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The crystal structure of methyl 6-O-benzyl-2-deoxy-2-dimethylmaleimido-a-D-allopyranoside was
solved in order to gain insight into the hydrogen bond features which can be determining features in
the glycosylation regioselectivity observed for this compound. An intramolecular hydrogen bond
between the hydroxyl H(O)3 and a carbonyl oxygen from the dimethylmaleoyl (DMM) group was
observed. This was in agreement with previous NMR temperature shift determinations and molecular
modeling. The determination has also found an intermolecular hydrogen bond between the second
hydroxyl H(O)4 and the other carbonyl oxygen (generated by symmetry) from DMM. The crystal struc-
ture was optimized by five different functionals, namely the hybrid methods B3LYP, M06-2X, B3PW91,
and PBE0, and the pure functional PBE, and the optimized geometries were compared with the crystal
geometry and with MM3. An excellent coincidence of the geometries was found with the five quantum
methods, with minor details deviating from this coincidence. PBE tends to yield larger bond distances,
whereas M06-2X fails slightly to match the exocyclic torsion angles for the sugar moiety. In any case,
the differences are small, implying that any of these functionals can accurately emulate the geometries
of a complex carbohydrate derivative like this one.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The crucial role of oligosaccharides and derivatives in biological
processes has generated a large pressure to synthesize reliably and
easily many different carbohydrate oligomers.1 Thus, glycosylation
reactions have drawn much attention from the scientific commu-
nity, and their stereo- and regio-chemical details, often difficult
to predict, were attempted to be rationalized.2–11 In a previous
work,9 we have shown that N-dimethylmaleoyl protected (DMM)
D-glucosamine derivatives 1a, 1b, 1c and 2a, 2b, 2c, react with
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the disarmed glycosyl donors 3 and 4 giving preferential substitu-
tion at O3 for the a-glucosides, and mainly O4 substitution for the
b-anomers. These results were assessed trying to systematize the
influence of the configuration of the anomeric carbons and the ef-
fect of the protecting groups on O6 on the relative reactivity. Ini-
tially these regioselectivities were rationalized using DFT
calculations, which showed that intramolecular H-bonds of
H(O)3 with the carbonyl oxygen in DMM for the a-anomer and
the H(O)4 with O6 for the b-anomer, could activate their oxygens
by increasing their nucleophilicity.10
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More recently, however, temperature dependent NMR experi-
ments in DMSO-d6 solution carried out on the acceptors 1a, 1b,
2a, and 2b indicated only weak intramolecular hydrogen bonds
for their hydroxyl groups.11 Also, through a series of competition
glycosylation experiments of the isomeric acceptors 5, 6, 7, and 8
under standard glycosylation reaction conditions with donor 3,
we established that their reactivities were in the order 7 >> 5 > 8
> 6, suggesting that a strong intramolecular hydrogen bond is the
main requisite to explain the observed trend, and is more important
than the axial conformation of the most reactive hydroxyl group.12
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Table 1
Crystal data and structure refinement for 10 (6-O-benzyl-2-deoxy-2-dimethylma-
leimido-a-D-allopyranoside)

Empirical formula C20H25NO7

Formula weight 391.41
Temperature (K) 100 K
Wavelength (Å) 1.54178 Å
Crystal system, space group Orthorhombic, P212121

Unit cell dimensions a = 10.0296 (4) Å; b = 11.9099 (4) Å;
c = 15.9877 (5) Å

Volume (Å3) 1909.76 (12) Å3

Z, calculated density 4; 1.361
Absorption coefficient 0.86 mm�1

F (000) 832
Crystal size (mm) 0.49 � 0.44 � 0.21 mm
H Range for data collection 4.63; 71.26
Limiting indices �12 � h � 11; �14 � k � 13;

�18 � l � 19
Reflections collected 16,476
Reflections unique 3388
Completeness to h = 67.7� 97.8%
Maximum and minimum

transmission
Tmin = 0.679, Tmax = 0.838

2

We have established that the hydroxyl proton in the most reac-
tive acceptor 7 participates in a strong H-bond by a study of NMR
temperature shifts in DMSO-d6 solution, and that this bond persists
in CDCl3 solution. There are several possible hydrogen acceptors in
7, such as O1, which would give a classical 1,3-diaxial interaction,
or O4, which would lead to an axial/equatorial cis 1,2 hydroxy-
ether interaction. However, we attributed the H(O)3 bond to the
interaction with the CO group of the DMM moiety, on the basis
of the lack of hydrogen bonding evidenced for 9 (missing a DMM
group) with an NMR Dd/DT value of –5.3 ppb/K. Furthermore,
quantum mechanical calculations of a simplified analog of 7 con-
firmed our attribution.12
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To gain further insight into the structure of these and related N-
dimethylmaleoyl protected hexosamine derivatives, we undertook
an X-ray crystal analysis of methyl 6-O-benzyl-2-deoxy-2-dim-
ethylmaleimido-a-D-allopyranoside (10) recently synthesized in
our lab.11 We selected this compound because it was a key accep-
tor that allowed us to show that the regioselectivity might be dri-
ven by the stabilities of the charged glycosylation reaction
intermediates. Furthermore, it carries two OH groups which, on
the basis of our observations of the NMR spectra at different tem-
peratures in DMSO-d6 solution, should show a strong intramolecu-
lar H-bond for H(O)3 (�3.5 ppb/K, d = 5.36 in CDCl3) and a weak
one, if at all, for H(O)4 (�7.1 ppb/K, d = 2.76 in CDCl3).11 The crystal
structure was submitted to DFT optimizations with several differ-
ent functionals reported to have been used for carbohydrates, and
their performances are compared against the crystalline structure.
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Refinement method Full-matrix least-squares on F
Data/restraints/parameters 3388/0/259
Goodness of fit on F2 1.07
Final R indices R[F2 >2r(F2)] = 0.028; wR(F2) = 0.074
Absolute structure parameter 0.02 (13)
Largest difference in peak and hole

(e Å�3)
Dqmax = 0.20 e Å�3;
Dqmin = �0.16 e Å�3
2. Methods

2.1. X-ray crystallography

Compound 10 (6-O-benzyl-2-deoxy-2-dimethylmaleimido-
a-D-allopyranoside) was synthesized as shown elsewhere.11 A
single crystal (colorless plate, 0.49 � 0.44 � 0.21 mm in size) suit-
able for data collection was mounted on a Cryoloop using Par-
atone-N, and data were collected on a Bruker SMART ApexII
area-detector diffractometer at 100 K.13,14 The structure was
solved using SHELXTL V5.10,15 SADABS absorption correction was
applied,16 and the determination of the absolute configuration
was made as reported by Flack.17 The radiation source was CuKa,
and 16476 reflections were measured. The particulars of the data
collection, solution of the structure, and the refinement are given
in Table 1, and can be found in the supplemental data (see below).
All H atoms for 10 were found in electron density difference maps.
The positions of the two hydroxyl Hs were allowed to vary, but
their temperature factors were fixed at Uiso (H) = 1.5 Ueq (O). The
methyl H atoms were put in ideally staggered positions with C–H
distances of 0.98 Å and Uiso (H) = 1.5 Ueq (C). The methylene,
methine, and phenyl hydrogens were placed in geometrically ide-
alized positions and constrained to ride on their parent C atoms
with C–H distances of 0.99, 1.00, and 0.95 Å, respectively, and Uiso

(H) = 1.2 Ueq (C).

2.2. Calculations

Quantum mechanical (DFT) calculations were carried out using
Gaussian 09 W (Rev. B.01)18 with the basis set 6–31+G(d,p) and
standard termination conditions, using the crystal structure as
starting point for the first optimization, and the B3LYP optimum
geometry for the remaining optimizations. Different functionals
were used, namely the hybrid functionals B3LYP,19,20 B3PW91,20,21

M06-2X,22 PBE023–25 (also called PBEh, or PBE1PBE), and the pure
density functional (generalized gradient approximation) PBE.23 A
small deviation was encountered for the phenyl group with some



Figure 1. Atom numbering for compound 10 (6-O-benzyl-2-deoxy-2-dimethylma-
leimido-a-D-allopyranoside). The ellipsoids indicate the regions within which the
probability of finding the nuclei is 30%.

Table 2
Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (Å2)

x y z Uiso
*/Ueq

O1 0.57911 (10) 0.59104 (8) 0.04968 (5) 0.0174 (2)
O3 0.56029 (10) 0.79001 (9) �0.06066 (6) 0.0181 (2)
H(O)3 0.5867 (19) 0.7341 (17) �0.0906 (12) 0.027*

O4 0.42996 (11) 0.96080 (8) 0.01424 (6) 0.0198 (2)
H(O)4 0.513 (2) 0.9609 (16) 0.0062 (12) 0.030*

O5 0.41786 (10) 0.69035 (8) 0.12684 (6) 0.0171 (2)
O6 0.50907 (11) 0.83289 (9) 0.25841 (6) 0.0194 (2)
C1 0.44365 (14) 0.61193 (12) 0.06253 (8) 0.0160 (3)
H1 0.3998 0.5394 0.0780 0.019*

C2 0.38168 (13) 0.65327 (11) �0.01959 (8) 0.0154 (3)
H2 0.2839 0.6581 �0.0080 0.019*

C3 0.42314 (14) 0.77286 (12) �0.04304 (8) 0.0160 (3)
H3 0.3690 0.7984 �0.0920 0.019*

C4 0.39286 (14) 0.84847 (12) 0.03202 (8) 0.0170 (3)
H4 0.2947 0.8464 0.0428 0.020*

C5 0.46489 (14) 0.80215 (12) 0.10935 (8) 0.0167 (3)
H5 0.5631 0.8002 0.0986 0.020*

C6 0.43711 (15) 0.87192 (12) 0.18692 (9) 0.0194 (3)
H6a 0.4618 0.9510 0.1757 0.023*

H6b 0.3404 0.8697 0.1992 0.023*

C7 0.63931 (15) 0.53248 (13) 0.11797 (9) 0.0229 (3)
H7a 0.6372 0.5799 0.1680 0.034*

H7b 0.7320 0.5145 0.1040 0.034*

H7c 0.5900 0.4629 0.1287 0.034*

C00A 0.64039 (15) 0.87601 (13) 0.26195 (9) 0.0208 (3)
HA00a 0.6371 0.9585 0.2695 0.025*

HA00b 0.6869 0.8601 0.2086 0.025*

N2 0.39429 (11) 0.56873 (10) �0.08599 (7) 0.0160 (3)
O20 0.59673 (10) 0.60469 (9) �0.15291 (6) 0.0228 (2)
O50 0.19590 (10) 0.47926 (9) �0.05569 (6) 0.0211 (2)
C20 0.49823 (14) 0.54699 (12) �0.14126 (8) 0.0168 (3)
C30 0.46491 (15) 0.44076 (12) �0.18662 (8) 0.0186 (3)
C40 0.34778 (15) 0.40327 (13) �0.15926 (8) 0.0187 (3)
C50 0.29897 (14) 0.48340 (12) �0.09431 (8) 0.0161 (3)
C60 0.55691 (16) 0.39520 (14) �0.25151 (9) 0.0242 (3)
H60a 0.5243 0.3219 �0.2705 0.036*

H60b 0.6463 0.3866 �0.2276 0.036*

H60c 0.5606 0.4471 �0.2990 0.036*

C70 0.26891 (16) 0.30240 (14) �0.18345 (10) 0.0259 (3)
H70a 0.1896 0.3259 �0.2147 0.039*

H70b 0.2416 0.2617 �0.1330 0.039*

H70c 0.3237 0.2532 �0.2186 0.039*

C100 0.71655 (16) 0.82376 (13) 0.33336 (9) 0.0202 (3)
C200 0.67269 (15) 0.72830 (13) 0.37498 (10) 0.0235 (3)
H200 0.5886 0.6966 0.3612 0.028*

C300 0.75084 (17) 0.67871 (14) 0.43657 (10) 0.0278 (4)
H300 0.7199 0.6135 0.4647 0.033*

C400 0.87367 (16) 0.72427 (14) 0.45697 (9) 0.0255 (3)
H400 0.9276 0.6897 0.4985 0.031*

C500 0.91785 (16) 0.82054 (13) 0.41657 (9) 0.0243 (3)
H500 1.0018 0.8524 0.4305 0.029*

C600 0.83866 (16) 0.86995 (13) 0.35574 (9) 0.0219 (3)
H600 0.8684 0.9365 0.3289 0.026*

* The temperature factors for H(O)3 and H(O)4 were fixed at Uiso (H) = 1.5 Ueq O3
and O4. The methyl H atoms’ temperature factors were calculated: Uiso (H) = 1.5 Ueq

(C). The methylene, methine, and phenyl hydrogens’ temperature factors were all
determined: Uiso (H) = 1.2 Ueq (C).
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of the functionals, thus two different phenyl group conformations
were used as starting points for all the quantum mechanical simu-
lations. Molecular mechanics calculations were carried out with
MM3(92),26 modified with sugar parameters as shown elsewhere.27

The parameters for the dimethylmaleoyl group were adapted from
later versions of MM3, from the Tinker parameters,27 or from
extrapolation of parameters for similar atom groups.

2.3. Nomenclature

The numbering scheme of the atoms of 10 is shown in Figure 1.
The carbohydrate atoms follow the usual numbering (C1–C6, O1–
O6, etc.), with the methyl glycoside carbon as C7. The DMM atoms
have primed numbers (C20–C50), C20 being the carbon attached to
the oxygen hydrogen-bonded to H(O)3. The DMM methyl groups
are numbered as C60 and C70. Finally, the benzyl carbon atoms
are double-primed numbers (C100–C600 and C00A where C200 is the
atom syn to O6).

3. Results and discussion

3.1. Crystal and molecular structure details

Details of the structure determination are given in Table 1,
whereas the thermal ellipsoid plot with atom numbering is shown
in Fig. 1. Final fractional coordinates and Ueq values of the atoms
are listed in Table 2.

The sugar ring has the usual 4C1 conformation, with puckering
parameters28 Q, h, and / of 0.577 Å, 5.7�, and 261.3�, respectively.
As an ideal chair would give h = 0�, the conformation of this ring
is very close to a perfect chair; given the low value of h, the mag-
nitude of / is not important. As expected, the phenyl and especially
the DMM group appear very flat, with puckering amplitudes of
0.0155 and 0.0017 Å. The conformation of the exocyclic methoxyl
group on C1 conforms to the expectations of the exoanomeric
effect, with a torsion angle (vC2–C1–O1–C7) of –168.92(11)�.

A strong intramolecular hydrogen bond between H(O)3 and O20

(carbonyl oxygen of DMM) is observed. The H–O distance is
1.84(2) Å, whereas the distance between both oxygen atoms is
2.6797(15) Å, and the H� � �O� � �H angle is 164.9(19)�. All these mag-
nitudes are characteristic of a strong hydrogen bond. A second
hydrogen bond, in this case intermolecular, was also found: it
occurs between H(O)4 and O50 (the other carbonyl oxygen of
DMM) in a neighboring molecule. This bond is still strong, but
weaker than the previous one: the O� � �O distance is
2.8396(14) Å. In order for the intramolecular hydrogen bond to oc-
cur, the DMM group has to tilt with respect to the C2–H2 bond:
this has already been previously shown to occur for a-anomers
of derivatives with the gluco configuration.10 The degree of tilting
of the current DMM group is essentially the same as that deter-
mined by QM calculations on an analog of 10.12 The C6–O6 group
takes a GT conformation (i.e., gauche to O5, trans to C4), and the
phenyl group adopts a conformation practically syn to the O6–
C00A bond, with a slight deviation (11.3�).

3.2. Molecular modeling of 10

An isolated molecule with the conformation of the crystal struc-
ture was submitted to optimization with the most popular density
functional, B3LYP, using the basis set 6–31+G(d,p). This basis set
was previously deemed as sufficient for geometry determinations
of carbohydrates,29 though some improvements of the energies



Table 3
Selected geometrical features of 10, obtained for the crystal, and for DFT and MM3 calculations

Crystala B3LYP M06-2X B3PW91 PBE0 PBE MM3

Bond lengths (Å)
C1–O1 1.3964(17) 1.402 1.394 1.396 1.392 1.410 1.418
C2–N2 1.4686(17) 1.470 1.460 1.462 1.458 1.470 1.468
C3–O3 1.4189(17) 1.417 1.410 1.410 1.406 1.423 1.442
C4–O4 1.4173(17) 1.420 1.408 1.412 1.408 1.425 1.436
C5–O5 1.4400(17) 1.442 1.428 1.434 1.429 1.450 1.440
O5–C1 1.4128(16) 1.411 1.400 1.405 1.400 1.419 1.425
O1–C7 1.4293(17) 1.429 1.420 1.421 1.417 1.435 1.432
C1–C2 1.5337(18) 1.543 1.532 1.537 1.534 1.547 1.527
C5–C6 1.5185(18) 1.525 1.516 1.520 1.517 1.527 1.530
Atomic distances (Å)
H(O)3–O20 1.838 1.760 1.787 1.741 1.737 1.723 1.860
O3–O20 2.6797(15) 2.702 2.719 2.685 2.679 2.686 2.728
Bond angles (�)
C1–C2–C3 113.48(11) 113.7 113.1 113.6 113.5 113.7 112.0
C5–O5–C1 114.2(1) 115.8 114.1 115.3 114.9 114.5 115.5
C1–O1–C7 112.7(1) 113.8 113.0 113.5 113.3 112.9 112.6
O1–C1–O5 113.76(11) 114.0 113.3 114.1 114.0 114.3 109.2
C2–C3–O3 116.49(12) 116.8 116.7 116.7 116.7 116.7 113.0
C6–O6–C00A 112.58(11) 114.3 113.5 114.0 114.0 113.5 114.4
C2–N2–C20 130.65(11) 130.6 130.1 130.5 130.4 130.5 127.5
N2–C20–O0 126.89(13) 127.1 127.2 127.1 127.1 127.0 128.2
Torsion angles (�)
O5–C1–O1–C7 68.37(14) 65.5 58.2 66.0 64.8 65.2 75.3
C1–C2–N2–C20 �85.41(17) –84.8 –77.0 –84.5 –83.4 –83.9 –67.7
C2–C3–O3–H 42.3 41.8 30.1 41.1 40.3 40.7 12.1
C3–C4–O4–H �62.4 –38.8 –40.0 –38.7 –38.5 –38.5 –38.3
O5–C5–C6–O6 63.10(15) 72.6 69.7 72.3 69.1 70.3 63.0
C5–C6–O6–C00A 84.19(15) 85.7 85.3 85.2 84.8 84.0 75.9
C6–O6–C00A–C100 �174.39(11) 177.9 –171.3 178.3 –174.0 –175.4 175.9
O6–C00A–C100–C200 14.41(19) –12.1 10.7 –9.0 8.6 10.4 61.1

Puckering parameters
Sugar Q (Å) 0.577 0.561 0.572 0.562 0.564 0.568 0.575
Sugar h (�) 5.7 5.1 5.3 5.2 5.2 5.6 2.7
DMM Q (pm) 0.17 0.71 2.02 0.70 0.93 0.81 0.53
Phenyl Q (pm) 1.55 0.29 0.25 0.22 0.23 0.26 0.07

a Values in parentheses are the errors in the least significant digits.
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are observed with higher-level basis sets. The calculations were
also carried out with other hybrid functionals, such as B3PW91
and PBE0 which showed better performances (comparing energies)
with carbohydrates.29,30 Calculations were also carried out with a
newer (and purportedly better, at least with regular organic mole-
cules22,31 or nucleic acids32) functional like M06-2X, and with the
pure generalized gradient approximation (GGA) PBE, also shown
to have good performance with carbohydrates.29 In order to have
a calculation control, the minimization was also carried out using
MM3, a force-field with strong background in both carbohydrate
and regular organic molecules.26,27

Although the main conformational features of the crystal struc-
ture of 10 are maintained through the optimization processes (see
below), the small tilting of the phenyl group with respect to the
O6–C00A bond has some particularities: it has a positive value in
the crystal, but reverts to a negative (still small) value when calcu-
lating with B3LYP and B3PW91. It keeps the positive value with
M06-2X, PBE0, and PBE. However, with the two latter functionals,
the structure can also be minimized with a negative tilting, giving
almost identical energies (less than 0.05 kcal/mol difference). With
M06-2X a single minimum is obtained, very close to that observed
in the crystal structure. Some selected geometrical data on the crys-
tal structure and the DFT optimizations can be found in Table 3.
Each set of data will be analyzed separately.

3.2.1. Bond lengths
The distances for the bonded atoms are quite similar in the

crystal and in the vacuum DFT calculations (Table 3). Notable dif-
ferences are observed, however, especially for the refined O–H
bonds, which are quite shorter in the crystal. Even the shortening
in the bond distance for the anomeric atoms (particularly C1–O1
and less C1–O5) is very well emulated by the DFT calculations. It
should be stressed that previous calculations on model compounds
(2-hydroxy- and 2-methoxytetrahydropyran) gave wrong (too
large) C1–O1 distances for the axial anomer, using B3LYP with
the 6–31G(d) basis set.27 Evidently, the larger basis set corrects
that problem. On the other hand, the C1–O5 distance is well emu-
lated by either basis set. Some functionals tend to give slightly lar-
ger distances than the crystal, whereas others tend to give slightly
shorter distances. This can be rationalized in terms of Figure 2,
which shows the deviation of the calculated distances of each type,
with each functional. The plot shows clearly that the deviation for
DFT methods rarely exceeds 1% of the actual value. The MM meth-
od tends to give larger dispersions, although results are quite
acceptable considering the approximations of the method. It can
be appreciated that the single C–C bonds are well emulated by
the DFT methods with distance ratios very close to 1, and with
small dispersion. For sp2 carbon atoms, the differences are slightly
larger, and the DFT methods always give slightly larger distances.
For C–C bonds, all the DFT methods give slightly larger distances
than the experimental values (Table 4): M06-2X, B3PW91, and
PBE0 tend to give more accurate distances (average deviation
and standard deviation lower than 0.4%) than B3LYP and PBE
(especially the latter, with an average deviation of almost 1%). On
the other hand, for the more polar bonds (C–N and single C–O
bonds), all relative distances tend to shorten. Thus, the three more
accurate functionals for C–C bonds tend to give too short distances
(by about 0.5% in average), whereas B3LYP becomes the more



Figure 2. Relationship between the ratio of the DFT, calculated by five different methods, and experimental bond lengths of non-hydrogen atoms against their experimental
bond lengths (the region of the C@O is not shown). A value of 1.00 indicates a perfect match between calculated and experimental values.

Table 4
Average ratios and differences between calculated and experimental values

Crystal B3LYP M06-2X B3PW91 PBE0 PBE MM3

Bond lengths: absolute differences (Å) 0.0068 ± 0.0043 0.0061 ± 0.0045 0.0061 ± 0.0029 0.0065 ± 0.0050 0.0113 ± 0.0068 0.0194 ± 0.0108
C–C Bond lengths ratios 1.0061 ± 0.0028 1.0029 ± 0.0030 1.0036 ± 0.0035 1.0020 ± 0.0038 1.0089 ± 0.0050 0.9939 ± 0.0321
C–X Bond lengths ratios 1.0020 ± 0.0035 0.9954 ± 0.0042 0.9976 ± 0.0045 0.9948 ± 0.0049 1.0070 ± 0.0054 1.0025 ± 0.0121
Bond angles: absolute differences (�) 0.47 ± 0.40 0.48 ± 0.32 0.45 ± 0.34 0.45 ± 0.34 0.42 ± 0.33 1.47 ± 1.19
Bond angles ratios 1.0015 ± 0.0052 0.9996 ± 0.0050 1.0012 ± 0.0048 1.0007 ± 0.0049 1.0007 ± 0.0047 0.9976 ± 0.0160
Torsion angles: absolute differences (�)a 2.0 ± 2.3 3.1 ± 3.2 2.0 ± 2.2 1.7 ± 1.5 1.7 ± 1.6 5.5 ± 7.5

a Disregarding the torsions around C4–O4 and C100–C00A.
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accurate. PBE still gives large values, indicating that this pure func-
tional tends to overestimate the bond lengths of carbohydrates:
this is the only functional giving average absolute differences lar-
ger than 0.01 Å (Table 4). As expected, molecular mechanics calcu-
lations give larger errors and dispersions. The C5–C6 bond is
shorter than the remaining aliphatic C–C bonds, as expected for a
GT conformation of the C6 side chain.33 This shortening is also
reproduced by all the DFT methods.

3.2.2. Hydrogen bonds
The intramolecular hydrogen bond between H(O)3 and the car-

bonyl O20 is strong according to the experimental X-ray diffraction
data (see above). The experimental H� � �O distance, 1.84(2) Å ap-
pears to be shorter by any of the DFT calculation methods
(1.723–1.787 Å, Table 3). This can be either due to the observed
experimental shortening of the O3–H(O)3 bond (already ob-
served34,35), or to a small mitigation of the hydrogen bond strength
by the packing forces. When comparing the distance between
oxygens O3 and O20, almost identical calculated (2.679–2.719 Å)
and experimental [2.6797(15) Å] values were obtained. The inter-
molecular hydrogen bond involving H(O)4 was not simulated by
the DFT calculations, as they were carried out on single molecules.
Thus, no comparison of the data surrounding this atom can be
issued.

3.2.3. Bond angles
The regular tetrahedral angle and its expected variations are

very well reproduced by the DFT methods (Fig. 3). It is known that
the angles around the anomeric region (O1–C1–O5, C5–O5–C1 and
C1–O1–C7) are enlarged with respect to the normal tetrahedral an-
gle.36 This is reproduced by both DFT methods, although B3LYP and
B3PW91 tend to overestimate this enlargement, at least for C5–
O5–C1 and C1–O1–C7. For axial 2-hydroxytetrahydropyran, the
O1–C1–O5 angle is smaller (ca. 111�) either by X-ray diffraction
data or by QM calculations..27,36 The values for the C–O–C angles
for that model compound match better with the current ones.



Figure 3. Relationship between the DFT, calculated by five different methods, and
experimental bond angles of non-hydrogen atoms. The diagonal line indicates a
perfect match between calculated and experimental values.
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Other enlargements of the bond angle for the present compound,
as occur in C1–C2–C3, C3–C2–N2, C2–C3–O3, and C6–C5–C4 are
also very well reproduced by calculations, as does the closure of
the angle in C6–C5–O5 and C4–C3–O3. An excellent reproduction
is also given by the differential angles of the C2–N2 bond with
the two carbonyl carbons, giving rise to a 120� angle with C-50,
and of 130� with C-20, that with its oxygen engaged in H-bond with
H(O)-3. Similar agreements are observed for the DMM and benzyl
moieties. Only some discrepancies are found: the C3–O3–H angle
fails to reproduce, as occurred with the H-O bond length. Evidently
the geometric issues regarding strongly bonded hydrogen atoms
are not well reproduced between the crystal diffraction analysis
and the calculations. Taking into account just heavy atoms’ angles,
the one with the largest difference between calculated and crystal
corresponds to C6–O6–C00A, especially when using B3LYP (1.7�).
However, when the differences are averaged, all the functionals
give quite similar values of deviation and dispersion: the average
absolute difference of angles is between 0.4 and 0.5� for the five
methods. The average ratios are very close to 1, with standard
deviations of ca. 0.5%.

3.2.4. Puckering parameters
The assessment of the puckering parameters28 is a useful quan-

tification of the degree of puckering of the carbohydrate ring. It can
also help to determine how planar the other rings (phenyl and
DMM) appear. Although these issues can also be tested by compar-
ing the ring torsion angles, puckering parameters provide a simpler
comparison. As Table 3 shows, the puckering amplitude (0.561–
0.572 Å) and angle h (5.1–5.6�) calculated by either DFT method
match very closely to those determined in the crystal structure
(0.577, 5.7�). With these low h values, there is no point in compar-
ing the phase / angle. On the other hand, the planarity of the DMM
and phenyl group is also well reproduced by the DFT calculations,
as their Q values are very low (Table 3). However, the DFT calcula-
tions yield a less flat DMM ring than that determined experimen-
tally, whereas for the phenyl group the reverse behavior is
encountered: DFT calculations lead to a flatter ring (Table 3).
3.2.5. Torsion angles
The coincidence of torsion angles between calculated and crys-

tal values is not so straightforward as the previous parameters,
depending on each angle and method. This is expected, considering
that torsion angles are a softer variable, with less energy compro-
mise than bond lengths or angles. For the dihedrals involving at
least two atoms of the carbohydrate ring, the difference in dihe-
drals between the crystal and the simulated ones are small. This
has already been shown previously by way of the puckering
parameters. The M06-2X calculation gives the worst results, espe-
cially when O5 is involved as the central atom. With the carbohy-
drate exocyclic dihedrals, less common factors are found: the tilt of
the DMM group (necessary for the H-bond to occur) is very well
emulated by B3LYP, as shown previously,10 but also by other func-
tionals like B3PW91, PBE0, and PBE (Table 3). However, M06-2X
gives a more pronounced tilt (by about 8�). On the same token,
the dihedral around C1–O1, driven by the exoanomeric effect, dif-
fers by about 10� with the M06-2X calculation, but only by 3� with
the remaining DFT calculations. The same fact occurs with the
dihedral around C3–O3, key for the H-bond: M06-2X gives more
than 10� difference with the crystal/other DFT determinations (Ta-
ble 3). These results suggest that M06-2X shows failures to emu-
late torsion angles around the sugar moiety, as the torsion angles
around other organic parts of the molecule are better emulated
(Table 3).

The dihedral around C4–O4 is not predicted correctly by any of
the calculations, and this makes sense: X-ray diffraction has shown
an intermolecular H-bond occurring for H(O)4, which requires a
precise conformation of this H atom. As intermolecular interac-
tions are not emulated by the current calculations (which model
single molecules in vacuum), the orientation of the H(O)4 is not
modeled as expected for a crystal having these interactions. For
the x angle (O5–C5–C6–O6), all DFT calculations overestimate this
angle: M06-2X and PBE0 give the lowest overestimation (ca. 6�),
whereas B3LYP and B3PW91 give the largest (ca. 9�).

As explained earlier, the phenyl group tilts slightly with respect
to the O6–C00A bond (O6–C00A–C100–C200 angle, Table 3). This tilt is
emulated by M06-2X, PBE0, and PBE, but B3LYP and B3PW91 show
a tilt of a similar magnitude but of reverse sign. The presence of
this tilt also modifies the torsion angle around the O6–C00A bond
(Table 3). MM3 does not emulate properly the position of the phe-
nyl group at all: it takes a transverse position. The average differ-
ences in torsion angles (disregarding those around the C100–C00A
and C4–O4 bonds) can be appreciated in Table 4. They show clearly
that PBE0 and PBE give the best results, whereas M06-2X gives the
worst results in terms of torsion angles.

4. Conclusions

The present study confirms that the strong hydrogen bond be-
tween H(O)3 and a carbonyl oxygen from DMM (previously found
by NMR temperature shift in DMSO solution and by DFT modeling
in vacuum) also exists in the solid state on the a-methylglycoside
of a dimethylmaleoylallopyranose protected on C-6 with a benzyl
group (10). This intramolecular hydrogen bond, crucial to explain
the reactivity of this OH in glycosylation reactions, has been de-
tected in acceptors 7 and 10 by NMR temperature shift in DMSO
solution and by DFT modeling on a simplified analog of 7.11,12

The study also encountered an intermolecular hydrogen bond be-
tween H(O)4 and the other carbonyl oxygen from DMM, corre-
sponding to the weak hydrogen bond that had been detected by
temperature dependent NMR experiments.11

A comparative study of the performance of five different func-
tionals to match the geometry of the crystal structure of 10 showed
an excellent coincidence with the five methods, with minor details
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favoring one or another in different aspects of the calculation. In
any case, the differences are indeed small, and any of these can
work nicely to provide information on the geometry of other sugar
acceptors that could be potentially useful to rationalize their reac-
tivity, or in any study which requires precise geometry of sugars.
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