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ABSTRACT: Nucleophilic substitution reactions of C-2-acyloxy furanosyl ~C-2-benzoyloxy C-2-p-(nitrobenzoyloxy)
acetals can be highly diastereoselective. We here show that the presence ofa i It JL i Bk
less electron-donating p-nitrobenzoyloxy group at C-2 of a furanosyl acetal X ' A Y

can be of use to control the 1,2-trans stereoselectivity of acetal substitution r"(‘ | ' ’\C .
reactions with higher stereoselectivity than the analogue with the more Vo @ feh RoNO Iwﬂ(
electron-donating benzoyloxy group, just as what was observed in the \],»-:/ ~ o® — 5
pyranosyl system. Computational results support a reaction manifold S <
involving both open oxocarbenium ions and cis-dioxolenium ions to provide e i i’"’\f

the 1,2-cis and 1,2-trans products. Participation by the less electron- ,l( stable nucleophile  oactive l
donating C-2-(p-nitrobenzoyloxy) group forms a less stabilized cis- dioxolenium ion dioxolenium fon
dioxolenium ion that reacts with the incoming nucleophile more readily slow addition favorable addition

to provide 1,2-trans products. The relative stability of the furanosyl cis-
dioxolenium ion versus the open oxocarbenium ion is much higher than the pyranosyl system as a result of the lower energy penalty
for forming the cis-fused [S5,5]-bicyclic dioxolenium ion.

Bl INTRODUCTION Scheme 1. C-2-Acyloxy Groups Can Stabilize
Tetrahydrofurans are important synthetic motifs in many Oxocarbenium Ions 3 to Form cis-Dioxolenium Ions 4
structurally complex drugs and natural products (Figure 1).! O\® o !;IO®
Me (—Z o Q»\R
N o4 H O
o, 0w 7™ . R :
N N
Ao o~
© ¢ Zon HO *oH©
clovading azacaidine Our recent work has shown that C-2-acyloxy groups can

engage in participation to promote the 1,2-trans selectivity of
Figure 1. Bioactive compounds containing a furanosyl ring with the substitution reactions of pyran acetals, but the extent of
1,2-trans configuration. stereochemical control is sensitive to the nature of the
incoming nucleophile and the electron-donating ability of the
neighboring group.” The use of a less electron-donating C-2-
(p-nitrobenzoyloxy) led to higher 1,2-trans selectivity than the
use of the more electron-donating C-2-(p-methoxybenzoyloxy)
or C-2-benzoyloxy groups (compounds 7a-c, Scheme 2).
Preliminary data suggest that this trend of higher 1,2-trans
selectivity with decreasing electron-donating ability of acyloxy
groups extends to furanosyl acetals (8a and 8b, Scheme 2).

For example, clevudine 1 is a nucleoside antibiotic with potent
inhibition to hepatitis B, and azacitidine 2 is an FDA-approved
drug used for treatment of myelodysplastic syndromes. These
drugs are representative examples of nucleoside antibiotics or
anticancer drugs and consist of a ribose-derived scaffold with
the anomeric functionalization in a 1,2-trans configuration. To
construct such linkages with the correct stereochemical

conﬁguration, neighboring-group participation has been widely -

used.”™* An acyloxy group at the C-2 position of a five- Rec?we‘l: October 22, 2024 ]OC
membered-ring acetal can stabilize an oxocarbenium ion (ie., Revised:  December 6, 2024 k, Ak
3) to form a cis-dioxolenium ion (i.e., 4),”° and subsequent Acce.Pted’ December 24, 2024 y
nucleophilic attack on this intermediate occurs from the Published: January 15, 2025 -
sterically favored face of the bicyclic structure, resulting in -

selective formation of 1,2-trans products (Scheme 1).”*

© 2025 The Authors. Published b
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Scheme 2. Higher 1,2-trans Selectivity with the Presence of
a C-2-(p-Nitrobenzoyloxy) Group in Both the Pyran and
Furan-Derived Systems
ﬁ/Me
O_1

/]\/SlMea

T ohc, >0
-45°C, 16 h
40-79% 7a-c X
X = OMe, H, or NG, X trans-T:cis-7
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(O] SPh 3 NIS O 4 o)
oy t
o CHCl, o)
-45°C, 16 h
6a, X =H 39-82% 8a,X =H
6b,Xx=NO, X 8b, X = NO, X
X trans-8:cis-8
H 78:22
NO, 92:8

Considering that the findings of the six-membered-ring
system can be extended to the furan system, we here follow up
with this initial observation by investigating the role of
neighboring-group participation to control the stereoselectivity
of acetal substitution reactions of furanosyl acetals. In this
study, we provide more evidence that the use of a p-
nitrobenzoyloxy group at C-2 of tetrahydrofuran acetals is
more effective in enabling diastereoselective substitution
reactions. Substitution reactions of furanosyl acetals carrying
a C-2-benzoyloxy group, which exhibited similar electron-
donating and 9participating properties to the p-methoxybeno-
zyloxy group,” were performed as control experiments to
determine the degree of stereoselectivity controlled by
neighboring groups bearing different electron-donating proper-
ties. With all nucleophiles examined, higher 1,2-trans selectivity
was observed in the substitution reactions of the C-2-(p-
nitrobenzoyloxy) acetals than the corresponding C-2-benzoy-
loxy acetal analogues. The observed trends follow the
stereochemical model used to analyze substitutions of six-
membered-ring C-2-acyloxy acetals, where both oxocarbenium
ions and cis-dioxolenium ions are involved as reactive
intermediates in the stereochemistry-determining step.

B RESULTS AND DISCUSSION

We started our investigation by exploring nucleophilic
substitution reactions of furanosyl thioacetals bearing a single
C-2-(p-nitrobenzoyloxy) or C-2-benzoyloxy group (i.e., 6a and
6b, respectively) with a range of oxygen nucleophiles (Table
1). In these reactions, consistent higher 1,2-trans selectivities
with the less electron-donating p-nitrobenzoyloxy group at C-2
were observed (entries 1—6, Table 1). Reactions of the C-2-(p-
nitrobenzoyloxy) thioacetal 6b with 2,2,2-trifluoroethanol
(20a), 2,2-difluoroethanol (20b), and 1,1,1,3,3,3-hexafluor-
oisopropanol (20f) proceeded with high 1,2-trans stereo-
selectivities (entries 1, 2, and 6, Table 1). Orthoester side-
products (i.e, 14—19a,b) were isolated in most cases, except
for reactions using 1,1,1,3,3,3-hexafluoroisopropanol (20f).
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Table 1. Nucleophilic Substitution Reactlons of C-2-Acyloxy
Thioacetals with Oxygen Nucleophiles” b

R2
"SOH N .
Oy.sph  NIS 050 °Glo
. + Ke) R2
2 CH,Cly 2 L N
OCOR' _45°C. 16 h OCOR! o R
200,
6a, Rl =Ph 20-89% trans-8a—13a 14a—19a
6b, R" = p-NO,CgH,4 trans-8b—13b 14b-19b
Oxygen nucleophiles:
R20H = 20a,R*=CF; CH; CF;
20b, R2 = CF,H PY
20c, R2 = CHzF H3C OH F3C OH
20d, R2 = CH, 20e 20f
dr (trans:cis)® dr (trans:cis)©
Entry Nucleophile  (8a—13a, R' = Ph)  (8b—13b, R' = p-NO,CH,)
1 202 78:22 92:8
2 20b 93:7 >97:3
3 20c 65:35 75:25
4 20d 70:30 80:20
5 20e 76:24 80:20
6 20f >97:3 >97:3

“Thioacetals 6a and 6b were used as a mixture of diastereomers. The
diastereomer ratio of the starting material should not 1nﬂuence the
stereochemical outcomes of acetal substitution reactions. “Details of
control experiments are provided in the Supporting Information.
“Diastereomeric ratios were determined by *C{'H} NMR spectro-
scopic analysis of the unpurified reaction mixtures."*

These bicyclic compounds are products formed by alcohol
nucleophiles attacking the cationic carbon atom of the cis-fused
dioxolenium ions (i.e., 4, Scheme 1).”' Control experiments
were performed to ensure that all of these observed
diastereomeric ratios were the results of kinetically controlled
reactions and that the orthoester side-products were not
reactive intermediates that underwent rearrangement processes
to provide 1,2-substituted products.'’ The fact that reactions
with isopropanol (20e) and 1,1,1,3,3,3-hexafluoroisopropanol
(20f) proceeded with different selectivities (entries S and 6,
Table 1), while the reactions with ethanol (20d) and
isopropanol (20e) led to similar stereochemical outcomes
(entries 4 and S, Table 1) suggests that the steric hindrance
presented by the incoming nucleophiles does not affect the
stereochemical outcomes of the acetal substitutions. Consid-
ering that the reactivity and the size of oxygen nucleophiles
20a—f are similar to secondary carbohydrate-derived glycosyl
acceptors, the observed diastereomeric ratios reveal that the
installation of a C-2-(p-nitrobenzoyloxy) group can be useful
to promote 1,2-trans stereoselectivity in O-glycosylation
reactions.'>"?

As illustrated for reactions using 2,2,2-trifluoroethanol (20a)
as the nucleophile, consistent 1,2-trans stereoselectivities were
observed in the substitution reactions of C-2-(p-nitro-
benzoyloxy) thioacetal 6b (Table 2). The stereoselectivity
does not significantly depend upon modifications of the
reaction conditions such as the choice of activators, solvents, or
temperature. Reactions with or without triflate counterions
occurred with similar stereoselectivities, indicating that
anomeric triflates are likely not involved as reactive
intermediates in the stereochemistry-determining step (entries
1 and 2, Table 2). Orthoester side-product 15b was not
observed in the reaction promoted by Me;SiOT{, indicating
that the orthoester compound likely underwent decomposition

https://doi.org/10.1021/acs.joc.4c02612
J. Org. Chem. 2025, 90, 1585—1596
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Table 2. Influence of Reaction Condition on Selectivity of
Substitution Reactions of Thioacetal 6b with 2,2,2-
Trifluoroethanol”

FsC” O OH FaC H
(O SPh NIS o 1.0 B o
q CH,Cl, L NOCF
2Y0COR _45°c.16h - ©OCOR H O R
6b, R = p-NO,CgH, trans-8b 15b
Temperature dr®
Entry  Solvent Activator g’ C) (8b, trans:cis)
1 CHCL NIS —45 92:8
2 CHClL, NIS/MeSiOTf  —45 95:5
3 CHCL NBS 45 65:35
4 CH,Cl, NIS —45 >97:3
S CHCL NIS —451t0 23 92:8
6 PhMe NIS —45 to 23 82:18
7 MeCN NIS —45 to 23 57:43

“Thioacetal 6b was used as a mixture of diastereomers. The
diastereomer ratio of the starting material should not influence the
stereochemical outcomes of acetal substitution reactions. “Diastereo-
meric ratios were determined by *C{'H} NMR spectroscopic

. . . . 14 ¢ .
analysis of the unpurified reaction mixtures.” “Reaction was
conducted at 0.05 M in CH,ClL,.

under the triflic acid-catalyzed conditions.” The increased
preference for the formation of the 1,2-cis product upon the
use of N-bromosuccinimide (NBS) as the promotor for the
activation of the thiophenol group hints at the possible
involvement of an anomeric bromide under these conditions
(entry 3, Table 2).'° Changes in the temperature or the
concentration of the reactions did not alter the diastereomeric
ratios (entries 4 and S, Table 2). Reactions performed in
nonpolar solvents such as CH,Cl, and toluene favored the
formation of 1,2-trans products, even at an elevated temper-
ature (entries S and 6, Table 2). Upon changing the solvent to
a more polar solvent (CH;CN), the preference for the
formation of 1,2-trans products decreased (entry 6, Table 2).
The moderate change in selectivity, however, does not support
the intermediacy of nitrilium ions as the major product-
forming intermediate, considering that the Sy2-like attack on a
nitrilium ions should lead to a reaction favoring the 1,2-trans
products.'” = Rather, the observed stereochemical outcomes
suggest that the use of more polar solvents favors the
formation of the oxocarbenium ions, in which the positive
charge is less stabilized than in the dioxolenium ions, leading to
the formation of more 1,2-cis products.

To establish the correlation between the stereoselectivity
and the electron-donating ability of the neighboring group,
acetals 21a and 21b, bearing a single C-2-benzoyloxy group or
C-2-(p-nitrobenzoyloxy) group, respectively, were treated with
different carbon nucleophiles (Table 3).”"** The set of carbon
nucleophiles, including allylchlorodimethylsilane (23), allyl-
trimethylsilane (24), and allyltributylstannane (25), was
selected because it consists of small nucleophiles that react
irreversibly with carbocations to afford the same products,
which simplifies the analysis of selectivity.”>**

Just as observed for the six-membered-ring system,
substitution reactions of the furanosyl acetal bearing the less
electron-donating C-2-(p-nitrobenzoyloxy) group occurred
with higher 1,2-trans selectivities than those of the analogous
C-2-benzoyloxy acetal, although the difference in selectivity
was moderate.””® The substitution reaction of C-2-benzoyloxy
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Table 3. Nucleophilic Substitution Reactions of C-2-Acyloxy
Acetals with Carbon Nucleophiles®

o Nu—[M] \§ N\
1~OCOR  snCl, SO &N
.
2 CH,Cl, <—Z
OCOR  _45ec 16h 2'ocor 2'ocor
21a,R = Ph 33-57% trans-22a  cis-22a
21b, R = p-NO,CgH4 trans-22b cis-22b
Nu—[M] =
/\/SiMezcl /\/SiMe3 /\/SnBu3
23 24 25
dr (trans:cis)® dr (trans:cis)®
Entry Nu—[M] N Number” (22a, R =Ph) (22b, R = p-NO,CH,)
1 23 —0.6 — 61:39
2° 23 -0.6 70:30 75:25
3 24 1.7 55:45 70:30
¢ 25 5.5 87:13 90:10

“Reaction conditions were adapted from the previously optimized
reaction conditions.” Acetals 21a and 21b were used as a mixture of
diastereomers. The diastereomer ratio of the starting material should
not influence the stereochemical outcomes of acetal substitution
reactions. bHigher N numbers correspond to higher reactivity of the
nucleophiles. “Diastereomeric ratios were determined by "“C{'H}
NMR spectroscopic analysis of the unpurified reaction mixtures."*
¥No formation of the expected product (22a) was observed. Instead,
a 1,2-trans acetal product carrying an anomeric methoxy group was
obtained as the sole product, which formed upon quenching the
reaction with MeOH as —45 °C.>* “Reactions were warmed to 23 °C
for efficient nucleophilic additions. /BF;80FEt, was used as the
activator because SnCl, was not able to activate acetals in the
presence of allyltributylstannane. Reactions were warmed to 23 °C for
efficient activation of the acetal leaving group.

acetal 2la with allyltrimethylsilane (24) afforded acetal
products 22a as an equal mixture of diastereomers. The
preference for the formation of the 1,2-trans product increased
when the benzoyloxy group at C-2 was replaced by the less
electron-donating p-nitrobenzoyloxy group, although the
overall stereoselectivity was still moderate (entry 3, Table 3).
When a stronger nucleophile, allyltributylstannane (25), was
used, the reactions with both substrates achieved the expected
high 1,2-trans selectivities (entry 4, Table 3)."" The trend of
increasing 1,2-trans selectivity with increasing reactivity of the
nucleophiles is consistent with the argument that strong
nucleophiles can attack the less electrophilic cis-dioxolenium
ions (i.e,, 4, Scheme 1) more readily to form the desired 1,2-
trans products.’

The influence of the solvent on the stereochemical outcome
was examined with acetal substitution reactions of C-2-(p-
nitrobenzoyloxy) acetal 21b (Table 4). In line with the results
obtained with the O-nucleophiles (entries S—7, Table 2), the
preference for the formation of the 1,2-trans products
decreased with increasing polarity of the solvents (Table
4).”” Nonpolar solvents such as toluene can be of use to
control 1,2-trans selectivity, particularly when substitution
reactions require high reaction temperatures (entry 1, Table
4).”® The fact that the allylations of acetal 21b in the most
polar solvent (acetonitrile) occurred with the lowest stereo-
selectivity again argues against the participating effect of the
nitrile solvent, involving an a-nitrilium ion intermediate, which
should favor the formation of 1,2-trans products (entry 3,
Table 4).'772°

https://doi.org/10.1021/acs.joc.4c02612
J. Org. Chem. 2025, 90, 1585—1596
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Table 4. Influence of the Choice of the Solvent on the
Stereoselectivity of Substitution Reactions of C-2-(p-
Nitrobenzoyloxy) Acetal 21b with Allyltrimethylsilane“

o /\/S|Me3 \
1

OCOR  BFy-OEt, _ ( Z

solvent
TOCOR 510 23 C.16h OCOR 2 0COR
21b, R = p-NO,CgH, trans-22b cis-22b
Dielectric constant dr (trans:cis)®

Entry  Solvent (e)b Lewis acid (22b)

1¥  PhMe 2.38 BF,eOEt, 70:30

¢ CH,CL 8.93 BF,e0Et, 60:40

3? MeCN 375 BF,eOFEt, 58:42

“Acetal 21b was used as a mixture of diastereomers. The diastereomer
ratio of the starting material should not lnﬂuence the stereochemical
outcomes of acetal substitution reactions. ngher dielectric constant
(€) corresponds to higher solvent polarity.”” “Diastereomeric ratios
were determined by *C{'H} NMR spectroscopic analysis of the
unpurified reaction mixtures."* “Reactions were warmed to 23 °C for
efficient activation of the leaving group by BF;eOEt,.

Taken together, the experimental results above suggest that
the presence of both oxocarbenium ions 26,,/27,,, and cis-
fused dioxolenium ions 264;,,/27 40« in the reaction mixtures
should be considered to explain the formation of products cis-
28/29 and trans-28/29 (Figure 2). Nucleophiles can react

Nu6 * R +
| o ?
® -0
ROCO -0 — - ‘[f
2 1°H
H
Nue
26/27 0 26/27 iox
26, R=Ph
\ 27, R = p-NO,CgH,
OCOR
Nu
<[40 2
ROCO-2 7 . o
. Nu
cis-28/29 trans-28/29
28, R=Ph

29, R = p-NO,CgHy4

Figure 2. Nucleophilic additions to the oxocarbenium and
dioxolenium forms of cations 26 and 27.

with the “open” oxocarbenium intermediates from the
direction considered to be the inside face of the envelope
conformers to minimize the development of eclipsing
interactions in the products, allowing for the formation of
1,2-cis products.””*’ Experimental observation of orthoester
side-products confirms the existence of cis-dioxolenium ions
2640, and 274" The observed higher 1,2-trans selectivity in
the presence of a C-2-(p-nitrobenzoyloxy) group is consistent
with faster nucleophilic additions to the less stabilized cis-
dioxolenium ion 274, from the sterically more accessible face
of the bicyclic intermediate.

To provide further support for the roles of oxocarbenium
ions and cis-dioxolenium ions in controlling the selectivity of
substitution reactions of furanosyl acetals, we investigated the
shape and stability of the furanosyl cations and the subsequent
addition reactions to these cations computationally. All
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computations were performed with ORCAS5.03°**" at the

SMD (dichloromethane)-revDSD-PBEP86D4-def2TZVPP//
PCM-(dichloromethane)-B3LYP-D3BJ-def2TZVPP***" level
of theory, which previously provided accurate assessments of
the energy of oxocarbenium ions.”*'

First, we investigated the overall shape of the cations by
conformational energy landscape mapping (Figure 3). This

a. C-2-benzoyloxy-furanosyl
oxocarbenium ion (26,,,)

b. C-2-benzoyloxy-furanosyl
dioxolenium ion (26;,,)

O@
(14 8)
O@
~
1.8 OBz
(16.6)
flat
0.0
@ (o 0)

c. C-2-(p-nitrobenzoyloxy)-furanosyl d. C-2-(p-nitrobenzoyloxy)-furanosyl
oxocarbenium ion (27,,,) dioxolenium ion (27 giox)

0®
~
15 OPNBz
(14.0)
flat
PNBzO
1.9 -0®
(14.5) 0.0
Es \ ®(o 0)

<051 2 3 4 5 6 7 8>85
(kcal mol-")

Figure 3. Conformational energy landscape (CEL) maps of C-2-
benzoyloxy and C-2-(p-nitrobenzoyloxy) furanosyl oxocarbenium and
dioxolenium ions in which the local minima identified are shown with
their respective energy. Energies of all conformations in the CEL are
computed at SMD(dichloromethane)-revDSD-PBEP86-D4-
def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP
and expressed as relative Gibbs free energy (T = 228.15 K) in kcal
mol ™. Energies given are relative to the cis-dioxolenium ion. The CEL
map of the C-2-methoxy furanosyl oxocarbenium ion is provided in
the Supporting Information.

methodology calculated the energies of the ions mapped as a
function of their shape.”**~*® The computed CEL maps
indicate that furanosyl oxocarbenium ions 26,,, and 27, the
lowest-energy conformations of the furanosyl oxocarbenium
ions, favor a 3E conformation in which the C-2 neighboring
group is positioned in a pseudo-equatorial orientation, allowing
the pseudo-axial H-2 to provide stabilization of the cationic
center through donation of electron density from the oc_y
bond.*” Notably, the ring-flipped E;-counterpart, in which the
C-2 group is positioned in a pseudo-axial fashion, is always
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Figure 4. Reaction profiles of nucleophilic substitution reactions of C-2-benzoyloxy furan cation 26 and C-2-p-(nitrobenzoyloxy) furan cation 27
with C-nucleophiles 24 (A) and 25 (B). [b]Computed at SMD(dichloromethane)-revDSD-PBEP86-D4-def2TZVPP//PCM(dichloromethane)-
B3LYP-D3BJ-def2TZVPP and expressed as relative Gibbs free energy (T = 228.15 K) in kcal mol™". l2JElectronically barrierless, determined by
constrained PES analysis. */The arrow in transition states 26/27-TSy; is an indication of bond rotation. The butyl groups in nucleophile 2§ were
replaced with the smaller methyl group, which are electronically similar, for computational feasibility.

higher in energy than the corresponding flat furanosyl
oxocarbenium ion structures (located in the center of the
CEL maps). In all cases, the cis-dioxolenium ions are
significantly more stable than their oxocarbenium ion counter-
parts. As the electron-donating nature of the acyloxy groups
decreases, the cis-dioxolenium ions become less stabilized. The
relationship between the stability of cis-dioxolenium ions and
the electron-donating ability of the acyloxy groups is in line
with our previous investigations of pyranosyl cations,” in which
we established that the higher 1,2-trans stereoselectivity,
observed in addition reactions of the pyranosyl electrophiles
carrying the more electron-withdrawing C-2-esters, correlates
with the less stabilized dioxolenium ions, which are more
readily substituted by the incoming nucleophiles.

We note that the relative stability of the cis-dioxolenium ion
versus the oxocarbenium ion is much higher in the furanosyl
system (for the C-2-benzyloxy and C-2-(p-nitrobenzoyloxy),
14.8 and 12.5 kcal mol™’, respectively) than in the pyranosyl
ions (for the C-2-benzyloxy and C-2-(p-nitrobenzoyloxy), 11.2
and 9.0 kcal mol™!, respectively).” The difference in stability
could be the result of lower energy penalty for forming the cis-
fused [S,5]-bicyclic dioxolenium ion compared to the
corresponding cis-fused [5,6]-bicyclic ion.*® In contrast to
the pyranosyl cations, where the cis-dioxolenium ion is located
in the same region of conformational space as the most stable
oxocarbenium ion, and which thus requires only a minimal
conformational change to position the C-2-substituent
optimally for formation of the dioxolenium ion,” the
interconversion of the most favorable furanosyl oxocarbenium
ion and the corresponding dioxolenium ion requires a more
significant conformational change. The furanosyl oxocarbe-
nium ion must first undergo a ring-flip to reorient the C-2
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group into a pseudo-axial position before the formation of the
dioxolenium ion can occur.

We next investigated the influence of nucleophilicity and the
electron-donating capacity of the C-2-acyloxy group on the
stereochemical outcome by computing the reaction profiles for
the addition of nucleophiles 24 and 25" to furanosyl cations
26 and 27. For these investigations, carbon nucleophiles were
chosen because their reaction pathways have been extensively
investigated using both computational and experimental
techniques,9’41’5'0’51 generally showing good correlation.”
Analogous to our work on pyranosyl cations, the computed
reaction profiles suggest two reaction pathways from the lowest
energy dioxolenium ions: direct attack to the cis-dioxolenium
ions (TS;) to afford the 1,2-trans products (right pathway in
Figure 4) or ring-opening to form furanosyl oxocarbenium ions
(via TSy), generating a mixture of possible conformers
followed by nucleophilic additions to these ions (left pathway
in Figure 4).

We then examined the nucleophilicity-stereoselectivity
relationships (Figure 4). For the weakest nucleophile 24, the
energy barrier for the nucleophile to react with cis-dioxolenium
ions (26/27-TS,, right pathway) is computed to be higher
than the transition state leading to the formation of the “open”
oxocarbenium ions (26/27-TSyy, left pathway). This difference
indicates that the reaction more readily proceeds through ring-
opening of the cis-dioxolenium ion to provide the oxocarbe-
nium ion, which is followed by a barrierless nucleophilic
addition to this ion”*” to form the products as a mixture of
diastereomers. With increasing reactivity of the incoming
nucleophile, the transition states 26/27-TS;_g become more
favorable, enhancing the direct substitution pathway (right
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pathway), leading to the formation of more 1,2-trans product,
in agreement with the experimental observations.

Finally, the calculations show that the difference in the
energy barriers for the formation of the oxocarbenium ions
(left pathway) and nucleophilic attack on the cis-dioxolenium
ions (right pathway) for C-2-(p-nitrobenzoyloxy) ions 27 are
modestly smaller than for the corresponding C-2-benzoyloxy
ions 27. For C-2-benzoyloxy ion 26, direct addition to the
dioxolenium ion (26-TS;_g) is less favorable than formation of
the oxocarbenium ion (26-TSy). In contrast, for the C-2-(p-
nitrobenzoyloxy) ions 27, these two transition states are similar
in energy (27-TS and 27-TSy). The computed reaction
profiles thus indicate that more 1,2-trans products would be
formed through the cis dioxolenium ions carrying a p-
nitrobenzoyloxy group at C-2 because the right pathway is
less disfavored. To summarize, the computational assessment
agrees with the higher 1,2-trans selectivities observed in
reactions with the C-2-(p-nitrobenzoyloxy) substrates.

B CONCLUSIONS

In conclusion, neighboring-group participation by C-2-acyloxy
groups can guide the stereoselectivities of acetal substitutions
in the furanosyl system. Nucleophilic substitution reactions of
furanosyl acetals bearing acyloxy groups at C-2 can be highly
1,2-trans selective with strong carbon nucleophiles or oxygen
nucleophiles. Experimental and computational investigations
reveal that a less electron-donating p-nitrobenzoyloxy group at
C-2 can lead to higher 1,2-trans selectivity by formation of a
less stabilized, and therefore more reactive, cis-dioxolenium ion
intermediate.

B EXPERIMENTAL SECTION

General Experimental. 'H and *C NMR Spectra were acquired
at room temperature using Bruker AVIII-400 (400 and 100 MHz,
respectively) and AVIII-600 (600 MHz) spectrometers as indicated.
The diastereomeric ratios of nucleophilic substitution reactions were
obtained by *C spectroscopic analysis of the representative peaks of
products in the unpurified crude reaction mixture.'* All spectroscopic
data were reported as follows: chemical shifts reported in ppm as
referenced to solvent peaks ("H NMR: CDCl, 6 7.26 ppm; *C NMR:
CDCl; 6 77.16 ppm), multiplicity (s = singlet, br = broad, br s =
broad singlet, d = doublet, ddt = doublet of doublet of triplet, t =
triplet, dd = doublet of doublet, dt = doublet of triplet, m =
multiplet), J coupling constants (Hz), and integration. High-
resolution mass spectra (HRMS) were acquired using an Agilent
6224 Accurate-Mass time-of-flight spectrometer through ESI (electro-
spray ionization) mode. Infrared (IR) data were acquired using
Nicolet 6700 FT-IR spectrometer via attenuated total reflectance
(ATR). All reactions were performed under inert nitrogen
atmosphere using glassware that has been flame-dried under reduced
pressure. Solvents including dichloromethane, acetonitrile, toluene,
and methanol were anhydrous and degassed through a solvent
purification system prior to use in the reported reactions. Aqueous
solutions were prepared using distilled water. Flash column
chromatography was performed using the solvent system on silica
gel (SiO,) 60 (230—400 mesh) under air flow. All reagents were
commercially available unless otherwise notified.

General Procedure for Nucleophilic Substitution Reactions
of Furanosyl Thioacetals Using Oxygen Nucleophiles. To a
solution of thioacetal (1.0 equiv) in solvent (0.1 M) at —45 °C was
added nucleophile (6.0 equiv unless otherwise noted), followed by the
addition of N-iodosuccinimide (2.0 equiv unless otherwise noted).
The reaction mixture was then stirred at —45 °C for 16 h. A solution
of Me,S:CH,CL:Et;N (1:1:1, 1 mL per mmol of thioacetal) was
added at —45 °C and the reaction mixture was warmed to room
temperature. The reaction mixture was then diluted with CH,Cl, (1 X
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20 mL per mmol of thioacetal) and washed with saturated aqueous
Rochelle’s salt solution (1 X 20 mL per mmol of acetate). The
aqueous layer was extracted with CH,Cl, (2 X 20 mL per mmol of
acetate). The combined organic layers were dried over Na,SO,,
filtered, and concentrated in vacuo. The diastereomeric ratios were
determined by *C NMR spectroscopic analysis of the unpurified
reaction mixture.'* The reaction mixture was purified by flash column
chromatography to provide products. The relative stereochemical
configurations of products were assigned by analysis of coupling
constants. Details of stereochemical proofs were provided in section
VII in the Supporting Information.

General Procedure for Nucleophilic Substitution Reactions
of Acetals with Carbon Nucleophiles. To a solution of acetate
(1.0 equiv) in solvent (0.1 M) at —45 °C was added nucleophile (2.5
equiv unless otherwise noted), followed by the addition of Lewis acid
(2.5 equiv unless otherwise noted). The reaction mixture was then
stirred at —4S °C for 16 h. A solution of MeOH:CH,Cl,:Et;N (1:1:1,
1 mL per mmol of acetate) was added at —45 °C and the reaction
mixture was warmed to room temperature. The reaction mixture was
then diluted with CH,Cl, (1 X 20 mL per mmol of acetate) and
washed with saturated aqueous Rochelle’s salt solution (1 X 20 mL
per mmol of acetate). The aqueous layer was extracted with CH,Cl,
(2 X 20 mL per mmol of acetate). The combined organic layers were
dried over Na,SO,, filtered, and concentrated in vacuo. The
diastereomeric ratios were determined by *C{'"H} NMR analysis of
the unpurified reaction mixture.'* The reaction mixture was purified
by flash column chromatography to provide products. The relative
stereochemical configurations of products were assigned by analysis of
coupling constants. Details of stereochemical proofs are provided in
section VII in the Supporting Information.

(2R*,35*)-2-(2,2-Difluoroethoxy)tetrahydrofuran-3-yl Benzoate
(trans-9a), (2R*3R*)-2-(2,2-Difluoroethoxy)tetrahydrofuran-3-yl
Benzoate (cis-9a). The general procedure for nucleophilic sub-
stitution reactions of thioacetals was followed using thioacetal 6a
(0.300 g, 1.00 mmol), 2,2-difluoroethanol (0.380 mL, 6.0 mmol), and
N-iodosuccinimide (0.500 g, 2.00 mmol) in CH,Cl, (10 mL).
BC{'H} NMR spectroscopic analysis of the unpurified reaction
mixture revealed that acetal 9a was formed as a mixture of
diastereomers (trans-9a:cis-9a = 93:7).'* Purification by flash column
chromatography (10:90 EtOAc:hexanes) afforded acetal trans-9a as a
yellow oil (0.117 g, 43%) and acetal cis-9a as a yellow oil as a mixture
with side-product trans-21a (0.0400 g, 18%, cis-9a:trans-9a = 16:84).
Note: Nucleophilic substitution reactions of thioacetal 6a with 2,2-
difluoroethanol (20b) were low-yielding because of the formation of
orthoester side-product 15a, which was observed in the reaction
mixture but decomposed in the sequential purification step.
Purification by column chromatography afforded acetal cis-9a as a
mixture with an inseparable decomposition product that appeared
after purification, which was identified to be dibenzoate trans-21a (cis-
9a:trans-21a = 16:84). Major diastereomer trans-9a: 'H NMR (400
MHz, CDCl,;) 6 8.05—8.00 (m, 2H), 7.62—7.55 (m, 1H), 7.49—7.41
(m, 2H), 5.92 (tt, J = 55.8, 4.4 Hz, 1H), 5.39 (dd, ] = 5.9, 1.7 Hz,
1H), 5.21 (br s, 1H), 4.20 (q, J = 8.0 Hz, 1H), 4.09 (td, ] = 8.9, 4.8
Hz, 1H), 3.91-3.80 (m, 1H), 3.79—-3.70 (m, 1H), 2.55—2.43 (m,
1H), 2.15-2.05 (m, 1H); *C{'H} NMR (100 MHz, CDCl;) § 165.9
(C), 136.7 (C), 133.5 (CH), 129.8 (CH), 128.6 (CH), 114.3 (br t,
Ye_g = 239.0 Hz, CH), 106.2 (CH), 78.1 (CH), 67.2 (CH,), 66.3 (br
t, Jo_r = 28.6 Hz, CH,), 29.9 (CH,); IR (ATR) 2903, 1719, 1265,
1100, 1051, 711 cm™; HRMS (TOF MS ES*) m/z caled for
C,H,F,NO, (M + NH,)" 290.1198, found 290.1178. Minor
diastereomer cis-9a: '"H NMR (400 MHz, CDCl,, characteristic
peaks) & 5.84 (tt, ] = 56.3, 4.4 Hz, 1H), 5.30 (d, ] = 4.2 Hz, 1H), 5.17
(td, J = 8.6, 4.3 Hz, 1H), 4.16—4.08 (m, 1H), 3.97 (q, ] = 8.0 Hz,
1H), 2.47-2.38 (m, 1H); “C{'H} NMR (100 MHz, CDCI,,
characteristic peaks) 166.4 (C), 136.7 (C), 134.1 (CH), 114.3 (br
t, YJo_g = 242.2 Hz, CH), 105.9 (CH), 73.9 (CH), 67.2 (br t, }Jo_g =
29.3 Hz, CH,), 64.8 (CH,), 27.5 (CH,); IR (ATR) 2980, 1719, 1261,
1061, 944, 708 cm™'; HRMS (TOF MS ES*) m/z caled for
C3H,F,NaO, (M + Na)* 295.0752, found 295.0764.
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(2R*,35%*)-2-(2-Fluoroethoxy)tetrahydrofuran-3-yl Benzoate
(trans-10a), (2R*,3R*)-2-(2-Fluoroethoxy)tetrahydrofuran-3-yl
Benzoate (cis-10a), and (2R*3aR*6aS*)-2-Ethoxy-2-
phenyltetrahydrofuro[2,3-d][1,3]dioxole (16a). The general proce-
dure for nucleophilic substitution reactions of thioacetals was followed
using thioacetal 6a (0.300 g, 1.00 mmol), 2-fluoroethanol (0.352 mL,
6.00 mmol), and N-iodosuccinimide (0.450 g, 2.00 mmol) in CH,Cl,
(10 mL). BC{'H} NMR spectroscopic analysis of the unpurified
reaction mixture revealed that acetal 10a was formed as a mixture of
diastereomers (trans-10a:cis-10a = 65:35).'* Purification by flash
column chromatography (15:85 EtOAc:hexanes) afforded acetal
trans-10a as a yellow oil (0.0400 g, 16%) and acetal cis-10a as a
mixture with side-product orthoester 16a as a yellow oil (0.0290 g,
12%, cis-10a:16a = 33:67). Note: Nucleophilic substitution reactions
of thioacetal 6a with 2-fluoroethanol (20c) were low-yielding because
of the formation of orthoester side-product 16a, which was observed
in the reaction mixture but subjected to possible decomposition in the
sequential purification step. Purification by column chromatography
afforded acetal cis-10a as a mixture with orthoester 16a (cis-10a:16a =
33:67) and an inseparable decomposition product that appeared after
purification. Attempts to separate acetal cis-10a and orthoester 16a
from the unidentified decomposition impurities failed after multiple
columns. Major diastereomer trans-10a: 'H NMR (400 MHz,
CDCl;) 6 8.06—8.00 (m, 2H), 7.61—7.54 (m, 1H), 7.48—7.41 (m,
2H), 5.39 (dt, ] = 5.9, 1.9 Hz, 1H), 5.21 (br s, 1H), 4.63 (t, ] = 3.9
Hz, 1H), 4.52 (t, ] = 3.9 Hz, 1H), 4.17 (dt, J = 15.9, 8.1 Hz, 1H), 4.09
(ddd, J = 16.0, 8.7, 5.0 Hz, 1H), 3.99—3.84 (m, 1H), 3.82—3.68 (m,
1H), 2.56—2.44 (m, 1H), 2.13—2.04 (m, 1H); *C{'H} NMR (100
MHz, CDCly) 6 166.0 (C), 133.4 (C), 129.92 (CH), 129.85 (CH),
128.6 (CH), 106.0 (CH), 82.9 (br d, Jc_r = 171.1 Hz, CH,), 78.3
(CH), 66.9 (CH,), 66.3 (br d, *Jo_r = 20.0 Hz, CH2), 30.1 (CH,);
IR (ATR) 2928, 1718, 1266, 1044, 1024, 710 cm™'; HRMS (TOF
MS ES+) m/z caled for C;H,FNO, (M + NH,)* 272.1393, found
272.1415. Minor diastereomer cis-10a and orthoester 16a (cis-
10a:16a = 33:67): 'H NMR (400 MHz, CDCl,, characteristic
peaks) 8 6.09 (d, J = 4.2 Hz, 1H), 5.30 (d, ] = 4.4 Hz, 0.5H), 5.17 (td,
J=8.5,4.1 Hz, 0.5H), 5.03 (t, ] = 4.5 Hz, 1H), 2.45-2.36 (m, 0.5H),
2.33-2.22 (m, 0.5H), 2.11 (dd, J = 14.5, 4.6 Hz, 1H), 1.94—1.83 (m,
1H); Peaks attributed to acetal cis-10a: *C{'H} NMR (100 MHz,
CDCl,, characteristic peaks) & 166.5 (C), 100.4 (CH), 82.7 (br d,
Ye_g = 169.5 Hz, CH,), 74.0 (CH), 64.5 (CH,), 63.4 (br d, *Jc_r =
20.5 Hz, CH,), 26.7 (CH,); Peaks attributed to orthoester 16a:
BC{'H} NMR (100 MHz, CDCl;, characteristic peaks) & 144.3 (C),
106.0 (CH), 82.3 (br d, ?Jc_r = 170.2 Hz, CH2), 81.3 (CH), 67.0
(CH,), 62.8 (br d, }Jc_r = 20.2 Hz, CH,), 33.1 (CH,); IR (ATR)
2956, 1717, 1263, 1103, 1024, 781 cm™"; HRMS (TOF MS ES*) m/z
caled for C3H,sFNaO, (M + Na)* 277.0847, found 277.0849.

(2R* 35%)-2-Ethoxytetrahydrofuran-3-yl Benzoate (trans-11a)
and (2R*3R*)-2-Ethoxytetrahydrofuran-3-yl Benzoate (cis-11a).
The general procedure for nucleophilic substitution reactions of
thioacetals was followed using thioacetal 6a (0.300 g, 1.00 mmol),
ethanol (1.18 mL, 20.0 mmol), and N-iodosuccinimide (1.35 g, 6.00
mmol) in CH,Cl, (10 mL). ®C{'H} NMR spectroscopic analysis of
the unpurified reaction mixture revealed that acetal 11a was formed as
a mixture of diastereomers (trans-1la:cis-11a = 70:30).14 Purification
by flash column chromatography (10:90 EtOAc:hexanes) afforded
acetal trans-11a as a yellow oil (0.0380 g, 16%) and acetal cis-11a as a
yellow oil (0.0100 g, 4%) as a mixture of diastereomers (trans-11a:cis-
11a = 37:63). Note: Nucleophilic substitution reactions of thioacetal
6a with ethanol (20d) were low-yielding because of the formation of
orthoester side-product 17a, which was observed in the reaction
mixture but decomposed in the sequential purification step.
Purification by column chromatography afforded acetal cis-11a as a
mixture with acetal trans-1la (trans-1la:cis-11a = 37:63) and an
inseparable decomposition product that appeared after purification,
which was identified to be dibenzoate trans-21a. Attempts to separate
acetal cis-11a and acetal trans-11a from the decomposition product
dibenzoate trans-21a failed after multiple columns. Major diaster-
eomer trans-11a: 'H NMR (400 MHz, CDCl,) 6 8.07—7.99 (m, 2H),
7.59=7.50 (m, 1H), 7.47—7.38 (m, 2H), 5.33 (dd, ] = 6.2, 1.5 Hz,
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1H), 5.16 (br s, 1H), 4.20—4.03 (m, 2H), 3.81-3.71 (m, 1H), 3.57—
348 (m, 1H), 2.53—-2.42 (m, 1H), 2.10-2.01 (m, 1H), 1.22 (t, ] =
7.3 Hz, 3H); *C{'"H} NMR (100 MHz, CDCl;) § 166.0 (C), 133.3
(C), 130.0 (CH), 129.8 (CH), 128.5 (CH), 105.6 (CH), 78.4 (CH),
66.6 (CH,), 62.9 (CH,), 30.1 (CH,), 15.2 (CH,); IR (ATR) 2977,
1718, 1267, 1097, 1045, 709 cm™'; HRMS (TOF MS ES*) m/z caled
for C;3H;¢NaO, (M + Na)* 259.0941, found 259.0949. Minor
diastereomer cis-11a: 'H NMR (400 MHz, CDCl,, characteristic
peaks) & 5.25 (d, J = 4.6 Hz, 1H), 5.15 (td, J = 8.4, 44 Hz, 1H),
4.32—4.24 (m, 1H), 1.12 (t, ] = 6.9 Hz, 3H); *C{"H} NMR (100
MHz, CDCl,, characteristic peaks) § 166.5 (C), 100.1 (CH), 74.1
(CH), 64.3 (CH,), 63.9 (CH,), 28.0 (CH,), 15.4 (CH;); IR (ATR)
2899, 1721, 1271, 1104, 1027, 712 cm™; HRMS (TOF MS ES*) m/z
caled for C;3H ;sNO; (M + NH, — H,0)* 236.1281, found 236.1292.
(2R* 35%)-2-Isopropoxytetrahydrofuran-3-yl Benzoate (trans-
12a), (2R*3R*)-2-Isopropoxytetrahydrofuran-3-yl Benzoate (cis-
12a), and (2R*3aR*6aS*)-2-Isopropoxy-2-phenyltetrahydrofuro-
[2,3-d][1,3]dioxole (18a). The general procedure for nucleophilic
substitution reactions of thioacetals was followed using thioacetal 6a
(0.300 g, 1.00 mmol), isopropyl alcohol (0.763 mL, 10.0 mmol), and
N-iodosuccinimide (0.500 g, 2.00 mmol) in CH,Cl, (10 mL).
BC{'H} NMR spectroscopic analysis of the unpurified reaction
mixture revealed that acetal 12a was formed as a mixture of
diastereomers (trans-12a:cis-12a = 76:24)."* Purification by flash
column chromatography (10:90 EtOAc:hexanes) afforded acetal
trans-12a as a yellow oil (0.111 g, 44%), acetal cis-12a as a yellow
oil (0.0141 g, 6%) as an inseparable mixture with side-product
isopropyl benzenesulfinate (cis-12a:isopropyl benzenesulfinate =
67:33), and orthoester 18a as a yellow oil (0.113 g, 45%). Major
diastereomer trans-12a: '"H NMR (400 MHz, CDCl,) § 8.06—8.00
(m, 2H), 7.58—7.51 (m, 1H), 7.47-7.41 (m, 2H), 5.29 (dd, ] = 5.9,
1.6 Hz, 1H), 5.25 (brs, 1H), 4.17—4.03 (m, 2H), 3.98—3.89 (m, 1H),
2.53=2.42 (m, 1H), 2.09—2.00 (m, 1H), 1.20 (d, J = 6.1 Hz, 3H),
1.19 (d, ] = 6.6 Hz, 3H); C{'H} NMR (100 MHz, CDCl,) § 166.1
(C), 134.7 (C), 133.3 (CH), 129.8 (CH), 128.5 (CH), 104.1 (CH),
78.9 (CH), 69.2 (CH), 66.4 (CH,), 30.2 (CH,), 23.6 (CHj,), 21.9
(CH,); IR (ATR) 2975, 1788, 1211, 1034, 703, 614 cm™'; HRMS
(TOF MS ES*) m/z calcd for C;,H;,0; (M + H — H,0)" 233.1172,
found 233.1171. Minor diastereomer cis-12a: 'H NMR (400 MHz,
CDCl;) 6 8.10—8.02 (m, 2H), 7.77=7.67 (m, 1H), 7.49—7.40 (m,
2H), 5.35 (d, ] = 4.4 Hz, 1H), 5.12 (td, J = 8.5, 4.2 Hz, 1H), 4.16—
4,05 (m, 1H), 3.95-3.79 (m, 2H), 2.42—2.32 (m, 1H), 2.30—2.20
(m, 1H), 1.19 (d, ] = 6.7 Hz, 3H), 1.03 (d, ] = 6.0 Hz, 3H); *C{'H}
NMR (100 MHz, CDCl,) 166.5 (C), 136.7 (C), 133.2 (CH), 129.9
(CH), 128.5 (CH), 99.3 (CH), 74.1 (CH), 71.0 (CH), 64.0 (CH,),
27.9 (CH,), 23.6 (CH,), 22.2 (CH,); IR (ATR) 2974, 1720, 1271,
1117, 1029, 712 cm™; HRMS (TOF MS ES*) m/z caled for
CH))NO; (M + NH, — H,0)* 250.1438, found 250.1437.
Orthoester 18a: 'H NMR (400 MHz, CDCl,) 6 7.67—7.63 (m,
2H), 7.38—7.34 (m, 3H), 6.61 (d, J = 4.0 Hz, 1H), 5.00 (t, ] = 4.4 Hz,
1H), 3.88 (t, ] = 7.8 Hz, 1H), 3.79—3.69 (m, 1H), 3.60 (ddd, J = 13.3,
8.6, 4.6 Hz, 1H), 2.08 (dd, J = 13.7, 4.9 Hz, 1H), 1.93—1.82 (m, 1H),
1.15 (d, ] = 6.2 Hz, 3H), 1.17 (d, ] = 6.2 Hz, 3H); C{'H} NMR
(100 MHz, CDCl,) 6 138.1 (C), 129.2 (CH), 128.2 (CH), 126.3
(CH), 123.1 (C), 105.9 (CH), 81.0 (CH), 67.0 (CH,), 66.6 (CH),
33.3 (CH,), 23.7 (CHj;), 23.6 (CH;).
(2R*,35%)-2-((1,1,1,3,3,3-Hexafluoropropan-2-yl)oxy)-
tetrahydrofuran-3-yl Benzoate (trans-13a). The general procedure
for nucleophilic substitution reactions of thioacetals was followed
using thioacetal 6a (0.0600 g, 0.200 mmol), 1,1,3,3-hexafluoroiso-
propanol (0.126 mL, 1.20 mmol), and N-iodosuccinimide (0.0900 g,
0.400 mmol) in CH,Cl, (2 mL). “C{'H} NMR spectroscopic
analysis of the unpurified reaction mixture revealed that acetal trans-
13a was formed as a single diastereomer.'* Purification by flash
column chromatography (10:90 EtOAc:hexanes) afforded acetal
trans-13a as a yellow oil (0.0150 g, 21%). Note: Purification by
column chromatography afforded acetal trans-13a as a mixture with
inseparable unidentified decomposition impurities that appeared after
purification. Attempts to separate acetal trans-13a from the
decomposition impurities failed after multiple columns. Acetal trans-
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13a: 'H NMR (400 MHz, CDCL,) 6 8.07—7.99 (m, 2H), 7.62—7.56
(m, 1H), 7.48—7.42 (m, 2H), 5.51 (dd, J = 5.8, 1.1 Hz, 1H), 5.43 (br
s, 1H), 4.62—4.54 (m, 1H), 4.27 (dt, ] = 16.3, 8.0 Hz, 1H), 4.16 (td, ]
=9.1,4.3 Hz, 1H), 2.56—2.45 (m, 1H), 2.22—-2.12 (m, 1H); 3C{'H}
NMR (100 MHz, CDCl,, characteristic peaks) § 165.6 (C), 136.6
(CH), 129.9 (CH), 128.6 (CH), 105.9 (CH), 77.7 (CH), 67.0 (br m,
Ye_p = 28.6 Hz, CH), 68.5 (CH,), 29.3 (CH,); IR (ATR) 2963,
1724, 1191, 1102, 934, 710 cm™"; HRMS (TOF MS ES*) m/z caled
for C;,H;,FsNaO, (M + Na)* 381.0532, found 381.0497.

(2R*,35%*)-2-(2,2-Difluoroethoxy)tetrahydrofuran-3-yl 4-Nitro-
benzoate (trans-9b) and (2R*3aR*6aS*)-2-(2,2-Difluoroethoxy)-
2-(4-nitrophenyl)tetrahydrofuro[2,3-d][1,3]dioxole (15b). The gen-
eral procedure for nucleophilic substitution reactions of thioacetals
was followed using thioacetal 6b (0.0500 g, 0.149 mmol), 2,2-
difluoroethanol (0.0551 mL, 0.870 mmol), and N-iodosuccinimide
(0.0650 g, 0.290 mmol) in CH,Cl, (1.5 mL). “C{'H} NMR
spectroscopic analysis of the unpurified reaction mixture revealed that
acetal 9b was formed as a single diastereomer."* Purification by flash
column chromatography (15:85 EtOAc:hexanes) afforded acetal
trans-9b as a yellow oil (0.0140 g, 30%) and orthoester 15b as a
yellow oil (0.0120 g, 26%). Acetal trans-9b: 'H NMR (400 MHz,
CDCl,;) § 8.33—8.28 (m, 2H), 8.22—8.17 (m, 2H), 5.92 (tt, J = 55.2,
4.3 Hz, 1H), 542 (dd, ] = 6.5, 1.6 Hz, 1H), 5.23 (br's, 1H), 4.21 (q, ]
= 7.8 Hz, 1H), 4.10 (td, J = 8.6, 4.9 Hz, 1H), 3.94—3.66 (m, 2H),
2.60—2.47 (m, 1H), 2.17-2.06 (m, 1H); “C{'H} NMR (100 MHz,
CDCl,) 6 164.1 (C), 150.9 (C), 135.1 (C), 131.0 (CH), 123.8 (CH),
114.3 (br t, YJo_¢ = 240.7 Hz, CH), 105.9 (CH), 79.1 (CH), 67.1
(CH,), 66.3 (br t, }Jo_g = 28.3 Hz, CH,), 29.8 (CH,); IR (ATR)
2996, 1726, 1525, 1269, 1054, 719 cm™'; HRMS (TOF MS ES*) m/z
caled for C;;H,F,NOs (M + H)" 318.0784, found 318.0801.
Orthoester 15b: '"H NMR (400 MHz, CDCl;) 6 8.27—8.22 (m, 2H),
7.84—7.79 (m, 2H), 6.13 (d, ] = 3.9 Hz, 1H), 3.87 (tt, ] = 55.8, 4.1
Hz, 1H), 5.07 (t, ] = 4.3 Hz, 1H), 3.93 (t, ] = 8.6 Hz, 1H), 3.68—3.57
(m, 2H), 3.59-3.45 (m, 1H), 2.14—2.08 (m, 1H), 2.00—1.88 (m,
1H); BC{'H} NMR (100 MHz, CDCl;) 6 148.8 (C), 143.1 (C),
127.4 (CH), 123.8 (CH), 121.6 (C), 114.0 (br t, YJc_z = 239.4 Hz,
CH), 106.4 (CH), 82.1 (CH), 67.3 (CH,), 62.7 (br t, Jc_g = 29.9
Hz, CH,), 33.1 (CH,); IR (ATR) 2980, 1516, 1269, 1113, 1025, 709
cm™'; HRMS (TOF MS ES*) m/z caled for C;3H;F,NNaOg (M +
Na — H,0)" 322.0497, found 322.0513.

(2R* 35%)-2-(2-Fluoroethoxy)tetrahydrofuran-3-yl 4-Nitroben-
zoate (trans-10b), (2R*3R*)-2-(2-Fluoroethoxy)tetrahydrofuran-
3-yl 4-Nitrobenzoate (cis-10b), and (2R* 3aR*,6aS*)-2-(2-Fluoroe-
thoxy)-2-(4-nitrophenyl)tetrahydrofuro[2,3-d][1,3]dioxole (16b).
The general procedure for nucleophilic substitution reactions of
thioacetals was followed using thioacetal 6b (0.100 g, 0.290 mmol), 2-
fluoroethanol (0.102 mL, 1.74 mmol), and N-iodosuccinimide (0.130
g, 0.290 mmol) in CH,Cl, (3 mL). *C{'H} NMR spectroscopic
analysis of the unpurified reaction mixture revealed that acetal 10b
was formed as a mixture of diastereomers (trans-10b:cis-10b
75:25)."" Purification by flash column chromatography (10:90
EtOAc:hexanes) afforded acetal trans-10b as a yellow oil (0.0210 g,
25%), acetal cis-10b as a yellow oil (0.0090 g, 10%), and orthoester
16b as a yellow oil (0.0190 g, 22%). Major diastereomer trans-10b:
'H NMR (400 MHz, CDCl,) 6 8.30—8.26 (m, 2H), 8.21—8.17 (m,
2H), 5.41 (dt, J = 3.9, 1.7 Hz, 1H), 5.22 (br s, 1H), 4.63 (td, ] = 3.6,
1.5 Hz, 1H), 4.51 (td, ] = 3.8, 1.4 Hz, 1H), 4.21—4.14 (m, 1H), 4.12—
4.05 (m, 1H), 3.98—3.84 (m, 2H), 2.59-2.48 (m, 1H), 2.13—-2.02
(m, 1H); BC{"H} NMR (100 MHz, CDCl,) § 164.1 (C), 150.9 (C),
135.2 (C), 131.0 (CH), 123.7 (CH), 105.6 (CH), 82.9 (br d, YJo_s =
170.3 Hz, CH,), 79.3 (CH), 66.8 (CH,), 66.3 (br d, *Jc_¢ = 19.8 Hz,
CH,), 30.0 (CH,); IR (ATR) 2958, 1727, 1529, 1266, 1104, 733
cm™'; HRMS (TOF MS ES*) m/z caled for C;3;H,,FNNaOg (M +
Na)* 322.0697, found 322.0687. Minor diastereomer cis-10b: 'H
NMR (400 MHz, CDCL,) & 8.32—8.26 (m, 2H), 8.25—-8.21 (m, 2H),
5.31(d, J = 4.3 Hz, 1H), 5.21 (td, ] = 8.4, 4.3 Hz, 1H), 4.56—4.48 (m,
1H), 4.44—4.39 (m, 1H), 4.17—4.08 (m, 1H), 4.04—3.93 (m, 1H),
3.91-3.85 (m, 1H), 3.79—3.65 (m, 1H), 2.49—2.39 (m, 1H), 2.35—
2.23 (m, 1H); ®C{'H} NMR (100 MHz, CDCl,) & 164.7 (C), 150.8
(C), 1354 (C), 131.0 (CH), 123.7 (CH), 100.3 (CH), 82.8 (br d,
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Yeor = 1692 Hz, CH,), 74.8 (CH), 67.2 (br d, ¥Jc_r = 20.3 Hz,
CH,), 64.6 (CH,), 27.8 (CH,); IR (ATR) 2959, 1726, 1527, 1268,
1028, 733 cm™'; HRMS (TOF MS ES*) m/z caled for
C3H,FNNaOg (M + Na)* 323.073, found 323.0732. Orthoester
16b: 5 8.26—8.21 (m, 2H), 7.86—7.80 (m, 2H), 6.12 (d, ] = 4.0 Hz,
1H), 5.06 (t, ] = 4.6 Hz, 1H), 4.60 (t, ] = 4.4 Hz, 1H), 448 (t, ] = 4.6
Hz, 1H), 3.93 (t, ] = 8.3 Hz, 1H), 3.75—3.67 (m, 1H), 3.65—3.60 (m,
1H), 3.54 (ddd, J = 16.5, 8.8, 5.4 Hz, 1H), 2.11 (dd, ] = 14.2, 5.0 Hz,
1H), 1.98—1.87 (m, 1H); *C{"H} NMR (100 MHz, CDCl;) § 148.6
(C), 143.7 (C), 127.4 (CH), 123.7 (CH), 121.5 (C), 106.3 (CH),
82.1 (br d, YJo_r = 168.9 Hz, CH,), 81.9 (CH), 67.2 (CH,), 62.5 (br
d, Je_p = 209 Hz, CH,), 332 (CH,); IR (ATR) 2960, 1525, 1268,
1048, 974, 733 cm™'; HRMS (TOF MS ES') m/z caled for
C5H,,FNNaO4 (M + Na)* 322.0697, found 322.0709.
(2R*,3S5*)-2-Ethoxytetrahydrofuran-3-yl 4-Nitrobenzoate (trans-
11b), (2R*3R*)-2-Ethoxytetrahydrofuran-3-yl 4-Nitrobenzoate
(cis-11b), and (2R*3aR*6aS*)-2-Ethoxy-2-(4-nitrophenyl)-
tetrahydrofuro[2,3-d][1,3]dioxole (17b). The general procedure for
nucleophilic substitution reactions of thioacetals was followed using
thioacetal 6b (0.0550 g, 0.159 mmol), ethanol (0.100 mL, 1.59
mmol), and N-iodosuccinimide (0.215 g, 0.955 mmol) in CH,Cl,
(1.6 mL). *C{'"H} NMR spectroscopic analysis of the unpurified
reaction mixture revealed that acetal 11b was formed as a mixture of
diastereomers (trans-11b:cis-11b = 80:20)."* Purification by flash
column chromatography (10:90 EtOAc:hexanes) afforded acetal 11b
as a yellow oil (0.0210 g, 47%) as a mixture of diastereomers (trans-
11b:cis-11b = 40:60) and orthoester 17b as a yellow oil (0.0120 g,
27%). Major diastereomer trans-11b and minor diastereomer cis-11b
(trans-11b:cis-11b = 40:60): 'H NMR (400 MHz, CDCl;) § 8.33—
8.26 (m, 3.6H), 8.26—8.17 (m, 3.6H), 5.36 (dd, J = 6.2, 1.5 Hg,
0.8H), 5.27 (d, ] = 4.3 Hz, 1H), 5.19 (td, ] = 8.1, 4.4 Hz, 1H), 5.17
(br s, 0.8H), 4.19—4.04 (m, 2.8H), 3.94 (dt, ] = 10.4, 6.5 Hz, 1H),
3.81-3.70 (m, 1.8H), 3.59—3.43 (m, 1.8H), 2.57—2.50 (m, 0.8H),
2.45-2.35 (m, 1H), 2.32—2.20 (m, 1H), 2.16—2.01 (m, 0.8H), 1.22
(t, ] = 7.2 Hz, 2.4H), 1.22 (t, ] = 7.2 Hz, 3H); Peaks attributed to
isomer trans-11b: *C{'H} NMR (100 MHz, CDCl,) § 164.2 (C),
150.81 (C), 135.3 (C), 130.9 (CH), 123.72 (CH), 105.4 (CH), 79.5
(CH), 66.5 (CH,), 63.0 (CH,), 30.1 (CH,), 152 (CH;); Peaks
attributed to isomer cis-11b: *C{'H} NMR (100 MHz, CDCl;) &
164.6 (C), 150.80 (C), 135.5 (C), 131.0 (CH), 123.70 (CH), 100.0
(CH), 74.9 (CH), 64.3 (CH,), 63.9 (CH,), 28.1 (CH,), 15.3 (CH,);
IR (ATR) 2977, 1725, 1526, 1269, 1100, 592 cm™'; HRMS (TOF
MS ES*) m/z caled for C;3H;sNNaOg (M + Na)* 304.0792, found
304.0779. Orthoester 17b: 'H NMR (400 MHz, CDCl,) & 8.25—8.19
(m, 2H), 7.85-7.79 (m, 2H), 6.11 (d, ] = 3.7 Hz, 1H), 5.03 (t, ] = 4.9
Hz, 1H), 3.91 (t, ] = 8.5 Hz, 1H), 3.55—3.44 (m, 3H), 2.15—2.04 (m,
1H), 1.96—1.87 (m, 1H), 1.21 (t, ] = 7.2 Hz, 3H); “C{'H} NMR
(100 MHz, CDCL,) & 148.5 (C), 144.7 (C), 127.3 (CH), 123.6
(CH), 121.8 (C), 106.2 (CH), 81.9 (CH), 67.1 (CH,), 58.8 (CH,),
33.3 (CH,), 15.1 (CH;); IR (ATR) 2980, 2361, 1727, 1275, 1106,
976 cm™'; HRMS (TOF MS ES*) m/z caled for C,3H \NNaOg (M +
Na)* 304.0792, found 304.0799.
(2R*,35%)-2-Isopropoxytetrahydrofuran-3-yl 4-Nitrobenzoate
(trans-12b), (2R*3R*)-2-Isopropoxytetrahydrofuran-3-yl 4-Nitro-
benzoate (cis-12b), and (2R*3aR*6aS*)-2-Isopropoxy-2-(4-
nitrophenyl)tetrahydrofuro[2,3-d][1,3]dioxole (18b). The general
procedure for nucleophilic substitution reactions of thioacetals was
followed using thioacetal 6b (0.34S g, 1.00 mmol), isopropyl alcohol
(0.763 mL, 6.00 mmol), and N-iodosuccinimide (0.450 g, 2.00 mmol)
in CH,Cl, (10 mL). *C{'H} NMR spectroscopic analysis of the
unpurified reaction mixture revealed that acetal 12b was formed as a
mixture of diastereomers (trans-12b:cis-12b = 80:20)."* Purification
by flash column chromatography (10:90 EtOAc:hexanes) afforded
acetal trans-12b as a yellow oil (0.0950 g, 32%), acetal cis-12b as a
yellow oil (0.0200 g, 8%), and orthoester 18b as a yellow oil (0.144 g,
49%). Major diastereomer trans-12b: 'H NMR (400 MHz, CDCL;) &
8.29 (d, J = 8.8 Hz, 2H), 8.20 (d, ] = 8.5 Hz, 2H), 5.32 (dd, ] = 6.2,
1.2 Hz, 1H), 5.26 (br's, 1H), 4.18—4.04 (m, 2H), 3.99—3.88 (m, 1H),
2.59—2.44 (m, 1H), 2.12-2.60 (m, 1H), 1.20 (t, ] = 6.4 Hz, 6H);
BC{'H} NMR (100 MHz, CDCl;) § 164.2 (C), 150.8 (C), 135.4
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(C), 131.0 (CH), 123.7 (CH), 103.7 (CH), 79.8 (CH), 69.2 (CH,),
66.2 (CH,), 30.1 (CH,), 23.5 (CH,), 21.8 (CH,); IR (ATR) 3285,
1724, 1528, 1269, 1034, 719 cm™'; HRMS (TOF MS ES*) m/z calcd
for C;,H;;NNaOg; (M + Na)* 318.0948, found 318.0947. Minor
diastereomer cis-12b: 'H NMR (400 MHz, CDCl;) § 8.33—8.27 (m,
2H), 8.25-8.19 (m, 2H), 5.36 (d, J = 4.5 Hz, 1H), 5.16 (ddd, | =
119, 7.5, 42 Hz, 1H), 4.15-4.07 (m, 1H), 3.95-3.89 (m, 1H),
3.87—3.81 (m, 1H), 2.44—2.33 (m, 1H), 2.32—2.20 (m, 1H), 1.18 (d,
J = 6.3 Hz, 3H), 1.00 (d, ] = 6.1 Hz, 3H); “C{"H} NMR (100 MHz,
CDCl,) 6 164.7 (C), 150.7 (C), 135.7 (C), 130.9 (CH), 123.7 (CH),
99.1 (CH), 749 (CH), 71.1 (CH,), 64.0 (CH,), 28.1 (CH,), 23.7
(CH,), 22.2 (CH;); IR (ATR) 2980, 1727, 1527, 1273, 1031, 720
cm™; HRMS (TOF MS ES*) m/z calcd for C,;H;;KNOg (M + K —
H,0)* 316.0582, found 316.0577. Orthoester 18b: 'H NMR (400
MHz, CDCl,) § 8.24—8.18 (m, 2H), 7.86—7.77 (m, 2H), 6.09 (d, ] =
4.1 Hz, 1H), 5.02 (t, ] = 4.5 Hz, 1H), 3.89 (t, ] = 8.5 Hz, 1H), 3.84—
3.76 (m, 1H), 3.50—3.40 (m, 1H), 2.07 (dd, J = 13.5, 4.4 Hz, 1H),
1.96—1.84 (m, 1H), 1.18 (d, J = 6.3 Hz, 3H), 1.14 (d, ] = 6.3 Hz,
3H); BC{'H} NMR (100 MHz, CDCl;) § 148.5 (C), 144.7 (C),
127.3 (CH), 123.6 (CH), 121.8 (C), 106.2 (CH), 81.9 (CH), 67.2
(CH,), 58.8 (CH,), 33.3 (CH,), 15.1 (CH,); IR (ATR) 2977, 1523,
1271, 1119, 1050, 735 cm™'; HRMS (TOF MS ES*) m/z calcd for
C4H;sKNO; (M + K — H,0)" 316.0582, found 316.0577.
(2R*,35%)-2-((1,1,1,3,3,3-Hexafluoropropan-2-yl)oxy)-
tetrahydrofuran-3-yl 4-Nitrobenzoate (trans-13b). The general
procedure for nucleophilic substitution reactions of thioacetals was
followed using thioacetal 6b (0.0700 g, 0.203 mmol), 1,1,3,3-
hexafluoroisopopanol (0.128 mL, 1.22 mmol), and N-iodosuccini-
mide (0.0911 g, 0.405 mmol) in CH,Cl, (2 mL). *C{'H} NMR
spectroscopic analysis of the unpurified reaction mixture revealed that
acetal trans-13b was formed as a single diastereomer.'* Purification by
flash column chromatography (5:95 EtOAc:hexanes) afforded acetal
trans-13b as a yellow oil (0.0183 g, 22%): '"H NMR (400 MHz,
CDCl,) & 8.34—8.27 (m, 2H), 8.23—8.18 (m, 2H), 5.54 (dd, ] = 5.8,
1.2 Hz, 1H), 5.45 (brs, 1H), 4.61—4.53 (m, 1H), 4.28 (dt, ] = 8.2, 8.0
Hz, 1H), 4.18 (td, ] = 9.6, 4.2 Hz, 1H), 2.62—2.50 (m, 1H), 2.25—
2.15 (m, 1H); BC{*H} NMR (100 MHz, CDCl,, characteristic
peaks) & 163.7 (C), 150.9 (C), 134.6 (C), 130.9 (CH), 123.7 (CH),
105.5 (CH), 78.5 (CH), 69.8 (br q, ¥Jc_r = 33.8 Hz, CH), 68.3
(CH,), 29.1 (CH,); IR (ATR) 2917, 1730, 1529, 1264, 1100, 717
cm™; HRMS (TOF MS ES*) m/z caled for CH3FN,O5 (M +
NH, — H,0)" 403.0723, found 403.0733.
(2R*,35*)-2-Allyltetrahydrofuran-3-yl Benzoate (trans-22a) and
(2R* 3R*)-2-Allyltetrahydrofuran-3-yl Benzoate (cis-22a). To a
solution of dibenzoate 21a (0.0310 g, 0.100 mmol) in CH,CL, (1
mL) at —45 °C was added allylchlorodimethylsilane (0.110 mL, 1.00
mmol) followed by the addition of BF;eOEt, (0.0620 mL, 0.500
mmol). After 1 h, the reaction mixture was warmed to 25 °C. After 16
h, a solution of saturated aqueous NaHCO; (S mL) was added and
the layers were separated. The aqueous layer was extracted with
CH,CL, (2 X 10 mL). The combined organic layers were dried over
Na,SO,, filtered, and concentrated in vacuo. C{'H} NMR
spectroscopic analysis of the unpurified reaction mixture revealed
that benzoate $ was formed as a mixture of diastereomers (trans-
22a:cis-22a = 70:30)."* The spectral data obtained are consistent with
those of products from nucleophilic substitution reactions of
dibenzoate 21a and allyltrimethylsilane in the presence of SnCl,.
(2R*,35*)-2-Allyltetrahydrofuran-3-yl Benzoate (trans-22a) and
(2R*,3R*)-2-Allyltetrahydrofuran-3-yl Benzoate (cis-22a). The
general procedure for nucleophilic substitution reactions of acetates
was followed using dibenzoate 21a (0.100 g, 0.320 mmol),
allyltrimethylsilane (0.254 mL, 1.60 mmol), and SnCl, (0.800 mL,
0.80 mmol, 1.0 M in CH,Cl,) in CH,Cl, (2.4 mL). *C{'H} NMR
spectroscopic analysis of the unpurified reaction mixture revealed that
benzoate 22a was formed as a mixture of diastereomers (trans-22a:cis-
22a = 55:45)."* Purification by flash column chromatography (20:80
EtOAc:hexanes) afforded benzoate trans-22a as a yellow oil (0.0311 g,
42%) and cis-22a as a yellow oil (0.0231 g, 31%). Note: Purification
by column chromatography afforded acetal cis-22a as a mixture with
an inseparable decomposition product that appeared after purification,
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which was identified to be dibenzoate trans-21a (cis-22a:trans-21a =
67:33). Major diastereomer trans-22a: '"H NMR (400 MHz, CDCl;)
5 8.05—8.01 (m, 2H), 7.60—7.54 (m, 1H), 7.48—7.41 (m, 2H), 5.92—
5.81 (m, 1H), 5.23 (dt, J = 6.5, 2.2 Hz, 1H), 5.17 (dq, J = 17.1, 1.6
Hz, 1H), 5.14-5.09 (m, 1H), 4.12—4.04 (m, 2H), 4.00-3.92 (m,
1H), 2.50—2.35 (m, 2H), 2.33-2.23 (m, 1H), 2.13—2.05 (m, 1H);
BC{'H} NMR (100 MHz, CDCl;) § 166.3 (C), 134.0 (CH), 133.3
(CH), 130.2 (C), 129.8 (CH), 128.5 (CH), 117.8 (CH,), 83.5 (CH),
78.5 (CH), 67.2 (CH,), 38.1 (CH,), 32.7 (CH,);IR (ATR) 2981,
1716, 1269, 1069, 915, 710 cm™'; HRMS (TOF MS ES*) m/z calcd
for C,H;(NaO; (M + Na)* 255.0992, found 255.0997. Minor
diastereomer cis-22a: '"H NMR (400 MHz, CDCl,, characteristic
peaks) & 8.07—8.03 (m, 2H), 7.60—7.5S (m, 1H), 7.48—7.44 (m,
2H), 5.91-5.78 (m, 1H), 5.55 (ddd, ] = 7.8, 3.9, 1.8 Hz, 1H), 5.14—
5.02 (m, 2H), 4.12 (q, J = 7.8 Hz, 1H), 3.93 (ddd, ] = 9.4, 6.7, 3.8 Hz,
1H), 3.87 (td, ] = 8.7, 5.3 Hz, 1H), 2.53—2.37 (m, 3H), 2.17—2.09
(m, 1H); BC{'H} NMR (100 MHz, CDCl,, characteristic peaks) &
166.1 (C), 134.5 (CH), 133.3 (CH), 129.81 (C), 129.78 (CH), 128.6
(CH), 117.4 (CH,), 81.3 (CH), 75.1 (CH), 66.3 (CH,), 34.0 (CH,),
33.8 (CH,); IR (ATR) 2920, 1728, 1238, 1056, 801, 695 cm ’;
HRMS (TOF MS ES*) m/z caled for C,H,NaO, (M + Na —
H,0)* 237.0886, found 237.0891.

(2R*,3S5*)-2-Allyltetrahydrofuran-3-yl Benzoate (trans-22a) and
(2R*,3R*)-2-Allyltetrahydrofuran-3-yl Benzoate (cis-22a). To a
solution of dibenzoate 21a (0.150 g, 0.480 mmol) in CH,Cl, (5
mL) at —45 °C was added allyltributylstannane (0.595 mL, 1.92
mmol) followed by the addition of BF;eOEt, (0.118 mL, 0.961
mmol). After 1 h, the reaction mixture was warmed to 25 °C. After 16
h, a solution of saturated aqueous NaHCO; (S mL) was added and
the layers were separated. The aqueous layer was extracted with
CH,Cl, (2 X 10 mL). The combined organic layers were dried over
Na,SO,, filtered, and concentrated in vacuo. C{'H} NMR
spectroscopic analysis of the unpurified reaction mixture revealed
that benzoate 22a was formed as a mixture of diastereomers (trans-
22a:cis-22a = 87:13)."* Purification by flash column chromatography
(20:80 EtOAc:hexanes) afforded benzoate 22a as a colorless oil
(0.0630 g, 57%) as a mixture of diastereomers (trans-22a:cis-22a =
87:13). The spectral data obtained are consistent with those of
products from nucleophilic substitution reactions of dibenzoate 21a
and allyltrimethylsilane in the presence of SnCl,.

(2R*,35*)-2-Allyltetrahydrofuran-3-yl Benzoate (trans-22a) and
(2R*,3R*)-2-Allyltetrahydrofuran-3-yl Benzoate (cis-22a) Formed
Using MesSiOTf as the Lewis Acid. The general procedure for
nucleophilic substitution reactions of acetates was followed using
dibenzoate 21a (0.100 g, 0.320 mmol), allyltributylstannane (0.397
mL, 1.28 mmol), and Me;SiOTf (0.397 mL, 1.28 mmol) in CH,Cl,
(3 mL). C{'H} NMR spectroscopic analysis of the unpurified
reaction mixture revealed that benzoate trans-22a was formed as a
single diastereomer (trans-22a:cis-22a > 97:3)."* The spectral data
obtained are consistent with those of products from nucleophilic
substitution reactions of dibenzoate 21a and allyltrimethylsilane in the
presence of SnCl,.

(2R*,35%)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate (trans-
22b) and (2R*3R*)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate
(cis-22b). The general procedure for nucleophilic substitution
reactions of acetates was followed using p-nitrobenzoate 21b
(0.0300 g, 0.0746 mmol), allylchlorodimethylsilane (0.0413 mL,
0.372 mmol), and SnCl, (0.186 mL, 0.19 mmol, 1.0 M in CH,Cl,) in
CH,Cl, (0.5 mL). BC{'H} NMR spectroscopic analysis of the
unpurified reaction mixture revealed that p-nitrobenzoate 22b was
formed as a mixture of diastereomers (trans-22b:cis-22b = 61:39)."*
The spectral data obtained are consistent with those of products from
nucleophilic substitution reactions of p-nitrobenzoate 21b and
allyltrimethylsilane in the presence of SnCl,.

(2R*,35%)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate (trans-
22b) and (2R*3R*)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate
(cis-22b) Formed Using BF;eOEt, as the Lewis Acid. To a solution
of p-nitrobenzoate 21b (0.0300 g, 0.0961 mmol) in CH,Cl, (0.96
mL) at —45 °C was added allylchlorodimethylsilane (0.0540 mL,
0.481 mmol) followed by the addition of BF;eOEt, (0.0593 mL,
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0.481 mmol). After 1 h, the reaction mixture was warmed to 25 °C.
After 16 h, a solution of saturated aqueous NaHCO; (5 mL) was
added and the layers were separated. The aqueous layer was extracted
with CH,Cl, (2 X 10 mL). The combined organic layers were dried
over Na,SO,, filtered, and concentrated in vacuo. *C{'H} NMR
spectroscopic analysis of the unpurified reaction mixture revealed that
p-nitrobenzoate 22b was formed as a mixture of diastereomers (trans-
22b:cis-22b = 75:25)."* The spectral data obtained are consistent with
those of products from nucleophilic substitution reactions of p-
nitrobenzoate 21b and allyltrimethylsilane in the presence of SnCl,.

(2R* 35%)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate (trans-
22b) and (2R*3R*)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate
(cis-22b). The general procedure for nucleophilic substitution
reactions of acetates was followed using p-nitrobenzoate 21b
(0.0800 g, 0.199 mmol), allyltrimethylsilane (0.158 mL, 0.995
mmol), and SnCl, (0.500 mL, 0.50 mmol, 1.0 M in CH,Cl,) in
CH,Cl, (1.5 mL). C{'H} NMR spectroscopic analysis of the
unpurified reaction mixture revealed that p-nitrobenzoate 22b was
formed as a mixture of diastereomers (trans-22b:cis-22b = 72:28)."
Purification by flash column chromatography (20:80 EtOAc:hexanes)
afforded p-nitrobenzoate trans-22b as a yellow oil (0.0273 g, 49%)
and cis-22b as a yellow oil (0.0100 g, 18%). Major diastereomer trans-
22b: 'H NMR (400 MHz, CDCL,) & 8.32—8.27 (m, 2H), 8.22—8.18
(m, 2H), 5.92—5.80 (m, 1H), 5.27 (dt, ] = 6.5, 2.2 Hz, 1H), 5.18 (dq,
J =172, 1.7 Hz, 1H), 5.15—5.11 (m, 1H), 4.13—4.06 (m, 2H), 3.97
(dt, J = 9.9, 6.1 Hz, 1H), 2.47—2.38 (m, 2H), 2.28—2.26 (m, 1H),
2.15-2.08 (m, 1H); *C{*H} NMR (100 MHz, CDCl,) § 164.4 (C),
150.8 (C), 135.5 (C), 133.7 (CH), 130.9 (CH), 123.7 (CH), 118.1
(CH,), 83.4 (CH), 79.6 (CH), 67.1 (CH,), 37.9 (CH,), 32.6 (CH,);
IR (ATR) 2868, 1722, 1527, 1270, 1101, 748 cm™'; HRMS (TOF
MS ES*) m/z caled for C,H;,N,0, (M + NH, — H,0)* 277.1183,
found 277.1192. Minor diastereomer cis-22b: "H NMR (400 MHz,
CDCl;) 6 8.33—8.28 (m, 2H), 8.25—8.21 (m, 2H), 5.90—5.77 (m,
1H), 5.58 (ddd, J = 7.7, 3.8, 1.7 Hz, 1H), 5.13—5.03 (m, 2H), 4.13 (q,
J =79 Hz, 1H), 3.93 (ddd, ] = 7.7, 6.2, 3.7 Hz, 1H), 3.90—3.84 (m,
1H), 2.56—2.39 (m, 3H), 2.20—2.10 (m, 1H); *C{"H} NMR (100
MHz, CDCl;) § 164.2 (C), 150.8 (C), 135.5 (C), 134.2 (CH), 130.9
(CH), 123.8 (CH), 117.6 (CH,), 81.2 (CH), 76.3 (CH), 66.3
(CH,), 33.9 (CH,), 33.7 (CH,); IR (ATR) 2927, 1723, 1527, 1271,
1102, 718 cm™'; HRMS (TOF MS ES*) m/z caled for C,,H;(NO;
(M + H)* 278.1023, found 278.1030.

(2R* 35%)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate (trans-
22b) and (2R*3R*)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate
(cis-22b) Formed Using BF;eOEt, as the Lewis Acid. To a solution
of p-nitrobenzoate 21b (0.200 g, 0.497 mmol) in CH,Cl, (S mL) at
—45 °C was added allyltrimethylsilane (0.316 mL, 1.99 mmol)
followed by the addition of BF;0 OEt, (0.123 mL, 0.994 mmol). After
1 h, the reaction mixture was warmed to 25 °C. After 16 h, a solution
of saturated aqueous NaHCOj; (S mL) was added and the layers were
separated. The aqueous layer was extracted with CH,Cl, (2 X 10
mL). The combined organic layers were dried over Na,SO,, filtered,
and concentrated in vacuo. *C{'H} NMR spectroscopic analysis of
the unpurified reaction mixture revealed that p-nitrobenzoate 22b was
formed as a mixture of diastereomers (trans-22b:cis-22b = 60:40)."*
The spectral data obtained are consistent with those of products from
nucleophilic substitution reactions of p-nitrobenzoate 21b and
allyltrimethylsilane in the presence of SnCl,.

(2R* 35%)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate (trans-
22b) Formed Using MesSiOTf as the Lewis Acid. The general
procedure for nucleophilic substitution reactions of acetates was
followed using p-nitrobenzoate 21b (0.0900 g, 0.224 mmol),
allyltributylstannane (0.278 mL, 0.896 mmol), and Me;SiOTf
(0.120 mL, 0.663 mmol) in CH,Cl, (2 mL). “C{'H} NMR
spectroscopic analysis of the unpurified reaction mixture revealed that
p-nitrobenzoate trans-22b was formed as a single diastereomer."* The
spectral data obtained are consistent with those of products from
nucleophilic substitution reactions of p-nitrobenzoate 21b and
allyltrimethylsilane in the presence of SnCl,.

(2R*,35%)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate (trans-
22b) and (2R*3R*)-2-Allyltetrahydrofuran-3-yl 4-Nitrobenzoate
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(cis-22b) Formed Using BF;eOFEt, as the Lewis Acid. To a solution
of p-nitrobenzoate 21b (0.200 g, 0.497 mmol) in CH,Cl, (S mL) at
—45 °C was added allyltributylstannane (0.616 mL, 1.99 mmol)
followed by the addition of BF;0 OEt, (0.123 mL, 0.994 mmol). After
1 h, the reaction mixture was warmed to 25 °C. After 16 h, a solution
of saturated aqueous NaHCOj; (S mL) was added and the layers were
separated. The aqueous layer was extracted with CH,Cl, (2 X 10
mL). The combined organic layers were dried over Na,SO,, filtered,
and concentrated in vacuo. *C{'H} NMR spectroscopic analysis of
the unpurified reaction mixture revealed that p-nitrobenzoate 22b was
formed as a mixture of diastereomers (trans-22b:cis-22b = 90:10)."
The spectral data obtained are consistent with those of products from
nucleophilic substitution reactions of p-nitrobenzoate 21b and
allyltrimethylsilane in the presence of SnCl,.

B ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.4c02612.

Procedures for substrate synthesis, detailed proofs of
stereochemistry of critical compounds, control experi-
ments, and computational methods (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Jeroen D. C. Codée — Leiden Institute of Chemistry, Leiden
University, Leiden 2300 RA, The Netherlands; © orcid.org/
0000-0003-3531-2138; Email: jcodee@chem.leidenuniv.nl

K. A. Woerpel — Department of Chemistry, New York
University, New York, New York 10003, United States;

orcid.org/0000-0002-8515-0301; Email: kwoerpel@

nyu.edu

Authors
Yuge Chun — Department of Chemistry, New York University,
New York, New York 10003, United States
Wouter A. Remmerswaal — Leiden Institute of Chemistry,
Leiden University, Leiden 2300 RA, The Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.4c02612

Author Contributions

Y.C. and KAW. proposed the hypothesis and designed the
organic chemistry experiments. Y.C. performed all the organic
synthesis, the analysis of the stereochemical outcomes of acetal
substitution reactions, and the assignment of relative stereo-
chemistry in the products. W.A.R. designed and performed the
computational investigations under the guidance of J.D.C.C.
All authors contributed to the scientific discussions and
analytical review of the research. The manuscript was written
through contributions of all authors. All authors have given the
approval to the final version of the manuscript and Supporting
Information.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Research reported in this publication was supported by the
National Institute of General Medical Sciences of the United
States National Institutes of Health under award number

https://doi.org/10.1021/acs.joc.4c02612
J. Org. Chem. 2025, 90, 1585—1596


https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02612/suppl_file/jo4c02612_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02612?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02612/suppl_file/jo4c02612_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeroen+D.+C.+Code%CC%81e"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3531-2138
https://orcid.org/0000-0003-3531-2138
mailto:jcodee@chem.leidenuniv.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+A.+Woerpel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8515-0301
https://orcid.org/0000-0002-8515-0301
mailto:kwoerpel@nyu.edu
mailto:kwoerpel@nyu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuge+Chun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wouter+A.+Remmerswaal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02612?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02612/suppl_file/jo4c02612_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02612/suppl_file/jo4c02612_si_001.pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c02612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

1R35GM148203-01 (to K.A.W.). This research was supported
by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO-VICIVI.C.182.020 to J.D.C.C) and the
European research Council (ERC-CoG-726072-“GLYCO-
NTROL”, to J.D.C.C.). The authors acknowledge NYU’s
Shared Instrumentation Facility and the support provided by
NSF award CHE-01162222 and NIH award S10-OD016343.
The computational infrastructure was facilitated by SURFSara
(2023/ENW/01446401 awarded to J.D.C.C.). The authors
thank Dr. Chin Lin (NYU) for his assistance with NMR
spectroscopy and mass spectroscopy.

B REFERENCES

(1) Hettikankanamalage, A. A.; Lassfolk, R.; Ekholm, F. S.; Leino, R ;
Crich, D. Mechanisms of Stereodirecting Participation and Ester
Migration from Near and Far in Glycosylation and Related Reactions.
Chem. Rev. 2020, 120, 7104—7151.

(2) Patil, S. A; Otter, B. A; Klein, R. S. C-Glycosylation of
Substituted Heterocycles Under Friedel—Crafts Conditions (II):
Ribosylation of Multi-Functionalized Thiophenes and Furans for the
Synthesis of Purine-Like C-Nucleosides. Nucleosides Nucleotides 1990,
9, 937-956.

(3) Dvorakova, M.; Pribylova, M.; Pohl, R;; Migaud, M. E.; Vanek,
T. Alkyloxycarbonyl Group Migration in Furanosides. Tetrahedron
2012, 68, 6701—6711.

(4) Heuckendorff, M.; Premathilake, H. D.; Pornsuriyasak, P.;
Madsen, A. @.; Pedersen, C. M,; Bols, M.,; Demchenko, A. V.
Superarming of Glycosyl Donors by Combined Neighboring and
Conformational Effects. Org. Lett. 2013, 15, 4904—4907.

(5) Upadhyaya, K; Subedi, Y. P.; Crich, D. Direct Experimental
Characterization of a Bridged Bicyclic Glycosyl Dioxacarbenium Ion
by 'H and "*C NMR Spectroscopy: Importance of Conformation on
Participation by Distal Esters. Angew. Chem., Int. Ed. 2021, 60,
25397-25403.

(6) Greis, K.; Kirschbaum, C.; Fittolani, G.; Mucha, E.; Chang, R;
von Helden, G.; Meijer, G.; Delbianco, M.; Seeberger, P. H.; Pagel, K.
Neighboring Group Participation of Benzoyl Protecting Groups in
C3- and C6-Fluorinated Glucose. Eur. J. Org. Chem. 2022,
€2022002SS.

(7) Nukada, T.; Berces, A; Zgierski, M. Z.; Whitfield, D. M.
Exploring the Mechanism of Neighboring Group Assisted Glyco-
sylation Reactions. J. Am. Chem. Soc. 1998, 120, 13291—13295.

(8) Zeng, Y.; Wang, Z.; Whitfield, D.; Huang, X. Installation of
Electron Donating Protective Groups, a Strategy for Glycosylating
Unreactive Thioglycosyl Acceptors using the Pre-activation Based
Glycosylation Method. J. Org. Chem. 2008, 73, 7952—7962.

(9) Chun, Y.; Remmerswaal, W. A.; Codée, J. D. C.; Woerpel, K. A.
Neighboring-Group Participation by C-2 Acyloxy Groups: Influence
of the Nucleophile and Acyl Group on the Stereochemical Outcome
of Acetal Substitution Reactions. Chem. - Eur. J. 2023, 29,
€202301894.

(10) Joosten, A.; Boultadakis-Arapinis, M.; Gandon, V.; Micouin, L.;
Lecourt, T. Substitution of the Participating Group of Glycosyl
Donors by a Halogen Atom: Influence on the Rearrangement of
Transient Orthoesters Formed during Glycosylation Reactions. J. Org.
Chem. 2017, 82, 3291-3297.

(11) Wulff, G.; Rohle, G. Results and Problems of O-Glycoside
Synthesis. Angew. Chem., Int. Ed. Engl. 1974, 13, 157—170.

(12) van der Vorm, S.; Overkleeft, H. S.; van der Marel, G. A,;
Codée, J. D. C. Stereoselectivity of Conformationally Restricted
Glucosazide Donors. J. Org. Chem. 2017, 82, 4793—4811.

(13) van der Vorm, S.; Hansen, T.; van Hengst, . M. A.; Overkleeft,
H. S.; van der Marel, G. A,; Codée, J. D. C. Acceptor Reactivity in
Glycosylation Reactions. Chem. Soc. Rev. 2019, 48, 4688—4706.

(14) Otte, D. A.; Borchmann, D. E,; Lin, C.; Weck, M.; Woerpel, K.
A. BC NMR Spectroscopy for the Quantitative Determination of
Compound Ratios and Polymer End Groups. Org Lett. 2014, 16,
1566—1569.

1595

(15) Banoub, J. H.; Michon, F.; Rice, J.; Rateb, L. Kinetic Studies on
the Rearrangement of 3,4-Di-O-benzyl-1,2-(1-methoxyethylidene)-f-
L-rhamnopyranose with a Catalytic Amount of 1,1,3,3-Tetramethylur-
ea-trifluoromethanesulfonic Acid at Different Temperatures. Carbo-
hydr. Res. 1983, 123, 109—116.

(16) Kaeothip, S.; Yasomanee, J. P.; Demchenko, A. V.
Glycosidation of Thioglycosides in the Presence of Bromine:
Mechanism, Reactivity, and Stereoselectivity. J. Org. Chem. 2012,
77, 291—299.

(17) Chao, C. S.; Li, C. W.; Chen, M. C; Chang, S. S.; Mong, K.-K.
T. Low-concentration 1,2-trans -Selective Glycosylation Strategy and
its Applications in Oligosaccharide Synthesis. Chem. - Eur. J. 2009, 18,
10972—10982.

(18) Chao, C. S.; Lin, C. Y.; Mulani, S.; Hung, W. C.; Mong, K.-K.
T. Neighboring-Group Participation by C-2 Ether Functions in
Glycosylations Directed by Nitrile Solvents. Chem. - Eur. J. 2011, 17,
12193—-12202.

(19) Crich, D.; Patel, M. On the Nitrile Effect in L-Rhamnopyr-
anosylation. Carbohydr. Res. 2006, 341, 1467—1475.

(20) Schmidt, R. R.; Michel, J. Direct O-Glycosyl Trichloroacetimi-
date Formation, Nucleophilicity of the Anomeric Oxygen Atom.
Tetrahedron Lett. 1984, 25, 821—824.

(21) Greis, K.; Leichnitz, S.; Kirschbaum, C.; Chang, C. W.; Lin, M.
H.; Meijer, G.; von Helden, G.; Seeberger, P. H,; Pagel, K. The
Influence of the Electron Density in Acyl Protecting Groups on the
Selectivity of Galactose Formation. J. Am. Chem. Soc. 2022, 144,
20258—-20266.

(22) Demchenko, A. V.; Rousson, E.; Boons, G.-]. Stereoselective
1,2d-cis-Galactosylation Assisted by Remote Neighboring Group
Participation and Solvent Effects. Tetrahedron Lett. 1999, 40, 6523—
6526.

(23) Larsen, C. H.; Ridgway, B. H,; Shaw, J. T.; Woerpel, K. A. A
Stereoelectronic Model to Explain the Highly Stereoselective
Reactions of Nucleophiles with Five-Membered-Ring Oxocarbenium
Ions. J. Am. Chem. Soc. 1999, 121, 12208—12209.

(24) Hagen, G.; Mayr, H. Kinetics of the Reactions of Allylsilanes,
Allylgermanes, and Allylstannanes with Carbenium Ions. J. Am. Chem.
Soc. 1991, 113, 4954—4961.

(25) Details are provided as Supporting Information.

(26) Tuck, O. T.; Sletten, E. T.; Danglad-Flores, J.; Seeberger, P. H.
Towards a Systematic Understanding of the Influence of Temperature
on Glycosylation Reactions. Angew. Chem., Int. Ed. 2022, 61,
€202115433.

(27) Kendale, J. C.; Valentin, E. M.; Woerpel, K. A. Solvent Effects
in the Nucleophilic Substitutions of Tetrahydropyran Acetals
Promoted by Trimethylsilyl Trifluoromethanesulfonate: Trichloro-
ethylene as Solvent for Stereoselective C- and O-Glycosylations. Org.
Lett. 2014, 16, 3684—3687.

(28) Yen, Y. F; Kulkarni, S. S.; Chang, C. W.; Luo, S. Y. Concise
Synthesis of a-Galactosyl Ceramide from p-Galactosyl Iodide and p-
lyxose. Carbohydr. Res. 2013, 368, 35—39.

(29) Taha, H. A;; Richards, M. R;; Lowary, T. L. Conformational
Analysis of Furanoside-Containing Mono- and Oligosaccharides.
Chem. Rev. 2013, 113, 1851—1876.

(30) Neese, F. WIREs Comput. Mol. Sci. 2022, e1606.

(31) Neese, F. The ORCA Program System. WIREs Comput. Mol.
Sci. 2012, 2, 73—78.

(32) Grimme, J.; Antony, S.; Ehrlich, H.; Krieg, J. A Consistent and
Accurate ab initio Parametrization of Density Functional Dispersion
correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(33) Grimme, S; Ehrlich, S.; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32, 1456—1465.

(34) Caldeweyher, E.; Bannwarth, C.; Grimme, S. Extension of the
D3 Dispersion Coefficient Model. ]. Chem. Phys. 2017, 147, 034112.

(35) Becke, A. D. A New Mixing of Hartree—Fock and Local
Density-Functional Theories. J. Chem. Phys. 1993, 98, 5648—5652.

https://doi.org/10.1021/acs.joc.4c02612
J. Org. Chem. 2025, 90, 1585—1596


https://doi.org/10.1021/acs.chemrev.0c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07328319008045210
https://doi.org/10.1080/07328319008045210
https://doi.org/10.1080/07328319008045210
https://doi.org/10.1080/07328319008045210
https://doi.org/10.1016/j.tet.2012.05.117
https://doi.org/10.1021/ol402371b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol402371b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1002/ejoc.202200255
https://doi.org/10.1002/ejoc.202200255
https://doi.org/10.1021/ja981041m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981041m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202301894
https://doi.org/10.1002/chem.202301894
https://doi.org/10.1002/chem.202301894
https://doi.org/10.1021/acs.joc.6b03088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b03088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b03088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197401571
https://doi.org/10.1002/anie.197401571
https://doi.org/10.1021/acs.joc.7b00470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b00470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CS00369F
https://doi.org/10.1039/C8CS00369F
https://doi.org/10.1021/ol403776k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol403776k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(83)88385-2
https://doi.org/10.1016/0008-6215(83)88385-2
https://doi.org/10.1016/0008-6215(83)88385-2
https://doi.org/10.1016/0008-6215(83)88385-2
https://doi.org/10.1021/jo2019174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo2019174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200901119
https://doi.org/10.1002/chem.200901119
https://doi.org/10.1002/chem.201100732
https://doi.org/10.1002/chem.201100732
https://doi.org/10.1016/j.carres.2006.03.036
https://doi.org/10.1016/j.carres.2006.03.036
https://doi.org/10.1016/S0040-4039(01)80036-8
https://doi.org/10.1016/S0040-4039(01)80036-8
https://doi.org/10.1021/jacs.2c05859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c05859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c05859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(99)01203-4
https://doi.org/10.1016/S0040-4039(99)01203-4
https://doi.org/10.1016/S0040-4039(99)01203-4
https://doi.org/10.1021/ja993349z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993349z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993349z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993349z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00013a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00013a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02612/suppl_file/jo4c02612_si_001.pdf
https://doi.org/10.1002/anie.202115433
https://doi.org/10.1002/anie.202115433
https://doi.org/10.1021/ol501471c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501471c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501471c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501471c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2012.11.008
https://doi.org/10.1016/j.carres.2012.11.008
https://doi.org/10.1016/j.carres.2012.11.008
https://doi.org/10.1021/cr300249c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300249c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.81
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.4993215
https://doi.org/10.1063/1.4993215
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c02612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

(36) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti Correlation-energy Formula into a Functional of the Electron
Density. Phys. Rev. B 1988, 37, 785—789.

(37) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
Ab initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra using Density Functional Force Fields. J. Phys.
Chem. 1994, 98, 11623—11627.

(38) Weigend, R; Ahlrichs, P. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2008, 7,
3297-3308S.

(39) Santra, G; Sylvetsky, N.; Martin, J. M. Minimally Empirical
Double-hybrid Functionals Trained Against the GMTKNSS Data-
base: revDSD-PBEP86-D4, revDOD-PBE-D4, and DOD-SCAN-D4.
J. Phys. Chem. A 2019, 123, 5129—5143.

(40) Santra, G.; Cho, M.; Martin, J. M. L. Exploring Avenues beyond
Revised DSD Functionals: I. Range Separation, with xDSD as a
Special Case. J. Phys. Chem. A 2021, 125, 4614—4627.

(41) Remmerswaal, W. A.; Hansen, T.; Hamlin, T. A.; Codée, J. D.
C. Origin of Stereoselectivity in Sg2’ Reactions of Six-membered Ring
Oxocarbenium Ions. Chem. - Eur. ]. 2023, 29, €202203490.

(42) van Rijssel, E. R;; van Delft, P.; Lodder, G.; Overkleeft, H. S.;
van der Marel, G. A,; Filippov, D. V,; Codée, J. D. C. Furanosyl
Oxocarbenium Ion Stability and Stereoselectivity. Angew. Chem., Int.
Ed. 2014, 53, 10381—1038S5.

(43) Rhoad, J. S.; Cagg, B. A; Carver, P. W. Scanning the Potential
Energy Surface of Furanosyl Oxocarbenium Ions: Models for Reactive
Intermediates in Glycosylation Reactions. J. Phys. Chem. A 2010, 114,
5180—5186.

(44) Demkiw, K. M.; Remmerswaal, W. A,; Hansen, T.; van der
Marel, G. A; Codée, J. D. C; Woerpel, K. A. Halogen Atom
Participation in Guiding the Stereochemical Outcomes of Acetal
Substitution Reactions. Angew. Chem., Int. Ed. 2022, 61, €202209401.

(45) Hansen, T.; Elferink, H.; van Hengst, J. M. A.; Houthuijs, K. J.;
Remmerswaal, W. A; Kromm, A.; Berden, G.; van der Vorm, S.; Rijs,
A. M.; Overkleeft, H. S.; Filippov, D. V.; Rutjes, F. P. J. T.; van der
Marel, G. A;; Martens, J.; Oomens, J.; Codée, J. D. C.; Boltje, T. J.
Characterization of Glycosyl Dioxolenium Ions and Their Role in
Glycosylation Reactions. Nat. Commun. 2020, 11, 2664.

(46) Elferink, H.; Remmerswaal, W. A.; Houthuijs, K. J.; Jansen, O.;
Hansen, T.; Rijs, A. M,; Berden, G.; Martens, ].; Oomens, J.; Codée, J.
D. C,; Boltje, T. J. Competing C-4 and C-5-Acyl Stabilization of
Uronic Acid Glycosyl Cations. Chem. - Eur. J. 2022, 28, ¢202201724.

(47) Alabugin, I. V. Stereoelectronic Interactions in Cyclohexane,
1,3-Dioxane, 1,3-Oxathiane, and 1,3-Dithiane: W-Effect, 6C-X <
0*C-H Interactions, Anomeric Effect What Is Really Important? J.
Org. Chem. 2000, 65, 3910—3919.

(48) Gordon, H. L.; Freeman, S.; Hudlicky, T. Stability Relation-
ships in Bicyclic Ketones. Synlett 2005, 2005, 2911—2914.

(49) For nucleophile 25, the bulky t-Bu groups were replaced with
smaller methyl groups for computational feasibility.

(50) Chun, Y.; Luu, K. B;; Woerpel, K. A. Acetal Substitution
Reactions: Stereoelectronic Effects, Conformational Analysis, Reac-
tivity vs Selectivity, and Neighboring-Group Participation. Synlett
2024, 35, 1763—1787.

(51) Larsen, C. H; Ridgway, B. H; Shaw, J. T.; Smith, D. M,
Woerpel, K. A. Stereoselective C-Glycosylation Reactions of Ribose
Derivatives: Electronic Effects of Five-Membered Ring Oxocarbenium
Ions. J. Am. Chem. Soc. 2005, 127, 10879—10884.

(52) No transition state structures for the addition of any
nucleophile to the oxocarbenium ion forms of cation 27 and 28
could be identified. Previously, we have established this to be the
result of the C-2 acyloxy group strongly destabilizing the cationic
center.

1596

CAS BIOFINDER DISCOVERY PLATFORM

CAS BIOFINDER
HELPS YOU FIND
YOUR NEXT
BREAKTHROUGH
FASTER

Navigate pathways, targets, and
diseases with precision

Explore CAS BioFinder

\J
\

\\

A\

CAS

Am aaaaaaaaaaa I Society

https://doi.org/10.1021/acs.joc.4c02612
J. Org. Chem. 2025, 90, 1585—1596


https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1021/acs.jpca.9b03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c01294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c01294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c01294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202203490
https://doi.org/10.1002/chem.202203490
https://doi.org/10.1002/anie.201405477
https://doi.org/10.1002/anie.201405477
https://doi.org/10.1021/jp9100448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9100448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9100448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202209401
https://doi.org/10.1002/anie.202209401
https://doi.org/10.1002/anie.202209401
https://doi.org/10.1038/s41467-020-16362-x
https://doi.org/10.1038/s41467-020-16362-x
https://doi.org/10.1002/chem.202201724
https://doi.org/10.1002/chem.202201724
https://doi.org/10.1021/jo991622+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo991622+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo991622+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-2005-918959
https://doi.org/10.1055/s-2005-918959
https://doi.org/10.1055/s-0042-1751541
https://doi.org/10.1055/s-0042-1751541
https://doi.org/10.1055/s-0042-1751541
https://doi.org/10.1021/ja0524043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0524043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0524043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c02612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

