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Abstract: Thirteen new crystal structures of cyclic NH carboximides have been determined and are
compared with respect to the mode of intermolecular hydrogen bonding observed in the crystal.
The structures include a new cyclobutane-fused succinimide, seven new simple bi- and tricyclic
succinimides derived from Diels—Alder reactions of maleimide, three methylated glutarimides, a
morpholinedione and adipimide, the first seven-membered ring NH carboximide to be structurally
characterised. Overall, seven of the compounds adopt a ribbon structure, five show centrosymmetric
dimers, and one has bonding between NH and a remote bridging ether oxygen. Halogen bonding
was also detected in one case.

Keywords: hydrogen bonding; dimer; ribbon; succinimide; glutarimide; halogen bonding

1. Introduction

In a recent review in this journal [1] we surveyed the published crystal structures of
over 300 cyclic NH carboximides containing the CO-NH-CO functional group and this
revealed some important trends. In particular, two hydrogen bonded structures, namely,
a centrosymmetric dimer A and a linear ribbon structure B involving two parallel rows
of molecules exemplified for a simple monosubstituted succinimide (Figure 1) were by
far the most common, accounting respectively for 119 and 74 examples among the total
of 311 analysed. A further less common pattern F was one involving a chain formed
by hydrogen bonding of NH to a remote non-imide oxygen elsewhere in the structure
(29 examples). There were also less common modes of bonding such as hydrogen bonding
of NH to a remote non-imide nitrogen (11 examples), dimers formed by bonding of imide
NH to a remote oxygen (9 examples) or nitrogen (2 examples), hydrogen bonding of NH to
imide CO in four molecules leading to a square shape (2 examples) and the equivalent to the
centrosymmetric dimer but with bis imides leading to a doubly linked chain (11 examples).
In addition, a host of more complex structures involving additional hydrogen bonding
interactions with other functional groups were described.

The review also highlighted some notable gaps in previous structural studies. In this
paper, we describe the determination of 13 new cyclic NH imide crystal structures and anal-
ysis of their hydrogen bonding patterns, including those of seven new simple maleimide
Diels—Alder adducts, three methylated glutarimides, and the first seven-membered ring
imide adipimide (hexahydroazepine-2,7-dione). The structures 1-13 involved are sum-
marised in Figure 2.
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Figure 1. Most common previously reported hydrogen bonding patterns.
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Figure 2. Cyclic NH imides for which structures were determined.

2. Materials and Methods
2.1. Synthesis of Imides 1-13

The cyclic imides, all previously known compounds, were prepared by reported
methods and had physical and spectroscopic data in agreement with literature values.
Specifically, 1 was prepared by photochemical [2 + 2]-cycloaddition between 3-sulfolene
and maleimide in acetone [2], compounds 2, 4, 5, 6, 7 and 8 were prepared by Diels—
Alder reaction of maleimide with, respectively, cyclopentadiene [3], 1,3-cyclohexadiene [4],
1,3-cycloheptadiene [5], 6,6-dimethylfulvene [6,7], furan [8], and tetrachlorothiophene 1,1-
dioxide [9]. In the case of the furan adduct 7 it was essential to avoid undue heating since
that resulted in isomerisation to the exo isomer whose structure has already been determined
(see below). The exo-isomer 3 was prepared by reaction of the corresponding exo-anhydride
with ammonium acetate in acetic acid [10]. Imides 9-12 were prepared by treatment of the
corresponding dicarboxylic acids with ammonia; specifically, 9 was prepared by treatment
of 2-methylglutaric acid with aqueous ammonia followed by evaporation to dryness and
distillation [11], 10 was formed by reaction of 3-methylglutaric acid with thionyl chloride
then aqueous ammonia followed by evaporation to dryness and distillation [12], 11 was
prepared by reaction of 2,2-dimethylglutaric acid with urea at 160 °C [13], and 12 was
prepared by treating diglycolic acid with aqueous ammonia followed by evaporation to
dryness and distillation [14]. Imide 13 was prepared by treatment of e-caprolactam with
ozone in CCly [15].
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2.2. Crystallography

Data were collected on either a Rigaku XtaLAB P200 diffractometer (Tokyo, Japan)
using graphite-monochromated Mo (1, 3, 6, 7, 8, 10, 11, 12) or Cu (4, 5) radiation or a Rigaku
XtaLAB P100 diffractometer using Cu radiation (2, 9, 13). Structures were solved by direct
methods and refined by full-matrix least squares against F> (SHELXL version 2018/3 [16]).
The crystallographic data are summarised in detail in Tables 1-3. The cif files are available

in the Supplementary Materials.

Table 1. Summary of crystallographic data obtained for compounds 1-4.

Compound 1 2 3 4
CCDC deposit no. 2225715 2225716 2225713 2225707
Empirical formula C8H9N04S C9H9N02 C9H9N02 C10H11N02

Crystal system monoclinic monoclinic monoclinic monoclinic

Space group P21 /n (No. 14) P21 /c (No. 14) P2, /c (No. 14) P21 /c (No. 14)

93 173 93 125

Temperature (K)
Crystal form

colourless prism

colourless prism

colourless prism

0.20 x 0.10 x 0.10

colourless prism
0.12 x 0.05 x 0.02

Size (mm) 0.10 x 0.10 x 0.03 0.12 x 0.03 x 0.03
Unit cell a=6.0139 (3) a=11.1131 (3) 1=8394(2) A a=10.3980 (2)
dimensions (A, °) b=14.2212 (6) b=6.07791 (12) b=16.964 (5) b = 6.53350 (10)
¢ =10.2142 (5) ¢=12.2001 (3) c=10.681 (3) c=12.8770 (2)
B = 100.804 (5) B =100.690 (3) B =90.818 (7) B =105.469 (2)
Volume (A3) 858.08 (7) 770.90 (4) 1520.8 (7) 843.11 (3)
z 4 4 8 4
Dc (g em—3) 1.666 1.406 1.425 1.396
Absorption coefficient 0.363 mm ! 0.830 mm ! 0.102 mm™! 0.802 mm ™!
Radiation type, wavelength Mo Ka, 0.71073 A Cu Ka, 1.54184 A Mo Ka, 0.71075 A Cu Ka, 1.54184 A
F(000) 448.00 344.00 688.00 376.00
0 range 2.484-28.235° 4.253-68.319° 2.253-25.355° 4.412-75.133°
7<h<7, “13<h<11, -10<h<38, “12<h<12
Limiting indices -18 <k <18, -6<k<7, -14 <k <20, -8 <k<S,
-12<1<13 -14<1<14 -12<1<12 -16 <1<15
Reflns collected /unique 12460/1899 7229/1409 7224/2745 9087/1705
Rint 0.0799 0.0216 0.0281 0.0159
Data/restraints/parameters 1899/1/131 1409/1/114 2745/2/226 1705/1/122
Data with I > 20 (I) 1659 1385 2584 1672
Goodness of fit on F2 1.175 1.068 1.048 1.094
0.0389, 0.1039

Ry, wR, (data I > 20 (1))

0.0505, 0.1563

0.0781, 0.1697
0.0783, 0.1703

0.0393, 0.1062
0.0410, 0.1075

0.0394, 0.1044

R1, wR; (all data) 0.0552, 0.1584
Largest diff. peak/hole (e A?) 0.77 and —0.55 0.42 and —0.68 0.48 and —0.26 0.28 and —0.24
Table 2. Summary of crystallographic data obtained for compounds 5-8.
Compound 5 6 7 8
CCDC deposit no. 2225709 2225714 2225712 2225711
Empirical formula C11H13N02 C12H13N02 C8H7NO3 C8H3C14N02
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P21 /c (No. 14) P21 /c (No. 14) P2;2121 (No. 19) P21 /c (No. 14)
Temperature (K) 125 173 173 93
Crystal form colourless plate colourless prism colourless prism colourless plate
Size (mm) 0.12 x 0.04 x 0.01 0.12 x 0.10 x 0.03 0.15 x 0.15 x 0.08 0.10 x 0.10 x 0.02
Unit cell a=11.3039 (4) a=10.978 (3) a=7.0068 (7) a=6.4439 (4)
dimensions (A, °) b=7.28194 (18) b=11.441(3) b =8.1073 (8) b =5.8690 (3)
c=12.3790 (4) c=8.122(2) c=12.7199 (13) ¢ =26.8276 (19)
B =113.542 (2) B =92417 (7) — B =95.696 (6)
Volume (A3) 934.16 (6) 1019.2 (5) 722.57 (13) 1009.59 (11)
V4 4 4 4 4
1.360 1.324 1.518 1.888

Dc (g cm™3)
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Table 2. Cont.
Compound 5 6 7 8
Absorption coefficient 0.763 mm ! 0.090 mm ! 0.118 mm~! 1.143 mm~!
Radiation type, Cu Ka, 1.54184 A Mo Ka, 0.71075 A Mo Ka, 0.71075 A Mo Ka, 0.71075 A
wavelength
F(000) 408.00 432.00 344.00 568.00
0 range 4.266-75.347° 1.857-25.361° 2.980-25.375° 3.052-28.139°
-13<h <14, -13<h <13, —-8<h<7, —-8<h<s,
Limiting indices —-8<k<9, -13<k <13, —-9<k<9, —-7<k<e6,
-15<1<15 -9<1<9 -15<1< 14 —32<1<32
Reflns collected /unique 10,206/1886 11,923/1856 8213/1307 9882/2148
Rint 0.0172 0.0286 0.0295 0.0365
Data/restraints/parameters 1886/1/131 1856/0/142 1307/1/113 2148/1/140
Data with [ > 20 (I) 1845 1743 1296 1972
Goodness of fit on F? 1.041 1.090 1.022 1.006
R1, wRy (data I > 20 (I)) 0.0360, 0.0967 0.0370, 0.0969 0.0267, 0.0815 0.0303, 0.0848
Ry, wR; (all data) 0.0364, 0.0970 0.0385, 0.0981 0.0269, 0.0818 0.0324, 0.0862
Largest diff. peak/hole (e A?) 0.25 and —0.19 0.21 and —0.20 0.15and —0.18 0.58 and —0.28
Table 3. Summary of crystallographic data obtained for compounds 9-13.

Compound 9 10 11 12 13
CCDC deposit no. 2225705 2225704 2225708 2225710 2225706
Empirical formula C6H9 NOZ C6H9N02 C7H11N02 C4H5NO3 C6H9N02

Crystal system monoclinic monoclinic monoclinic triclinic monoclinic
Space group P2;/c (No. 14) P2;/c (No. 14) P2;/n (No. 14) P-1 (No. 2) P2;/n (No. 14)
Temperature (K) 173 93 93 173 173
Crystal form colourless platelet colourless prism colourless prism colourless prism colourless prism
Size (mm) 0.10 x 0.10 x 0.01 0.10 x 0.10 x 0.03 0.20 x 0.03 x 0.03 0.15 x 0.05 x 0.05 0.15 x 0.12 x 0.03
Unit cell a=11.795 (8) a=10.231 (4) a=15.276 (3) a = 3.92406 (12) 1 =10.9883 (2)
dimensions b=7.040 (4) b=5.949 (2) b =6.3447 (11) b = 6.67474 (18) b =7.18070 (11)
A, °) c=7.721(5) c=10.412 (4) c=15.358 (3) c=9.7328 (3) c=821778 (18)
& =76.716 (2)
B =103.355 (8) B =95.784 (8) B =90.108 (5) B =82516 (2) B =109.066 (2)
v =77.665 (2)
Volume (A3) 623.8 (7) 630.5 (4) 1488.5 (5) 241.489 (13) 612.84 (2)
Z 4 4 8 2 4
Dc (g cm™3) 1.354 1.339 1.260 1.583 1.378
Absorp'n 0.853 mm ! 0.101 mm~! 0.092 mm~! 0.137 mm~1 0.868 mm
coefficient
Radiationtype, -\ ro 154187 A MoKe, 0710754  MoKw, 0710754 Mo Ka, 071075 A Cuka,
wavelength 1.54184 A
Fo00) 272.00 272.00 608.00 120.00 272.00
0 range 3.852-67.810° 2.001-25.339° 2.653-25.335° 2.158-28.247° 4.257-68.071°
-13<h <14, —-10<h <12, —-18<h <18, —-5<h <4, -13<h <12,
Limiting indices —-7<k<s, —-5<k<7, -7 <k<7, —-8<k<s, —-5<k<8,
—-8<1<9 -11<1<12 —-18<1<18 -12<1<12 -9<1<9
Refln total /unique 6167/1122 3953/1145 15821/2699 7485/1052 5849/1111
Rint 0.0670 0.0300 0.0399 0.0254 0.0174
Data/restraints 1122/1/88 1145/1/87 2699/2/194 1052/1/77 1111/187
/parameters
Data I > 20 (I) 1061 1067 2490 965 1100
Goodness of fit F? 1.081 1.090 1.196 1.076 1.273
Ry, wRy (I >20 (1)) 0.0643, 0.1706 0.0461, 0.1488 0.0452, 0.1592 0.0292, 0.0838 0.0664, 0.1431
R1, wR; (all data) 0.0657, 0.1726 0.0615, 0.2137 0.0486, 0.1618 0.0318, 0.0853 0.0666, 0.1433
Largest diff, 0.62 and —0.29 0.49 and —0.62 0.27 and —0.17 0.32and —0.21 0.40 and —0.65
peak/hole (e A7)
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3. Results and Discussion
3.1. Cyclobutane-Fused Succimimide 1

The molecular structure of 1 (Figure 3a) clearly confirms the anti-arrangement of the
two five-membered rings with respect to the central cyclobutane. This is also consistent with
that of the corresponding anhydride 14 (Figure 4) whose crystal structure was reported
recently [17]. In the crystal the molecules are arranged in centrosymmetric hydrogen
bonded dimers (Figure 3b) with parameters within the normal ranges (Table 4). None of
the previously reported seven structures for cyclobutane-fused succinimides show this
structure, which using the graph set notation developed by Etter and Bernstein [18,19]
would be denoted R?,(8).

(b)

Figure 3. (a) Molecular structure of 1 with numbering system used (50% thermal ellipsoids), (b) hy-

drogen bonding pattern for 1.

Me Me
HH 0 Me
ON :
S O M (0]
(e} B e
- NH
HH o Me
14 ZIFQOX [17] 15 IDUYEL [21 16 PUMVOJ [22] 17 PUMWEA [22]

Me Et Me Me

A@%fﬁinﬁ;l

18 BAMSUG [23] 19 CIQJOC [27] 20AZMCHO10[29] 21 RERYES [28] 22 GIVDUN [30]

Figure 4. Structure of crystallographically characterised reference compounds 14-22 with CCDC Ref.
Codes and literature references.

Table 4. Hydrogen bonding parameters (A, °).

Compound D-H... A D-A D-H H...A Angle DHA
1 N(6)-H(®) ... O®5) 2.906(2) 0.97(2) 1.94(2) 170(2)
2 N(1)-H() ... O@2) 2.8438(15)  0.977(15) 1.902(15) 160.9(14)
3 N(1)-H() ... O(12) 2.9057(16)  0.975(13) 1.946(12) 167.6(14)

N(11)-H(11) ... O(©9) 2.9036(16)  0.972(13) 1.963(12) 162.1(13)
4 N(1)-H(1) ... O(9) 2.8432(12)  0.975(14) 1.878(13) 169.8(13)
5 N(1)-H() ... O©) 2.7991(11)  0.973(11) 1.832(11) 172.4(17)
6 N(1)-H(1) ... OQ2) 2.8616(15)  0.880(17) 2.020(17) 159.8(15)
7 N(1)-H(1) ... O(4) 2.8735(19) 0.975(8) 1.909(8) 170.0(19)
8 N(1)-H() ... O©) 2.8576(18)  0.975(16) 1.897(18) 168(2)
9 N(1)-H(1) ... O(6) 2.908(2) 0.978(17) 1.935(18) 173(2)
10 N(1)-H(1) ... O2) 2.9300(17)  0.973(13) 1.957(13) 177.0(16)
N(1)-H() ... O(6) 2.849(2) 0.977(17) 1.871(17) 179.1(18)
1 N(11)-H(11) ... O(16) 2.883(2) 0.977(19) 1.907(19) 178(2)
12 N(1)-H() ... O@2) 2.8872(11)  0.971(11) 1.920(11) 173.3(13)

13 N(1)-H(1) ... O(7) 29278(17)  0.975(17)  1.957(17) 173.1(14)
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3.2. Bi- and Tricyclic Diels—Alder Adducts of Maleimide 2-8

The Diels—Alder reaction of maleimide has been well investigated and at least 50 pre-
vious bicyclo[2.2.1] and [2.2.2] adducts derived in this way have been crystallographically
characterised [1]. However, it is notable that these do not include many of the very simplest
examples, such as the endo cyclopentadiene adduct 2 first reported as early as 1944 [20]. We
report here the structure of both endo and exo cyclopentadiene adducts 2 and 3, the endo
adducts from 1,3-cyclohexadiene and 1,3-cycloheptadiene 4 and 5, the exo dimethylfulvene
adduct 6, the endo furan adduct 7 and the cis tetrachlorocyclohexadiene-fused compound 8
formed by cycloaddition with tetrachlorothiophene 1,1-dioxide followed by extrusion of
SO,. The molecular structures (Figure 5) confirm the exo/endo configuration in each case. It
is perhaps surprising that the C(11) bridge in 5 is oriented towards the apparently more
hindered imide function rather than the double bond. It should be noted here that in a
previous publication [21], the structure of a 2:1 adduct of dimethylfulvene with maleimide
15 was determined (Figure 4) which clearly results from a further diene addition onto the
initial exo adduct 6. Despite this, the 1:1 adduct also obtained was shown with the endo
configuration [21] which is clearly an error as now confirmed by the structure of 6.

c10 02

Figure 5. Molecular structures for Diels—Alder derived compounds 2-8 showing numbering systems
used (50% probability ellipsoids).

All the molecular structures 2-8 show fairly conventional bond lengths and angles but
when we come to the mode of hydrogen bonding an interesting pattern emerges. Only
the endo cyclopentadiene adduct 2 forms the centrosymmetric R?,(8) structure (Figure 6)
while its exo isomer 3 as well as the higher homologues 4 and 5 and compounds 6 and 8 all
form the C(4) ribbon structure (Figure 7). The hydrogen bonding parameters (Table 4) are
standard. It should be noted that for compound 3 there are two independent molecules
and these alternate in the hydrogen bonding pattern.

In our review [1], fifty Diels—Alder derived tricyclic succinimides were covered and
fifteen of these show the centrosymmetric R%(8) dimer structure A while twenty show
the linear C(4) ribbon structure B. The factors that favour one of these as opposed to the
other are subtle and there seems to be a fine balance. The endo furan adduct 7 was of
particular interest since the exo isomer 16 (Figure 4) was previously found to form the
centrosymmetric dimer structure [22] but, by way of contrast, compound 7 adopts the
linear C(6) structure (Figure 7) with NH hydrogen bonding to the bridging oxygen of
the next molecule. It is worth noting that this is the structure also observed for several
simple substituted derivatives such as 17 in the exo series [22] and 18 in the endo series [23]
(Figure 4).
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8 7

Figure 7. Hydrogen bonded C(4) structures for 3, 4, 5, 6 and 8 and C(6) structure for 7.

A further element of interest was the detection of a strong intermolecular halogen
bonding interaction [24] in the structure of 8 between one ring C—Cl bond and the same
imide carbonyl as is involved in hydrogen bonding to NH. Since this forms additional
chains in a direction perpendicular to those formed by the hydrogen bonding interaction,
the overall structure is quite complex and for simplicity the halogen bonding is shown
separately (Figure 8). Examples in which a C—Cl halogen bonds to C=0 seem to be rather
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uncommon but a comparable example is provided by sydnone-containing hydroximoyl
chloride compound 23 [25].

OH
23 FIHTIA

Figure 8. Halogen bonding interaction in structure of 8 [C-Cl ... O parameters: C(4)-Cl(4) 1.722(2),
Cl4) ... O(9) 2.940(1), C(4)-O(9) 4.569(2) A, angle 156.26(6)°] and for comparison 23 [C-Cl ... O
parameters: C(9)-ClI(1) 1.717(2), CI(1) ... O(2) 3.150(2), C(9)-O(2) 4.861(3) A, angle 173.57(9)°].

3.3. Ring-Methylated Glutarimides 9-11 and Morpholine Analogue 12

The structure of glutarimide (piperidine-2,6-dione) was determined at an early stage
and it exhibits the C(4) ribbon structure B [26]. Very few simple derivatives have been
structurally characterised so far and we describe here the structures of the 3- and 4-methyl
derivatives 9 and 10 as well as the 3,3-dimethyl compound 11 (Figure 9). The morpholine-
3,5-dione structure 12 is also included.

12 13

Figure 9. Molecular structures for glutarimides 9-11, morpholine analogue 12 and adipamide 13
showing numbering systems used (50% probability ellipsoids).

Among these four compounds only one, the 3-methylglutarimide 9, shows a C(4)
ribbon structure (Figure 10) while the remaining three all adopt the centrosymmetric
R?5(8) dimer structure (Figure 6). Comparison with the few similar structures reported
previously (Figure 4) shows that while the 4-ethyl-4-methyl compound 19 [27] and the
3,3,5,5-tetramethyl compound 21 [28] both have dimeric structures similar to 10 and 11, the
4 4-dimethyl compound 20 [29] forms a C(4) ribbon similar to 9. The dimer observed for 12
also contrasts with the ribbon structure reported for the thiomorpholine analogue 22 [30].

Figure 10. Hydrogen bonded C(4) structures for 9 and 13.
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3.4. Adipimide 13

Although X-ray structures of five- and six-membered cyclic NH imides are very
common and there a few structures of eight- and nine-membered rings [1], no previous
examples of a seven-membered ring have been reported as far as we are aware. The
molecular structure of the first such example, adipimide or hexahydroazepine-2,7-dione 13,
showed a bent structure with C(4) and C(5) above the plane formed by the approximately
coplanar remaining five ring atoms (Figure 9). This compound again adopted a C(4) ribbon
structure (Figure 10).

4. Conclusions

In this paper we have filled in obvious gaps in the structural characterisation of cyclic
NH carboximides. The observed hydrogen bonding patterns among the 13 structures fall
mainly into the two commonest types for this class of compounds with seven adopting a
C(4) ribbon structure and five exhibiting R?,(8) centrosymmetric dimers. The remaining
example has a less common C(6) structure with NH bonding to the bridging ether oxygen
of the next molecule. Overall it is clear that there is a fine balance between the different
possible hydrogen binding modes with closely similar compounds often giving different
results.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13010150/s1, cif and checkcif files for 1-13.

Author Contributions: D.K.S. and A.J.B.N. prepared the compounds; A.M.Z.S. collected the X-ray
diffraction data and solved the structures; R.A.A. devised the study, supervised the work, anal-
ysed the data and wrote the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All data has been deposited at the Cambridge Crystallographic Data
Centre with Deposit Nos. 2225704-2225716 as detailed in Tables 1-3.
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