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Abstract: Fumaric, malonic, maleic,
and hydromuconic

-H--O~ hydrogen bonds between the
various species. In addition, two poly- in the

atom distances. The dynamic behaviour
solid-state  of the [N-

(HOOCCH,(CH),CH,COOH) acids
were used to prepare a series of hydro-
gen-bonded adducts or salts, depending
on whether acid-base proton transfer
takes place, with the dibase [N-
(LCH,CH,);N] in various stoichiomet-
ric ratios. The resulting compounds
have been investigated by using the 'H
MAS, PN, and "C cross polarisation
magic-angle spinning (CPMAS) meth-
ods and discussed in relation to X-ray
diffraction studies to ascertain the
nature of the O-H--O, N..H-O, and N*

morphic forms of the malonic com-
pound and a hydrate in the maleic case
were examined. We also present the
correlations between the chemical
shifts of the hydrogen-bonded protons
and those from the proton transfer re-
action (acid-to-base) with the heavy
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(uLCH,CH,);N] adducts with fumaric
2:1, maleic 1:1 hydrate, and hydromu-
conic acids, and a malonate 2:1 poly-
morph adduct have been investigated
by using variable-temperature 'H spin—
lattice relaxation times. A substantial
agreement between the activation ener-
gies obtained from fitting the 7, data
and the results of potential energy bar-
rier calculations demonstrates that the
facile reorientation of the [N-
(uCH,CH,);N] molecule occurs in sev-
eral of the adducts.

Introduction

The controlled preparation and characterisation of crystal
polymorphs,7 that is, of different crystal forms of the same
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substance, is one of the major issues of modern crystal engi-
neering and solid-state chemistry.* ¥ The reason for this in-
terest stems from the fact that such studies can give funda-
mental information about molecular recognition, crystal nu-
cleation, crystallisation, and the relationship between solid
phases.'> 8 A key aspect of the studies on polymorphism is
the possibility of preparing crystal forms by means of nonso-
lution methods, such as the solvent-free mechanochemical
cogrinding of solids."**

The acid-base adducts investigated in this paper have also
been selected in view of the fact that the main supramolec-
ular interaction that holds the building blocks together is
the hydrogen bond, undoubtedly the interaction of choice in
the majority of crystal engineering investigations with mo-
lecular components.”®?! The nature and strength of hydro-
gen-bonding interactions are being investigated extensively
due to the requirements of crystal engineering. In the field
of supramolecular chemistry, which has become one of the
central topics in chemistry for the design of molecular sys-
tems,*> the hydrogen-bonding interactions are often pre-
ferred because they combine directionality and strength
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with selectivity.® Numerous papers devoted to the self-or-
ganization of organic molecules into one-, two-, or three-di-
mensional hydrogen-bonded architectures have been pub-
lished in recent years.*>*!

Solid-state NMR provides reliable information concerning
hydrogen bonding and polymorphism.*/ This is mainly due
to its ability to observe the change in the chemical shift of
the atoms (in particular hydrogen, carbon, and nitrogen) di-
rectly involved in the interaction. By performing more so-
phisticated experiments™®! it is possible to obtain structural
information such as the X—H distance and the X-H-Y angle
from *C and "N chemical shift tensors, hetero- and homo-
nuclear dipolar interactions, and quadrupolar interactions,
and so on.

McDermott and co-workers*! have shown that the iso-
tropic C chemical shift of carbonyl carbon atoms increases
with decreasing heavy atom distance, whereas the *C chem-
ical shift tensor parameters provide a clear indication of the
protonation state of the carboxylic group. For the N iso-
tropic chemical shift the protonation-induced shifts are of
the order of 100 ppm towards lower frequencies for aromat-
ic amines and of about 25 ppm towards higher frequencies
for aliphatic amines.*”! Furthermore, Limbach and co-work-
ers® analysed N chemical shift tensors in terms of the va-
lence bond order model for pyridine and carboxylic acid ad-
ducts and found a correlation with the hydrogen-bond ge-
ometry. Frey and Sternberg!**"! have observed direct rela-
tionships between 6 'H and hydrogen-bond strength, and
between & 'H and X—H distance, respectively, for different
classes of hydrogen-bonded compounds.

In a previous paper we have investigated the proton trans-
fer reaction along a hydrogen bond between aliphatic dicar-
boxylic acids and the diamine base 1,4-diazabicyclo-
[2.2.2]octane (DABCO), by means of 'H, °C, and N solid-
state NMR spectroscopy.”!) We founded that the isotropic
13C chemical shift moved to higher frequencies as it passes
from the carboxylic acid to the carboxylate form. The “C
chemical shift tensor analysis of the carboxylic group
showed that J,, is the most sensitive parameter, changing
from 19246 for the deprotonated form to 162+5 ppm for
the protonated form. Similar results had already been ob-
served by several authors.”>% Correlation between the 6'H
and the heteroatom separation supports this interpreta-
tion.’*>! The analysis of the compounds previously studied
has shown that intramolecular O-H-+O and intermolecular
N-.H-O hydrogen bonds are strong interactions with proton
chemical shifts of around 16 £1.5 ppm, and N—O and O—O
bond lengths of around 2.55-2.60 A, while intermolecular
N*-H--O~ interactions are weaker and are characterised by
a 0'H of about 12.3 ppm and by a N—O bond length of
about 2.7 A.

It was possible to detect the occurrence of proton transfer
between salts and cocrystals of dabco-dicarboxylic acid sys-
tems by using the NMR parameters.

In order to deepen our understanding of this fundamental
interaction and to learn how to control proton transfer in
hydrogen-bond formation we performed systematic studies
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of crystalline materials that have O-H---O, N-H--O, and O-
H--N interactions.[**!!

In this paper we expand our investigation into the hydro-
gen-bonding interactions of O-H--O, O-H-N, and N*-
H--O~ observed in the crystalline acid—base adducts to cases
involving unsaturated aliphatic acids. These were obtained
by treating a series of dicarboxylic acids (malonic acid,
maleic acid, fumaric acid, and hydromuconic acid) with the
dabco dibase. We subsequently investigated intriguing cases
of polymorphism, hydrate formation, and different acid—
base ratios.

The malonate salt [HN(nCH,CH,);NH]-
[OOC(CH,)COOH], can be obtained as two polymorphs by
reacting the acid and dabco in a 2:1 ratio. The polymorph
achieved will depend on whether the crystals are obtained
by grinding together the reactants (I) or by slow crystalliza-
tion from solution (II).*® In this case the solid-state NMR
technique is necessary to ascertain the degree of protonation
of the organic base. In another experiment the anhydrous
salt [HN(uCH,CH,);N]J[OOC(HC=CH)COOH] has been
obtained by reacting maleic acid and the dabco base in ab-
solute ethanol in the presence of a large excess of base. The
salt contains chains of hydrogen-bonded cations [HN-
(WCH,CH,);N]* and isolated [OOC(HC=CH)COOH]"
anions, forming exclusively intramolecular hydrogen bonds.
Upon exposure to air the anhydrous salt converts within a
few hours into the hydrated pseudopolymorphic species
[HN(nCH,CH,);N][OOC(HC=CH)COOH]-(H,0),,s, that
contains N*-H--O~ hydrogen bonds between the anion and
cation. Preliminary reports have been published on structur-
al studies of these latter two cases.””!

We were unable to fully characterise the nature of the ad-
ducts by diffraction techniques because of the intrinsic diffi-
culty in locating the hydrogen atoms with this method. How-
ever, we are now able to complement such solid-state obser-
vations with the results of a combined 'H MAS, "“C
CPMAS, and "N CPMAS solid-state NMR study.

To investigate the dynamic behaviour of the adducts in
the solid-state we also performed a detailed study of 'H wi-
deline relaxation times at various temperatures. The opti-
mised motional parameters calculated from the experimen-
tal spin-lattice proton relaxation time (7)) data were then
compared with the activation energies obtained by potential
energy surface (PES) calculations.

Results and Discussion

The 'H, C, and "N NMR data for all compounds discussed
herein are given in Table 1.

The 'H MAS spectra are characterised by the signal due
to dabco (CH, groups) that falls in the range 3.7-4.7 ppm,
and an olefinic =CH signal for the acid at 6.8-7.3 ppm. Hy-
drogen-bonded protons, that is, N*-H-«O~ intermolecular
and O-H-.-O intramolecular, and O-H--O intermolecular,
can be observed in the range 12.9-20.9 ppm, depending on
the interaction strength (see, for example, the '"H MAS spec-
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Table 1. 'H, "*C, and "N NMR data for all compounds.
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(Figure 2 shows that of dabco-

Compound 6 'H [ppm] Note 6 C [ppm] 6 N [ppm] malonate 1:2, I) are similar to
dabco-malonate 1:2 18.1 O-H--O intra 178.1 COO~ 0.0 N+-H..0- those previously reported for
@ 13.6 N*-HeO" 172.5 COOH the dabco-dicarboxylic aliphat-
42 dabco and CH, 44.6 dabco ic acid adducts, although small
acid 38.4 CH, di
ifferences can be observed. In
dabco-malonate 1:2 17.8 O-H--O intra 174.4 COO~ 5.0 N*-H-O" .
(Im) and N*-HeO~ 1732 COO~ particular the presence of the
12.5 O-H--O inter 171.5 COOH double bond shifts the carbox-
and N*-H-O~ 44.7 dabco ylic and carboxylate signals to
36 dabco and CH, 44.1 dabco about 167 and 173 ppm, respec-
acid 37.4 CHL, tivel hereas values of 177
dabco-maleate 1:1 169.6 COO~ wvew, w -
anhydrous 137.9 CH (COOH) and 180 ppm (COO")
(1) 47.6 dabco have been observed in the
dabco-maleate 1:1 20.9 O—IE---O intra 172.4 COO~ 3.8 N*-H--O~ dabco-aliphatic dicarboxylic
hydrate 12.9 N*-H--O" 170.5 anhydrous -17.3 free N 10 [44] : :
acids."™" It is straightforward to
av) 73 CH 167.8 COOH R &
47 dabco 137.6 anhydrous distinguish between the proton-
136.9 CH ated and deprotonated forms
46.1 anhydrous on the basis of the relative
. 44.1 dabco chemical shift without perform-
dabco-maleate 1:2 19.4 O-H-+O intra 172.9 COO~ 63 N*-H-O" . detailed t lvsi
V) 14.9 N+-HowlO- 167.8 COOH ing a detailed tensor analysis on
7.0 CH 137.7 CH the carboxylic/carboxylate spec-
43 dabco 1353 CH tra.”*>! The signals due to the
. 44.8 dabco =CH double bond appear
dabco—fumarate 1:1 17.1 N*-H--O" 171.6 COO~ .
around 137 ppm while the
(VD) 16.7 (sh) N*-H..O" 1412 CH . pp
71 CH 132.0 CH dabco signal is located at about
3.8 dabco 44.6 dabco 45 ppm.
dabco-fumarate 1:2 15.7 N*+-H.-O~ and 173.4 COO~ 53 N*-H--O" Since it is well known that
(Vi) O-H~O inter 168.8 COOH the nitrogen chemical shift
7.1 CH 137.8 CH db hvd bond d
44 dabco 1333 CH caused by a hydrogen bond de-
44.6 dabco pends on many parameters in-
dabco- 18.5 (sh) N*+-H--O 182.4 COO 1.9N*+.H--O~ cluding the heavy atom dis-
hydromuconate 1:1 17.8 N*+-He.O 181.7 COO~ tance’ the Strength of the inter-
(VIID) 6.8 (sh) CH 133.8 CH .
action and the hydrogen atom
3.7 dabco and CH, acid 133.0 CH . Y g
487 dabco position along the axis of the
42.4 CH, heavy atoms, we also performed

trum of dabco-maleate 1:2 (V) in Figure 1). The assign-
ments for these spectra are based on previously published
criteria.’y! The C CPMAS spectra for these compounds

O—H--O intra

—H---O"

+

N

—
«

acid

a systematic N NMR study.
As a general criterion, based on

the previously published results® the signals at around
—15 ppm are assigned to nitrogen atoms not involved in the
hydrogen bond, the resonances in the range —2 to —8 ppm
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Figure 1. '"H MAS NMR spectrum of dabco-maleate 1:2 (V) at 298 K ob-

tained at 499.7 MHz.
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Figure 2. ®°C CPMAS NMR spectrum of dabco-malonate 1:2 (I) at 298 K
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are related to N--H-O interactions while a high-frequency
shift to about 3-6 ppm indicates the presence of N*-H--O"
interactions. Figure 3 shows the N CPMAS spectrum of
dabco-maleate 1:1 hydrate (IV) as an example of the free
nitrogen signal and the N*-H---O~ signal.

Iz

N*-H--O

|

Figure 3. "N CPMAS NMR spectrum of dabco-maleate 1:1 hydrate (IV)
at 298 K obtained at 27.25 MHz.

Dabco-malonate 1:2 (compounds I and II): The dabco-mal-
onate 1:2 adduct, compound I, represents an intriguing case
where the dabco ligand is diprotonated. The hydrogen malo-
nate anion forms the typical intramolecular hydrogen bond
with an O--O distance of 2.403(1) A and interacts with the
dabco moieties through an N--O hydrogen bond (length
2.713(1) A) forming a supramolecular hydrogen-bonded
adduct with the dabco units linked between two hydrogen
malonate anions (Figure 4). The crystallographic asymmetric
unit contains one independent hydrogen malonate anion
and half a dabco unit. The presence of a carboxylate group

0.@-

Figure 4. Crystal structure of dabco-malonate 1:2 (I). H¢y; of dabco have
been omitted for clarity.

in the acid is indicated by the nearly equal C—O distances
[C3—-01 1.239(6) A and C3—02 1.253(7) A] and by the peak
at 178.1 ppm in the *C CPMAS spectrum (Figure 2), typical
of a COO~ form. Nevertheless the °N resonance at 0.0 ppm
for the two equivalent nitrogen atoms is intermediate be-
tween the chemical shift of a NT—H-type and a weaker
N--H form. This evidence confirms that the protonation of
the two nitrogen atoms of dabco is not a straightforward
process.[*!
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The signal at 13.6 ppm in the 'H MAS NMR spectrum
and the N—O distance of 2.765(1) A in I indicate the forma-
tion of two weak charge-assisted N*-H--O~ hydrogen bonds
between the diprotonated [HN(uCH,CH,);NH]** ion and
two hydrogen malonate anions. The remaining carboxylic
groups [C1—03 1.288(7) and C1-04 1.196(6) A], with '*C
resonances at 0 172.5 ppm, form intramolecular O-H---O hy-
drogen bonds as already observed in similar adducts. The
proton chemical shift (0 18.1) and the O—O distance of
2.403(1) A suggest that this interaction is much stronger and
of shorter length than the charge-assisted ones.

Polymorph II consists of two trimolecular units of the
kind acid™™®-dabco-acid™" units joined by two acid™"
anions that form a twelve-membered ring (Figure 5). Only

Os

S 201 ;E?N-aog%“ké*

Ci %o,

Figure 5. Crystal structure of dabco-malonate 1:2 (IT). Hey of dabco have
been omitted for clarity.

three resonances are observed in the 'H spectrum: o 3.6,
12.5, and 17.8 ppm. The first is characteristic of the CH,
groups present in the dabco and in the acid. The signal at
17.8 ppm is consistent with strong hydrogen bonds and we
believe it corresponds to both the intramolecular hydrogen
bond (0103 2.429(2) A) and to the shorter N2.+Q5 inter-
action [2.607(2) A], while the signals of the intermolecular
05—08 hydrogen bond [2.615(2) A], and the longer N1.-O1
[2.698(2) A] both occur at 12.5 ppm. We partly resolved the
potential ambiguity in the assignments for the hydrogen-
bond signals by measuring the sample at 300 MHz. At this
magnetic field, the signal at 17.8 ppm appears to broaden
from 600 Hz linewidth (as seen at 500 MHz) to 700 Hz,
while the signal at 12.5 ppm splits into a broadened 2:1 dou-
blet, showing that at least the latter contains a component
from a C-N carbon which involves a second-order effect
arising from dipolar coupling to the quadrupolar “N
nuclei.[®”

Although the two nitrogen atoms involved in the N*-
H--O~ (N1 and N2) interactions are slightly different, they
give rise to a single resonance in the "N spectrum at
5.0 ppm which indicates the diprotonation of the dabco
moiety. The C spectrum of polymorph II shows three
peaks in the carbonyl region at 174.4, 173.2 ppm, and a
more intense resonance at 171.5 ppm. The resonance at
171.5 ppm is assigned to the carboxylic groups involved in
the intramolecular O-H---O and the intermolecular O-H---O
bonds labelled A in Figure 5, the C—O bond lengths of
which are C3-04 1.202(3), C3—-03 1.303(3), C6—O7
1.194(2), and C6—08 1.314(2) A. The chemical shifts of the
remaining two signals (174.4 and 173.2 ppm) are characteris-
tic of intermediate situations between carboxylic and car-

Chem. Eur. J. 2005, 11, 7461 -7471


www.chemeurj.org

Dicarboxylic-Diamine Adducts

boxylate forms with different hydrogen-bond arrangements.
This behaviour is intriguing, since the carboxylic acid carbon
loses its proton in favour of the base but it still maintains a
strong carboxylic character. This suggests a localisation of
the negative charge on the oxygen atom involved in the in-
tramolecular hydrogen bond and the N*-H--O~ bond. The
small differences in the C—O bond lengths [C4—06 1.219(2),
and C4—05 1.275(2) A labelled B, and C1—02 1.219(2), and
C1-01 1.270(2) A labelled C, in Figure 5] do not allow un-
ambiguous assignment of the carboxylate peaks.

Dabco-maleate 1:1 (compounds III and IV): The remarka-
ble feature of the anhydrous phase of dabco-maleate 1:1
(II) is the presence of N*-H..N hydrogen-bonded dabco
cation chains and isolated maleic anions (Figure 6). Due to
its tendency to form the more-favoured cation-anion N*-

Figure 6. Crystal structure of dabco-maleate 1:1 anhydrous (III).

H--O" interactions, compound IIl is very sensitive to air
and also to grinding so it was not possible to run the 'H
MAS spectrum at the required high spinning rate without
producing an extensive transformation of the sample. For
the same reason several attempts to obtain N data on this
compound with long acquisition times failed. However, it
was possible to record a >C spectrum that shows only one
signal at 169.6 ppm in the carbonyl region for the two equiv-
alent carboxylic groups, their chemical shift (169.6 ppm)
being exactly between that of the COOH form (~167 ppm)
and of the COO~ form (~173 ppm). This is also confirmed
by crystallographic data: C1—-O1 1.232(3), C1-02 1.290(3),
and C4—04 1.225(3), C4—03 1.285(4) A. In the short intra-
molecular O-H--O [2.404(3) A] bond, the hydrogen is situat-
ed almost midway along the bond and the single *C chemi-
cal shift is consistent with the presence of a symmetrical hy-
drogen bond.[*!

As previously described,”” the anhydrous phase of
dabco-maleate 1:1 (IIT) converts into dabco—maleate 1:1 hy-
drate [HN(uCH,CH,);N][OOC(HC=CH)COOH]-(H,0),s
(IV) on simple exposure to air. During the conversion from
anhydrous III to hydrated IV the N*-H--N hydrogen bonds
were replaced by more conventional “charge-assisted” N*-

Chem. Eur. J. 2005, 11, 7461 -7471
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H--O" interactions which join together the acid and dabco
units to form dimers. Concerning the crystal packing, a
water molecule is also present that interacts with both the
dabco and the acid through N--H-O [2.908(5) A] and O--H-
0 [2.920(5) A] vectors (Figure 7). The water molecule is lo-

Oqg

g s Ng

4
04 4{0 ? hain
®- C ahe] N 0 0
o 1 Ca c 1 P 1 7M 6
e o, P

s E s, Coj \ C
Og = Os
b

Figure 7. Crystal structure of dabco-maleate 1:1 hydrate (IV). Hey of
dabco have been omitted for clarity.

cated in a channel and is shared over two sites with occu-
pancy 50:50. The water molecule signal is not observed sep-
arately in the 'H spectrum probably because the signal is ob-
scured by the aliphatic resonance of dabco (6=4.7 ppm). In
the new arrangement the delocalisation in the acid moiety is
lost and it is possible to distinguish between a carboxylate
[C4—04 1.236(2), C4—03 1.265(3), and C8—0O8 1.237(2),
C8-07 1.255(3)A], and a carboxylic group [C1-O1
1.221(3), C1-02 1.287(3), and C5—05 1.219(3), C5-06
1.290(3) A] as is confirmed by the presence of two resonan-
ces in the C NMR spectrum at 172.4 (COO~) and
167.8 ppm (COOH), respectively. The carboxylate groups
are involved in the strong intramolecular O-H-+O hydrogen
bond [heavy atom separation of 2.417(3) and 2.427(3) A cor-
responding to the signal at 20.9 ppm in the 'H spectrum],
and also in the relatively weak intermolecular N*-H--O~
[2.688(3) and 2.728(3) A] interactions, the 'H signal of
which falls at 12.9 ppm. We found two different types of ni-
trogen atoms in the dabco moiety that were characterised
by N peaks at 3.8 ppm (hydrogen bond acceptor in the in-
termolecular hydrogen bond) and —17.3 ppm (isolated nitro-
gen) (Figure 3).

Dabco-maleate 1:2 (compound V): Crystals of [HN-
(WCH,CH,);NH][OOC(HC=CH)COOH], (V), were ob-
tained from a solution in ethanol, and the crystal structure
determined. No significant differences were observed be-
tween our crystal structure and that previously published.!
The latter has been used in this paper.

In compound V the dabco molecule forms a trimer with
two acid molecules (Figure 8). The particular feature of V is
that both acid moieties transfer their carboxylic proton to
the nitrogen atoms of dabco, as confirmed by the single res-
onance at 6.3 ppm in the "N NMR spectrum. In this case, as
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in all systems where the carboxylic acid is involved in more
than one intramolecular hydrogen bond, the acid is able to
transfer its hydrogen atom forming N*-H--O" interactions
[2.662(3) and 2.614(4) A, 149 ppm in the 'H spectrum
(Figure 1)]. The strong intramolecular O-H--O interactions
[2.484(7) and 2.440(4) A] are characterised by a 'H reso-
nance at 19.4 ppm. The “C spectrum of dabco-maleate 1:2
(V) shows two peaks in the carbonyl region at 172.9 ppm,
assigned to the carboxylate groups [C7—O1 1.257(6), C7—02
1.257(4) A, and C11-05 1.273(4), C11-06 1.235(4) A], and
at 167.8 ppm that is related to the carboxylic groups [C10—
03 1.315(6), C10—04 1.215(4), and C14—07 1.319(4), Cl14—
08 1.212(4) A].

Figure 8. Crystal structure of dabco-maleate 1:2 (V). Hey of dabco have
been omitted for clarity.

Dabco—fumarate 1:1 (compound VI): Crystals of compound
VI were obtained from a solution in ethanol and the crystal
structure was determined at room temperature. Even
though X-ray diffraction data at 150 K have been reported
previously, we have chosen to discuss the results of the
room-temperature NMR experiments on the basis of the
former data for consistency.*¥

The adduct VI consists of an infinite chain of alternate
acid and base units constructed around N--O interactions
(Figure 9). As reported in the published results for com-
pound VI one acidic hydrogen has been transferred com-
pletely from the acid to the base, while the other acidic hy-
drogen has been transferred only partially. In the former
case, the hydrogen atom was located in two different sites in
the Fourier map with occupancy 50:50. The C—-O bond
lengths [C4—04 1.218(2), C4—03 1.293(2), C1-02 1.228(2),
C1—-02 1.270(2)] show no clear distinction between the car-
boxylic and carboxylate group. This situation explains the
BC spectrum where we see only one signal at 171.6 ppm in
the appropriate region for the two types of carboxylic
groups with a chemical shift in between those of a carboxyl-
ic and of a carboxylate group. The 'H MAS spectrum is con-
sistent with these data; in fact only one peak at 17.1 ppm
with a shoulder at about 16.7 ppm is observed for the two
N:--O hydrogen bonds. Considering the N—O distances [N1—
03 2.577(1) and N2—02 2.606(1) A] the interactions can be
classified as strong hydrogen bonds. It is worth noting that
two strong intermolecular N*-H--O" interactions have not
been found either in any of the other samples of this series
or in the previously examined aliphatic dicarboxylic acid-
dabco adducts.!***"
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Figure 9. Crystal structure of dabco-fumarate 1:1 (VI). One acidic proton
has been transferred only partially; the two different sites with occupancy
50:50 are shown. H¢y of dabco have been omitted for clarity.

In the *C spectrum the double-bond =CH resonances fall
at 141.2 and at 132.0 ppm. Such a large difference is justified
by the presence of a short intermolecular contact [C-H-C
2.854(1) A, H-H 2.561(1) A] between a C—H acid group
and a CH, dabco moiety of the neighbouring chain, whereas
the other acid C—H fragment is quite far from the neigh-
bouring molecules, with C.-H-C and H-.-H distances of
3.171(1) and 2.492(1) A, respectively.” At room tempera-
ture the dabco unit gives rise to a very broad signal
(700 Hz) centred at 44.6 ppm. This behaviour probably
arises from the molecular motion having a similar timescale
to the MAS rate, as described by Nakai and McDowell.[*”!
The dabco *C linewidth, recorded at 125 MHz, varied with
temperature, being approximately 1400 Hz at —15°C and
about 400 Hz at —55°C. Moreover, increasing the spin rate
from 5 kHz to 7kHz at room temperature sharpened the
line from 700 Hz width to 500 Hz. Varying the decoupling
power, on the other hand did not seem to change the width.
Unfortunately the line-broadening associated with the same
phenomenon precludes the observation of the *N resonance
even at very long accumulation time.

Dabco—fumarate 1:2 (compound VII): As in the case of
compound VI since the solid-state NMR measurements
were carried out at room temperature, our crystal structure
is used for discussion in preference to the one measured at
150 K although no significant differences were found./*¥

The crystal packing of adduct VII consists of acid chains
based on intermolecular O-H-+O hydrogen bonds linked by
dabco  molecules through N7*-H--O~ interactions
(Figure 10). The 'H MAS spectrum for compound VII
shows only one resonance at 15.6 ppm for the two different
O-H--O" [2.540(3) A] and N*-H-+O" [2.644(2) A] intermo-
lecular hydrogen bonds. The resonance is very broad (ap-
proximately 3 ppm) indicating a partial overlapping of the
two signals. The *C spectrum is characterised by two signals,
one at 168.8 ppm for the COOH [C4—03 1.195(3) and C4—
04 1.323(2) A] involved in the intermolecular O-He-O~
bond between two acid molecules, and the other at
173.4 ppm, for the COO~- [C1-O1 1.239(3), C1-0O2
1.268(3) A]. The presence of a single resonance at 5.3 ppm
in the N spectrum confirms the diprotonation of the dabco
moiety by carboxylic acids.

Dabco-hydromuconate 1:1 (compound VIII): The infinite

chains formed by the A/B/A/B alternation of cations and
anions observed in adduct VI is also present in compound
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Oy O,

Figure 10. Crystal structure of dabco—fumarate 1:2 (VII). Hey of dabco
have been omitted for clarity.

VIII; the dabco unit is inserted into the original chains of
acid molecules, but in this case no interchain linking is ob-
served (Figure 11). The acid and dabco moieties are linked

a., o Os 0.
.. 1% "
0, c v
Oy 0,

Figure 11. Crystal structure of dabco-hydromuconate 1:1 (VIII). Hey of
dabco have been omitted for clarity.

by N--O hydrogen-bond interactions. In both hydrogen
bonds the hydrogen atom has been found close to the mid-
point (see Table 2). The asymmetric unit contains one for-

Table 2. Bond lengths [A] and angles [°] of the hydrogen-bond interactions in compound VIIL

FULL PAPER

Proton relaxation studies and PES calculations: Spin-lattice
proton relaxation times 7, provide a versatile experimental
route for evaluating molecular motion in the solid state. We
decided to investigate the dynamic behaviour of the adducts
by measuring the 'H relaxation time at variable temperature
in the wideline mode. Assuming that a single correlation
time 7, dominates the modulation of the dipolar interaction
in the various temperature regimes, the 7; values obey the
Kubo-Tomita-type relation:*

T, = Clr./(1+ 012 + 47./(1 + 40’1 (1)

where C is the motional constant, w is the angular Larmor
frequency, and 7, is the correlation time for the motion ex-
pressed by the Arrhenius law:

7. = Tpexp(E,/RT) )

7, and E, are the correlation time in the limit of the infinite
temperature and the activation energy for the motion, re-
spectively.

Figure 12 reports the log7, profile versus 10%T (K) for
dabco-maleate 1:1 hydrate (IV). Similar profiles have also
been obtained for dabco-malonate 1:2 (II), dabco—fumarate
1:2 (VII), and dabco-hydromuconate 1:1 (VIII) (see Experi-
mental Section). The 7, minimum is observed at about
310K for hydrate IV, whereas for compound VII the T;
minimum is found at about 350 K (see Supporting Informa-
tion). For compounds II and VIII it was not possible to
reach the 7, minimum without decomposing the samples;
nevertheless it was possible to obtain the E, from the slopes
of the lines used for fitting the points. Figure 12 shows the
good agreement between the experimental data and the
curves calculated according to the above Equations (1) and
2).

The best-fitted curves allow
us to obtain the optimised mo-

tional parameters listed in
Hydrogen bond oH HN O-N Angle " Table 3. Thus for compound IV
0O2.+-H100--N1 1.35(5) 1.20(5) 2.555(4) 176(3)  an E, of 142 kImol~! has been
04+-H400--N2 1.25(4) 1.33(4) 2.577(4) 175(3)

found, whereas for compounds

mula unit, that is, the two carboxyl groups are crystallo-
graphically independent as shown by the C—O bond lengths,
namely, C1-O1 1.210(3) and C1-02 1.280(3) A, with a >C
signal at 182.4 ppm, and C6—04 1.303(3) A and C6-03
1.208(4) A, with a "*C signal at 181.7 ppm. The *C spectrum
of compound VIII in the carbonyl region is similar to that
of other aliphatic dicarboxylic adducts previously report-
ed.™ In the 'H MAS spectrum of dabco-hydromuconate
1:1, one signal at 17.8 ppm with a shoulder at 18.5 ppm is
present for the strong N*-H--O~ interactions (N—O length:
2.555(3) and 2.577(4) A). The "N spectrum of compound
VIII is characterised by a broader, unresolved resonance
centred at 1.9 ppm for the two semiprotonated nitrogen
atoms involved in an N*-H-~O~ hydrogen bond.
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VII, II, and VIII the activation
energies are 21.3, 163, and
19.2 kJmol ™, respectively. The most likely dynamic process
responsible for the 7 profiles in the four adducts is the rota-
tion of the dabco molecule around its C; symmetry axis.
This has been confirmed by the semiempirical Austin Model
1 (AM1) PES calculations (Table 3, see Experimental Sec-
tion for details) based on the structural data that provide
possible models for the reorientational process. In fact, the
relatively low energy barrier obtained from PES calculations
(see Supporting Information) for compounds II, IV, VII,
and VIII, indicates that dabco in these adducts should be
able to rotate rather freely in the lattice at room tempera-
ture.
The experimental activation energies evaluated by fitting
the T, values are in reasonable agreement with the calculat-
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Figure 12. Variation of log of the spin-lattice relaxation time (7)) with
the temperature (1000/7) for the dabco—maleate 1:1 hydrate (IV).

Table 3. Calculations of the potential energy (PE) barriers associated with the rotation of the dabco for all ad-

pounds I, V, and VI, respectively, at 295 K) are almost two
orders of magnitude higher than in the case of fumaric 2:1,
maleic 1:1 hydrate, and malonate 2:1 polymorph salts. In
other words the lack of an efficient relaxation mechanism
operating in the adducts experimentally confirms the sub-
stantial rigidity of the dabco moiety. For malonic 2:1 and
malonic 2:1 polymorph an intermediate rotational energy
barrier has been evaluated by PES calculations.

Conclusion

In this paper a complete solid-state characterisation of the
adducts obtained from the reaction between dabco and di-
carboxylic acids has been reported. By a combined use of
X-ray diffraction and solid-state NMR data we demonstrat-
ed that in all adducts, except
compound VIII, the N*-H--O"~
interactions are weak, with N—

ducts.
Compounds Calculated dabco rotational Experimental dabco rotational O bond 1er<,lgths b?tween 2'.577
barrier energies (H Opt, kJ mol ™) barrier energies [kJ mol '] and 2.765A and 'H chemical
malonic 2:1 (1) 42.53 — shifts in the range 12-15 ppm.
malonic 2:1 (I) 39.12 16.3 Nevertheless, it is worth nothing
maleic 1:1 (IIT) 69.34 - that the simultaneous presence
maleic 1:1 hydrate (IV) 25.47 14.2 of two hydrogen bonds on the
maleic 2:1 (V) 110.85 - b li ith h
fumaric 1:1 (VI) 26,64 ~ carboxylic group (either on the
fumaric 2:1 (VII) 23.34 213 same Oxygen Or on two oxygen
hydromuconic 1:1 (VIII) 21.63 19.2 atoms) increases the proton

ed PE barriers if one takes into account the crude approxi-
mation of the latter and a general overestimation of the po-
tential barrier calculations within the “static environment”
approximation. The activation energies obtained using PES
and T, profiles for compounds VII and VIII differ by only
approximately 2 kJmol . For compounds IV and II the dis-
crepancy between calculated and experimental E, values is
slightly larger. In the barrier calculations rigid rotation is
generally assumed, without considering the adaptability and
the flexibility of the whole system. In the present study the
mutual internal rigidity of the dabco unit and of the neigh-
bouring molecules (an acceptable approximation in most of
the cases) could lead, however, to an overestimation of the
energy barriers. For compound IV the difference can be re-
lated to the presence of water molecules in the crystalline
channel and to their mobility. In the PES calculations simul-
taneous motion of the dabco and the water molecules is not
considered and so a higher E, is expected. In contrast, the
fumaric 1:1 and the anhydrous maleic 1:1 adducts, but in
particular the maleic 2:1 adduct, appear to encounter very
high potential energy (PE) barriers that freeze the dabco in
its position (see Supporting Information). Moreover, the
bottom of the PE well is rather narrow, surrounded by
steeply rising potential walls, suggesting also that oscillation
motion is limited. In all these cases the experimental values
of the proton relaxation times (7;=8.7, 20.3, 89.3 s for com-
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acidity, favouring the proton
transfer from the acid to the
base. We can therefore tune the
COOH acidity depending on the kind of hydrogen-bond
network, allowing or disallowing the protonation or the di-
protonation of dabco. We have also confirmed that all intra-
molecular O-H--O interactions are strong, with O—O
lengths between 2.403 and 2.452 A and 'H chemical shifts
ranging between 16.5 and 20.9 ppm. On the basis of the re-
sults reported here, the two main parameters for classifying
the hydrogen bonds on the basis of their relative strengths
are the proton chemical shift and the heavy atom separa-
tion. In weak hydrogen bonds, where the heavy atoms are
separated by less than the sum of their van der Waals radii,
that is, for O«H.-O < 2.6, NeeH.eN < 2.8, and for
N-H-+O < 2.7 A, the proton chemical shifts appear at
values smaller than 16 ppm. In strong hydrogen bonds the
heavy atom separation is 2.4-2.55 A for OwH:O, 2.6-2.7 A
for NeH--N and 2.5-2.6 A for N--H--O, while the proton
chemical shifts span 16-22 ppm. In Figure 13 the correlation
between the hydrogen-bonded proton chemical shifts and
the distance between heavy atoms is represented. The two
lines, related to the Ne«H-O and the O--H--O interactions,
show quite a different intercept value, but are rather similar
in slope, agreeing with the correlations previously reported
by several authors: in fact it is known that, independent of
the nature of the heteroatoms involved, for strong hydrogen
bonding the heavy atom separation is smaller, leading to an
X—H bond polarization, which deshields the proton reso-
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Figure 13. Correlation between 'H chemical shifts [ppm] and heavy atom
distances [A] for the O-H-O interactions (1) and NeH-~O interactions
(m) for all compounds.

nance, while for weak hydrogen bonding the heavy atom
separation is large so the X—H bond is less polarized and
the proton resonance is less deshielded./*”

Proton relaxation time measurements for compounds II,
IV, VII, and VIII have indicated molecular motion in the
adducts that acts as a mechanism of relaxation. Clearly the
rotation of the dabco molecule is the source of this relaxa-
tion for the protons in the solid adducts. E, values of 21.3,
14.2, 16.3, and 19.2 kJmol™' have been obtained for com-
pounds VII, IV, II, and VIII, respectively, for the molecular
motion. In general the experimental activation energies
roughly agree with the potential barriers associated with the
reorientation process on the basis of attractive and repulsive
electrostatic interactions with
atoms or nearby molecules. It is
well known,™ however, that

FULL PAPER

a Varian Unity Inova300 spectrometer operating at 299.82 MHz for 'H.
Powdered samples were spun at about 25-28 kHz in a Varian 2.5 mm HX
probe. Spectra were acquired using a m/2 pulse of 2.4 us and a pulse
delay of 20 s over a spectral width of 100 kHz. A total of four transients
was collected for each spectrum. Proton chemical shifts were referenced
through the resonance of poly(dimethylsiloxane) (PDMSO) at 0.14 ppm
relative to TMS. All “C and "N spectra were recorded on a JEOL
GSE270 equipped with a Doty probe operating at 67.8 MHz for '°C and
27.25MHz for “N. A standard cross-polarisation pulse sequence has
been used with a contact time of 3.5 ms for *C and 5 ms for “N, a 90°
pulse of 4.5 ps, recycle delay of 10-15s, and 600-4000 transients. Pow-
dered samples were spun at 4-5 kHz at room temperature. The *C re-
sults were reported with respect to TMS assuming the hexamethylben-
zene methyl peak is at 17.4 ppm. "N chemical shifts were referenced
through the resonance of solid (NH,),SO, (—355.8 ppm with respect to
CH;NO,). For all samples the magic angle was carefully adjusted from
the ™Br spectrum of KBr by minimising the linewidth of the spinning
sideband satellite transitions.

For the dabco-malonate 1:2 polymorph sample II '"H MAS spectrum var-
iable-temperature experiments were performed but no significant differ-
ences cither in the linewidth, or in the chemical shifts were observed.
Variable-temperature measurements were collected between 213 and
323 K by passing nitrogen gas through a heat exchanger immersed in
liquid nitrogen.

T, measurements: Proton spin-lattice relaxation times in wideline mode
were measured by the inversion recovery pulse sequence on a JEOL
GSE270 operating at 270.05 MHz for the proton. The 90° pulse duration
was 1.0 pus. The temperature was maintained within +£2 K by a nitrogen
gas flow (low temperatures) or air (high temperatures). The temperature
was checked by a thermocouple set in the proximity of the sample
(50 mg).

The error in the experimental E, obtained by fitting the 7' points with
the Kubo-Tomita expression®® has been estimated to be around
+1kImol™".

Crystal structure determination: The crystal structure data for com-
pounds VI, VII and VIII were collected at room temperature on a
Nonius CAD4 diffractometer with Moy, radiation, 1=0.71073 A, and
graphite monochromator. Crystal data and details of measurements are
summarised in Table 4. SHELX97!%! was used for structure solution and
refinement was based on F2 Nonhydrogen atoms were refined anisotrop-
ically. Hy atoms were located in the final difference Fourier map and re-

Table 4. Crystal data and details of measurements.

potential barrier calculations

otel Darm : N VI Vil VI
within 'the .statlc enVlronment. formula CHLN.O, CoHLN.O, CLHLN.O,
approximation tend to overesti- My 228725 344.32 256.30
mate the barrier height. T[K] 293(2) 293(2) 293(2)
In summary, while the NMR  system monoclinic monoclinic triclinic
method affords quantitative in- ~ SPa°¢ 8roup P2Je Qe Pl
. . alA] 9.705(3) 20.027(6) 7.160(1)
formation on the dynamic proc- b[A] 8.930(3) 6.554(2) 7.722(7)
esses occurring in the solid ([A] 12.683(5) 12.516(5) 11.871(10)
state, the PE calculations based «[°] 90 90 98.59(7)
on the structural data provide A[°] 99.89(3) 114.87(3) 91.43(4)
possible models for the reorien- vl % %0 96.08(4)
X VIAY 1083.9(7) 1490.5(9) 644.8(8)
tation process. 7 4 4 2
F(000) 488 728 276
Peatea[Mgm~?] 1399 1.534 1.320
u#(Moy,) [mm™] 0.109 0.127 0.099
Experimental Section measured reflns 2859 1230 2376
unique reflns 2696 1162 2257
Solid-state NMR spectroscopy: 'H parametersz 157 118 172
MAS NMR spectra were recorded on GOFon £ 0-990 1.064 1033
Varian Infinity PlusS00 spectrometer K1 (@1 F [1>20(D)]) 0.0479 0.0557 0.0697
a vanan tnlinity F1us JUD Speclrometer ., po (0 F2, all data) 0.1533 0.1641 0.2090

operating at 499.7 MHz for 'H and on
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fined without constraints. All other hydrogen atoms were added in calcu-
lated positions. SCHAKAL99 was used for the graphical representation.
[70]

Powder diffractograms were measured for all species discussed in this
paper and compared with those calculated on the basis of the single-crys-
tal structure.

CCDC-271682-271684 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif/

Powder diffraction data were collected on a Philips PW-1710 automated
diffractometer and on an X'Pert Philips diffractometer; both with Cug,
radiation and graphite monochromator. The program PowderCell 2.2
was used for calculation of X-ray powder patterns.

Potential energy calculations: The calculations of the PE barriers associ-
ated with the rotation of the dabco unit around its N-N C; symmetry
axis in the solid state were achieved by means of the AM1 semiempirical
model,"? as implemented in the Gaussian 03 program.™ The structures
used in the AMI calculations were obtained from the corresponding cell
packing by the inclusion of all the neighbouring molecules surrounding
the dabco considered for the rotation. Typically between five and nine
dabco units as well as between five and twelve acid moieties were select-
ed for the calculations. This results in a large number (over 200) of atoms
being included for the calculations, ruling out the possibility of using the
ab initio methods. Therefore, the positions of hydrogen atoms were re-
fined first by the universal force field (UFF) molecular mechanics
method defining the atom types according to the experimental data, and
in the second step by AMI1. The structures obtained by this method were
employed for the AMI rigid PES calculations. We are aware of the fact
that AM1 cannot accurately compute the position of hydrogen atoms di-
rectly involved in hydrogen bonds, and therefore the absolute value of
energies in these calculations are of limited meaning. However these hy-
drogen atoms scarcely contribute to the definition of the PES barriers be-
cause of their axial position, and the energy barriers themselves were cal-
culated as absolute differences between the minimum and the maximum
energy values during PES.
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