.8, 82.2, 69.9, 65.8, 61.4, 53.8, 52.3, 37.8, 18.2—18.0 (18C),
12.6 (3C), 12.4 (3C), 12.1 (3C). IR (v, cm™) = 3302, 2846,
2771, 1687, 1596, 1460, 1413, 1188, 1052, 1026, 855, 728.
HRMS (ESI-TOF) m/z: [M + Na]* calc. for C,HgqFNOgSi,
978.5543; found 978.5542.

Methyl ((25,4S)-2-Methyl-4-((triisopropylsilyl)oxy)-3,4-di-
hydro-2H-pyran-6-carbonyl)-L-tryptophanate (4). The prod-
uct was obtained as a white solid (40%*). [a]p?° = +46 (¢ = 0.1
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in CHCL,). mp 129.1—130.7 °C "H NMR (300 MHz, CDCI;)
5 8.12 (br, 1H), 7.54 (d, ] = 7.5 Hz, 1H), 7.33 (d, ] = 8.0 Hz,
1H), 7.18—7.13 (m, 1H), 7.09—7.04 (m, 1H), 6.97 (d, ] = 2.1
Hz, 1H), 6.08 (dd, J = 5.1 Hz, 1.4 Hz, 1H), 5.02—4.96 (m,
1H), 4.35—4.28 (m, 1H), 4.17—4.14 (m, 2H), 3.92—3.91 (m,
1H), 3.65 (s, 3H), 3.37 (d, ] = 5.2 Hz, 2H), 1.25 (t, ] = 7.0 Hz,
1H), 1.10-1.01 (m, 42H). *C NMR (75 MHz, CDCL,) §
172.0, 162.3, 142.7, 1362, 127.6, 122.8, 122.2, 119.8, 118.9,
111.2, 110.4, 104.6, 75.7, 73.1, 66.6, 53.2, 52.3, 27.8, 18.3—
18.1 (12C), 12.6 (3C), 12.5 (3C). IR (v, cm™) = 3159, 2844,
2771, 1687, 1596, 1475, 1411, 1296, 1091, 1030, 853, 773.
HRMS (ESI-TOF) m/z: [M + H]" calc. for C;,Hg,N,O4Si,
687.4224; found 687.3936.

Procedure for Deprotection of Glucal Amides (5). A
solution of TBAF (1 M in THF, 1.2 mmol, 6 equiv) was added
to a solution of gluco-amide 3d (172 mg; 0.2 mmol) in THF at
room temperature. The mixture was stirred at room temper-
ature for 5 h. The organic solvent was evaporated under
vacuum, and the residue was purified by flash column
chromatography using MeOH/AcOEt as the eluent (0% to
10%).

Methyl ((2R,3S,4R)-3,4-Dihydroxy-2-(hydroxymethyl)-3,4-
dihydro-2H-pyran-6-carbonyl)-L-tryptophanate (5). The
product was obtained as a white solid (77%). [a]p® = —29
(c = 0.1 in MeOH). mp 83.9—85.1 °C. 'H NMR (300 MHz,
MeOD) & 7.59 (d, J = 7.7 Hz, 1H), 7.41 (d, ] = 8.0 Hz, 1H),
7.19—7.06 (m, 3H), 5.84 (d, J = 2.7 Hz, 1H), 4.84 (m, 1H),
4.26 (dd, J = 7.3 Hz, 2.6 Hz, 1H), 3.98—3.83 (m, 3H), 3.74 (s,
3H), 3.66—3.61 (m, 1H), 3.43 (dd, ] = 14.6 Hz, 5.7 Hz, 1H),
3.33 (dd, J = 14.6 Hz, 7.5 Hz, 1H). *C NMR (75 MHz,
MeOD) 6§ 173.6, 163.5, 146.3, 138.0, 128.6, 124.4, 122.4,
119.8, 119.1, 112.3, 110.5, 109.7, 81.7, 70.4, 70.1, 62.1, 54.8,
52.7,28.2. IR (v, cm™") = 3218, 2853, 1673, 1585, 1473, 1460,
1411, 1391, 1298, 1181, 1037, 1000, 980, 720. HRMS (ESI-
TOF) m/z: [M + H] * calc. for C,4H,,N,0, 391.1505; found
391.1552.

Steady State Absorption and Fluorescence Spectra.
The absorption spectrum was recorded on a Varian Cary S0
Bio UV—vis spectrophotometer using quartz cuvettes with 1.0
cm optical path length at 25 & 1 °C. The fluorescence spectra
were recorded on a FSS spectrofluorometer using (10 mm X
10 mm) quartz cuvettes with PTFE (white) stopper at 25 + 1
°C. The measurement of absolute fluorescence quantum yield
was performed using a SC-30 integrating sphere module. The
sample was diluted to an absorbance of 0.08 at the excitation
wavelength. Fluorescence spectra of the blank (solvent,
CHCI3) and sample were recorded under the same
experimental conditions; excitation wavelength: 280 nm, scan
limits: from 260 to 800 nm, excitation bandwidth: 10 nm,
emission bandwidth: 1.47 nm, wavelength step size: 1 nm,
integration time: 1 s (= 0.2 s dwell time accumulated S-times),
signal level: ~10° cps.

Fluorescence Quantum Yields (®4). Fluorescence
quantum yield was determined by the absolute method in
which the integration sphere measured the number of
absorbed and emitted photons by a sample. The absolute
fluorescence quantum yield (@) is calculated using eq 1,

ES
O =
S, — S, (1

where the subscripts s and b stand for sample and blank,
respectively, @ is the fluorescence quantum yield, E is the

integrated area under the emission curve and S is the
integrated area under the excitation scatter curve.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.5c0486S.

NMR spectra for all the compounds (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Hélio A. Stefani — Departamento de Farmdcia, Faculdade de
Ciencias Farmaceuticas, Universidade de Sao Paulo, Sao
Paulo, Sao Paulo 05508-900, Brazil; © orcid.org/0000-
0002-7805-2834; Email: hstefani@usp.br

Milene M. Hornink — Departamento de Farmdcia, Faculdade
de Ciencias Farmaceuticas, Universidade de Sao Paulo, Sao
Paulo, Sdo Paulo 05508-900, Brazil;
Email: milenemacedohornink@usp.br

Authors

Pamela M. Silva — Centro Universitdrio Sao Camilo, Sao
Paulo, Sao Paulo 05508-900, Brazil; Departamento de
Farmdcia, Faculdade de Ciencias Farmaceuticas,
Universidade de Sao Paulo, Sio Paulo, Sdo Paulo 05508-
900, Brazil

Monica F. Z. J. Toledo — Departamento de Farmdcia,
Faculdade de Ciencias Farmaceuticas, Universidade de Sao
Paulo, Sdo Paulo, Sao Paulo 05508-900, Brazil

Flavia Manarin — Centrode Engenharias e Ciencias Exatas,
Unioeste, Toledo, Parand 85903-000, Brazil

Daniel C. Pimenta — Instituto Butantan, Sao Paulo, Sao
Paulo 05508-900, Brazil

Nicaely M. O. Pereira — Departamento de Quimica
Fundamental, Instituto de Quimica, Universidade de Sdo
Paulo, Sdo Paulo, Sao Paulo 05508-900, Brazil

Erick. L. Bastos — Departamento de Quimica Fundamental,
Instituto de Quimica, Universidade de Sao Paulo, Sao Paulo,
Sao Paulo 05508-900, Brazil

Vinicius M. da Silva — Departamento de Farmdcia, Faculdade
de Ciencias Farmaceuticas, Universidade de Sao Paulo, Sao
Paulo, Sto Paulo 05508-900, Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.5c04865

Funding

The Article Processing Charge for the publication of this
research was funded by the Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), Brazil (ROR identifier:
00x0ma614).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the Sio Paulo Research
Foundation (FAPESP; Grant 2023/10652-7 to HAS and
Fellowships 2023/07257-9 and 2024/04288-3), the National
Council for Scientific and Technological Development
(CNPgq; Fellowships 311761/2022-4 and 305858/2020-3),
the Coordination for the Improvement of Higher Education
Personnel and the Financier of Studies and Projects (FINEP;
01.09.0278.00). We thank Prof. J. Wilhelm Baader (IQ-USP)

https://doi.org/10.1021/acsomega.5c04865
ACS Omega 2025, 10, 32444—-32453



ACS Omega

http://pubs.acs.org/journal/acsodf

for making the fluorescence spectrometer available for us
(FAPESP-EMU 2021/13791-2).

B REFERENCES

(1) Lasky, L. A. Selectins: interpreters of cell-specific carbohydrate
information during inflammation Science. Science 1992, 258, 964—
969.

(2) Dondoni, A.; Marra, A. Methods for Anomeric Carbon-Linked
and Fused Sugar Amino Acid Synthesis: The Gateway to Artificial
Glycopeptides. Chem. Rev 2000, 100, 4395—4421.

(3) Lee, A. C.-L; Harris, J. L; Khanna, K. K; Hong, J.-H. A
Comprehensive Review on Current Advances in Peptide Drug
Development and Design. Int. J. Mol. Sci 2019, 20, 2383—2403.

(4) Chakraborty, T. K,; Ghosh, S.; Jayaprakash, S. Sugar Amino
Acids and Their Uses in Designing Bioactive Molecules. Cur. Med.
Chem 2002, 9, 421—435.

(5) Hofsteenge, J.; Miiller, D. R;; De Beer, T.; Loffler, A.; Richter,
W. J; Vliegenthart, J. F. New Type of Linkage Between a
Carbohydrateand a Protein: C-Glycosylation of a Specific Tryptophan
Residue in Human RNase US. Biochemistry 1994, 33, 13524—13530.

(6) (a) Manabe, S.; Ito, Y.; Ogawa, T. Toward Synthesis of Novel C-
Glycoprotein from Human RNase; Unexpected Stereochemistry of
Epoxide Opening Reaction by Organolithium Reagents in the
Presence of Lewis Acid. Chem. Lett 1998, 27, 919—920.
(b) Nishikawa, T.; Ishikawa, M.; Wada, K; Isobe, M. Total Synthesis
of a-C-Mannosyltryptophan, a Naturally OccurringC-Glycosyl Amino
Acid. Synlett 2001, 2001, 945—947. (c) Nishikawa, T. Synthesis of a
a-C-Mannosyltryptophan Derivative, Naturally Occurring C-Glycosyl
Amino Acid Found in Human Ribonuclease. Synlett 1999, 1999,
1123—-1128.

(7) Nakajima, M.; Itoi, K; Takamatsu, Y.; Kinoshita, T.; Okazaki,
T.; Kawakubo, K,; Shindo, M.; Honma, T.; Tohjigamori, M.;
Haneishi, T. Hydantocidin: a new compound with herbicidal activity
from Stregtonzyces hygroscoyicus. J. Antibiot 1991, 44, 293—300.

(8) Simone, M. I; Mares, L. J.; Eveleens, C. A; McCluskey, A;
Pappin, B. B.; Kiefel, M. J.; Houston, A. T. Back to (non-)Basics: An
Update on Neutral and Charge-Balanced Glycosidase Inhibitors.
Mini-Rev. Med. Chem 2018, 18, 812—827.

(9) Wang, C.; Qi, R; Xu, Z. Glycosyl Radical-Based Synthesis of C-
Glycoamino Acids and C-Glycopeptides. Chem. - Eur. J. 2023, 29,
No. €202203689.

(10) Liu, Y.-H.; Xia, Y.-N.; Gulzar, T.; Wei, B.; Li, H.; Zhu, D.; Huy,
Z.; Xu, P.; Yu, B. Facile access to C-glycosyl amino acids and peptides
via Ni-catalyzed reductive hydroglycosylation of alkynes. Nat.
Commun 2021, 12, 4924—4932.

(11) Chen, A; Zhao, S.; Han, S.; Zhou, Z,; Yang, B; Xie, L.-G;
Walczak, M. A.; Zhu, F. Stereoselective alkyl C-glycosylation of
glycosyl esters via anomeric C—O bond homolysis: efficient access to
C-glycosyl amino acids and C-glycosyl peptides. Chem. Sci 2023, 14,
7569—7580.

(12) Ding, Y.; Yao, B. Late Stage Glycosylation of Peptides by
Methionine-Directed - C(sp3) — H Functionalization with 1-
Iodoglycals. Org. Lett 2024, 26, 7128—7133.

(13) Cheng, Z,; Kuru, E; Sachdeva, A.; Vendrell, M. Fluorescent
amino acids as versatile building blocks for chemical biology. Nat. Rev.
Chem 2020, 4, 275—290.

(14) (a) Jackson, R. F. W.; Turner, D.; Block, M. H. Carbonylative
Coupling of an Amino Acid-derived Organozinc Reagent with
Functionalized Aryl Iodides: Synthesis of Kynurenine. J. Chem. Soc,
Chem. Commun 1995, 2207—2208. (b) Rathod, G. K Jain, R.
Palladium-Catalyzed Aminocarbonylation of (Hetero)aryl Iodides
with a@-Amino Acid Esters as Nucleophiles. J. Org. Chem 2022, 87,
8005—8016. (c) Lindman, J.; Yadav, A; Gising, J.; Larhed, M. Two-
Chamber Aminocarbonylation of Aryl Bromides and Triflates Using
Amino Acids as Nucleophiles. J. Org. Chem 2023, 88, 12978—1298S.
(d) Rathod, G. K; Jain, R. Cross-Linked Pseudopeptides via Pd-
Catalyzed Carbonylative Coupling of @-Amino Acid Iodides with a-
Amino Acid Esters in the Presence of a CO Surrogate. Eur]. Org.
Chem 2023, 26, No. €202301010.

32453

(15) Kruger, G. H.; Albericio, F. Therapeutical Peptides. Fut. Med.
Chem 2012, 4, 1527—1531.

(16) Sabatini, M. T.; Boulton, L. T.; Sneddon, H. F.; Sheppard, T.
D. A green chemistry perspective on catalytic amide bond forming.
Nat. Catal 2019, 2, 10—17.

(17) Vogel, E. R; Jackson, W.; Masterson, D. S. Efficient
Esterification of Oxidized 1-Glutathione and Other Small Peptides.
Molecules 2015, 20, 10487—10495.

(18) Hornink, M. M.,; Toledo, M. F. Z. J; Pimenta, D. C,;
Paschoalin, C.; Silva, P. M,; Figlino, G. E.; Aguiar, E,; Cervi, G;
Ribeiro, F. W. M.; Correra, T. C.; et al. ACS Omega 2024, 9, 31732—
31744.

(19) Koester, D. C.; Werz, D. B. Sonogashira—Hagihara reactions of
halogenated glycals. Beilstein J. Org. Chem 2012, 8, 675—682.

(20) (a) Morimoto, T.; Kakiuchi, K. Evolution of Carbonylation
Catalysis: No Need for Carbon Monoxide Angew. Angew. Chem., Int.
Ed 2004, 43, 5580—5588. (b) Odell, L. R.; Russo, F.; Larhed, M.
Molybdenum Hexacarbonyl Mediated CO Gas-Free Carbonylative
Reactions. Synlett 2012, 5, 685—698. (c) Akerbladh, L.; Odell, L. R;
Larhed, M. Palladium-Catalyzed Molybdenum Hexacarbonyl-Medi-
ated Gas-Free Carbonylative Reactions. Synlett 2019, 30, 141—155.

(21) (a) Vasconcelos, S. N. S.; Menezes da Silva, V. H.; Braga, A. A.
C.; Shamim, A.; Souza, F. B,; Pimenta, D. C,; Stefani, H. A. 3-
Alkenyltyrosines Accessed by Suzuki—Miyaura Coupling: A Key
Intermediate in the Synthesis and Mechanistic Study of Povarov
Multicomponent Reactions. Asian J. Org. Chem 2017, 6, 913—920.
(b) Suzuki, Y.; Takagi, N.; Sano, T.; Chimuro, T. Design and
synthesis of a novel fluorescente protein probe for easy and rapid
electrophoretic gel staining by using a commonly available UV-based
fluorescent imaging system. Electrophoresis 2013, 34, 2464—2472.

(22) Zhang, S.; Niu, Y.-H; Ye, X.-S. General Approach to Five-
Membered Nitrogen HeteroarylC-Glycosides Using a Palladium/
Copper Cocatalyzed C—H Functionalization Strategy. Org. Lett 2017,
19, 3608—3611.

(23) Vasconcelos, S. N. S.; Rodrigues, A. C. B.; Bastos, E. L.; Stefani,
H. A. Synthesis of a Tyr-Tyr Peptide Library and Fluorescence of the
Stilbenyl Derivatives. ChemistrySelect 2016, 1, 1287—1291.

(24) (a) Friesen, R. W.; Loo, R. W. Preparation of C-aryl glucals via
the palladium catalyzed coupling of metalated aromatics with 1-iodo-
3,Vol. 4,pp. 6-tri-O-(triisopropylsilyl)-D-glucal. J. Org. Chem 1991, 56,
4821—4823. (b) Friesen, R. W.; Sturino, C. F.; Daljeet, A. K;
Kolaczewska, A. Observation of alpha-silyl carbanions in the
metalation of 3,4,6-tri-O-(tert-butyldimethylsilyl)-D-glucal. J. Org.
Chem 1991, 56, 1944—1947. (c) Potuzak, J. S.; Tan, D. S. Synthesis of
Cl-alkyl- and acylglycals from glycals using a B-alkyl Suzuki—Miyaura
cross coupling approach. Tetrahedron Lett 2004, 4S5, 1797—1801.
(d) Parkan, K; Pohl, R; Kotora, M. Cross-Coupling Reaction of
Saccharide-Based Alkenyl Boronic Acids with Aryl Halides: The
Synthesis of Bergenin. Chem. - Eur. J. 2014, 20, 4414—4419. (e) Liu,
M,; Niu, Y,; Wu, Y.-F.; Ye, X.-S. Ligand-Controlled Monoselective C-
Aryl Glycoside Synthesis via Palladium-Catalyzed C—H Functional-
ization of N-Quinolyl Benzamides with 1-Iodoglycals. Org. Lett 2016,
18, 1836—1839. (f) Linker, T.; Schanzenbach, D.; Elamparuthi, E.;
Sommermann, T.; Fudickar, W.; Gyollai, V.; Somsak, L.; Demuth, W.;
Schmittel, M. Remarkable Oxidation Stability of Glycals: Excellent
Substrates for Cerium(IV)-Mediated Radical Reactions. . Am. Chem.
Soc 2008, 130, 16003—16010. (g) Zhang, S.; Niu, Y.-H.; Ye, X.-S.
General Approach to Five-Membered Nitrogen Heteroaryl C-
Glycosides Using a Palladium/Copper Cocatalyzed C—H Function-
alization Strategy. Org. Lett 2017, 19, 3608—3611.

https://doi.org/10.1021/acsomega.5c04865
ACS Omega 2025, 10, 32444—-32453



