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Abstract—We report the preparation of 12 aldonamides derived from DD-glycero-DD-gulo-heptono-1,4-lactone, their NMR character-
ization and study (13C, 1H, 15N NMR) in Me2SO-d6 solution. The evaluation of the coupling constants 3JH,H has shown that the
sugar chain conformation in solution is all-trans for the studied amides. Because some amides crystallized, we discussed the crystal
packing and found motifs. The conformation of the amides in the crystal structures displays two sickles at C2 and C3, with the
exception of one that is all-trans. The bends cause the formation of the mean planes C1–C2–C3 and C3–C4–C5–C6–C7 with an
average interplanar angle of 88�. We found three main kinds of crystal packing depending on the N-substituent; head-to-tail, bilayer
and pseudo-hexagonal mode, all the three show hydrogen-bonding networks that stabilize the crystal lattice.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Aldonamides are usually obtained by reaction of amines
with aldonic acids or the related aldonolactones.1 These
compounds have several applications, such as sugar sub-
stitutes,2 extreme pressure additives,3 raw materials in
polymer preparation,4 and as gelators.5 Due to these
applications, the determination of their conformation
in solution and solid state is of interest.

Conformational studies in solution of polyols via
NMR spectroscopy have shown that when an unfavor-
able 1,3-syndiaxial interaction is present, the conforma-
tion must be bent6 unless a hydrogen bond could be
formed between these hydroxyl groups, especially when
there is more than one bending.7 On the other hand, the
study of crystalline structures are scarce, as is shown by
the number of aldonamides’ structures in the CCDC
database;8 prevailing N-substituents with longer than
six carbon atoms chains, because of their amphiphilic
character.
0008-6215/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Therefore, it is important to get more data about the
effect in the packing owing to different substituents at
the amide nitrogen atom. This led us to synthesize the
aldonamides 1–12 derived from DD-glycero-DD-gulo-hep-
tono-1,4-lactone with different N-substituents (Chart 1).
R CH3
R

H2N

Chart 1. Family of the DD-glucoheptonamides (1–12) synthesized.
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We were interested in the assignment and study of
the NMR data of these amides, because our objective
was to determine the preferred conformation in solution
for them. We were also concerned about the nature and
size of the N-substituent and its effect on the packing of
these amides in the solid state, this guided us to study
the hydrogen bonds and patterns generated by them.
2. Results and discussion

2.1. NMR analysis in solution

Compounds 1–12 (Chart 1) were synthesized by reaction
of the corresponding amine with DD-glycero-DD-gulo-hep-
tono-1,4-lactone and their structures were confirmed
Table 1. NMR data for the glucohepton moiety of the DD-glucoheptonamide

1 2 3 4 5 6

13C Chemical shiftsa

C1 174.3 172.8 173.8 173.2 173.7 173.8
C2 72.7 72.6 72.4 72.5 72.6 72.5
C3 75.2 75.0 75.1 75.0 74.7 74.9
C4 68.7 68.6 68.5 68.6 68.5 68.6
C5 74.2 74.1 73.9 74.1 73.6 73.8
C6 72.1 72.1 72.0 72.1 71.9 72.0
C7 64.0 63.9 63.8 63.9 63.6 63.8

1H Chemical shiftsa

H2 3.90 3.84 3.89 3.84 3.96 3.90
H3 3.66 3.60 3.62 3.58 3.68 3.63
H4 3.82 3.80 3.81 3.80 3.83 3.80
H5 3.42 3.37 3.40 3.36 3.42 3.39
H6 3.46 3.43 3.44 3.43 3.45 3.43
H7a 3.35 3.30 3.32 3.32 3.33 3.31
H7b 3.54 3.48 3.51 3.51 3.52 3.50
OH2 5.58 5.43 5.48 5.34 5.67 5.58
OH3 4.85 4.75 4.77 4.70 4.84 4.81
OH4 4.42 4.34 4.37 4.30 4.45 4.36
OH5 4.48 4.40 4.44 4.38 4.59 4.41
OH6 4.50 5.46 4.44 4.42 4.58 4.44
OH7 4.36 4.30 4.29 4.27 4.50 4.28
NH1 7.87 7.56 7.80 7.58 8.38 7.77

Coupling constants 3JH,H

J2,3 6.3 6.4 6.4 6.1 6.3 6.2
J3,4 2.4 2.7 2.7 3.2 2.6 3.1
J4,5 2.6 2.6 2.6 2.2 2.2 2.1
J5,6 7.6 7.4 7.5 8.0 7.8 8.4
J6,7a 6.5 6.3 6.0 6.1 6.1 5.3
J6,7b 3.9 3.4 3.4 3.3 3.2 3.3
J7a,7bB 10.9 10.8 10.7 10.9 11.0 11.0
J2,H2O 5.6 6.6 6.5 6.7 6.3 6.3
J3,H3O 4.9 4.6 4.4 4.7 4.4 4.2
J4,H4O 4.4 6.6 6.5 6.6 6.3 6.4
J5,H5O 4.5 5.1 5.1 5.1 5.6 5.1
J6,H6O 4.5 5.5 5.0 5.5 5.6 5.4
J7A,H7O 4.4 5.8 5.7 5.8 5.6 5.6
J7B,H7O 4.4 5.8 5.8 5.8 5.7 5.8
JHN1,8 4.7 8.3 5.9 7.8 6.0 5.8

15N Chemical shiftsa

N1 105.5 135.0 117.3 129.3 95.2 113.5

a All the measurements were done in Me2SO-d6, using electronic reference.18
by 1H and 13C NMR spectroscopy. In order to make
an unambiguous assignment, we used 2-D NMR exper-
iments such as HOM-2DJ, HETCOR, COSY, HSQC,
and 15N HSQC.

The coupling constants 3JH,H (Table 1) were obtained
through HOM-2DJ experiment and they showed similar
values for all the compounds. It points out that the aver-
age conformation adopted by the skeleton of the gluco-
hepton moiety does not show a significant change with
regard to the N-substituents, and that there exists a pref-
erence for a specific conformation.

The mean values for 3J2,3 (6.3 Hz) and 3J5,6 (7.6 Hz)
correspond to an anti orientation, while the mean values
for 3J3,4 (2.4 Hz) and 3J4,5 (2.1 Hz) refer to a syn
orientation. These hydrogen orientations, together with
quiral configuration (2R,3R,4S,5R,6R), allowed us to
s 1–12

7 8 9 10 11 12

173.3 173.7 174.2 173.6 172.5 173.9
72.4 72.5 72.7 72.6 73.0 72.7
74.9 75.0 75.0 75.1 75.4 75.1
68.5 68.5 68.5 68.7 68.6 68.6
73.8 73.8 74.0 73.7 74.0 73.8
71.9 72.3 72.0 72.0 72.2 72.1
63.8 63.8 63.8 63.8 64.0 63.8

3.90 3.88 3.90 3.88 4.08 3.90
3.64 3.63 3.65 3.62 3.71 3.64
3.81 3.81 3.82 3.78 3.88 3.80
3.40 3.40 3.40 3.38 3.46 3.40
3.44 3.44 3.45 3.42 3.46 3.43
3.33 3.32 3.34 3.31 3.34 3.31
3.52 3.51 3.52 3.51 3.53 3.50
5.58 5.50 N.D. N.D. 5.54 N.D.
4.78 4.78 N.D. N.D. 4.83 N.D.
4.34 4.36 N.D. N.D. 4.36 N.D.
4.41 4.42 N.D. N.D. 4.56 N.D.
4.44 4.45 N.D. N.D. 4.49 N.D.
4.29 4.29 N.D. N.D. 4.33 N.D.
7.81 7.86 7.96 7.72 8.96 7.94

6.1 6.3 6.5 5.9 6.7 5.9
2.9 2.6 2.7 3.4 3.1 3.1
2.4 2.7 2.5 2.3 2.7 2.5
7.8 7.3 7.7 7.8 6.5 7.8
5.8 6.0 6.0 6.1 4.6 6.0
3.3 3.2 3.1 3.2 3.7 3.2

10.9 11.0 11.0 11.0 10.8 10.9
6.5 6.4 N.D. N.D. 6.6 N.D.
4.3 4.6 N.D. N.D. 5.1 N.D.
6.5 6.4 N.D. N.D. 6.7 N.D.
5.1 5.1 N.D. N.D. 5.7 N.D.
5.4 5.3 N.D. N.D. 5.5 N.D.
5.6 5.8 N.D. N.D. 5.7 N.D.
5.8 5.8 N.D. N.D. 5.8 N.D.
5.7 6.1 5.7 5.7 —- N.D.

113.1 117.9 115.0 105.6 125.7 115.9
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Figure 1. DD-Glucoheptonic moiety’s conformation of the DD-glucohep-
tonamides 1–12 in solution with the intramolecular HB’s shown.
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determine that the carbon chain conformation of the
glucohepton moiety is all-trans. Extra evidence of this
conformation is given from the lack of the NOE peak
between H2 and H5 in the NOESY spectra (Fig. S1,
Supplementary data), it should be present if the confor-
mation was a bent one. Instead of that peak, there is a
NOE peak between H3 and H5, which is expected for
an all-trans conformation.

This conformation is stabilized by intramolecular
hydrogen bonds (HB’s): O5–H� � �O3, O3–H� � �O1, and
N1–H� � �O2 (Fig. 1). It is important to note that the
Table 2. Crystal data and structure refinement parameters

3 4 5

Empirical formula C11H23NO7 C12H23NO7 C14H21NO7

Formula weight 281.30 293.31 315.32
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 P1
a (Å) 5.8051(9) 4.928(2) 8.913(2)
b (Å) 12.8964(19) 6.064(3) 5.0967(11)
c (Å) 19.134(3) 12.623(6) 31.892(7)
a (�) 92.297(3) 102.188(8) 90.032(3)
b (�) 98.518(3) 96.009(7) 95.313(3)
g (�) 101.734(3) 90.713(7) 90.004(3)
V (Å3) 1383.4(4) 366.5(3) 1442.5(5)
Z 4 1 4
q Calculated (g cm�3) 1.351 1.329 1.286
l (mm�1) 0.112 0.109 0.107
F(000) 608 158 600
h Range data collection (�) 1.62–25.00 1.66–23.31 1.28–25.00
Index ranges �6 6 h 6 6 �5 6 h 6 5 �10 6 h 6

�9 6 k 6 15 �6 6 k 6 6 �6 6 k 6 6
�22 6 l 6 22 �13 6 l 6 13 �37 6 l 6 3

Data collected/unique 7075/4819 2690/1059 13,758/9873
Data [I > 2r(I)] 4097 935 3634
R(int) 0.0722 0.0636 0.0971
% Completeness to h 99.0 99.4 99.8
Data/restraints/parameters 4819/3/946 1059/3/225 9873/3/1066
Goodness-of-fit on F2 0.978 1.043 0.743
R1 (all data) 0.0524 0.0603 0.1263
R1 [I > 2r(I)] 0.0455 0.0552 0.0686
wR2 (all data) 0.1049 0.1439 0.1811
wR2 [I > 2r(I)] 0.1008 0.1386 0.1729
Extinction coefficient 0.0000(13) 0.02(3) 0.0016(13)
Weight scheme W,
where P ¼ ðF 2

o þ 2F 2
cÞ=3

1=½r2ðF 2
oÞþ

ð0:0530P Þ2�
1=½r2ðF 2

oÞþ
ð0:1014P Þ2�

1=½r2ðF 2
oÞ�þ

ð0:1090P Þ2

Largest diff. peak
and hole (e Å�3)

0.199 0.210 0.216
�0.230 �0.197 �0.301
HB N1–H� � �O2 is found also in the crystal structures re-
ported here. The formation of these HB’s is supported
by the chemical shifts at low fields in 1H NMR, of the
hydroxyl groups (Table 1), the d1H for hydroxyl groups
OH2 and OH3 in the family of amides are in the ranges
5.34–5.67 and 4.70–4.85 ppm, respectively.

Due to the common conformation of the glucohep-
tonic moiety in DD-glucoheptonamides 1–12, the NMR
data (Table 1) show similar values for their 1H and
13C chemical shifts. A closer analysis revealed that the
carbonyl group is the most affected functionality by
the N-substituent; also, C3 and C5 are affected, this is
associated to the inductive effect of the carbonyl group
and to the intramolecular HB’s formed, as this is the
case for H2 and H3.

We also acquired the 15N chemical shifts for the DD-
glucoheptonamides prepared. The d15N of the amide
groups are shifted to low field with respect to amide 2
(105.5 ppm), as a result of the b effect (Table 1),9,10

amides 5 (95.2 ppm) and 10 (105.6 ppm) were excep-
tions. This should be due to hyperconjugation and meso-
meric effects.
7 8 9 11

C10H21NO8 C11H23NO8 C16H32N2O14 C13H20N2O7

283.28 297.3 476.44 316.31
Monoclinic Triclinic Monoclinic Triclinic
P2(1) P1 C2 P1
4.8340(10) 4.8205(16) 35.057(8) 5.6451(15)
23.428(5) 6.091(2) 6.0283(13) 5.8286(15)
6.0269(12) 12.496(4) 5.0348(11) 11.571(3)
90 85.068(6) 90 90.614(5)
90.735(3) 84.864(6) 91.921(4) 99.515(5)
90 88.838(6) 90 97.012(5)
682.5(2) 364.0(2) 1063.4(4) 372.50(17)
2 1 2 1
1.378 1.356 1.488 1.410
0.119 0.116 0.131 0.115
304 160 508 168
1.74–25 1.64–23.27 1.16–28.07 1.79–24.99

10 �5 6 h 6 6 �5 6 h 6 5 �45 6 h 6 44 �6 6 h 6 6
�27 6 k 6 27 �4 6 k 6 6 �7 6 k 6 7 �6 6 k 6 6

7 �7 6 l 6 7 �13 6 l 6 13 �6 6 l 6 6 �13 6 l 6 13
6512/2399 1592/1302 6169/1382 3635/1310
2366 1249 805 1003
0.0219 0.0163 0.0861 0.0416
99.8 98.7 97.5 99.8
2399/1/243 1302/3/259 1382/1/210 1310/3/260
1.150 1.029 0.862 1.116
0.0361 0.0375 0.0643 0.0626
0.0348 0.0364 0.0342 0.0410
0.0782 0.0972 0.0934 0.0788
0.0775 0.0963 0.0900 0.0717
0.000(3) 0.000(16) 0.000(2) 0.000(9)
1=½r2ðF 2

oÞþ
ð0:0351P Þ2þ
0:0729P �

1=½r2ðF 2
oÞþ

ð0:0765P Þ2�
1=½r2ðF 2

oÞþ
ð0:0461PÞ2þ
0:1922P ]

1=½r2ðF 2
oÞ�

0.127 0.154 0.172 0.155
�0.134 �0.169 �0.139 �0.176



Figure 3. Ribbons formed by the association of the (OH)4 rings
[� � �O7–H� � �O6–H� � �O4–H� � �O5–H� � �] via intermolecular HB’s
[O7� � �H–O6, O4� � �H–O5] for amide 7 as example. For clarity just
the atoms C4(OH4)–C7(OH7) are shown. View along b axis with c axis
horizontal.

Table 3. HB geometry parameters for amide 7

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) \(DHA)

N1–H1N� � �O2 0.80 2.19 2.586(3) 111
O2–H2O� � �O3a 0.82 1.91 2.732(2) 178
O3–H3O� � �O1b 0.82 1.86 2.679(2) 175
O4–H4O� � �O5c 0.82 1.93 2.742(2) 173
O5–H5O� � �O4 0.82 2.35 2.754(2) 111
O5–H5O� � �O7b 0.82 2.06 2.780(2) 146
O6–H6O� � �O4d 0.82 2.06 2.763(2) 144
O6–H6O� � �O7 0.82 2.53 2.847(2) 104
O7–H7O� � �O6a 0.82 1.90 2.722(2) 178

a x + 1, y, z.
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2.2. Solid state analysis by X-ray diffraction

We were able to crystallize eight of the 12 amides, their
crystal data are summarized in Table 2. The glucohep-
tonic moiety’s conformation bore by the amides 4, 7–
9, and 11 was 2G�, 3G�, 4T, 5T as the reported for amide
2.11 This conformation is generated by a double bond
rotation, the first one is in the C3–C4 bond to prevent
the 1,3-syndiaxial interaction between OH3 and OH5.
But, this rotation generates a 1,3-syndiaxial interaction
between C5 and OH2, the second rotation about the
C2–C3 bond takes place to avoid it. This conformation
generated two planes, C1/C2/C3 and C3/C4/C5/C6/C7,
with an average interplanar angle of 88� (Fig. S2, Sup-
plementary data).

Amides 4, 7, 8, and 11 are packing in a head-to-tail

mode which is the same crystal packing as described
for amide 2. The packing can be expressed as a stacking
of sheets along a crystallographic axis (b axis for amide
7, and c axis for amides 4, 8, and 11) (Fig. S3, Supple-
mentary data).

For amides 4 and 7, the sheets consist of a 2-D
hydrogen bonding (HB)-network, which is formed by
two motifs as described for amide 2. The first motif is
an 18-membered ring connected through O1, O2, and
O3, which generates the 2-D HB-network (Fig. 2); the
second motif are (OH)4 rings [� � �H–O4� � �H–O6� � �H–
O7� � �H–O5� � �] that are interconnected via intramolecu-
lar HB’s forming ribbons (Fig. 3). The intramolecular
HB’s are O4� � �H–O5, O7� � �H–O6, and O2� � �H–N1
(Table 3). The first two HB’s depend on the orientation
of the hydroxyl groups, but the last one is a common fea-
ture along the amides, except for amide 5, which is substi-
tuted with an intermolecular HB (O1� � �H–N1) vide infra.
Figure 2. Eighteen-membered ring network for amide 7 as example.
View along b axis with c axis horizontal. For clarity just the atoms
C1(O1)–C2(OH2)–C3(OH3) are shown.

b x, y, z + 1.
c x � 1, y, z.
d x, y, z � 1.
In addition to the HB’s of the type [O� � �H–O], there
are HB’s of the type [O� � �H–C] in the crystal packing
of amide 7. The oxygens O2, O3, O5, O7, and O8 partic-
ipate as acceptors; and the carbons C7–C10 as donators
with the C� � �O and C–H� � �O distances in the ranges
3.39–3.76 and 2.68–3.47 Å, respectively (Table 4). These
HB’s are important, because they interconnect the
sheets, generating a denser packing (Fig. S4, Supplemen-
tary data). It is interesting to note that the O8 of amide 7

only participated in HB of type [O� � �H–C] and did not
participate in HB of the type [O� � �H–O]. The criteria
followed to assign the HB [O� � �H–C] was: r(C� � �O)
[3.0–4.0 Å], r(H� � �O) [2.2–3.5 Å], \(C–H� � �O) [90–
150�], and [60–150�] for the angles (CH� � �O–H),
(CH� � �O–C), and (H� � �O� � �H).12

For amide 8, the [O� � �H–O] HB and the motifs found
are the same as described above with however a new one



Table 4. [O� � �H–C] HB geometry parameters of amide 7

C–H� � �O d(C� � �O) d(H� � �O) \(C–H� � �O) \(H� � �O–H)f
\(H� � �O–C) \(H� � �O� � �H)g

C7–H7A� � �O8a 3.617 3.215 107.8 120.7 108.3 —
C8–H8A� � �O2b 3.711 3.226 111.3 90.1 92.8 68.4
C8–H8A� � �O8b 3.755 3.462 99.6 100.2 92.8 119.9
C8–H8B� � �O8b 3.755 3.377 108.4 97.3 116.7 102.1
C9–H9A� � �O2c 3.714 2.756 157.7 116.0 112.2 74.8
C9–H9A� � �O3c 3.395 2.683 127.2 76.2 115.0 94.4
C10–H10A� � �O7d 3.398 3.271 89.4 73.8 119.0 80.8
C10–H10B� � �O5e 3.634 2.802 149.2 75.8 134.0 91.0
C10–H10B� � �O7d 3.398 2.928 112.7 98.5 98.5 63.3

a�x + 1, y + 1/2, �z + 1.
b x + 1, y, z.
c x, y, z + 1.
d�x, y � 1/2, �z + 2.
e�x, y � 1/2, �z + 1.
f For oxygen O8, we took the methyl group as the hydrogen to measure the angle.
g The (H� � �O� � �H) angle for C7–H7A� � �O8 are the listed for C8–H8A� � �O8 and C8–H8B� � �O8.

Figure 4. Partial view of the 1-D HB-network formed in the crystal of
amide 8. This network is orthogonal to the 2-D HB-network generated
by the 18-membered ring. Some atoms were omitted for clarity. View
along axis a with axis b horizontal.
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in which O-8 participates in the HB-network. The new
pattern formed is a 14-membered macrocycle that ex-
tends along the b axis and is orthogonal to the HB-net-
work made by the 18-membered rings. It is connected by
two intermolecular HB’s through N1–H� � �O8 [2.61 Å]
and O3–H� � �O1 [1.83 Å] (Fig. 4). There are also HB
of the type [O� � �H–C] as in the case of amide 7

(Fig. S5, Supplementary data). The [O� � �H–C] HB
acceptors are O1–O3, O5, O7, and O8; with C2, C7,
and C9–C11 as HB donators. The distances C� � �O and
Table 5. [O� � �H–C] HB geometry parameters of amide 8

C–H� � �O d(C� � �O) d(H� � �O) \(C–H� � �O
C2–H2� � �O1a 3.943 3.19 134.0
C7–H7� � �O8b 3.974 3.14 162.5
C9–H9A� � �O2c 3.647 2.70 160.9
C9–H9A� � �O3c 3.538 2.86 126.6
C10–H10A� � �O2d 3.855 3.02 154.1
C11–H11A� � �O5e 3.671 3.13 117.2
C11–H11A� � �O7f 3.614 2.78 146.4

a x � 1, y, z.
b x, y, z + 1.
c x, y � 1, z.
d x + 1, y � 1, z.
e x + 1, y � 1, z � 1.
f x + 1, y, z � 1.
g For oxygen O8, we took the methyl group as the hydrogen to measure the
C–H� � �O are in the ranges 3.61–3.98 and 2.70–3.20 Å,
respectively (Table 5).

The presence of the aromatic ring in amide 11 changes
the orientation of the hydroxyl groups in the glucohep-
tonic moiety, and because of this, the patterns also
change. A closer analysis reveals that the (OH)4 rings
are different compared to those formed by the amides
previously described. The interconnectivity for the ring
in the present packing is [� � �H–O4� � �H–O5� � �H–
O7� � �H–O6� � �], while the usual interconnectivity is
[� � �H–O4� � �H–O6� � �H–O7� � �H–O5� � �] (Table 6). The
change in orientation of the OH groups also prevents
the formation of ribbons from the association of
(OH)4 rings because the intramolecular HB’s that gener-
ate them are not present. The 18-membered ring previ-
ously described is replaced by a 22-membered ring,
with the participation of the amine nitrogen in it, which
consists of two of the following HB’s: N2–H� � �O2
[2.11 Å], O2–H� � �O1 [1.85 Å] (Table 6). In addition, this
ring is divided by another HB, O3–H� � �N2 [2.38 Å] in
two rings: one 12-membered ring and other 18-mem-
bered ring (Fig. 5). The aromatic ring participates in
) \(H� � �O–H)g
\(H� � �O–C) \(H� � �O� � �H)

— 96.5 108.1
88.2 88.7 147.8

112.9 118.8 75.3
79.2 112.8 94.5
75.3 170.2 91.3
72.7 155.0 72.3
89.6 116.9 74.8

angle.



Table 6. HB geometry parameters for amide 11

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) \(DHA)

N1–H1N� � �O2 0.85 2.13 2.551(5) 110
N2–H2AN� � �N1 1.05(11) 2.38(10) 2.790(9) 102(6)
N2–H(2BN)� � �O2a 0.85(10) 2.11(10) 2.925(7) 161(9)
O2–H2O� � �O1b 0.82 1.85 2.668(4) 173.5
O3–H3O� � �N2b 0.82 2.38 3.174(9) 163.9
O4–H4O� � �O6b 0.82 2.00 2.810(4) 171.1
O5–H5O� � �O4c 0.82 1.95 2.759(4) 167.9
O6–H6O� � �O7d 0.82 1.96 2.754(4) 163.4
O7–H7O� � �O5e 0.82 1.95 2.735(4) 159.5

a x + 1, y + 1, z.
b x, y � 1, z.
c x � 1, y, z.
d x + 1, y, z.
e x, y + 1, z.
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the stabilization of the crystal lattice by means of N–
H� � �p interactions through the amide. This interaction
Figure 5. View along c axis with a axis horizontal of the crystal
packing of amide 12. Section of the 2-D HB-network generated by the
12- and 18-membered rings with the participation of N2 is shown.
Some atoms were omitted for clarity.

Figure 6. View of the chain generated due to N–H� � �p interactions in amide
generates infinite chains along axis b (Fig. 6). The dis-
tance from this proton to the nearest carbon is
2.845 Å and to the aromatic mean plane it is 2.791 Å.
Both distances are shorter than the addition of the van
der Waals radii of carbon and proton (2.9 Å).

For amide 9, we found the same [O� � �H–O] HB pat-
terns as for amides 2, 4, and 7, but differing in the pack-
ing due to the ethylene bridge, which causes the
molecules to arrange in a tail-to-tail mode (bilayer
mode). There are also two [O� � �H–C] HB: C7–
H8� � �O7 (2.63 Å) and C8–H10� � �O3 (2.83 Å) (Table
7), which are responsible for the dense packing (Fig. 7).

For amide 3, we found four conformers in the unit cell
(A, B, C, and D), the conformers A and D show disor-
der in the isobutyl group. These conformers differ essen-
tially in the torsion angle C1–N1–C8–C9 [A: 125.2(7),
77.1(15); B: �94.5(5); C: 155.3(5); D: 115(3), 156.4(7)].
The rotation about the bond N1–C8 is required to
accommodate the bulky isobutyl group. The conforma-
tion of this amide is also a double bend; however, the
carbon chain conformation changed to 2G+, 3G+, 4T,

5T. This change is due to the presence of the isobutyl
group. The packing can be described as a stacking of
shifted monolayers (one for each conformer); within
each monolayer, the arrangement of the molecules alter-
nates between head-to-tail and tail-to head modes
through the layer-stacking (Fig. 8). An interesting fea-
ture arises from this packing, that is a pseudo-hexagonal
arrangement (Fig. 9), and due to this arrangement, the
hydroxyl groups adopt an orientation that allows only
one intramolecular hydrogen bond of medium strength
N1–H� � �O2 [2.08 Å]. Note that N1 does not take part
in the intermolecular HB-network. This network is
formed by 27 intermolecular HB’s of medium strength
(the distance from donor to acceptor is within 2.5–
3.2 Å),13 (Table S5, Supplementary data).

In the case of amide 5, there are four conformers in
the asymmetric unit, which are slightly different and
present disorder in the orientation of the aromatic ring.
The position of the second ring is generated by rotation
of the C8–C9 bond by 75.5�. The glucoheptonic moiety’s
conformation is 2T, 3T, 4T, 5T, this change is due to the
lack of a group on the aromatic ring that can form HB
as in the case of amide 12. Because of that, the hydro-
phobic character of the aryl group is not diminished.
This conformation should be similar to the one deter-
12 along the b axis. Some atoms were omitted for clarity.



Table 7. [O� � �H–C] HB geometry parameters of amide 9

C–H� � �O d(C� � �O) d(H� � �O) \(C–H� � �O) \(H� � �O–H) \(H� � �O–C) \(H� � �O� � �H)

C7–H8� � �O7a 3.570 2.634 145.83 101.80 93.51 66.36
C8–H10� � �O3a 3.577 2.831 133.88 59.90 117.37 101.25

a�x + 1/2, y + 1/2, �z + 1.

Figure 7. Bilayer packing of amide 9. Dotted lines are the [O� � �H–C]
HB. View along the c axis with a horizontal.

Figure 9. Pseudohexagonal packing adopted by amide 3, where the
HB-network is shown. The dots are the centroids of the hydroxyl
groups of each glucoheptonamide moiety. Some atoms were omitted
for clarity.
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mined in solution for all the amides, although the orien-
tation of the hydroxyl groups may not be the same. We
found that the crystal packing is formed by bilayers. The
conformers display an intramolecular HB-that connects
one conformer with the other, via the terminal hydroxyl
group from one layer to the other (O7–H� � �O7) [2.10
and 1.89 Å due to the two conformers in each layer].
In this interaction, the donor atom belongs to one con-
former and the acceptor atom is from the other one
(Fig. 10). There are p–p interactions, the distances be-
tween the planes of the aromatic rings in the stacking
mode are 1.81 and 4.87 Å, and for the herringbone
Figure 8. Layer stacking in the crystal packing of 3. Each layer is formed with
which the pseudohexagonal packing is found (see text and Fig. 9).
mode, the distance between the edge and the plane of
the aromatic ring is 3.02 Å (Fig. 11).
a different conformer as is shown by the colors. The line is the plane in



Figure 10. View of the crystal packing of amide 5. Here are shown the intermolecular HB’s only. Note the HB that joins the bilayer.

Figure 11. View of the aromatic rings’ packing for amide 5.
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3. Conclusions

The preferred conformation in Me2SO-solution (2T, 3T,

4T, 5T) of the studied aldonamides does not depend on
the nature of the N-substituent as shown from the
NMR data (Table 1). In addition, we conclude that just
the N1–C1–C2–C3 fragment is affected by the N-
substituent.

On the other hand, the packing of these compounds in
solid state strongly depends on the nature of the N-sub-
stituent. In the case of sterically demanding groups such
as isobutyl, benzyl and cyclopentyl, a spatial disorder is
observed, because of the lack of HB acceptor and/or
donator groups.

We have found three different crystal packings and
conformations along the amides. Amides 2, 4, 7, 8,
and 11 arrange in a head-to-tail mode; amides 5 and 9

pack in a head-to-head mode (bilayer), while amide 3

shows a pseudohexagonal packing. The three conforma-
tions found are 2G�, 3G�, 4T, 5T for amides 2, 4, 7, 8, 9,
and 11; 2G+, 3G+, 4T, 5T for amide 3; and 2T, 3T, 4T, 5T

for amide 5, indicating that the glucoheptonic moiety’s
conformation changes with the volume of the N-substi-
tuent. Only amide 5 shows a conformation such as
found in Me2SO solution for the amides, however, the
hydroxyl groups’ orientation may be not the same.

The [O� � �H–O] HB motifs are very important in the
stability of the crystal lattice, as is shown by the presence
of the 18-membered ring network and the (OH)4 rings in
the crystal packing of amides 2, 4, 7, 8, and 9. When
they are not formed as in the case of amides 3 and 5,
the lack is supplied by more complicated HB systems.
The named weak HB’s as C–H� � �O and X–H� � �p
(X = N, C) are also important in the crystal packing,
they avoid the disordered structures and allow more
dense packings.
4. Experimental

Infrared spectra were recorded in KBr using a Bruker
Vector 22 instrument. Optical rotations were measured
in a Perkin Elmer 341 Polarimeter. Elemental Analyses
(C, H, and N) were performed with a Vario EL III Ele-
mental Analyzer. Melting points were measured with a
Büchi apparatus and are uncorrected. NMR spectra
were acquired with a Varian UnityInova 400 MHz
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spectrometer. The X-ray diffraction analyses were
performed with a Bruker-A xs Apex diffractometer.
4.1. Materials

DD-glycero-DD-gulo-Heptono-1,4-lactone was purchased
from Aldrich and used without further purification.
All amines used are commercially available.
4.2. General procedure (GP) for the syntheses of the

amides

DD-glycero-DD-gulo-Heptono-1,4-lactone (1.00 g, 4.80 mmol)
was suspended in warm EtOH (50 mL) and dissolved
with a few drops of water. The corresponding amine
(5.28 mmol) was added, then the soln was refluxed for
1 h, and it was slowly cooled to room temperature.
4.3. N-Methyl-DD-glycero-DD-gulo-heptonamide (1)

DD-glycero-DD-gulo-Heptono-1,4-lactone (1.00 g, 4.80
mmol) was suspended in EtOH (10 mL) in a 50 mL
reactor, the methylamine (0.16 g, 5.28 mmol) and a
few drops of water were added. The reactor was closed
and heated in an oil bath with a magnetic stirrer at
100 �C for 1 h, and then it was cooled slowly to room
temperature. 0.64 g (55.8%); mp 168–170 �C; ½a�20

D +8.0
(c 1.4, water); IR (KBr); m 1619 cm�1 (amide); 1H
NMR (Me2SO, 400 MHz): d 2.59 (d, 3H, J8,N 4.7 Hz,
H8); 13C NMR (Me2SO, 400 MHz): d 26.2 (1C, C8).
Anal. Calcd for C8H17NO7: C, 40.17; H, 7.16; N, 5.86;
O, 46.82. Found: C, 39.67; H, 7.91; N, 5.84; O, 47.45.
4.4. N-Isopropyl-DD-glycero-DD-gulo-heptonamide (2)

Via GP from isopropylamine (0.31 g); recrystallized
from water/acetone; 0.60 g (46.8%); mp 161–162 �C;
½a�20

D +8.1 (c 1.3, water); IR (KBr): m 1656 and
1548 cm�1 (amide); 1H NMR (Me2SO, 400 MHz): d
3.83 (m, 1H, J8,HN1 4.7, J8,9 6.4, J8,10 6.6 Hz, H8), 0.99
(d, 6H, H9, H10); 13C NMR (Me2SO, 400 MHz): d
40.7 (1C, C8), 22.9 (2C, C9, C10). Anal. Calcd for
C10H21NO7: C, 44.4; H, 7.92; N, 5.24; O, 41.90. Found:
C, 44.92; H, 7.96; N, 5.27; O, 41.85.
4.5. N-Isobutyl-DD-glycero-DD-gulo-heptonamide (3)

Via GP from isobutylamine (0.39 g); recrystallization
from EtOH/water gave needles; 0.94 g (69.8%); mp
145–147 �C; ½a�20

D +12.8 (c 1.4, water); IR (KBr): m
1645 and 1546 cm�1 (amide); 1H NMR (Me2SO,
400 MHz): d 2.87 (dd, 1H, J8,HN1 5.9, J8,9 7.2 Hz, H8),
1.68 (dq, 1H, J9,10 6.7 Hz, H9), 0.78 (d, 6H, H10,
H11); 13C NMR (Me2SO, 400 MHz): d 46.2 (1C, C8),
28.3 (1C, C9), 20.5 (2C, C10, C11). Anal. Calcd for
C11H23NO7: C, 46.97; H, 8.24; N, 4.98; O, 39.81. Found:
C, 46.69; H, 8.28; N, 4.91; O, 40.12.

4.6. N-Cyclopentyl-DD-glycero-DD-gulo-heptonamide (4)

Via GP from cyclopentylamine (0.45 g); recrystallization
from EtOH gave trigonal prismatic crystals; 0.94 g
(56.6%); mp 156–160 �C; ½a�20

D +5.1 (c 1.6, water); IR
(KBr): m 1657 and 1542 cm�1 (amide); 1H NMR
(Me2SO, 400 MHz): d 3.96 (m, 1H, J8,HN1 7.8 Hz H8),
1.71 (m, 2H, H9A, H12A), 1.57 (m, 2H, H10A,
H11A), 1.40 (m, 2H, H10B, H11B), 1.35 (m, 2H, H9B,
H12B); 13C NMR (Me2SO, 400 MHz): d 50.6 (1C,
C8), 32.7 (2C, C9, C12), 24.0 (2C, C10, C11). Anal.
Calcd for C12H23NO7: C, 49.14; H, 7.90; N, 4.78; O,
38.18. Found: C, 48.95; H, 7.86; N, 4.78; O, 38.41.

4.7. N-Benzyl-DD-glycero-DD-gulo-heptonamide (5)

Via GP from benzylamine (0.56 g); 1.07 g (71.0%); mp
170–172 �C; ½a�20

D +12.4 (c 1.5, water); IR (KBr): m
1650 and 1541 cm�1 (amide); 1H NMR (Me2SO,
400 MHz): d 7.25 (m, 2H, H11, H13), 7.23 (m, 1H,
H12), 7.17 (m, 2H, H10, H14), 4.32 (dd, 1H, J8A,HN1

6.0, J8A,8B 15.3 Hz, H8A), 4.27 (dd, 1H, H8B); 13C
NMR (Me2SO, 400 MHz): d 139.5 (1C, C9), 128.6
(2C, C11, C13), 127.5 (1C, C12), 127.1 (2C, C10, C14),
42.2 (1C, C8). Anal. Calcd for C14H21NO7: C, 53.33;
H, 6.71; N, 4.44; O, 35.52. Found: C, 53.88; H, 6.87;
N, 4.34; O, 34.91.

4.8. N-(2-Hydroxyethyl)-DD-glycero-DD-gulo-heptonamide

(6)

Via GP from 2-hydroxyethylamine (0.32 g); 1.17 g
(90.7%); mp 127–130 �C; ½a�20

D +11.5 (c 1.4, H2O); IR
(KBr): m 1655 and 1552 cm�1 (amide); 1H NMR
(Me2SO, 400 MHz): d 4.66 (d, 1H, JHO8,9 5.6 Hz,
HO8), 3.36 (dt, 2H, J9,8 6.2 Hz, H9), 3.12 (dt, 2H,
J8,HN1 5.8 Hz, H8); 13C NMR (Me2SO, 400 MHz): d
60.1 (1C, C9), 41.6 (1C, C8). Anal. Calcd for
C9H19NO8: C, 40.15; H, 7.11; N, 5.20; O, 47.54. Found:
C, 39.65; H, 7.85; N, 5.18; O, 48.12.

4.9. N-(2-Methoxyethyl)-DD-glycero-DD-gulo-heptonamide

(7)

Via GP from 2-methoxyethylamine (0.40 g); 0.93 g
(68.7%); mp 109–112 �C; ½a�20

D +12 (c 1.4, H2O); IR
(KBr): m 1652 and 1547 cm�1 (amide); 1H NMR
(Me2SO, 400 MHz): d 3.32 (m, 2H, H9), 3.22 (m, 2H,
J8,HN1 5.7 Hz, H8), 3.20 (s, 3H, H10); 13C NMR
(Me2SO, 400 MHz): d 70.8 (1C, C9), 58.4 (1C, C10),
38.5 (1C, C8). Anal. Calcd for C9H19NO8: C, 42.40;
H, 7.47; N, 4.94; O, 45.18. Found: C, 42.02; H, 7.47;
N, 4.93; O, 45.58.
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4.10. N-(3-Methoxypropyl)-DD-glycero-DD-gulo-hepton-

amide (8)

Via GP from 3-methoxypropylamine (0.47 g); 0.89 g
(62.4%); recrystallization from water/acetone; mp 106–
110 �C; ½a�20

D +11.2 (c 1.4, water); IR (KBr): m 1650
and 1559 cm�1 (amide); 1H NMR (Me2SO, 400 MHz):
d 3.28 (t, 2H, J10,9 6.4 Hz, H10), 3.17 (s, 3H, H11),
3.09 (dt, 2H, J8,9 7.0, J8,HN1 6.1 Hz, H8), 1.61 (tt, 2H,
H9); 13C NMR (Me2SO, 400 MHz): d 70.3 (1C, C10),
58.3 (1C, C11), 36.2 (1C, C8), 29.5 (1C, C9). Anal. Calcd
for C11H23NO8ÆH2O: C, 41.90; H, 7.99; N, 4.44; O,
45.67. Found: C, 42.35; H, 7.97; N, 4.52; O, 45.16.

4.11. 1,2-Ethylen-bis(DD-glycero-DD-gulo-heptonamide) (9)

Via GP from 1,2-ethylendiamine (0.32 g); 0.92 g
(80.4%). Needle-shaped crystals were obtained from
water/MeOH. Mp 187–189 �C; ½a�20

D +14 (c 1.4, water);
IR (KBr): m 1658 and 1546 cm�1 (amide); 1H NMR
(Me2SO, 400 MHz): d 3.14 (s, 4H, J8,HN1 5.7 Hz, H8,
H8 0); 13C NMR (Me2SO, 400 MHz): d 38.8 (2C, C8,
C8 0). Anal. Calcd for C16H32N2O14Æ2H2O: C, 37.50; H,
7.08; N, 5.47; O, 49.95. Found: C, 37.69; H, 7.03; N,
5.63; O, 49.65.

4.12. N-(N 0,N 0-Dimethyl-2-aminoethyl)-DD-glycero-DD-

gulo-heptonamide (10)

Via GP from N,N-dimethylethylenediamine (0.46 g);
0.92 g (85.0%); mp 121–123 �C; ½a�20

D +12.3 (c 1.4,
water). 1H NMR (Me2SO, 400 MHz): d 3.12 (dt, 2H,
J8,HN1 5.7, J8,9 6.6 Hz, H8), 2.24 (t, 2H, H9), 2.24 (t,
2H, H9), 2.07 (s, 6H, H10); 13C NMR (Me2SO,
400 MHz): d 58.4 (1C, C9), 45.6 (2C, C10), 36.7 (1C,
C8). Anal. Calcd for C11H24N2O7: C, 44.59; H, 8.16;
N, 9.45; O, 37.80. Found: C, 43.98; H, 9.06; N, 9.40;
O, 38.28.

4.13. N-(2-Aminophenyl)-DD-glycero-DD-gulo-heptonamide

(11)

DD-glycero-DD-gulo-Heptono-1,4-lactone (1.00 g, 4.80 mmol)
was suspended in EtOH (13 mL) in a 50 mL reactor and
the 2-phenylendiamine (4.14 g, 38.3 mmol) and five
drops of water were added. The reactor was closed
and heated in an oil bath with a magnetic stirrer at
100 �C for 3 h, then cooled to room temperature. Ace-
tone was added to the reaction crude and crystals were
obtained. 1.03 g (67.8%); mp 163–165 �C; ½a�20

D +18.5 (c
1.3, water); IR (KBr): m 1665 and 1525 cm�1 (amide);
1H NMR (Me2SO, 400 MHz): d 7.09 (dd, 1H, J13,12

7.9, J13,11 1.7 Hz, H13), 6.87 (dd, 1H, J11,10 8.1, J11,12

7.2 Hz, H11), 6.66 (dd, 1H, J10,12 1.5 Hz, H10), 6.49
(ddd, 1H, H12), 4.85 (s, 2H, HN2). 13C NMR (Me2SO,
400 MHz): d 143.3 (1C, C9), 126.8 (1C, C11), 126.6 (1C,
C13), 123.5 (1C, C8), 116.6 (1C, C12), 116.1 (1C, C10).
15N NMR (Me2SO, 400 MHz) d 58.2 (1N, N2). Anal.
Calcd for C13H20N2O7: C, 49.36; H, 6.37; N, 8.86; O,
35.41. Found: C, 48.93; H, 6.29; N, 8.84; O, 35.94.

4.14. N-(3,6-Diaza-hexyl)-DD-glycero-DD-gulo-heptonamide

(12)

Via GP from bis(2-aminoethyl)amine (0.54 g); the prod-
uct was obtained as oil, 0.60 g (40%). ½a�20

D +9.0 (c 1.5,
water); IR (KBr): m 1656 and 1544 cm�1 (amide); 1H
NMR (Me2SO, 400 MHz): d 3.12 (t, 2H, J8A,9 5.1,
J8B,9 6.6 Hz, H8A, H8B), 2.52 (t, 2H, J11,10 5.7 Hz,
H11), 2.51 (dd, 2H, H9), 2.44 (d, 1H, H10). 13C NMR
(Me2SO, 400 MHz): d 52.2 (1C, C10), 48.8 (1C, C9),
41.6 (1C, C11), 38.7 (1C, C8). 15N NMR (Me2SO,
400 MHz) d 104.6 (1N, N2), 66.1 (1N, N3). Anal. Calcd
for C11H25N3O7: C, 42.44; H, 8.09; N, 13.50; O, 35.97.
Found: C, 41.91; H, 8.93; N, 13.45; O, 36.45.

4.15. X-ray crystallographic analyses of amides

All X-ray diffraction data were measured on a Bruker-A

xs Apex diffractometer using monochromatic Mo Ka
radiation (k = 0.71073 Å) at 293 K. Structures were
determined by direct methods and refined by full-matrix
least-squares based on F2. Hydrogen atoms were ob-
tained from difference Fourier maps. Data collection:
SMARTSMART,14 cell refinement: SAINTSAINT;14 data reduction:
SAINTSAINT; program used to solve structure: SHELXS97SHELXS97;15

program used to refine structure: SHELXL97SHELXL97;16 software
used to prepare material for publication: SHELXTLSHELXTL

14

and Mercury17. The weighted R-factor wR and goodness
of fit S are based on F2, conventional R-factors R are
based on F, with F set to zero for negative F2. The
threshold expression of F2 > 2r(F2) is used only for cal-
culating R-factors [I > 2r(I)], etc. and is not relevant to
the choice of reflections for refinement.
Acknowledgments
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