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Abstract 

In this manuscript, we report the synthesis, NMR and single-crystal structures of three propylene 

linking dimers related with the hydrolytic degradation of one 5,6-dehydronorcantharimide dimer. Special 

attention was paid to the conformation of propylene linkers in order to understand their changes in the 

reaction. Statistical analysis of CSD database revealed that a-a, g-a and g-g conformations may have 

similar stability in most cases and various complicated unpredictable non-covalent interactions may play 

important role in the formation of final rotamers.  

In order to reproduce all stable conformations and the energy barriers separating them, full range 

two-dimensional fully relaxed potential-energy surfaces (PES) scans of six ‘propylene linker’ dimers 

were calculated starting from the most stable crystal structures. The PES were scanned along both bridge 

C-C single bond torsional angles (denoted as θ1 and θ2), while all other internal coordinates were 

optimized at the DFT/B3LYP/3-21G* level in gas phase. Then all energy minima were re-optimized 

again at the DFT/B3LYP/6-311+G(d,p) level both in gas and ethanol solutions in order to evaluate the 

really stable rotamers. At last, 1D or 2D relaxed PES scans were performed between local stable 

rotamers to get reliable energy barriers. This method represents a less time-consuming and more reliable 

approach to the determination of conformational stability of propanediyl bridging chains.  

The combination of experimental, statistical and theoretical results shows that the observed 

conformation is jointly determined by the energy levels of the minima, energy barriers separating them, 

non-covalent interactions and somewhat randomness. 

 

1. Introduction 

The dimer structure is ubiquitous in natural products and dimeric molecules would be expected to 

show enhanced biological activity relative to their corresponding monomeric counterparts. [1] Dimeric 

compounds have been synthesized and studied for the treatment of cancer, HIV, Alzheimer, malaria and 

various parasitic diseases. [2] Meanwhile, tethering two functional headgroups together with a 

polymethylene chain (a short alkane linker) is being successfully used in designing functional materials 

following the concept of crystal engineering. [3] Among these alkane linking groups, propanediyl 

bridging chain is of particular interest on the point that these alkyl spacers should generally be long 

enough to result in significant conformational changes and on the other hand they should not be overly 

lengthy to make the synthesis and characterization difficult (probably due to the entropy effect). [4] 

Another point lies in the odd number of −(CH2)− groups, which may differ significantly from those of 

their even analogues. [5] Even more interesting was the fact that the spacer fragments provided by 

–(CH2)3– units often meet better spatial demands in biomimetic / coordination / catalytic Chemistry than 

other polymethylene linkers. [6] As a result, the use of the ‘trimethylene linker’ has been increased in 

many studies. [7] However, systematic examinations on the conformational geometry and stability of the 

propylene linker are scarce. Gellman, S. H. and coworkers carried out conformational searches for 

1,3-diphenylpropane and proved that all of the resulting local minima with the phenyl groups near one 
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another had the rings roughly parallel (fully stacked or offset) instead of perpendicular phenyl 

juxtapositions. [7(b)] Obviously, they mainly focused on the aromatic stacking interactions induced by 

aromatic-aromatic geometries instead of the conformations of the propylene linker itself. So the bridging 

chains are not well understood and there is an urgent need for more systematic models without too much 

bias for certain conformations, in which the type of dimer shapes can adjust or control the non-covalent 

interactions, such as hydrogen bonds, anion…π, [8] cation…π, π…π interactions and X–H…π (X = C, N, 

O) interactions, or even intramolecular C–H δ+· · · δ+ H–C interactions. [9] In other words, advances in 

rational supramolecular design will require a detailed understanding of the conformations of the 

propylene linker itself instead of too much kinds of weak interactions, which may be influenced by tons 

of factors, for example, terminal groups, substituents effect, steric effects, electrostatic effects, position 

of the ‘propylene linker’. [3(e)] Is there any probability to realize the prediction and rational design of 

particular conformations regardless of all these complicated weak interaction? The combination of 

experimental, statistical, and theoretical studies will provide a new way in this area.  

The rapid progress of computational hardware opens the possibility to apply more demanding 

computational methods, especially density functional theoretical (DFT) methods, to probe the 

conformational preferences of flexible molecules. [10] DFT methods are dominant over other 

computational techniques because it can yield excellent geometry and vibrational energies for 

compounds containing first and second row atoms. [11] On the other hand, hybrid functionals, [12] such 

as B3LYP, [13] yield good atomization energies [12,14] as well as good geometries and frequencies. 

In view of these fascinating aspects of conformational geometry and diversity of the propylene 

linker presented above, we herein synthesized a series of three dimers in which different types of 

terminal groups are bridged by the same C3 aliphatic chain and investigated their conformations in 

crystal state. On the base of our crystal structures and other similar crystal structures derived from CSD 

database, [15] potential energy surface (PES) scans were performed to reproduce the most stable 

conformations and the energy barriers separating different kinds of stable rotamers. We hope that the 

combined experimental and theoretical study may become a powerful tool in probing the conformational 

preferences of flexible molecules. 

 

2. Experimental 

 
2.1. Materials and measurements 

All chemicals were purchased from Aladdin-reagent Chemicals and were used without further 

purification. Elemental (C, H, N) analyses were carried out with a Perkin–Elmer 2400 microanalyzer. 1H 

NMR spectra were run on a Bruker Avance 400 MHz instruments. The chemical shifts are reported in 

parts per million (ppm) relative to tetramethylsilane, SiMe4 (δ = 0 ppm), referenced to the chemical 

shifts of residual solvent peak [deuterated dimethyl sulfoxide (DMSO-d6)]. Melting points were 

determined on a WRS-2A electrothermal digital melting point apparatus (Shanghai precision & scientific 

instrument Co., Ltd, China). 

2.2. Synthesis and crystallization 

Synthesis of unsaturated analogue of demethyl-cantharidin (UDMC ) follows methods in the 

literature. [16] 0.833mL（0.01mol）propanediamine (PDA) was added to 50mL anhydrous toluene 

solution of 3.32g (0.02mol) UDMC  and stirred vigorously for 24h. The solution became slightly yellow 

and pale yellow flocculent precipitate was obtained, which on re-crystallization from acetonitrile gave 

colorless crystals suitable for X-ray analysis in around 10% yield (dimer 1).  
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3.70g dimer 1 (0.01mol) was solved in 20 ml DMF and then heated over 120℃ for 12 h, employing 

a reverse Diels-Alder reaction. The solvent was evaporated under reduced pressure to afford crude dimer 

2, which was re-crystallized in acetonitrile and colorless block crystals can be obtained in around 60% 

yield (1.40g).  

A solution of dimer 2 (1.40g) in 30 mL ethanol/H2O was refluxed for 24 h. The solvent was 

evaporated under reduced pressure to yield white residue. The residue was re-crystallized in water and 

colorless crystal (dimer 3) can be obtained. The yield is about 70%. 3-1 and 3-2 were obtained in two 

different repetition experiments. 

 The general reactions are shown in Scheme 1: 

 

Scheme 1. The reaction sequence in this paper. Systematic names for three products: 1, 

3,3'-(1,3-propanediyl)bis[3a,4,7,7a-tetrahydro-4,7-epoxy-1,3-bishydroisoindole-1,3-dione]; 2, N,N'-propylenedimaleimide; 

3, propane-1,3-diammonium monohydrate bis(hydrogen maleate), 3-1 [or propane-1,3-diammonium bis(hydrogen 

maleate), 3-2].  

 

The physico-chemical characterization results are listed below (NMR spectra are shown in Figs. 

S1-S6. All “ S” numbered tables and figures are in Supporting Information): 

1 Elemental analysis: found (calc. for C19H18N2O6): C, 61.71 (61.62%); H, 4.96 (4.90%); N, 7.62 

(7.56%); HRMS (ESI): m/z calcd for C19H18N2O6+H+: 371.1243 [M+H+]; found: 371.1237; 

M.p.149.1-150.1℃, 1H NMR (DMSO): δ (ppm) 6.531(s, 4H, olefinic protons), 5.108(s, 4H, methine 

protons linked to bridge O, O-CH), 3.310(t, J=7.6Hz, 4H, methylene protons linked to imide N, N-CH2-), 

2.899(s,4H, methine protons, -CH-), 1.618(m, J=7.6Hz,2H, methylene protons, -CH2-).
 13C NMR 

(DMSO): δ (ppm) 176.275(carbonyl carbons), 136.397(olefinic carbons), 80.287(methine carbons linked 

to bridge O, O-CH-), 47.087(methine carbons, -CH-), 35.593(methylene carbons linked to imide N, 

N-CH2-), 25.260(methylene carbons, -CH2-). FT-TR(cm-1,KBr): 3094(m, ν C=C-H), 3075(m, ν C=C-H), 

3040(m, ν C=C-H), 3017(m, ν C=C-H), 2986(m, ν C-H), 2951(m, ν C-H), 1769(vs, ν C=O), 1717(vs, ν 

C=O), 1400(vs, ν C-N), 1169(vs, ν C-O-C); UV/Vis (CH3CN) λmax/nm (ε/L·mol-1·cm-1): 

209.0(2.5×105). 

2 Elemental analysis: found (calc. for C11H10N2O4): C, 56.61 (56.41%); H, 4.19 (4.30%); N, 12.26 

(11.96%); M.p.169.5 -169.9℃ (slightly different from literature [17] 172-174℃). 1HNMR (CDCl3): δ 

(ppm) 6.704(s, 4H, olefinic protons), 3.536 (t, J=7.2Hz, 4H, methylene protons linked to imide N, 

-N-CH2-), 1.935 (m, J=7.2Hz, 2H, methylene protons, -CH2-). 
13CNMR (CDCl3): δ (ppm) 

170.583(carbonyl carbons), 134.224(olefinic carbons), 35.400(methylene carbons linked to imide N, 
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N-CH2-), 27.436(methylene carbon, -CH2-). 

3 (in fact 3-2) Elemental analysis: found (calc. for C11H18N2O8): C, 43.07 (43.14%); H, 6.16 

(5.92%); N, 9.06 (9.15%); M.p.178.2-179.9℃. 1HNMR (DMSO): δ (ppm) 7.728(s, 6H, -NH3
+), 6.018 (s, 

4H, olefinic protons in maleic acid), 3.071(t, J=7.2Hz, 4H, methylene protons linked to -NH3
+, -N-CH2-), 

1.628 (m, J=7.2Hz, 2H, methylene protons, -CH2-). 
13C NMR (DMSO): δ (ppm) 167.117(carbonyl 

carbons), 135.128(olefinic carbons), 38.607(methylene carbons linked to -NH3
+, N-CH2-), 

25.314(methylene carbon, -CH2-). 

     

2.3 X-Ray Crystallographic Analysis 

The X-ray diffraction measurements were made on a Bruker APEX II CCD area detector 

diffractometer at 293/298K for compounds 1 to 3 (Mo Ka radiation, graphite monochromator, λ = 

0.71073 Å). The structures were solved by SHELXL-97. The absorption correction was done using the 

SADABS program. [18] Software packages APEX II (data collection), SAINT (cell refinement and data 

reduction), SHELXTL (data reduction, molecular graphics and publication material), DIAMOND 

(simplifying crystal packing diagram) were also used. [19-21] All non-hydrogen atoms were refined with 

anisotropic displacement parameters. 3 has two crystal structures, 3-1 and 3-2, the former has one water 

molecule and the latter has none. In 3-2, some hydrogen atoms were added to the structure model on 

calculated positions but in the rest three crystal structures, the positions of all hydrogen atoms (except 

H5 and H6 in 1) were experimentally determined in electron density maps and refined without any 

constraints. Crystal data, data collection and structure refinement details are summarized in Table 1.  

Table 1 Crystallographic data and structure refinements summary for three products. 

Compounds 1 2 3-1 3-2 

Chemical formula C19H18N2O6 C11H10N2O4 3(C3H12N2)
2+, 6(C4H3O4)

-, H2O (C3H12N2)
2+·2(C4H3O4)

- 

Mr 370.35 234.21 936.84 306.27 

Crystal habit block/colorless block/colorless block/colorless block/colorless 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group C2/c C2/c P21/c Cc 

a /Å 21.61 (2),  19.395 (7) 14.7571 (8) 9.893 (5)  

b /Å 6.961 (7) 6.714 (2) 35.9464 (16) 35.521 (19) 

c /Å 13.351 (17) 9.132 (3) 8.2126 (5) 8.066 (4) 

α /° 90.00 90.00 90.00 90.00 

β /° 123.58 (3) 116.930 (4) 97.036 (6) 98.891 (8) 

γ /° 90.00 90.00 90.00 90.00 

V /Å3 1673 (3) 1060.1 (6) 4323.7(4) 2800(2) 

Z 4 4 4 8 

Dcalc. /g·cm–3 1.470 1.467 1.439 1.453 

µ /mm–1 0.111 0.114 0.124 0.125 

T /K 298 293 293 293 

F(000) 776 488 1984 1296 

Rint 0.1152 0.058 0.045 0.043 

R1 [I> 2σ(I)] 0.0736  0.0509 0.0570 0.0623 

wR2/reflections 0.1654/1463 0.1133/1035 0.1552/6317 0.1635/4050 

S 1.129 1.102 1.035 0.916 
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2.4 Computational Study 

In this work, density functional theory Becke3LYP calculations [12, 22] are used to map out the 

potential energy surfaces (PES) of these flexible dimers in order to confirm the geometries, energies, 

number of local conformational minima, the global minimum structure and barrier heights separating 

different kinds of conformations. In these scans, both of the dihedral angles (θ1 and θ2, scheme 2) were 

scanned over their full range using an interval of 10° between points. Full geometry optimizations along 

all other coordinates were carried out. 1,369 point calculations were completed for every dimer. The 

initial geometries in these scans were first extracted from their single-crystal X-ray results and then 

optimized by employing DFT B3LYP/6-31+G* calculations. [23] These scans were carried out with the 

3-21G* basis set because the relaxed scan method is too expensive on the time scale for large molecular 

dimers.  

In order to determine the reliability of 3-21G* basis set, preliminary PES scans were carried out for 

2 and 3 with 3-21G* and 6-31+G* basis sets respectively. These results are listed in Fig. S8 (for 2 in 

3-21G*), Fig. S9 (for 2 in 6-31+G*), Fig. S10 (for 3 in 3-21G*) and Fig. S11 (for 3 in 6-31+G*) as 

comparison. Relative energies and dihedral angles (θ1 and θ2) of every minimum are listed in Tables 

S13-S16, respectively. It can be seen that they are similar in map shape (mainly including the numbers, 

sites, relative energies and energy barriers of local conformational minima). For example, there are 17 

minima in Fig. S8, 12 minima in Fig. S9, both 14 minima in Fig. S10 and S11. The highest energy gap 

between local minima is 13.02 kJ/mol in Fig. S8, but 3.24 kJ/mol in Fig. S9 (much different in this case). 

The highest energy gap between local minima is 29.91 kJ/mol in Fig. S10, and 30.33 kJ/mol in Fig. S11 

(nearly the same in this case). The highest energy barrier is around 65 kJ/mol in Fig. S8 and S9. This 

value is around 131 kJ/mol in Fig. S10 and S11. Considering that all minima will be re-optimized with 

more sophisticated basis functions, all full range relaxed PES scans were computed by using the basis set 

3-21G*. 

It’s worthy to be noted that the minima on the PES map don’t correspond precisely to the local 

stable conformation, since these scans were carried out at specific values of dihedrals (θ1 and θ2 are fixed 

and all other structural variables were subjected to optimization). So all local conformational minima 

were fully optimized again with the 6-311+G(d,p) level both in gas and ethanol phases (using 

conductor-like polarizable continuum model (CPCM) [24]) in order to get the most stable conformations 

and most reliable energy barriers. The comparison of the PES scan results and all re-optimized local 

minima demonstrate which one is really the local/global minimum structures. Then relaxed 

one-dimensional or two-dimensional PES scans between two stable conformers were performed in 

6-311+G(d,p) basis set to get the energy barriers. Such a barrier height, although somewhat 

underestimated with 10° step size, is indicative of the propensity of particular conformers. 

All calculations were carried out using the Gaussian03 program package [25] on a Sunway 

BlueLight MPP supercomputer housed at the National Supercomputer Center in Jinan, China. 

 

3. Results and Discussion 

3.1 Single-crystal X-ray crystallography 

3. 1. 1. Crystal structure of 1 

     As an unsaturated norcantharimide (UNCI) dimer, 1 has been reported before, [26] but no detailed 

structure information has been described. Monomeric and packing structures of 1 are depicted in Fig. 1. 

As can be seen from the figure, the polycyclic imide skeleton has the exo-conformation, which is more 

stable than the endo- structure and inevitably becomes the overwhelmingly major products under 

thermodynamic control. [16(c), 27] As for the –CH2-CH2-CH2- linker, 1 prefers gauche-gauche mode 
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(abbreviated as g-g), which makes 1 twist and this mode may confer chirality to the dimer. The 

structure adopts C2 point-group symmetry. Since the asymmetric unit contains only one half-molecule, 

and the C2 axis is just parallel to the crystal b axis through C10 atom, so the two halves are really 

identical.  

  

 

Fig. 1. (a) Atom numbered molecular structure of 1 with displacement ellipsoids for non-H atoms drawn at the 30% 

probability level at 298 K. “A” represents the symmetry code of “2−x, y, 0.5−z”;  (b) Two types of 1D chains of 1 formed 

through two kinds of intermolecular C–H···O H-bonds (shown red dotted lines), view along the b axis. The perpendicular 

chain extends along the c axis and the horizontal one extends along the [-53 0 -2] direction. (c) 2D structure formed by 

intermolecular C–H···O H-bonds, view along the b axis. The right half is illustrated by the simplified dimers, showing the 

supramolecular grid-like architecture. The simplified dimers are shown in different colors (blue and green) to emphasize 

their different orientations (same in the following figures). (d) Projection of the crystal structure on the plane (1 0 1), 

purposing to show the arrangement of repeated layers extending perpendicular to the b axis.  
 

In the packing structure of 1, no valuable π-π stacking interactions can be found and the dominant 

force is hydrogen bonding. The geometries of hydrogen bonds are listed in Table S1. As can be seen, 

there are two kinds of intermolecular C–H···O hydrogen bonds in 1, one involves carbonyl O 

(C9—H9A···O2 (–x+2, -y+1, -z)) and another involves bridge O (C1—H1···O1 (–x+3/2, -y+1/2, -z)). Each one of 

the two interactions link 1 into one kind of 1D chains with different orientations. The former chains 

orient along the c axis and the latter along the [-53 0 -2] direction (Fig. 1b). Then the two kinds of chains 

weave with each other leading to the formation of 2D tapes with the rhombic meshes parallel to the 

crystallographic ac plane (Fig. 1c). All dimers can be classified into two kinds of conformations, i.e. the 

two helical stereoisomers: the right-handed single helicate (P, in blue color) and the left-handed single 

helicate (M, in green color) (Fig. 1c). So, although every dimer unit is chiral, the presence of dimer units 

with opposite chirality makes the crystal achiral. As for the stacking geometries, the 2D layer framework 

is more like undulating tapes (Fig. 1d) due to the up and down points of adjacent helicates. Packing of 

these layers in the crystal is stabilized only by van der Waals forces. 
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3. 1. 2. Crystal structure of 2 

Compound 2 was first synthesized in 1970 and its spectra and physical data have been reported 

several times [17, 26(b), 28], however its single-crystal structure has not been unambiguously 

determined till now. 

Dimer 2 is not as complicated as 1 is in the point of headgroups. But they have very similar 

molecule and crystal structures. For example, they both adopt C2 point-group symmetry and both have a 

C2 axis just parallel to the crystal b axis through the central C atom (C10 and C6). They both crystallize 

in C2/c space group, both contain one half-molecule in the asymmetric units and both have four 

formula units in the unit cell (Z=4). Even their unit cell parameters are similar (Table 1) except that 2 is 

somewhat smaller than 1. As for the propanediyl bridging chain, they are also similar. The bond lengths 

of N-C are 1.465(4) and 1.4603(18) Å, C-C 1.515(5) and 1.5173(19) Å for 1 and 2, respectively. Bond 

angles of N-C-C are 112.8(3) ° and 114.30(11) °, C-C-C 115.1(5) ° and 116.38 (17) °, respectively. 

Dihedral angles of N-C-C-C are 61.167(418) ° and 54.702 °, respectively. Obviously, dimer 2 maintains 

the same g-g conformation as that in dimer 1. 

 

 

Fig. 2. (a) Atom numbered molecular structure of 2 with displacement ellipsoids for non-H atoms drawn at the 30% 

probability level at 293 K. Symmetry code of A: −x, y, 0.5−z. (b) Two kinds of 1D chains of 2 formed through two kinds 

of intermolecular C–H···O H-bonds, view along the a axis. C2-H1···O2 (x, y+1, z) (shown with red dotted lines) connect the 

dimer into a chain extends along the b axis; C5-H4···O1 (-x, -y+1, -z) (shown with blue dotted lines) connect the dimer into 

another chain extends along the c axis. Some dimers at the end of both chains are illustrated by the simplified structures, 

i.e. imide ring except N is simplified by its center gravity (red balls at each end of the chains) and all H atoms have been 

omitted for clarity. (c) Two-dimensional structure formed by the third kind of intermolecular H-bonds, C3-H2···O2 (-x+0.5, 

y+0.5, -z+1.5) (shown with green dotted lines), view perpendicular to the spreading plane, i.e. the crystallographic (2 0 -1) 

plane. The second H-bond mentioned above (C2-H1···O2 (x, y+1, z), still shown with red dotted lines) also help to form the 

2D plane. The right half is illustrated by the simplified structures. (d) Three-dimensional structure formed by the 

aforementioned three kinds of intermolecular C–H···O H-bonds, view along the b axis. The sloping chain extending along 

the c axis is formed by the second kind of H-bonds. Only three layers are present and their adjacent layers have been 
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omitted for clarity.  

 

Similar as that in dimer 1, no valuable π-π stacking interactions were found and only hydrogen 

bonding occurs in the packing structure of 2. The geometries of hydrogen bonds are listed in Table S2 

and the schematic illustrations are shown in Fig. 2. As can be seen, there are three kinds of 

intermolecular C–H···O hydrogen bonds in 2. The first (C2-H1···O2 (x, y+1, z)) and the second 

(C5-H4···O1 (-x, -y+1, -z)) kinds of H bonds link 2 into two kinds of 1D chains with different orientations 

(along b and c axis respectively) (Fig. 2(b)). The third kind of H bonds (C3-H2···O2 (-x+0.5, y+0.5, -z+1.5)) 

link 2 into a 2D layer framework (Fig. 2(c)). Packing of these layers in the crystal is stabilized by the 

second kind of H bonds (Fig. 2(d)). 
 

3. 1. 3. Crystal structure of 3 

Compound 3 is the result of hydrolysis of dimer 2 and crystallizes in two forms, one has a water 

molecule (3-1) and another one has none (3-2). Das and Dastidar have synthesized this compound in 

2013 but failed to grow X-ray quality single crystals despite serious efforts. [29]  

X-ray structural analysis reveals that the asymmetric unit of 3-1 comprises of six monoprotonated 

maleate anions (MMA ), three protonated propylenediammonium dications (PPD)  and one H2O 

molecule (Fig. 3(a)), while 3-2 contains four MMA  and two PPD (Fig. 3(c)).  

The two C−O distances bonded to the same C in MMA  are obviously different (Table S3).  In 3-1, 

the C-O bonds lie in the ranges of 1.214(2) − 1.245(2) Å and 1.262(3) − 1.289(3) Å, respectively. In 3-2, 

the ranges are 1.173(7) − 1.245(7) Å and 1.253(7) − 1.352(8) Å, respectively. This proves the 

incomplete deprotonation of the maleic acid. Similar to what we have calculated in our previous paper, 

[30] hydrogen transfer from maleic acid to propylenediamine was carried out after the hydrolysis of 

dimer 2, yielding three oppositely charged spheres. Our DFT calculations (B3LYP/6-311+G(d,p)) prove 

that the proton transfer is inevitable in implicit solvent model of CPCM, i.e. no stable structure including 

neutral fragments can be obtained in ethanol solution. Maleic acid and propylenediamine can coexist 

only in gas phase, with around 149.5 kJ/mol higher energy than that of ionic fragments (two DMA  and 

one PPD, calculated at DFT/B3LYP/6-311+g(d,p) level), and the former will always be optimized into 

the latter in ethanol solution. These ionic fragments were held together by electrostatic interactions as 

well as hydrogen bonds (Tables S4-S5). The two protons act as a ‘‘glue’’ to hold the diammonium 

cations and various anions together. The MMA  structures in 3-1 and 3-2 are nearly the same except 

some differences in the intra-molecular hydrogen bond. Most MMA  have linear O-H···O 

intra-molecular hydrogen bonds, forming pseudo seven-membered rings, thus locking the molecular 

conformation and eliminating conformational flexibility. But three MMA  in 3-2 have not formed this 

kind of intra-molecular hydrogen bonds, because these hydrogen atoms of −OH groups were placed in 

geometrically calculated positions and refined using AFIX 147 constraints available in SHELXL97, 

instead of being experimentally determined in electron density maps as did in most other MMA . 

Unlike the g-g conformation adopted by dimer 1 and dimer 2, the PPD dimers in 3-2 all employ 

gauche-anti conformation (abbreviated as g-a). More interestingly, two different conformations of PPD 

are present in 3-1, i.e. g-a and a-a (denotes anti–anti conformation). This pattern, that is, coexistence of 

g-a and a-a, has hardly been observed experimentally in the solid state. [31] As we know, the flexibility 

of the C3 bridged dimers can exhibit three popular conformations: a-a, g-a and g-g. Then what’s the 

difference between them in energy? Which one is the most stable, energetically favorable conformation 

of the molecule? Having in mind that the degree of freedom of molecules in solution state remains free, 

there is an immediate possibility that molecule may adopt any kinds of stable conformation. However, in 
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solid state, does molecule exist in one stable conformation or the most stable conformation? These 

uncertainties promote us to explore all possible conformations of PPD through relaxed PES scans over 

its full range (see 5. Relaxed potential energy surface scans). 

 
Fig. 3. (a) Atom numbered molecular structure of 3-1 with displacement ellipsoids for non-H atoms drawn at the 30% 

probability level at 298 K. (b) Projection of layers of MMA  alternating with layers of PPD onto the аb plane in the crystal 

of 3-1. In the right half, dicationic and anionic backbones are shown with color balls that lie in their center of gravity. Red 

ones present MMA  and green ones present PPD. (c) Atom numbered molecular structure of 3-2 with displacement 

ellipsoids for non-H atoms drawn at the 30% probability level at 298 K. (d) Perspective  view of the structure of 3-2 in 

the аb plane in aforementioned styles.  

 

Supramolecular structures of 3-1 and 3-2 show similar alternating layers of MMA  and PPD, which 

are parallel to the ac plane (Fig. 3(b)(d)). In the crystal structure of 3-1, each PPD was attached with 

eight neighboring MMA  and each MMA  was attached with four neighboring PPD via N−H···O and 

C−H···O interactions. The solvate water molecules were occluded via O−H···O (O25—H55···O7 and 

O25—H56···O10 (x, −y+1/2, z+1/2)) and N−H···O (N4—H41···O25 (x, y, z+1)) interactions within the 

interstitial space of one PPD and two MMA . Though there is no water molecules in the crystal structure 

of 3-2, PPD and MMA  were involved in charge-assisted hydrogen bonding with each other similar as 

that in 3-1. All of them self-assembled into a 3D hydrogen-bonding ionic network. In one word, the 

overall hydrogen-bonding ionic network may be described as regular alternating layers of deprotonated 

acid moieties (MMA ) pillared by diammonium cations (PPD) sustained by electrostatic attractions and 

various hydrogen bonds. 

 

4. Searching and analyzing in Cambridge Structural Database (CSD)  

Careful analyses of the foregoing discussions on single crystal structures revealed interesting 

observations. In the process of hydrolytic degradation, the conformations of three propylene linking 

dimers change from g-g to g-a and a-a. This series of dimers containing 'propylene linkers' were 

designed with the assumption that progressive reaction should impart an influence in the conformations 

though the flexible trimethylene may adjusts itself according to the non-covalent interactions between 

the bulky headgroups. Their single crystal structures show that no product retains initial g-g 

conformations at the end of the reaction process. But this phenomenon does not prove that 
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1,3-diammonium propane (i.e. PPD) cannot adopt g-g conformations. A CSD [15] search revealed 24 

crystals that contain PPD fragment having g-g conformations among 258 entries with established PPD 

conformations (Table S6, some crystals with disorder or uncertainty are not included). By the way, there 

are 80 crystals acting as g-a conformation (Table S7) and 154 crystals acting as a-a conformation (Table 

S8). Obviously, a-a conformation may be the most stable one. Then, why g-g and g-a conformations can 

also become the preferences in some crystals? 

An extended CSD survey was conducted to obtain more information about the trimethylene 

conformation. It should be noted that only symmetrical N-substituted trimethylenediammonium / 

trimethylenediamine dimers are counted, because asymmetrical models will introduce more complicated 

interactions and provoke different responses for the two rotating C-C bonds. Besides dimers, most 

multimers / polymers are counted if they have definite conformations. At last, the total amount of 658 

entries was investigated. If the aforementioned 154 crystals having PPD were excluded, 504 entries 

having at least one non-hydrogen moieties at their termini were retained. We found 125 g-g 

conformations (Table S9), 190 g-a conformations (Table S10) and 189 a-a conformations (Table S11) in 

504 crystal structures. This is a different type of results, and we cannot expect that one or two 

conformations are overwhelmingly stable as it does in PPD conformations. That is to say, these three 

popular conformations (a-a, g-a and g–g) may have similar stabilities, especially when there exist 

different kinds of weak interactions. Then, how about the energy barriers between different 

conformations? 

 

5. Relaxed potential energy surface scans 

There are two ways to study conformational stability. One includes statistical analysis of large 

datasets of diversified architectures. The other way of studying significant conformational changes is 

through computationally addressing the energy changes upon rotating the most popular single bonds.  

It remains yet to understand how many of the energetically accessible minima of propylene linking 

dimers and the relative energies/energy barriers among them can be observed. To gain further insight, 

relaxed potential energy scans were carried out along the two flexible coordinates (θ1 and θ2) governing 

the position and orientation of two terminal groups (Scheme 2). 

Except aforementioned three dimers (1, 2; for clarity, 3 denotes PPD in this section), a series of 

three N-methyl substituted propylenediammonium dications from CSD were also discussed for 

comparison. They are abbreviated as 4, 5 and 6 (Scheme 2). The computational methods used in this 

study have been described in detail in “2.4 Computational Study”. 
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Scheme 2. Six dimers were investigated for various conformations through full range relaxed PES scans of two 

dihedral angles (θ1 and θ2). The number of dihedral angles was labeled according to the atom number of N, which 

ensures the consistency in all calculations.  

 

The relaxed PES maps are shown in Figs. S7-S14 and the corresponding data (relative energies and 

dihedrals) are listed in Tables S12-S19. Figs. S9 and S11 as well as Tables S14 and S16 are the results 

calculated in 6-31+G* basis set for comparison with that of 3-21G* basis set. As we can see, the more 

complicated the dimer, the more number of minima and energy levels on the map. For example, 1 has 20 

minima and 20 energy levels (from A to T), 2 has 17 minima and 13 energy levels (from A to M), while 

3 has only 14 minima and 5 energy levels (from A to E). 4, 5 and 6 have 13, 12, 10 minima, 10, 9 and 6 

energy levels, respectively, mainly depends on the degree of coupling between terminals. As we 

mentioned above, the minima on the PES map don’t correspond precisely to the local stable 

conformation. So all minima have been re-optimized using larger basis set 6-311+G(d,p) (both in gas 

phase and ethanol solutions). The relative energies and dihedral angles (θ1 and θ2) upon re-optimization 

are also listed in Tables S12, S13, S15, S17-S19 along with the results extracted from PES scans. As can 

be seen, some different “stable” rotamers on the PES map were optimized into the same one. As a result, 

only 7 g-g rotamers, 3 g-a rotamers and 1 a-a rotamer remained in dimer 1 after re-optimization in larger 

basis set 6-311+G(d,p) in gas phase (the overall energy order follows g-a < g-g < a-a), and 5 g-g, 3 g-a, 1 

a-a rotamers remained after re-optimization in 6-311+G(d,p) in ethanol solution (the overall energy order 

follows a-a < g-a < g-g). The relative energy gaps between different stable minima reduced from the 

highest 70.61 kJ/mol in PES to 22.78 kJ/mol in 6-311+G(d,p)-gas and 14.00 kJ/mol in 

6-311+G(d,p)-solution. Dimer 2 has similar results. Only 3 g-g, 1 g-a and 1 a-a rotamers were left after 

re-optimization in gas phase (the overall energy order follows g-a < g-g < a-a), while 1 g-g, 1 g-a and 1 

a-a rotamers were left after re-optimization in ethanol solution (the energy order follows a-a < g-a < g-g). 

The relative energy gaps between different stable minima increased a little from the highest 13.02 kJ/mol 

in PES to 13.92 kJ/mol in 6-311+G(d,p)-gas and reduced dramatically to 6.72 kJ/mol in 

6-311+G(d,p)-solution. Commonly, a-a conformations are a little more stable than experimentally 

obtained g-g conformations, which is probably due to the presence of hydrogen bonds that are not taken 

into account in calculations. Another probability is that we just get one of the stable rotamers (having 

non-statistical significance) and other rotamers may also appear when many more crystal structures are 

determined. That’s the case for dimers 3 to 6. 

From dimer 3 to dimer 6, the numbers of stable rotamers are the same after re-optimization in 

6-311+G(d,p)-gas and 6-311+G(d,p)-solution, but all less than that in PES maps. Only 1 g-g, 1 g-a and 1 

a-a rotamers remained for dimer 3 and the energy order follows a-a < g-a < g-g. For dimer 4, there 

remained 1 g-g, 2 g-a and 3 a-a rotamers and the overall energy order follows a-a < g-a < g-g. For dimer 

5, there remained 1 g-a and 2 a-a rotamers and the overall energy order follows a-a < g-a. Only 1 a-a 

rotamer remained for dimer 6. All energy gaps between different minima are dramatically reduced in 

solution. The highest ones are 9.17, 13.75 and 5.76 kJ/mol for dimers 3, 4, 5 respectively. Energy gap is 

meaningless for dimer 6 because only one stable minimum was left. Interestingly, the match-up between 

experiment (conformations in crystal structures indicated by a CSD survey, see reference [32]) and 

calculation is surprisingly good. That is to say, all kinds of conformations can be found for dimers 3 and 

4, but only a-a conformations can be found for dimer 6. While dimer 5 is somewhat different from our 

calculation because there is one crystal (CSD refcode MOWGIP) having g-g conformation. This 

difference is important in evaluating strong and weak intermolecular interactions for two reasons. First, 

in the X-ray crystal structure there exist strong hydrogen bonds involving cationic donors and anionic 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 12

acceptors (N+-H···SCN-) [9] that were not considered in theoretical study. Second, in the optimized 

geometry of the dimer, only one dication ion was considered and no counter anions appeared. The 

variation of the electrostatic attraction that could exist between two ions is not taken into account in the 

calculation. Nevertheless, the calculated results focus on the conformations of the propylene linker itself, 

without any bias for certain conformations. These results may help to find and investigate various 

non-covalent interactions. 

As a convenient choice for this investigation, we concentrated on the relative energies of the stable 

minima and the energy barriers separating them. In order to draw a visual landscape of these energies, 

we have transferred the 3D PES maps to 2D lines focusing on energy gap and energy barrier (Fig. 4(c)). 

The results are summarized in Fig. 4, all calculated at the DFT/B3LYP/6-311+g(d,p) level in ethanol 

solution. 

 

 
Fig. 4. The relative energies of the stable minima and the energy barriers separating them for different dimers, all 

calculated at the DFT/B3LYP/6-311+g(d,p) level in ethanol solution. (a) dimer 1; (b) dimer 2; (c) dimer 3, this picture 

shows the method of changing 3D PES maps into 2D lines, where the key point lies in the energy barriers; (d) dimer 4; (e) 

dimer 5; (f) dimer 6. 

 

For dimer 1, the theoretical calculations suggest that a-a rotamer is the most stable conformation, and 

g-a conformations have little difference in energy with a-a (the difference is only about 1.48-1.92 

kJ/mol). The finally obtained conformation is in g-g, which is collectively determined by weak 

interactions (hydrogen bonds, see Table S1) and the energy barriers. As shown in Fig. 4(a), g-g 
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conformations can be trapped in local conformational minima with 9.23-14.0 kJ/mol above the global 

minimum. The energy barriers are about 32.59-38.03 kJ/mol, which cannot be overcomed very easily, 

further supports the probability that molecule may adopt one local stable conformation, regardless the 

ranking in energy sequence. For dimers 2, 3 and 5, the energy barrier is no more than 20 kJ/mol, which 

means that the final conformation has more trends to seek the most stable one. A likely explanation for 

the differences between the calculated and the observed rotational conformation could be hydrogen 

bonding and other intermolecular interactions. For dimer 4, the less stable g-g conformation is very 

readily to change into a-a rotamer. The one example of g-g conformation may be ascribed to three kinds 

of N-H···O hydrogen bonds. [33] For dimer 6, the a-a rotamer is so stable and there is no energy barrier 

for other conformations to evolve into a-a conformation. So it is reasonable to predict that conformations 

other than a-a will never be found in the future. 

In conclusion, the final conformation is jointly determined by relative energy of different rotamers 

and energy barriers separating them, the former can be influenced by various weak interactions. At last, 

the randomness may play a role under certain conditions. After all, seldom structure can be 

unambiguously predicted as that in dimer 6. 

 

6. Conclusions 

Four single-crystal structures related with the same reaction have been investigated. All have 

propylene linked dimers but the trimethylene linking chains have different conformations. 1 and 2 are in 

g-g conformation, while 3-1 and 3-2 are in g-a and a-a conformations (only without g-g conformation). 

Provoked by these phenomena, we performed statistical analysis of large datasets of CSD crystal data. 

For protonated propylenediammonium dication (PPD), a-a conformations are an absolute majority (154 

in 258 entries) and g-g conformations are very few (24 in 258 entries). But for other symmetrical 

‘propylene linker’ diammonium/diamine dimers containing at least one non-hydrogen terminal groups, 

the number of g-g and g-a conformations have not so much difference (125 g-g and 189 a-a in 504 

entries). It seems that these three popular conformations have similar stability on the point that “nature 

always seeks stability”. 

In order to draw a probable landscape of the energy changes among different stable conformations 

of propylene linked dimers, six model structures were chosen to draw full range 2D PES maps. The fully 

relaxed PES scan using small basis functions (DFT/B3LYP/3-21G*) combined with local minima 

re-optimizing with more sophisticated basis functions (DFT/B3LYP/6-311+G(d,p), in gas and solution) 

represent a less time-consuming and more reliable approach to the determination of conformational 

stability of propanediyl bridging chains. Energy barriers were got through relaxed one-dimensional or 

two-dimensional PES scans between two stable conformers. Inspection of calculated results show that 

most energy gaps between different stable conformations are no more than 15 kJ/mol, and most energy 

barriers separating them are no more than 40 kJ/mol. Although the calculations were performed with a 

specific step size and many non-covalent interactions are not taken into account, the results can still be 

used to predict the number of relatively stable rotamers, evaluate the relative stability of different 

conformations, understand the role of randomness in the formation of the final structure, help to find and 

investigate various non-covalent interactions when compared with observed results.  
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Highlights 

 

1) Four single-crystal structures have been investigated; molecular conformations and weak 

interactions have been analyzed. 

2) Statistical analysis of CSD database revealed that a-a, g-a and g-g conformations may have 

similar stability for most N-substituted symmetrical ‘propylene linker’ diammonium/diamine 

dimmers.  

3) Full range two-dimensional fully relaxed potential-energy surfaces scans of six ‘propylene 

linker’ dimers were calculated in order to probe the conformations of the propylene linker itself. 

This study provides a better understanding of the role that some factors can play in the formation 

of the final conformations. 

4) Our method represents a less time-consuming and more reliable approach to the determination 

of conformational stability of propanediyl bridging chains. 

 

 


