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Catalytic Regioselective Benzoylation of 1,2-trans-Diols in
Carbohydrates with Benzoyl Cyanide: The Axial Oxy Group Effect
and the Action of Achiral and Chiral Amine Catalysts

Tianlu Li, Tong Li, Michael Linseis, Fengshan Wang,
and Peng Peng*

ABSTRACT: Regioselective protection of the polyfunctional
carbohydrates with acyl groups under catalytic conditions is a
prerequisite for efficient structural modification and chain extension
via glycosidation. A general and also strong “axial oxy group effect”
was now observed with benzoyl cyanide as the acylating agent and
4-dimethylaminopyridine as the catalyst, permitting the preferred
O-acylation of equatorial hydroxy groups next to axial oxy groups.
This effect is substantiated with 2,3-O-unprotected -p-galacto- and
a-D-glucopyranosides and 3,4-O-unprotected mannopyranosides
possessing vicinal trans-diol moieties. Moreover, vicinal trans-diols
with axial oxy groups next to each hydroxy group, possessing
expectedly comparable reactivity, could be differentiated with chiral
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tertiary amine catalysts. Particularly interesting in this regard is the action of bifunctional (S,S)-N-(IN,N-dialkylaminocyclohexyl)-
thioureas as catalysts; they favor 2-O-benzoylation of 2,3-O-unprotected a-galactopyranosides, as is also supported by density
functional theory calculations. This directing effect can be reversed with quinidine as the catalyst or with bulky substituents at the

anomeric position.
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B INTRODUCTION

Site-selective reactions at multifunctional substrates require
masking of undesired reaction sites. In enzyme-catalyzed
reactions, this masking is provided by suitable placement of the
substrate in the active site and in chemical reactions generally
by the attachment of protecting groups. When the protection
can be reached regioselectively through an eflicient catalytic
procedure in a minimum of synthetic steps, the chemical
procedure is at least competitive or even superior, as enzyme
catalysis requires the availability of complex, mostly precious
proteins that often possess a narrow substrate scope.
Regioselective O-acylation of the hydroxy groups of the
polyfunctional carbohydrates plays an important role as it
could directly afford desired intermediates for structural
modification as well as building blocks for oligosaccharide
assembly in glycosylation reactions.™® To simplify this task,
numerous efforts have been undertaken in the past
decades.”’™® Yet, understanding the distinctness of each
hydroxy group of carbohydrates and of the different acylating
agents should permit the development of desirable efficient
methods for direct regioselective functional group modifica-
tion. This way, reliable general rules for regioselective
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protection applicable to any structurally related substrate
should become available.

As 6-O-protected and 4,6-O-protected glycopyranosides are
commonly available from the parent compounds in convenient
one- or two-step procedures, the regioselectivity issue
necessitates, above all, the differentiation of diols with 1,2-cis
or 1,2-trans stereostructures and of triols with corresponding
consecutive diol stereostructures (Scheme 1). For acylation,
common acyl halides or anhydrides and equivalent amounts of
a base for the neutralization of the leaving group are
employed.'” However, such procedures are neither sustainable
nor applicable to expensive chiral bases. Therefore, we studied
benzoyl cyanide (BzCN) that is a strong acylating agent, and it
reacts even at temperatures as low as —78 °C, thus permitting
eventually kinetic reaction control (and avoiding the catalysis
of acyl migration during the reaction course). These properties
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Scheme 1. cis-Diol, trans-Diol, cis—trans-Triol, and -Tetrol Moieties in Glycopyranosides and Their Regioselective
Benzoylation with BzCN; (a) Vicinal cis-Diols (R* # H, n = 1—6; X = OR®, H); (b) cis—trans-Triols, cis—trans-Tetrols (R', R®
# H; X = ORS, H); (c) Vicinal trans-Diols with One Axial Oxy Group; (d) Vicinal trans-Diols with Two Axial Oxy Groups
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are due to the fact that the cyanide leaving group is a sterically The axial oxy group effect was more or less alluded to in a
0=2

nondemanding and quite strong base in organic solvents
(dimethyl sulfoxide: pK, about 12.9,"" which is in the range of
ammonium salts). Yet, the cyanide group is also a strong
hydrogen-bond acceptor and the resulting hydrogen cyanide is
a hydrogen-bond donor. Thus, benzoylation is catalyzed in a
dual way: (i) via hydrogen bonding of hydrogen cyanide to the
BzCN nitrogen and (ii) via hydrogen bonding of the released
cyanide to the hydroxy group of the substrate (or to a proton
of the catalyst with following substrate deprotonation; see
below), this way regenerating the hydrogen cyanide and
providing a reactive oxide species as the acyl group acceptor.
Hence, only catalytic amounts of the amine base for the
generation of a presumed reactive N-acyl-ammonium inter-
mediate are required for this process.

Though BzCN has been already used for partial acylation of
carbohydrates,"*™"” the role of the released cyanide and
regenerated hydrogen cyanide on regioselective O-benzoyla-
tion and particularly of 1,2-cis-diols did not attract any
attention. Recently, we found that BzCN in the presence of
catalytic amounts of 4-dimethylaminopyridine (DMAP) gives
at low temperatures preferentially axial hydroxy group
benzoylation of 1,2-cis-diols."® This valuable result is due to
a “cyanide effect” that is based on dual hydrogen bonding to
the axial oxygen, thus supporting the formation of the
thermodynamically less favored product in 1,2-cis-diol moieties
of galacto-, fuco-, manno-, and rhamnopyranosides and
inositols (Scheme 1a). Extension of these studies to cis—
trans-triols and -tetrols, as present in a-galactopyranosides (see
Scheme 1b), led to the observation that the equatorial hydroxy
group vicinal to an axial oxy group is by far the most reactive
hydroxy group.'” This “axial oxy group effect” is caused by the
accumulation of lone pair orbitals of the cis-oriented oxygens,
thus leading to increased nucleophilicity of the vicinal hydroxy
group. This effect should be operative in all structurally related
systems. Thus, through the cooperation of the cyanide effect
and the axial oxy group effect, we were even able to
regioselectively transform 2,3,4-O-unprotected as well as
completely unprotected a@-D-galatopyranosides into their
valuable 3-O-unprotected derivatives in one-pot reactions.'’
The study indicated an unexpected relative reaction rate of a-
p-galactopyranosides of 2-O > 4-O > 6-O > 3-O (Scheme
1b); commonly the 6- and the 3-hydroxy groups are regarded
as the most reactive hydroxy groups.'’
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previous work.”*">* However, as the action of this effect was
not found to be very efficient and, hence, not obvious with
commonly used benzoylating agents (as for instance, Bz,0 and
BzCl), its importance was not recognized. In these studies,
metal salts as additives’ " or less reactive bulky acylating
agents”” were indispensable to gain reasonable regioselectivity.
Yet, the high reactivity of BZCN even at very low temperatures
assists, as discussed above, kinetic product formation that is
often required for high regioselectivity. Hence, with BzCN as
the acylating agent and catalytic amounts of a base, the axial
oxy group effect seems to be particularly strong. Thus, this
effect should in general permit highly regioselective benzoy-
lations without requiring any further additive.

Studies on the generality of the axial oxy group effect
coincide with an important missing part in our regioselectivity
studies, that is, the regioselective protection of equatorial 1,2-
trans-diol moieties that are present in the most important
sugars, for instance, at the 2,3-position of galacto-, fuco- and
glucopyranosides and the 3,4-position of manno- and
rhamnopyraosides (Scheme 1c). Highly regioselective access
to these positions is frequently needed for chain extension and
structural modification. Hence, the aim of the present work is
(i) to study the generality of the axial oxy group effect with
BzCN as the acylating agent and catalytic amounts of a base
(Scheme 1c) and (ii) to investigate the differentiation of 1,2-
trans-diol hydroxy groups, where the reactivity of each hydroxy
group is supported by an axial oxy group effect (Scheme 1d).
Important in this context are the readily accessible and
frequently employed 2,3-O-unprotected a-galactopyranosides
and a-fucopyranosides with axial oxy groups at C-1 and C-4
and particularly those derivatives with identical R' and R*
groups. This pseudo-dissymmetric structural motif results in
pseudo-homotopic hydroxy groups at C-2 and C-3 that can be
hardly differentiated.

B RESULTS

Regioselective O-Benzoylation of Equatorial 1,2-
trans-Diols with One Axial Oxy Group Effect. The first
studies were performed with 4,6-O-protected f-D-galactopyr-
anosides for which, due to the axial oxy group effect, 3-O-
benzoylation was expected (Table 1). Indeed, under the
applied reaction conditions (1.1 equiv of BzCN, 0.1 equiv of
DMAP as the catalyst in dry dichloromethane (DCM) as the



Table 1. DMAP-Catalyzed Regioselectivity of 1,2-trans-
Diols with Axial Oxy Group Effects”
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“All reactions were performed with BzCN (1.1 equiv) and DMAP
(0.1 equiv) and 4 A molecular sieves at —78 °C in dry DCM. The
products were reported with isolation yield.

solvent at —78 °C), the 2,3-O-unprotected -p-galactopyrano-
sides 1a—1e, having different 4,6-O-protection (PhCH, Bn and
Bz) and different anomeric aglycones [TolS, MeO, Me;Si-
(CH,),0], furnished, with the assistance of the axial oxy group
at C-4, exclusively the 3-O-benzoylated products 3a—3e in very
good yields. To further demonstrate the generality and
usefulness of this effect, different substrates were investigated
under these reaction conditions. 3,4-O-Unprotected a-D-
mannopyranoside 1f and 2,3-O-unprotected a-p-glucopyrano-
sides 1g and 1h led also in excellent yields to 3-O-benzoylated
mannopyranoside 3f and to 2-O-benzoylated glucopyranosides
2g and 2h, respectively. Hence, as a rule, under the above
described reaction conditions, the axial oxy group-mediated
effect leads in 1,2-trans-diols reliably to regioselective
benzoylation of the equatorial hydroxy group next to the
axial oxy group.

Regioselective O-Benzoylation of Equatorial 1,2-
trans-Diols with Two Axial Oxy Group Effects. With the
foregoing results, connotating a very efficient action of the axial
oxy group effect, the anticipations for regioselective benzoy-
lations of 4,6-O-protected 2,3-O-unprotected a-galactopyrano-
sides, with an axial oxy group effect supporting the reactivity at
each of the two pseudo-homotopic hydroxy groups, were quite
confined. Indeed, such a situation was encountered with 2,3-O-
unprotected a-D-galactopyranosides: the regioselectivity was
more or less lost under the general reaction conditions (see
Table S1). Apparently, the differentiation of the two pseudo-
homotopic hydroxy groups in 2- and 3-positions of a-b-
galactopyranosides is only possible with the help of different
substituents at C-1 (essentially the ring oxygen) and at C-4
(the C-S to C-6 moiety). A direct proof of this notion was the
pronounced effect of 4,6-O-benzylidene protection (1n, Table
2, entry 1) that, for steric and stereoelectronic reasons, favors
3-O-benzoylation, leading to a 2n/3n ratio of 1:3.4.

Yet, as these substituents at C-1 and C-4 point away from
the reaction centers, for regioselective acylations, sterically
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demanding (chiral!) tertiary amine bases with functional
groups for hydrogen bonding were regarded as promising
candidates. 4,6-O-Benzylidene-protected a-D-galactopyrano-
side 1n, a frequently employed substrate, was selected for
these studies (Tables 2 and 4). For practically useful
regioselectivities for 3n formation, an improvement factor of
3 or better (—2n/3n < 1:10), and for 2n formation, an
improvement factor of 10 or better (—2n/3n > 3:1) over the
results in Table 2, entry 1 were desirable. In order to gain a
standard for these studies, at first, achiral trialkylamine bases
Et;N and N,N-diisopropylethylamine (DIPEA) were used in
catalytic amounts. These bases furnished regioselectivities
comparable to those obtained with DMAP (Table 2, entries 2
and 3: E;N, 2n/3n = 1:3; DIPEA, 2n/3n = 1:2.8).

Besides acid—base catalysis via hydrogen-bonding effects,”®
dual hydrogen bonding, especially caused by chiral cata-
lysts,”*** gained considerable interest for the regioselective
activation of hydroxy groups. Cinchona alkaloid derivatives
commonly perform as efficient catalysts via hydrogen
bonding.”> Therefore, at first, quinine-type catalysts were
employed in the regioselectivity studies of 1n with BzCN. The
quinine-type catalysts C1—CS showed some increase in favor
of 2n formation (Table 2, entries 4—8). However, with
quinidine-type catalysts, C6—C10 formation of the 3-O-
benzoylated product 3n was strongly increased (entries 9—
13). The best results were obtained with the dihydroquinidine
C7 as the catalyst (entry 10, 87%, 2n/3n = 1:10.8); the natural
quinidine also performed with good yield and regioselectivity
(entry 9, 85%, 2n/3n = 1:10.4), thus fulfilling our primary goal
with improved regioselectivity in favor of 3-O-benzoylation.
Solvent optimization studies with 1n as the substrate and C6 as
the catalyst led to a further increase of the regioselectivity in
favor of 3n formation (see, Table S2). It is worth mentioning
that nonpolar solvents such as CHCl;, contributed to a further
increase of regioselectivity (Table 2, entries 18, 19), where
CHCI; as the sole solvent afforded almost exclusive 3-O-
benzoylation of 3n (entry 19). Thus, an efficient method for
the highly regioselective 3-O-benzoylation of 1,2-trans-diols
having axial oxy groups next to each of the hydroxy groups
could be established.

The studies with quinines, quinidines, and dihydroquini-
dines (Table 2, entries 4—13) exhibit that the configuration of
the oxygen of the dialkylaminoethanol moiety in these catalysts
plays some role in the regioselective acylation, but the
influence of hydrogen-bonding is—if at all—only marginal,
as catalyst C9 with O-silyl protection led almost to the same
increase of 3n formation (entry 12) as the parent quinidine
(C6, entry 9). Also with (R)-3-hydroxy-1-azabicyclo [2.2.2]-
octane ((R)-(—)-quinuclidinol) or achiral 1-azabicyclo[2.2.2]-
octane (quinuclidine) and 1,4-diazabicyclo[2.2.2]octane
(DABCO), a preference for 3-O-benzoylation of In was
observed (entries 14—16). It was also shown that the 6-
methoxyquinoline moiety of quinine and quinidine and its
derivatives had practically no or only little influence on product
formation (entry 17). Hence, strong basicity, steric bulk, and
(S)-configuration of the N-oxyethyl moiety of these tertiary
amine catalysts favor the regioselective 3-O-benzoylation that
is modulated by the employed solvent. Thus, a rule for highly
regioselective 3-O-benzoylation of a-p-galactopyranosides is
gained.

The regioselective 3-O-benzoylation of 2,3-O-unprotected a-
D-galactopyranosides with quinidine as the catalyst was further
investigated with different substrates (Table 3). Replacement



Table 2. Different Base-Catalyzed Regioselective Benzoylation of 1n with BzCN as Benzoylating Agents®
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entry catalyst temp solvent (2n/3n)°
1 DMAP —78 °C DCM 83 (1/3.4)
2 Et,N —78 °C DCM 83 (1/3.0)
3 DIPEA —78 °C DCM 80 (1/2.8)
4 C1 -78 °C DCM 75 (1.1/1)
5 c2 —78 °C DCM 70 (1.2/1)
6 C3 —78°Cto  DCM 55 (1.5/1)
r.t.
7 C4 -78°Cto DCM 68 (1/2.6)
r.t.
8 cs —78°Cto DCM 73 (1.3/1)
r.t.
9 Cé6 —78 °C DCM 85
(1/10.4)
10 C7 —78 °C DCM 87
(1/10.8)
11 Cs8 —78°Cto DCM 67 (1/5.5)
r.t.
12 C9 —78°Cto DCM 73 (1/9.3)
r.t.
13 Cl10 —78°Cto DCM 71 (1/3.2)
r.t.
14 (R)-(—)-quinuclidinol —78 °C DCM 79 (1/5.9)
1S DABCO —78 °C DCM 83 (1/4.5)
16  quinuclidine -78 °C DCM 76 (1/6.1)
17 6-methoxy quinoline -78°Cto DCM 55 (1/2.6)
r.t.
18 C6 —70 °C DCM/CHCl; 87
(1/15.1)
19 C6 —60 °C CHCl, 90
(1/18.6)

C6R=H;
C8 R = 2-naphthoyl;
C9R=TBS

“All reactions were performed with BzCN (1.1 equiv) and catalyst
(0.1 equiv) and 4 A molecular sieves in dry solvent. “Isolation yield.
“The ratio was determined by '"H NMR.

of the 4,6-O-benzylidene group, as in 1n, by the 4,6-O-(2-
naphthylidene) group, as in 1Ir, or variation of the methoxy
group to an allyloxy group at the anomeric center, as in 1s, did
not change the regioselectivity, thus leading to high yields of 3r
and 3s, respectively. Also, either electron-donating or -with-
drawing substrates at the benzylidene protecting group, as in 1t
and lu, had no negative influence on the regioselective
benzoylation of 3t and 3u. Moreover, even the disaccharide 1v
led to exclusive formation of the corresponding 3-O-
benzoylation derivative 3v. This excellent result was also
supported by the steric demand at C-4, as with 4,6-di-O-benzyl
protected substrate 1j, the regioselective 3-O-benzoylation was
diminished (2j:3j = 1:3.3); however, quinidine as the catalyst
still showed better regioselectivity than DMAP (Table SI,
entry 2, 2j:3j = 1:1.5).

Having successfully accomplished the highly regioselective
3-O-benzoylation of a-p-galactopyranoside substrate 1n, the
next goal was to reverse the regioselectivity in favor of 2-O-
benzoylation. The factors favoring 3-O-benzoylation were
reason to search for alternatively functioning catalysts, as for
instance, catalysts with strong hydrogen-bonding capacity. Of
particular interest were thioureas as they are excellent
bishydrogen-bond donors®® that should increase the differ-
entiation between the two pseudo-homotopic hydroxy groups
of the substrate 1n. In addition, they could be loaded with a
chiral tertiary amine base, thus providing a bifunctional catalyst
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that combines activation of the benzoylating agent and the
increase of the substrate oxygen nucleophilicity with the
potential for site-selectivity due to the chirality that should be
able to distinguish between the different substituents at C-1
and C-4. Such bifunctional catalysts have been already studied
for some other problems of carbohydrate chemistry®’~*® and
as well as in the acyl transfer area.*’

First, the commercially available Takemoto catalyst (C11)
was investigated under the standard reaction conditions. With
the (S,S)-isomer of C11, for the first time, preferred 2-O-
benzoylation was observed (Table 4, entry 2, 2n/3n = 2.3:1).
Encouraged by this promising result, a series of bifunctional
catalysts [(S,5)-C12—(S,S)-C1S5, entries 3—6] were synthe-
sized and screened for their capacity to promote regioselective
2-O-benzoylation of In with BzCN under the standard
reaction conditions. Replacement of the dimethylamino
group in (S,5)-C11 by a pyrrolidino group as in (S,5)-C12
further increased 2-O-benzoylation (entry 3, 2n/3n = 2.6:1).
The corresponding piperidino derivative (S,5)-C13 furnished
the best result (entry 4, 2n/3n = 3.9:1) corresponding to a 12-
fold increase in 2n formation over the standard reaction with
triethylamine as the catalyst (entry 1). This ratio could be
further improved by carrying out the reaction at higher
concentration (entries 8 and 9): for instance, with an 0.57
molar solution of In, a 5.5:1 ratio of 2n/3n was obtained
(entry 9), thus providing a 17-fold increase of 2-O-



Table 3. Quinidine-Catalyzed Regioselective Benzoylation
of 2,3-0O-Unprotected a-p-Galactopyranoside®
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“All reactions were performed with BzCN (1.1 equiv) and quinidine
(0.1 equiv) and 4 A molecular sieves at —60 °C in dry CHCl,. The
products were reported with isolation yield, and the ratio was
determined by '"H NMR. PMP = p-methoxyphenyl.

benzoylation over the standard reaction (entry 1). Catalysts
with less electron-withdrawing N-aryl groups at the thiourea
moiety, as in (S,5)-C14 and (S,S)-C15 (entries S and 6), or
with (R,R)-configuration of the 1,2-diaminocyclohexane
residue, as in (R,R)-C11, (R,R)-C13, and (R,R)-C14 (entries
10—12), showed lower preference for 2n formation than (S,S)-
C13. Comparison of the regioselectivity found for triethyl-
amine as the catalyst (entry 1) with the regioselectivities found
for the (R,R)-catalysts (entries 10—12) implies that the chiral
part of these catalysts has, if any, only little influence on the
reaction course. The (R,R)-catalysts seem to act essentially as
tertiary amines and, different from the (S,S)-catalysts, the
interaction of the chiral part with the trans-diol substrate 1n
seems to be sterically precluded at least in the benzoylation
transition state.

The scope of the regioselective 2-O-benzoylation of 2,3-O-
unprotected a-D-galactopyranosides with (S,S)-C13 as the
catalyst was studied with different substrates (Table 5). With a
methoxyphenyl (Mp) group at the anomeric oxygen (10), the
regioselectivity could be improved (20/30 = 5.2:1, 78% yield)
compared with the result obtained with 1n. Increasing the
conformational space requirements of the 4-O substituents led,
as expected, to a dramatic preference for 2-O-benzoylation, as
exhibited already by replacement of the 4,6-O-benzylidene
group (1n) by 4,6-di-O-methyl protection (1i): the 2i/3i ratio
increased to 8.3:1, 83% yield. Changing the 4,6-O-protecting
groups to bigger groups, 4,6-di-O-benzyl as in 1j or to even
sterically demanding groups, 4-O-Nap-6-O-TBDPS or 4-O-
DPM-6-O-Nap (DPM = diphenylmethyl) as in 1l or 1lm,
respectively, led practically exclusively to the 2-O-benzoylated
products 2j, 21, and 2m (in 82, 80, and 85% yield,
respectively). Such a result was also obtained when in 1j, the
anomeric O-methyl group was replaced by an allyl group as in
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Table 4. Different Thiourea Derivative-Catalyzed
Regioselective Benzoylation of 1n with BzCN as
Benzoylating Agents®

Ph Ph
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o catalyst o " o
HO% DCM HO% Bzogﬁ‘
HOOMe BzOpwme HOOMe
1n 2n 3n
entry catalyst temp (°C)  conc. (M) yield (%)" (2n/3n)°
1 Et;N -78 0.018 83 (1/3.0)
2 (8,9)-C11 -78 0.018 80 (2.3/1)
3 (8,5)-C12 -78 0.018 77 (2.6/1)
4 (8,5)-C13 -78 0.018 75 (3.9/1)
S (8,5)-C14 -78 0.018 70 (3.5/1)
6 (8,5)-C15 —78 0.018 75 (2.1/1)
7 (8,8)-C13 -78 0.07 77 (4.1/1)
8 (8,5)-C13 -78 0.47 80 (4.7/1)
9 (8,9)-C13 -78 0.57 82 (5.5/1)
10 (RR)-C11 -78 0.018 85 (1/3.3)
11 (R,R)-C13 —-78 0.018 76 (1/1.1)
12 (R,R)-C14 - 0.018 68 (1/1.2)
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“All reactions were performed with BzCN (1.1 equiv) and catalyst
(01 equiv) and 4 A molecular sieves at —78 °C in dry DCM.
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1k: only the 2-O-benzoylated product 2k was isolated in 84%
yield. Hence, (S,5)-C13 serves as an efficient chiral catalyst for
the transformation of quite an array of different a-b-
galactopyranosides with BzCN as the acylating agent into
their 2-O-benzoylated products.

The results in Table S are mostly in good agreement with
the proposed reaction course (see below). However,
introducing a sterically very demanding group at the anomeric
oxygen should enforce a regioselectivity change. Therefore,
DPM 4,6-O-benzylidene-a-p-galactopyranosides 1p and 1q
were prepared. Benzoylation of 1p and 1q with BzCN in the
presence of (S,5)-C13 as the catalyst led, in agreement with



Table S. (S,S)-C13-Catalyzed Regioselective Benzoylation
of 2,3-0-Unprotected a-p-Galactopyranoside™”

R0 OR® (S,S)-C13 R0 ORS
Q % 2,R?2=Bz, R®=H
HO DCM R°0

2 3,R2=H,R3=B
1HOOR1 78 °C R“OgR! ) ) z

&O MeO OMe BnO
gﬁ R%0
R’0dm R?0¢) R?04Mm RZOOMe
75% 78% 83% 82%
(2n/3n=3.911)  (20/30 =5.2/1) (2i/3i = 8.3/1) (2/3j > 20/1)
OTBDPS 0B
NapO ppmo ONEP "
o)
R%0A— 3 R3O )
R°00Mme R*00Me RZ00AII
80% 85% 84%
(2131 > 20/1) (2m/3m > 20/1) (2k/3k > 20/1)
0 oM
% MeO °
Q o]
R30 R3O 3
R?00DPM R“O0ppPM
76% 75%
(2p/3p = 1/8.8)° (29/3q = 1/2.4)

“All reactions were performed with BzCN (1.1 equiv) and catalyst
(5,5)-C13 (0.1 equiv) and 4 A molecular sieves at —78 °C in dry
DCM. The products were reported with isolation yield and the ratio
was determined by '"H NMR “When 0.1 equiv of Et;N was used as
the catalyst, exclusive 3p (2p:3p < 1:20) was obtained in 85% yield.

the mechanistic proposal, mainly to 3-O-benzoylated products
(2p/3p = 1:8.8, 76% yield; 2q/3q = 1:2.4, 75% yield).
Density Functional Theory Calculations and Mecha-
nistic Proposal. In order to understand the influence of the
chiral thiourea catalysts on the regioselectivity, density
functional theory (DFT) calculations on the DFT/M06-2X/
Def2TZVP/PCM(CH,Cl,)-level of theory were conducted for
substrate In (PCM = polarizable continuum model).*¥7*
Gibbs free energies are reported at —80 °C relative to the sum
of the Gibbs free energy of the starting compounds (AGs).c11
+ AGg, + AGy, = 0kJ/mol; AHsg).c1; + AHg, + AH;, = 0 kJ
mol ™). Catalyst (S,S)-C11 was selected to minimize the cost

of the calculation. The calculations focus on the possible
reaction intermediates and their relative energies.

Base-catalyzed benzoylation of alcohols is understood to
proceed via activation of BzCN by the base forming a reactive
intermediate, which is attacked by the hydroxyl group.”>*® The
reaction of (§,5)-C11 with BzCN depicted in Scheme 2
proceeds over a highly energetic transition state with AG = 144
kJ mol™". The product of this reaction is 94.0 k] mol™" higher
than the educts making this reaction highly unfavorable. We
found a rather peculiar intermediate, which is formed by the
release of the hydrogen cyanide and a benzoyl shift from the
dimethylamino group to the thiourea 3N or 1N atom, which is
exothermic in relation to the starting compounds by AG =
—10.3 kJ mol™ (3N) and AG = —3.7 k] mol™! (IN). We
found experimental proof for the existence of this compound
class, which is known in the literature,>”® although we were
not able to isolate the exact compound derived from base
(§,9)-C11.

Another possible path is shown in Scheme 3, starting with
the benzoylation at the thiourea S-atom. This reaction is

Scheme 3. Thermochemistry Data for the Reaction of BzZCN
with Catalyst (S,5)-C11 at the Thiocarbonyl Group
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Scheme 2. Thermochemistry Data for the Reaction of BzCN with the Dimethylamino Group of the Catalyst (S,S)-C11.
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Scheme 4. Calculated Thermochemistry Data for the Adduct Formation between the Catalyst (S,5)-C11 and Substrate 1n and

Subsequently with BzCN.
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endothermic again, albeit by only AG = 29.0 k] mol™". The
transition state on the other hand is comparable to the
transition state found for the benzoylation of the dimethyla-
mino N-atom. Both reactions are highly unfavorable. In order
to understand the reason for the endothermic nature of this
reaction, we investigated the reaction of trimethylamine with
BzCN and found a transition state for the benzoylation of
trimethylamine at AG = 112 kJ mol™". Most probably, the
strong covalent CC-bond between the carbonyl C-atom and
the cyanide C-atom is causing this difference as compared to
the benzoylation with the more ionic bound benzoyl chloride.

As direct activation of BzCN by the catalyst seems
energetically not feasible, a different reaction path was
considered starting with the association of catalyst (S,S)-C11
and diol 1n (see Scheme 4). All intermediates are exothermic
in relation to the starting compounds. Internal redundant
coordinate (IRC) scans (on the significantly smaller b3lyp/
def2svp-level>>* >~ of theory without solvation) reveal no
considerable transition states for the coordination of diol 1n to
the catalyst (S,S)-C11 [formation of C11-1n(3N-20) and
C11-1n(3N-30)] and the formation of the strong hydrogen-
bridging interaction of the respective OH-proton to the
dimethylamino N-atom [C11-1n(Me,N-20) and Cl11-
1n(Me,N-30)], respectively (see Figure S2 in the Supporting
Information). The last step, the formation of C11-1n(Me,N-
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AH = -66,5 kJ/mol
AG = -62,6 kJ/mol
2n

20)-BzCN and C11-1n(Me,N-30)-BzCN, is not a transition
state but an intermediate due to the formation of another
hydrogen bond from the cyanide N-atom to one of the acidic
protons of the Cl1-1n-adducts. The reactions to the
intermediates are best described as conformational rearrange-
ments of the H-bonding motive.

The size of the system is prohibitive for the calculation of
transition states; they are however accessible via the IRC scans.
Such an IRC scan for 2-O-benzoylation (see Figure S3 of the
Supporting Information) shows a significantly reduced
activation energy of 75 kJ mol™" [self-consistent field (SCF)
energy] and of course an exothermic reaction, while the 3-O-
benzoylation activation energy is still a little bit higher (110 k]
mol ™' SCF energy). These energies are of course not reliable
enough for interpretation, but the structural differences
between the two structures (see Figure 1) can help in the
discussion of the reaction outcome, especially as they coincide
with the structural differences in the respective minima C11-
1n(Me,N-20)-BzCN and C11-1n(Me,N-30)-BzCN.

In the case of C11-1n(Me,N-30)-BzCN, the benzene ring
of the benzylidene functionality points toward the dimethyla-
mino function causing significant steric strain (this is difficult
to see in the 2D drawn structure, therefore the xyz-coordinates
are included in the Supporting Information for closer
inspection). In consequence, the Me,N---H-30 contact is
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Figure 1. 2-D drawing of the structures obtained at the maxima of the
IRC scans in Figure S2 of the Supporting Information. C11-
1n(Me,N-20)-BzCN¥ (left) and C11-1n(Me,N-30)—BzCN¥
(right).

2.010 A (1.866 A for C11-1n(Me,N-30)-BzCN¥), while the
Me,N---H-20 contact is b%l far lower (1.766 and 1,589 A in
C11-1n(Me,N-20)-BzCN¥) resulting in a stronger activation
of the 2-O-oxygen atom.

On the other hand, an interaction of the 3-OH proton with
the cyanide N-atom can be observed in the case of Cl1-
1n(Me,N-20)-BzCN¥ (2.845 A), while it is not present in the
minimum C11-1n(Me,N-20)-BzCN because the closer
Me,N---H-20 contact leads to a shielding of this proton. For
C11-1n(Me,N-30)-BzCN, a clear interaction between the
thiourea 3N-H proton and the cyanide N-atom [2.309 and
2214 A C11-1n(Me,N-30)-BzCN¥] is found. Both inter-
actions weaken the strong (O=)C:-CN-bond, increase the
leaving group abilities of the cyanide, and reduce the energy of
the transition state, making the reaction energetically feasible.

B DISCUSSION

Highly regioselective benzoylation of 1,2-trans-diols possessing
one axial oxy group is reliably reached with BzCN as the
acylating agent and an amine base as the catalyst at low
temperatures. The operative axial oxy group effect favors
mono-O-benzoylation of 2,3-O-unprotected $-galacto- and a-
glucopyranosides and of 3,4-O-unprotected mannopyranosides
next to the axial group. The relative reaction rates found for
cis—trans-triols and -tetrols (see, Scheme 1b) display that the
axial oxy group effect is stronger than the cyanide effect. With
this additional information, the regioselectivity rules can be
reliably extended to the frequently occurring cis—trans-triol and
-tetrol moieties in glycopyranosides.

Differentiation of 1,2-trans-diols, where each hydroxy group
is vicinal to an axial oxy group, that is, each of these
pseudohomotopic groups is activated by an axial oxy group
effect, is reached with the help of chiral amine bases as the
catalyst. This way, 2,3-O-unprotected a-galactopyranosides can
be regioselectively protected at wish at the 2-O or the 3-O. The
preferred steric interaction between the substrate and the chiral
thiourea-based catalyst (S,S)-C11 is investigated by DFT
calculations, which are in agreement with the experimental
findings. There is a strong H-bond interaction between
substrate 1n and catalyst (S,S)-C11, where one hydroxyl
group is bound to the thiourea NH and the other finally to the
dimethylamino group [intermediates C11-1n(3N-20) and
C11-1n(3N-30)]. Addition of BzCN favors for activation of
3-O-benzoylation a transition state with a H-bond from the 3-
NH to the cyanide-N and for activation of 2-O-benzoylation a
transition state with a H-bond from the 3-OH to the cyanide-
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N, which is in addition supported by a H-bond from the quite
acidic 1-NH to the 3-O of 1n. This way, concomitant BzCN
and OH group activation, in order to ease O-benzoylation, are
reached with a preference for 2-O-benzoylation.

The use of the “axial oxy group effect” in combination with
the previously introduced “cyanide effect” and their relative
strength allow for the regioselective access to a wide variety of
valuable intermediates. Thus, this protocol provides the
desired reliable rules for the regioselective protection of
carbohydrates possessing vicinal cis- and trans-diol, cis—trans-
triol, and -tetrol structures that are the constituents of common
glycopyranosides.

B COMPUTATIONAL DETAILS

The ground-state electronic structures were calculated by DFT
methods using the Gaussian 16 program packages.*® Geometry
optimization followed by vibrational analysis was performed in
solvent media. Solvent effects were described by the PCM with
standard parameters for DCM.* Def2SVP polarized double-
zeta-basis sets” for all atoms together with the B3LYP
exchange and correlation functional (b3lyp)*"~®* were
employed for preliminary geometry optimizations and IRC
scans. Def2TZVP polarized triple-zeta-basis sets’>>® for all
atoms together with the M06-2X basis set were employed for
final geometry optimizations and for thermochemistry data.”*
The GaussSum program package was used to analyze the
results,”® while the visualization of the results was performed
with the Avogadro program package.®*® Graphical represen-
tations of molecular orbitals were generated with the help of
GNU parallel*® and plotted usin§ the vind program package®’
in combination with POV-Ray.®

B ASSOCIATED CONTENT

Detailed experimental procedures, preparation and
characterization of the chiral catalysts, optimization of
the reaction conditions, preparation and characterization
of products, and the DFT calculated structures (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Richard R. Schmidt — Department of Chemistry, University of
Konstanz, Konstanz D-78457, Germany; © orcid.org/0000-
0001-6398-9053; Email: richard.schmidt@uni-konstanz.de

Peng Peng — National Glycoengineering Research Center,
Shandong Provincial Key Laboratory of Carbohydrate
Chemistry and Glycobiology and Key Laboratory of Chemical
Biology of Ministry of Education, School of Pharmaceutical
Sciences, Shandong University, Jinan City, Shandong 250012,
China; © orcid.org/0000-0003-4625-6610;
Email: pengpeng@sdu.edu.cn

Authors
Tianlu Li — National Glycoengineering Research Center,
Shandong Provincial Key Laboratory of Carbohydrate
Chemistry and Glycobiology and Key Laboratory of Chemical
Biology of Ministry of Education, School of Pharmaceutical
Sciences, Shandong University, Jinan City, Shandong 250012,
China; ® orcid.org/0000-0002-0674-3687



Tong Li — National Glycoengineering Research Center, Shandong
Provincial Key Laboratory of Carbohydrate Chemistry and
Glycobiology, Shandong University, Jinan City, Shandong
250012, China

Michael Linseis — Department of Chemistry, University of
Konstanz, Konstanz D-78457, Germany

Fengshan Wang — National Glycoengineering Research Center,
Shandong Provincial Key Laboratory of Carbohydrate
Chemistry and Glycobiology and Key Laboratory of Chemical
Biology of Ministry of Education, School of Pharmaceutical
Sciences, Shandong University, Jinan City, Shandong 250012,
China

Rainer F. Winter — Department of Chemistry, University of
Konstanz, Konstanz D-78457, Germany; ® orcid.org/0000-
0001-8381-0647

Author Contributions

Tianlu Li, Tong Li, and M.L. contributed equally. All authors
contributed to discussions. The manuscript was written
through the contributions of all authors. All authors have
given approval to the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the National Key
Research and Development Program of China
(2018YFA0902000), the National Natural Science Foundation
of China (grant nos. 21977063, 21907056, and 21702125), the
Department of Science and Technology of Shandong Province
(GG201809110268), and Qilu youth project of Shandong
University. The authors acknowledge the support by the state
of Baden-Wiirttemberg through bwHPC and the German
Research Foundation (DFG) through grant no INST 40/467-
1 FUGG (JUSTUS cluster). The authors acknowledge support
by the state of Baden-Wiirttemberg through bwHPC and the
German Research Foundation (DFG) through grant no INST
40/575-1 FUGG (JUSTUS 2 cluster). Dedicated to Professor
Horst Kunz on the occasion of his 80th birthday.

B REFERENCES

(1) Wang, C.-C; Lee, J.-C.; Luo, S.-Y.; Kulkarni, S. S.; Huang, Y.-W;
Lee, C.-C; Chang, K-L; Hung, S.-C. Regioselective One-pot
Protection of Carbohydrates. Nature 2007, 446, 896—899.

(2) Kulkarni, S. S.; Wang, C.-C.; Sabbavarapu, N. M.; Podilapu, A.
R.; Liao, P.-H.; Hung, S.-C. “One-Pot” Protection, Glycosylation, and
Protection—Glycosylation Strategies of Carbohydrates. Chem. Rev.
2018, 118, 8025—8104.

(3) Witschi, M. A,; Gervay-Hague, J. Selective Acetylation of per-O-
TMS-Protected Monosaccharides. Org. Lett. 2010, 12, 4312—4315.

(4) Frangais, A.; Urban, D.; Beau, J.-M. Tandem Catalysis for a One-
Pot Regioselective Protection of Carbohydrates: The Example of
Glucose. Angew. Chem., Int. Ed. 2007, 46, 8662—8665.

(5) Zhu, X; Schmidt, R. R. New Principles for Glycoside-Bond
Formation. Angew. Chem., Int. Ed. 2009, 48, 1900—1934.

(6) Boltje, T. J; Buskas, T.; Boons, G.]. Opportunities and
Challenges in Synthetic Oligosaccharide and Glycoconjugate
Research. Nat. Chem. 2009, 1, 611—622.

(7) Dimakos, V.; Taylor, M. S. Site-Selective Functionalization of
Hydroxyl Groups in Carbohydrate Derivatives. Chem. Rev. 2018, 118,
11457-11517.

11414

(8) Vidal, S. Protecting Groups: Strategies and Applications in
Carbohydrate Chemistry; Wiley-VCH: Weinheim, 2019.

(9) Wang, T.; Demchenko, A. V. Synthesis of Carbohydrate Building
Blocks via Regioselective Uniform Protection/Deprotection Strat-
egies. Org. Biomol. Chem. 2019, 17, 4934—4950.

(10) Haines, A. H. Relative Reactivities of Hydroxyl Groups in
Carbohydrates; Tipson, R. S, Horton, D., Eds; Advances in
Carbohydrates, Chemistry and Biochemistry; Academic Press, 1976;
Vol. 33, pp 11-109.

(11) Bordwell, F. G. Equilibrium Acidities in Dimethyl Sulfoxide
Solution. Acc. Chem. Res. 1988, 21, 456—463.

(12) Abbas, S. A.; Haines, A. H. Benzoyl Cyanide as a Selective
Acylating Agent. Carbohydr. Res. 1975, 39, 358—363.

(13) Ross, A. J.; Ivanova, L. A.; Ferguson, M. A. J.; Nikolaev, A. V.
Parasite Glycoconjugates. Part 11.1 Preparation of Phosphodisac-
charide Synthetic Probes, Substrate Analogues for the Elongating a-
D-Mannopyranosylphosphate Transferase in the Leishmania. J. Chem.
Soc., Perkin Trans. 1 2001, 72—81.

(14) Paulsen, H.; Paal, M.; Schultz, M. Syntheseblock 3-D-Gal (1—
3)-D-GalNAc zur Selektiv-simultanen Ankniipfung an Peptide zu O-
glycopeptiden. Tetrahedron Lett. 1983, 24, 1759—1762.

(15) Lay, L.; Windmiiller, R;; Reinhardt, S.; Schmidt, R. R. A Simple
Access to Lactose-derived Building Blocks Required in Glycoconju-
gate Synthesis. Carbohydr. Res. 1997, 303, 39—49.

(16) Jacquinet, J.-C. An Expeditious Preparation of Various
Sulfoforms of the Disaccharide -D-Galp-(1 — 3)-D-Galp, a Partial
Structure of the Linkage Region of Proteoglycans, as their 4-
Methoxyphenyl -D-Glycosides. Carbohydr. Res. 2004, 339, 349—359.

(17) Matsushita, T.; Sati, G. C.; Kondasinghe, N.; Pirrone, M. G.;
Kato, T.; Waduge, P.; Kumar, H. S; Sanchon, A. C; Dobosz-
Bartoszek, M.; Shcherbakov, D.; Juhas, M.; Hobbie, S. N.; Schrepfer,
T.; Chow, C. S; Polikanov, Y. S.; Schacht, J.; Vasella, A.; Bottger, E.
C.; Crich, D. Design, Multigram Synthesis, and in Vitro and in Vivo
Evaluation of Propylamycin: A Semisynthetic 4,5-Deoxystreptamine
Class Aminoglycoside for the Treatment of Drug-Resistant Enter-
obacteriaceae and Other Gram-Negative Pathogens. J. Am. Chem. Soc.
2019, 141, S051-5061.

(18) Peng, P.; Linseis, M.; Winter, R. F.; Schmidt, R. R.
Regioselective Acylation of Diols and Triols: The Cyanide Effect. J.
Am. Chem. Soc. 2016, 138, 6002—6009.

(19) Li, T,; Li, T.; Cui, T.; Sun, Y.; Wang, F.; Cao, H.; Schmidt, R.
R.; Peng, P. Regioselective One-Pot Benzoylation of Triol and Tetraol
Arrays in Carbohydrates. Org. Lett. 2018, 20, 3862—3865.

(20) Gangadharmath, U. B.; Demchenko, A. V. Nickel(II) Chloride-
Mediated Regioselective Benzylation and Benzoylation of Die-
quatorial Vicinal Diols. Synlett 2004, 2191—2193.

(21) Deng, S.; Chang, C.-W. T. Cesium Trifluoroacetate or Silver
Oxide Mediated Acyl Migration for the Construction of Disaccharide
Building Blocks. Synlett 2006, 37, 0756—0760.

(22) Kumar, A,; Geng, Y.; Schmidt, R. R. Intramolecular
Glycosidation by Click Reaction Mediated Spacer Generation
Followed by Spacer Cleavage. Eur. J. Org. Chem. 2012, 6846—6851.

(23) Osborn, H. M. L; Brome, V. A.; Harwood, L. M,; Suthers, W.
G. Regioselective C-3-O-Acylation and O-Methylation of 4,6-O-
Benzylidene-f-D-Gluco- and Galactopyranosides Displaying a Range
of Anomeric Substituents. Carbohydr. Res. 2001, 332, 157—166.

(24) Bo, R.; Meiyan, W,; Jingyao, L.; Jiantao, G.; Hai, D. Enhanced
Basicity of Ag2O by Coordination to Soft Anions. ChemCatChem
2015, 7, 761—765.

(25) Jiang, L.; Chan, T.-H. Regioselective Acylation of Hexopyrano-
sides with Pivaloyl Chloride. J. Org. Chem. 1998, 63, 6035—6038.

(26) Peng, P.; Schmidt, R. R. Acid—Base Catalysis in Glycosidations:
A Nature Derived Alternative to the Generally Employed Method-
ology. Acc. Chem. Res. 2017, 50, 1171—1183.

(27) Hu, G Vasella, A. Regioselective Benzoylation of 6-O-
Protected and 4,6-O-Diprotected Hexopyranosides as Promoted by
Chiral and Achiral Ditertiary 1,2-Diamines. Helv. Chim. Acta 2002, 85,
4369—4391.



(28) Griswold, K. S.; Miller, S. J. A Peptide-based Catalyst Approach
to Regioselective Functionalization of Carbohydrates. Tetrahedron
2003, 59, 8869—8875.

(29) Allen, C. L.; Miller, S. J. Chiral Copper(Il) Complex-Catalyzed
Reactions of Partially Protected Carbohydrates. Org. Lett. 2013, 15,
6178—6181.

(30) Sun, K; Lee, H.; Lee, S.; Tan, K. L. Catalyst Recognition of cis-
1,2-Diols Enables Site-selective Functionalization of Complex
Molecules. Nat. Chem. 2013, 273, 790—795.

(31) Kawabata, T.; Muramatsu, W.; Nishio, T.; Shibata, T.; Schedel,
H. A Catalytic One-Step Process for the Chemo- and Regioselective
Acylation of Monosaccharides. J. Am. Chem. Soc. 2007, 129, 12890—
1289s.

(32) Chen, I-H; Kou, K. G. M; Le, D. N.; Rathbun, C. M.; Dong,
V. M. Recognition and Site-Selective Transformation of Mono-
saccharides by Using Copper(II) Catalysis. Chem.—Eur. . 2014, 20,
5013-5018.

(33) Xiao, G.; Cintron-Rosado, G. A.; Glazier, D. A.; Xi, B.-m.; Liu,
C; Liu, P; Tang, W. Catalytic Site-Selective Acylation of
Carbohydrates Directed by Cation—n Interaction. J. Am. Chem. Soc.
2017, 139, 4346—4349.

(34) Wang, H.-Y,; Blaszczyk, S. A,; Xiao, G.; Tang, W. Chiral
Reagents in Glycosylation and Modification of Carbohydrates. Chem.
Soc. Rev. 2018, 47, 681—701.

(35) Lu, X;; Deng, L. Hydrogen Bonding-Mediated Cooperative
Organocatalysis by Modified Cinchona Alkaloids. In Cooperative
Catalysis; Peters, R., Ed.; Wiley-VCH: Weinheim, 2015; pp 145—170.

(36) Doyle, A. G.; Jacobsen, E. N. Small-Molecule H-Bond Donors
in Asymmetric Catalysis. Chem. Rev. 2007, 107, 5713—5743.

(37) Balmond, E. L; Coe, D. M.; Galan, M. C.; McGarrigle, E. M. a-
Selective Organocatalytic Synthesis of 2-Deoxygalactosides. Angew.
Chem., Int. Ed. 2012, 51, 9152—9158S.

(38) Geng, Y.; Kumar, A.; Faidallah, H. M.; Albar, H. A.; Mhkalid, L.
A.; Schmidt, R. R. Cooperative Catalysis in Glycosidation Reactions
with O-Glycosyl Trichloroacetimidates as Glycosyl Donors. Angew.
Chem,, Int. Ed. 2013, 52, 10089—10092.

(39) Peng, P.; Geng, Y.; Gottker-Schnetmann, L; Schmidt, R. R. 2-
Nitro-thioglycosides: a- and f-Selective Generation and Their
Potential as f-Selective Glycosyl Donors. Org. Lett. 2015, 17,
1421-1424.

(40) Kimura, T.; Eto, T.; Takahashi, D.; Toshima, K. Stereo-
controlled Photoinduced Glycosylation Using an Aryl Thiourea as an
Organo Photoacid. Org. Lett. 2016, 18, 3190—3193.

(41) Sun, L; Wu, X; Xiong, D.-C; Ye, X.-S. Stereoselective
Koenigs—Knorr Glycosylation Catalyzed by Urea. Angew. Chem., Int.
Ed. 2016, 55, 8041—8044.

(42) Medina, S.; Harper, M. J; Balmond, E. L; Miranda, S;
Crisenza, G. E. M,; Coe, D. M,; McGarrigle, E. M.; Galan, M. C.
Stereoselective Glycosylation of 2-Nitrogalactals Catalyzed by a
Bifunctional Organocatalyst. Org. Lett. 2016, 18, 4222—4225.

(43) Park, Y.; Harper, K. C.; Kuhl, N;; Kwan, E. E; Liu, R. Y;
Jacobsen, E. N. Macrocyclic Bis-thioureas Catalyze Stereospecific
Glycosylation Reactions. Science 2017, 355, 162—166.

(44) Levi, S. M.; Li, Q; Rotheli, A. R; Jacobsen, E. N. Catalytic
Activation of Glycosyl Phosphates for Stereoselective Coupling
Reactions. Proc. Natl. Acad. Sci. US.A. 2019, 116, 35—39.

(45) Kobayashi, Y.; Nakatsuji, Y.; Li, S.; Tsuzuki, S.; Takemoto, Y.
Direct N-Glycofunctionalization of Amides with Glycosyl Trichlor-
oacetimidate by Thiourea/Halogen Bond Donor Co-Catalysis. Angew.
Chem, Int. Ed. 2018, 57, 3646—3650.

(46) Xu, C.; Loh, C. C. J. An Ultra-low Thiourea Catalyzed Strain-
release Glycosylation and a Multicatalytic Diversification Strategy.
Nat. Commun. 2018, 9, 4057.

(47) De, C. K;; Seidel, D. Catalytic Enantioselective Desymmetriza-
tion of meso-Diamines: A Dual Small-Molecule Catalysis Approach. J.
Am. Chem. Soc. 2011, 133, 14538—14541.

(48) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J;

11415

Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F; Sonnenberg, J. L.; Williams-Young, D.; Ding, F,;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T;
Throssell, K; Montgomery, J. A, Jr; Peralta, J. E,; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N,; Keith, T. A,; Kobayashi, R.;; Normand, J; Raghavachari, K;
Rendell, A. P,; Burant, J. C,; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, Rev. C.01: Wallingford, CT, 2016.

(49) Cossi, M,; Rega, N.; Scalmani, G.; Barone, V. Energies,
Structures, and Electronic Properties of Molecules in Solution with
the C-PCM Solvation Model. J. Comput. Chem. 2003, 24, 669—681.

(50) Dolg, M; Stoll, H.; Preuss, H. Energy-adjusted Ab Initio
Pseudopotentials for the Rare Earth Elements. . Chem. Phys. 1989,
90, 1730—1734.

(51) Andrae, D.; HauBermann, U.; Dolg, M,; Stoll, H.; Preuf, H.
Energy-adjusted Ab Initio Pseudopotentials for the Second and Third
Row Transition Elements. Theor. Chim. Acta 1990, 77, 123—141.

(52) Weigend, F. Accurate Coulomb-fitting Basis Sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057—1065.

(53) Weigend, F.; Ahlrichs, R. 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,
3297-3308.

(54) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four MO06-class
Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120,
215-241.

(55) Steglich, W.; Hofle, G. N,N-Dimethyl-4-pyridinamine, a Very
Effective Acylation Catalyst. Angew. Chem., Int. Ed. 1969, 8, 981.

(56) Hofle, G.; Steglich, W.; Vorbriiggen, H. 4-Dialkylaminopyr-
idines as Highly Active Acylation Catalysts. [New synthetic method
(25)]. Angew. Chem., Int. Ed. 1978, 17, 569—583.

(57) Kavalek, J.; Jirman, J.; Machacek, V.; Stérba, V. An Anomalous
Effect of Methyl Group on Acidity of Acylthioureas. Collect. Czech.
Chem. Commun. 1987, 52, 1992—1998.

(58) Brown, B.; Phillips, J. Structure of 1-Acyl-2-alkyl-2-thiopseu-
doureas. Aust. J. Chem. 1970, 23, 553—559.

(59) Becke, A. D. Density-functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(60) 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.

(61) Vosko, S. H.,; Wilk, L.; Nusair, M. Accurate Spin-dependent
Electron Liquid Correlation Energies for Local Spin Density
Calculations: a Critical Analysis. Can. J. Phys. 1980, 58, 1200—1211.

(62) 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.

(63) O’boyle, N. M.; Tenderholt, A. L.; Langner, K. M. cclib: A
Library for Package-Independent Computational Chemistry Algo-
rithms. J. Comput. Chem. 2008, 29, 839—845.

(64) Avogadro: An Open-Source Molecular Builder and Visualization
Tool. 2016 Version 1.2.0. http://avogadro.cc/.

(65) Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T;
Zurek, E; Hutchison, G. R. Avogadro: an Advanced Semantic
Chemical Editor,Visualization, and Analysis Platform. J. Cheminf.
2012, 4, 17.

(66) Tange, O. GNU Parallel: The Command-Line Power Tool.
USENIX Mag. 2011, 36, 42—47.

(67) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14, 33—38.



(68) Persistence of Vision Pty. Ltd. Persistence of Vision Raytracer,
(Version 3.7) [Computer software], 2004, Retrieved from http://
www.povray.org/download/.

B NOTE ADDED AFTER ASAP PUBLICATION

This paper was originally published ASAP on September 20,
2020. Due to a production error, there was a mistake in the
catalysts of entries 10—12 of Table 4. The corrected version
was reposted on September 22, 2020.
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