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Supramolecular adducts of formula [N(@EH2)sN]—H—[OOC(CH,),COOH] (h = 1-7) have
been obtained by mechanochemical reaction of solid dicarboxylic acids of variable chain length
HOOC(CH),COOH ( = 1—7) with solid 1,4-diazabicyclo[2.2.2]octane (dabcéiji MAS and >N
CPMAS spectra have been measured to investigate the presence of intermolecular hydrogen bonds between
acid and base. Proton and nitrogen chemical shifts allow a distinction to be made betivelr {0~
interactions (with proton transfer) and\NH—0O interactions (without proton transfer) and between strong
and weak hydrogen bonds. Correlations among isotféhi€®N chemical shift data and the-ND distances
of the atoms involved in the hydrogen bond interaction are found. Density functional theory, applied to
explore changes upon hydrogen bonding in #Heand >N shielding parameters, is in agreement with
the experimental values found by solid-state NMR spectroscopy. Hydrogen/deuterium H/D isotope effects
on the'>N NMR chemical shifts have been also investigated.

1. Introduction systems, 13 the HB is the most important interaction because
it combines directionality and strength with selectivity®
These peculiar behaviors make HB the preferred interaction
in many crystal engineering studies, as demonstrated by the
large number of papers devoted to the self-organization of
organic molecules into one-, two-, or three-dimensional
hydrogen-bonded architectur&s%22 The energy of the
weak HB is prevalently dominated by electrostatic factors,
whereas strong hydrogen bonds are short in length and show
magnetic and vibrational properties that are consistent with
a covalent rather than electrostatic attraction. However,
Polarization, charge transfer, and exchange repulsion also
play an important role. HB strengths can vary from 5 kJ
mol~* to hundreds of kJ mot depending on the molecules

Hydrogen bonding (HB) is a phenomenon of paramount
importance in chemistry and plays a unique role in nature.
Both weak and strong HB have been investigated by physical
and chemical method#i3and it is well-known they contribute
to the structures, physical properties, and chemical reactivity
of molecules and molecular complexes. For example, mo-
lecular recognition of the nucleic acid duplex is based on
the multiple weak HB formatiof.” Conversely, strong HBs
such as low-barrier hydrogen bonds (LBHBS) or single-well
hydrogen bonds (SWHBs) appear to be essential in all
enzyme-catalyzed reactions, although why they are essential
and how they promote reactions are open quesfitnghe
field of supramolecular chemistry, which has become one
of the central topics in chemistry for the design of molecular (g) wezei, G.: Raptis, R. @Vew J. Chem2003 27, 1399-1407.
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and whether they are in the gas phase or in solufioH.

Gobetto et al.

obtaining the positions of the hydrogen atoms. Furthermore,

The enthalpies of weak hydrogen bonds involving oxygen hydrogen bond interactions have been studied by cross

and nitrogen are in the range 480 kJ mol1,3! but it has
been reported for LBHBs that the strength is about 500
kJ mol.32

polarization magic angle spinning (CPMASXC and *N

spectroscopy® 8 Isotropic 3C chemical shifts linearly

increase with decreasingMD distances whered3C chemi-

Several techniques have been used for the detection anc¢al shift tensors of carbonyl carbon atoms of I-alanine

characterization of the hydrogen bond. Neutron diffraction residues in peptides, determined by spinning sideband pattern
crystallography is certainly the most definitive way to detect analysis, are a clear indication of the presence of a hydrogen
such interactions, but low-temperature X-ray crystallography bond interactiorf*

can also be use®:2* In weak hydrogen bonds the heavy It is known that the®N chemical shift range is wider and
atoms are separated by less than the sum of their van deimore sensitive to the presence of the hydrogen bond than
Waals radii i.e., for ®-H---O < 2.6 A, for N-=-H--*N < that of 13C #° 13N NMR studies have shown that molecular

2.8 A, and for N:*H--:O < 2.7 A, whereas in strong HB
the heavy-atom separations are-22455 A for O---H-+-0,
2.6-2.7 A for N-++H++*N, and 2.5-2.6 A for N-+*H++-0 .32

association in the liquid state or in the solid state through
intermolecular hydrogen bonds produces a high-frequency
or low-frequency shift according to the type of nitrogen atom

The various techniques have some intrinsic limitations and and the type of interactiot. > For example, aliphatic amines
cannot be universally applied. This is, for example, the caseinvolved in hydrogen bonds show in solution a high-
of a polycrystalline powder obtained from solvent-free frequency shift of +5 ppm when interacting with donor
reactions such as those occurring in the solid state betweersolvents, whereas the high-frequency shift is of the order of
molecules, or between two solids, or between a solid and a1l0—25 ppm in the case of protonating solvef#3

gas. For these kinds of reactions, which are important from Because in the solid state the signals are not averaged by
both the environmental and topochemical viewpoints, the solvent effects or by rapid exchange processes often present
alternative investigation techniques are mainly IR and NMR in solution, the change in the nitrogen chemical shifts caused
spectroscopy. The typical evidence of the weak hydrogen by complete protonation can be of the order o300 ppm,

bond is the high-frequency shift of tH&l NMR data and
the red shift in vibrational spectroscopy?® For strong HB

allowing a more accurate stud.
For glycine residues in solid oligopeptides, a relationship

the infrared bands are very broad and shifted to longer between the N-O distance and thE€N chemical shift tensor

wavelengths and thelH signals are far higher in frequency

in C=0---H—N hydrogen bonds has been fouidn this

than those normally associated with weak hydrogen bonds,case, it isds3 that shows a linear correlation with the-D
16—22 ppm for strong hydrogen bonds to nitrogen or oxygen distance, wheread;; and d,, are nearly independent.

and 16 ppm for [F+H-:-F]~.1

We previously reported the results of a systematic inves-

In the solid state, HBs have been investigated by different tigation of the reaction in solution and in the solid state

spectroscopic approaches. The development of line narrowingdetween a tertiary amine base, namely 1,4-diazabicyclo[2.2.2]-
techniques in solids, i.e., the possibility of spinning the octane (dabco)l, with a series of dicarboxylic organic acid

sample (MAS) at rates higher than 20 kHz allows the location
of chemical shifts of protons in HB leading to an increasing (39) Lorente, P.; Shenderovich, I. G.; Golubev, N. S.; Denisov, G. S.;

number of'H studies®’~39 It has been show#fi 42 that the
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S29.
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molecules of increasing aliphatic chain length, HOOC{GH referenced via the resonance of solid J#30, (—355.8 ppm with
COOH (= 1—-7).5 We demonstrated that the measurement respect to CENO,%).

of the carbon chemical shift tensors of the COOH group  Some of the spectra were performed at low and high tempera-
obtained by sideband intensity analysis® CPMAS NMR tures, but no spectral changes could be observed. Low-temperature
spectra obtained at low spin rates represents a potential too["€asurements were carried out by passing nitrogen gas through a

for the investigation of the position of the hydrogen in these €&t exchanger immersed in liquid nitrogen, thus allowing tem-
perature as low as 213 K to be achieved, maintaining the spin rate
supramolecular adducts.

. . . between 2.5 and 3 kHz (enough for obtaining spectra essentiall
The interest in extending such an approaciHoMAS ( 9 gsp Y

15 S . free from spinning sidebands).
and™N CPMAS NMR lies in the fact that these two nuclei 2.3 Calculations. We used density functional theory (DFT)

are directly involved in the formation of hydrogen bonds, c4jculations throughout, adopting Becke's three-parameter hybrid
and therefore are more sensitive probes to the hydrogenfunctiorf! and Lee-Yang—Parr's gradient-corrected correlation
position. An integrated theoretical and experimental approachfunctiorf? (“‘B3LYP”) method. Geometry optimizations have been
can be successfully applied to overcome difficulties in the performed in two steps by means of the Jaguar progeaiinst
characterizatiof’>° For these reasons, our investigation is using a 6-31G** basis set, and in the second step using a
supported by theoretical DFT calculations of NMR param- 6-311++G** basis set. The geometry scans, i.e., calculation on
eters, to find (a) a correlation between both thieand N geometries in which only the HB hydrogen atom is moved along

chemical shifts of the atoms involved in the hydrogen bond fhe 'l\'_o ?IXiS' have bzen carried °“Tthby ;a;;;;arhe}t |t2-e 6raaG
and the structural parameters previously obtained by X-ray evel on the optimized structures. The shielding parameters

. . . .~ were calculated starting from the optimized geometries, by means
analysis, and (b) a correlation between the H/D isotopic of the gauge-including atomic orbital (GIAO) method as imple-

effects on the'>N chemical shift and the geometries and . \onied in the Gaussian 98 progrérand employing the 6-311-+G-
strengths of hydrogen bonds. (2d,p) basis set. The absolute isotropic constant shieldingffor

of dabco (226.4901), used as reference, has been calculated from
the reported neutron diffraction structure of the ligdhdo take

2.1 Chemicals and ReagentsDabco and dicarboxylic acids in account the nearest-neighbor effects in the solid-state, the
HOOC(CH,),COOH have been purchased from Aldrich and used calculated™N absolute shielding has been extracted from the central
without further purification. All the adducts were prepared by solid- ©Of three aligned dabco molecules. Thenceforward;#Nechemical
state synthesis. In a typical reaction, equimolar quantities of dabco shift values were referenced according to the known experimental
and the dicarboxylic acid were manually ground in an agate mortar. value of the dabco base-{4.4 ppm) following the equatiods =
In all cases the characterization of the compounds has been226.4901- os—14.4 (where the subscript “s” refers to the sample).
confirmed by the full agreement of the X-ray powder diffractograms The'H and*3C chemical shifts were calculated in the same way
with the data previously reporté8iThe deuterated compounds were  but have been referred to the computed shielding for TMS optimized
prepared by dissolving 200 mg of the corresponding protonated at B3LYP/6-311-+G(2d,p) (absolute isotropic constant shielding
acid in D;O (99.8% enriched, Aldrich) fol h toachieve complete  Vvalues of 31.8194 and 182.4560 féf and*C, respectively). The
deuteration, followed by evaporation of the solvent. The disap- *°N and*3C principal tensor components are reported following
pearance of the COOH signal in thd NMR spectra confirmed ~ the Haeberlen conventiéhwhere 033 — disol = [011 — Jisol =
the complete deuteration of the acids. The deutero-acid was|022 — Jisodl and the shielding anisotropy is defined Az =
dissolved in 99.9% EtOD (25 mL, Aldrich) and then an equimolar 033 — (011 + 022)/2 With |033 — 0isol Z [011 — Oisol = |022 — Oisol-
guantity of dabco was added. The suspension was stirred & 50
until complete dissolution. The solution was allowed to cool slowly 3. Results and Discussion
to room-temperature overnight, yielding colorless crystals. . .

2.2 NMR Spectra.Proton measurements were mostly performed The solid-state structures of seven adducts corresponding
on a Varian InfinityPlus 500 spectrometer operating at 499.7 MHz t0 the general formula [N(C}H;)sN]—H—[OOC(CH)n-
for IH. Powdered samples were spun at 28 kHz in a Varian 2.5-
mm HX probe. Spectra were acquired using/a pulse of 3.8s (60) Schilf, W.; Kamienski, B.; Dziembowska, T. Mol. Struct.2002
in duration and a pulse delay of 20 s over a spectral width of 100 (61) %%%k‘lel_fgj Chem. Phy<1993 98, 5648-5652
kHz. A total _of 4 transients was cqllected for each spectrum. Proton (62) Lee, C.: g(an'g" W.: Parr, R. ®hys. Re. B: Condens. Matte1988
chemical shifts were referenced via the resonance of PDMSO (poly- 37, 785.
dimethylsiloxane) at 0.14 ppm relative to TMS. The second-order (63) Jaguar 5.0. Schrodinger, LLC: Portland, Oregon, 2002.

P ; ; ; ; (64) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
splitting for signals from H-N protons were obtained using a Varian M. A.: Cheeseman, J. R.. Zakizewski, V. G.. Montgomery, J. A., Jr.

Unity Inova 300 spectrometer operating at 299.82 MHz. Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
5N spectra were recorded on a JEOL GSE 270 spectrometer A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,

equipped with a Doty probe operating at 27.25 MHz 160X V.; Cossi, M; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

2. Experimental Section

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;

Powde_rt_ed sgmples were spun at#kHz. A contact time of 5 ms, Morokuma, K.: Malick, D. K.; Rabuck, A. D.; Raghavachari, K.:
a repetition time of 15 s, and a spectral width of 35 kHz were used Forestman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
for accumulation of 30084000 transientd5N chemical shifts were B. B Liu, G; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts,

R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;

(56) Braga, D.; Maini, L.; de Sanctis, G.; Rubini, K.; Grepioni, F.; Chierotti, Chen, W.; Wong, M. W.; Andres, J. L.; Gonzales, C.; Head-Gordon,

M. R.; Gobetto, RChem. Eur. J2003 22, 5538-5548. M.; Replogle, E. S.; Pople, J. &aussian 98revision A.9; Gaussian,
(57) Harris, R. K.; Ghi, P. Y.; Hammond, R. B.; Ma, C. Y.; Roberts, K. J. Inc.: Pittsburgh, PA, 1998.

J. Chem. Soc., Chem. Comm2003 2834-2835. (65) Nimmo, J. K.; Lucas, B. WActa Crystallogr., Sect. B: Struct. Sci.
(58) Nervi, C.; Gobetto, R.; Milone, L.; Viale, A.; Rosenberg, E.; Rokhsana, 1976 32, 348-353.

D.; Fiedler, J.Chem. Eur. J2003 9, 5749-5756. (66) Haeberlen, U. High-Resolution NMR in Solids; Kdvances in
(59) Gobetto, R.; Nervi, C.; Romanin, B.; Salassa, L.; Milanesio, M.; Croce, Magnetic Resonanc&/augh, J. S., Ed.; Academic Press: New York,

G. Organometallic2003 22, 4012-4019. 1976; Vol. 1.
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Scheme 1. Crystal Structures of Compounds 1C31C9.
Hydrogen Atoms Not Involved in HBs Are Omitted for

Simplicity. White, Grey, and Shadowed Circles Represent

Carbon, Oxygen, and Nitrogen Atoms, respectively. Small
Circles Indicate the Hydrogen Atoms Involved in HBs
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COOH] (h = 1-7) have been previously investigated by
means of*C solid-state NMR and powder and single-crystal
X-ray diffraction. In the following, we refer to the diacids
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ing in 1C3 and 1C5 may be due to the protonation of
the first nitrogen favored by the presence of the neighbor
O—H---O HB interaction, which in turn changes the donor
properties of the second nitrogen of dal§¢o.

3.1 NMR Characterization. The 'H and *>N chemical
shifts of all compounds are reported in Table 1. T&3
IH spectrum run at 500 MHz shows two peaks in the HB
region (Figure l1a): one at 12.4 ppm assigned to the
N*t—H---O~ hydrogen (with proton transfer) while the other
at 17.6 ppm is due to the hydrogen involved in the
intramolecular &-H---O interaction. In théH spectrum at
300 MHz (Figure 1b) the low-frequency peak splits into two
signals (in the relative ratio 2:1). The observed splitting of
1.2 ppm (350 Hz) is due to a second-order effect of dipolar
coupling to the quadrupolar nitrogen-14 nuclei, confirming
the proposed assignment for the sigifalhe *H chemical
shift for the N*—H-+-O~ interaction (12.4 ppm) and the-ND
distance (2.703 A), obtained by X-ray measurements, show
that this is a weak HB; conversely thd chemical shift and
the O-O distance (2.455 A) of the ®H-++O bond fall in
the range of the strong hydrogen bdrd#? The
1C5 spectrum is quite similar, showing two peaks at 12.2
and 16.4 ppm attributed to the protons involved in the
N*t—H---O~ HB and in the intermolecular ®H---O inter-
action, respectively. The signal atl6.4 ppm is very broad
(v12 = 1032 Hz) but changing the temperature (373 K) and
the spinning speed (20 000 Hz) gave no significant differ-
ences in the line width. This is probably due to the lack of
fully averaging the strong dipolar interaction between the
CH. hydrogens of the acid and theMH---O hydrogen I(4—n
~ 2.33 A). At 300 MHz the low-frequency peak behaves
analogously td.C3, i.e., a split of 440 Hz into a doublet (in
the relative ratio 2:1) centered at 12.5 ppm is observed.
Although the 1C5 supramolecular motif is different from
that of 1C3, we can apply the same considerations: thus,
the N"—H---O~ interaction is classified as a weak HB while
the intermolecular @-H---O is classified as a strong HB.
The'H chemical shifts for the other compoundsCd, 1C6,
1C7, 1C8, and 1C9) fall approximately in the same HB

by the total number of carbon atoms in the molecule, henceregion (about 1617 ppm) and all correspond to an

the adducts are identified €3 for the dabce-malonic acid
adduct,1C4 for the dabce-succinic acid adduct, etc.

N---H—O interaction (without proton transfer). In almost all
cases, exceftC4 (Figure 2) andLC8, two signals are present

Two major supramolecular motifs have been observed in in the *H spectrum corresponding to the crystallographic

the crystal structures, namely the A/B/A/B chalritd, 1C6,
1C7, 1C8, and 1C9) whereby the base is inserted in the
carboxylic chain of the parent diacid and the A/A/A/A chain
with lateral bonds to the base B{5), except in the case of

independent sites. This observation prompted us to tackle
the problem of the correlation betweéd chemical shifts
and the different N-O distances. The correlation we propose
is reported in Table 1. The compounti§4 and1C8 show

1C3 where a 1:1 adduct is present (see Scheme 1). In allin the*H spectrum (as well as in tHéN spectrum forlC8,
cases N-+H-+-O hydrogen bond interactions are responsible see below) only one peak, although one should expect two

for the formation of the acidbase adducts. The proton

signals corresponding to the two different-NM—O environ-

transfer process along a hydrogen bond may imply the ments present in the two adducts. We suggest that the

transformation of a molecular crystal into a molecular salt.

On the basis of the diffraction and solid-stat€ NMR
data, compound$C3and1C5 have been described as salts

presence of a single peak is due to a casual overlapping. If
one considers theséH chemical shifts and the NO
distances, which fall around 2.57 A, these HBs can be

(i.e., proton transfer from the acid to the base has occurred),

whereaslC4, 1C6, 1C7, 1C8, and1C9 are better described

as cocrystals (i.e., no proton transfer has occurred). The
proton transfer appears to be the driving force for the (68)
different supramolecular structures. Then the different pack-

(67) Someswara Rao, N.; Babu Rao, G.; Murthy, B. N.; Maria Das, M.;
Prabhakar, T.; Lalitha, MSpectrochim. Acta, Part 2002 58, 2737
2757.

Harris, R. K.; Olivieri, A. C.Prog. Nucl. Magn. Reson. Spectrosc.
1992 24, 435-456.
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Table 1. X-ray and NMR Data (Experimental and Calculated) for Compounds 1C3-1C%

Experimental Calculated
N—O N—H O—H
distance o H 0 0 IATN(D) N Ao distance distance N—H—-O
compound (&) (HB) I5N(H) I5N(D)  (ppm)  (ppm) O INP Oy 02 033 A A angle note
dabco 1 —14.4 -144 —48.88 —14.4 —30.91 —30.54 18.15 free N
1C3 2.455(3) 17.60 —-14.1 -14.1 —50.76 —15.6 —34.84 —30.12 18.28 free N
2.703(3) 124 4.7 4.7 —12.33 10.2 5.69 6.43 18.39 1.100 1.604 177.4 t—Mi---O~
1C4 2.588(4) 165 -—-72 -85 1.3 —3294 -52 -—-1781 —-14.61 16.73 1.566 1.026 173.7 -MN—0O
2.557(5) 165 —-44 50 0.6 —32.10 —-3.3 -—16.28 —11.83 18.05 1.527 1.039 170.6 -MN—O
2.556(5)
2.559(5)
1C5 2.523(3) 16.4 -16.6 —16.6 —48.82 —17.9 —35.21 —33.30 14.56 free N
2.697(3) 12.2 3.5 35 —10.46 8.0 3.41 5.69 15.01 1.104 1.607 168.2 T—MH---O~
1C6 2.594(5) 164 -65 —7.8 1.3 —32.75 —-5.1 -18.81 —13.29 16.70 1.574 1.026 172.4 -MNH—0O
2.558(5) 17.2 —-25 28 0.3 —29.96 —5.1 -—15.30 —14.92 1485 1.526 1.041 169.9 -MN—O
1C7 2.588(4) 156 -—-82 —93 11 —32.32 —-5.8 —19.23 —-13.96 15.72 1.569 1.024 172.8 -MN—O
2.563(4) 164 50 57 0.7 —-31.27 —-29 -15.82 —-10.89 1791 1.532 1.031 179.4 -MNH—O
1C8 2.595(4) 158 -66 —7.5 0.9 —31.80 —7.3 —21.49 -14.32 13.89 1.587 1.024 167.2 -MN—O
2.571(4) 15.8 —30.95 -6.1 —17.18 —15.73 1449 1551 1.029 170.3
1C9 2.548(3) 166 —-4.7 59 1.2 —31.26 —4.1 -—1597 —-13.08 16.73 1.527 1.030 169.7 -MN—O

2.605(3) 153 -84 97 1.3 —32.10 —-5.2 -17.24 —14.51 16.22 1.605 1.019 165.8 -MNH—

aThe components of the chemical shift tensors are defined following the Haeberlen conventiondaher®iso| = |11 — diso| = 022 — disol aNd Ao
= 033 — (011 + 022)/2 With |033 — Tiso] = |011 — Giso| = |022 — Jisol. P The scale ofN has been calculated relative to the absolute shielding of dabco, set
to —14.4 ppm, according to the experimental value (see Experimental Section for dé@is] distance (A)9 *H chemical shift for the @H---O
intramolecular HB {C3) and for the G-H---O intermolecular HB 1C5).

a) b / \
2'0 1'0 6 -1l0 \\w\/ M
31/ ppm
Figure 1. 'H MAS NMR spectrum ofLC3 at 298 K obtained at 499.70
MHz (a) and at 300 MHz (b). / | d’\
o

15 10 5 0 5 -10 -15 -20 ppm
Figure 3. 15N CPMAS NMR spectra of dabco (a)C3 (b), and1C4 (c)
at 298 K obtained at 27.25 MHz.

and line widths of thé®N resonances have been observed
by decreasing the temperature to 213 K.

e N N T T For dabco only one sharp peak is observed-a#.4
Figure 2. H MAS NMR spectrum ofLC4 at 298 K obtained at 499.70 PP, indicating that the two nitrogen sites are equivalent
MHz. (Figure 3a).

For solutions, thé>N peak of dabco falls at 10.0 ppm in
defined as strong hydrogen bonds (as confirmed by the H/D ccl,, 11.6 ppm in EtOH, and 18.6 ppm iL. M HCI (Onhs

isotope effect on thé>N chemical shift, vide infra). 0 ppm). Rao et &7 showed that the dabco in solution gives
The >N CPMAS spectra of the free dabco and the adducts a single resonance for the two nitrogen atoms both in donor
of formula [N(CHCH,)3sN]—H—[OOC(CH,),COOH] (h = and acceptor solvents. They pointed out that the presence of

1-7) were measured at room temperature and the resultsa single signal is justified by the fast exchange occurring in
are reported in Table 1. No differences in the chemical shifts solution (Scheme 2).
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Scheme 2 18 -

// N\ 1
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The comparisons among the values observed in different 2
solvents show that in ethanol (a donor solvent) there is only 2
a limited chemical shift change (1.6 ppm), whereas in the T
case of a protonating solvent, as for hydrochloric acid, the
shift is much higher (8.6 ppm). These results are a clear
indication that also in solution it is possible to discriminate,
in the case of dabco, between protonated and nonprotonatedm
nitrogen atoms.

From the data reported in Table 1 it is evident that the ' . . . ' ' _ '
15N chemical shift of dabco in the different adducts spans a 40 8 6 4 2 0 2 4 6
rar:jgehmore thanf35 ppm. Howe\:)er, by gomparigg these data Experimental *N'§_ (ppm)
and the X-ray information we observed a good agreement _ _ . . .
between the number of peaks in the NMR spectrum and the s aamical st of tre irogen atoms moved n M for subramoecular
number of the nitrogen atoms in crystallographically inde- adducts1C3-1C9.
pendent sites. Here we propose an assignment of each
resonance to the different nitrogen environmeb@3reveals
the presence of a sharp peak-&t4.1 ppm and a relatively
broader peak at 4.7 ppm (Figure 3b). Knowing that the
nitrogen resonance for free dabco occurs-a#.4 ppm, we
can assume that the signal -ai4.1 ppm arises from the
nitrogen atom not involved in the HB interaction, whereas
the other peak is shifted to high frequency due to the presence-
of the NF—H---O~ environment proposed on the basis of
the X-ray data. Also1lC5 shows a similar spectrum with
the sharp peak at16.6 ppm (dabco free nitrogen) and a
slightly broader resonance at 3.5 ppm for the nitrogen atom ]
involved in the intermolecular N-H-:-O~ interaction. 124

The >N spectra ofLC4 (Figure 3c),1C6, 1C7, 1C8, and e e e e e e e e ]
1C9adducts are characterized by the presence of two signals 254 25 258 260 262 264 266 268 270 272
(one in the case 0fC8 as previously observed in tHé N--O distance (A)
spectrum) falling in the range betweeid and—8 ppm (see Figure 5. Plot of the experimentdH chemical shift vs the NO distance
Table 1). Then almost in every case it was possible to O Supramolecular adductC3-1Co.
discriminate among nonequivalent crystallographic sites
characterized by different NO distances and we propose
on this basis a possible assignment. Tk¢ spectrum of
1C4 shows two signals at4.4 ppm and at-7.2 ppm in a
ratio 3:1. The former is related to the three crystallo-
graphic independent sites having similar-N distances of
2.558(5), 2.556(5), and 2.559(5) A, while the latter is . L
associated with the NO distance of 2.588(4) A. Th&C6 . On the basis of t_hese results we are able to discriminate
X-ray structure reveals the presence of a carboxylate group,In the 103_109. series between free nitrogen atom, hydro-
characterized by a short-ND distance of 2.557(5) A and a gen-bonded nitrogen (NH-O0), and proton transfer

T—He+ee O i
carboxylic group associated with a longer-R interaction g:' .H IO ]2 i:lgses. Wed(_:ig conclude thg follgvxémga'lz (
[2.594(5) A]# On the basis of these dataCé6 can be € signais 1afling aroun ppm are assigned fo nitro-

described as a salt. THEN NMR spectrum shows two gen atoms of dal_aco not involved in the hydrogen bobyl; (
resonances at6.5 ppm and-2.5 ppm. The former value, the resonances in the rangé_z to —8 ppm are_related to
associated with the longer-ND distance, is typical of a - **H—O contacts; andd] a high-frequency shift of about
N---H—O interaction, in agreement with the X-ray data 20 PPM indicates the presence of NH---O" interactions.
and with the values found for the other compounds. The Here are also -reported the plotsdyf vs. oy (Figure 4) and
latter value, associated with the shorte—@ bonding ou Vs N-O distance (Figure 5). The former suggests a

distance, is only a little shifted to high frequency, probably polynomial fit as .previously observgd by other auFﬁ%?%
indicating a weaker N-H—O interaction due to the forma- while the latter displays an approximately linear fit. Since

tion of a partially protonated carboxylate group. For 11@¥ ©9) Smi S N Benodict H. Golubev N.S.- Domsov. . S K

mirnov, S. N.; benedict, H.; Golubev, N. 5.; Denisov, G. S.; Kreevoy,
adduct the_ two re_sonances _a_8'2 ppm and at-5.0 ppm M. M.; Schowen, R. L.; Limbach, H. HCan. J. Chem1999 77,
are associated with the-ND distances of 2.588(4) A and 943-949.

tal

Xperimen

18 4

154

H3_, (ppm)

144

13

Experimental

1C3

n
1C5

2.563(4) A, respectively, whil@C8 shows only one signal
at —6.6 ppm, probably because of the nearly identical
chemical environment of the two nitrogen atoms. Tk
CPMAS spectrum of th&C9 adduct has two resonances at
—4.4 and—8.8 ppm, corresponding to the-ND values of
2.548(3) A and 2.605(3) A, respectively.
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Figure 6. Plot of the experimentdPN chemical shift of the nitrogen atoms

involved in HB vs the difference between-© and G=0 distances of the
carboxylic group for compoundbC3—1C9.

Table 2. pKa Values of the Dicarboxylic Acids

Experimental *N 5__ (ppm)

Figure 7. Plot of the experimentdPN chemical shift of the nitrogen atoms
involved in HB vs the N-O distance for compoundsC3—1C9.

strongly feel the presence of neighboring molecules, which
are responsible for a well-defined force field. Therefore,

compound Ba1 PKaz o . )

malonic 583 569 .geomet'ry optimization pe_rformed glther in the gas phase or
succinic 4.16 5.61 in solution does not provide a suitable model for our pur-
glutaric 4.34 .27 poses. Although periodic calculations could be performed
adipic 4.43 5.28 . ialized fward’3 f d . |
pimelic 451 531 using specialized softwaré,> we preferred a simpler
suberic 4.52 5.73 computational approach, i.e., to start from the corresponding
azelic 4.55 541 X-ray refined structures, and to optimize the positions of

the (K, values of the dicarboxylic acids span only a limited the hydrogen atoms only. This appears to be a reasonable
range (Table 2), the plots cannot display a complete fitting @pproximation, since the positions of heavy atoms are well
as observed for example by Limbach, whose compounds hacestablished by X-ray structural analysis. A similar approach

a K, range from 1 to 232 However, it is possible to detect

has been already successfully purstigebcusing our interest

in both plots two well-defined regions, one related to strong ©n the computation of magnetic properties'sif **C, and

(N--*H—0) and the other related to weak (NH:--O")
hydrogen bonds.
The ability of the™>™N CPMAS NMR to discriminate

N nuclei, a dabco unit as well as all its corresponding
adjacent acid molecules in the vicinal crystallographic cells
have been selected for DFT calculations. This means a single

between proton transfer and hydrogen bridging is also moremolecule of acid in the case diC3, two acid molecules

evident if one relates th®N parameters and the structural

facing the two nitrogens of dabco f&C4, 1C6, 1C7, 1C8,

data: there is, in fact, a clean separation among the adducté&nd 1C9, and two nearby acid molecules facing a single

defined as salts1C3 and 1C5) and the structures defined
as cocrystals1(C4, 1C7, 1C8, and 1C9) if one considers
either the relation betweefN chemical shifts and the
differences between €0 and G=0 distances of the car-
boxylic group (Figure 6) or the relation betwe¥N chemical
shifts and the N-O distances (Figure 7). The relation
between!®>N chemical shift and the NO distance shows
that N"—H---O~ and N--H—O interactions correspond to
long N:--O distances while N-H---O interactions relate to
shorter N--O distances as confirmed by the literatété!
3.2 DFT Calculations. With the aim to obtain more

dabco nitrogen fodC5, according to the published X-ray
structures’

The optimized structures are then used to compute the
chemical shifts by means of the GIAO method at B3LYP/
6-311++G(2d,p) level (see Table 1). We also used the
method of Harris et d! to refine the hydrogen atom
positions within HBs, in which the computeH ¢ are
reported as a function of the-€H distance while all other
atoms are retained at their positions. Using the experimental
0 value of 16.5 ppm, the plot fotC4 (Figure 8) gives an
O—H distance of 1.043 A, which is in good agreement with

detailed and sound information, we performed three different the value obtained by geometry optimization (1.039 A, Table

DFT calculations on the complexes under studygéometry
optimizations by means of Jaguaii,) (calculations of the
NMR absolute chemical shifts using Gaussian 98, ainy (

1). The same approach applied 1€3 provides an G-H
distance of 1.672 A, which should be compared with 1.604
A of Table 1. This slight difference can be explained, for

geometry scans using Jaguar, which consists of sketchingthis particular case, in terms of the adjacent intramolecular

the energy as a function of the H position along the®l

axis defining the HB interaction (see experimental part). (70)
Geometry optimizations are usually carried out on a single

Benedict, H.; Limbach, H. H.; Wehlan, M.; Fehlhammer, W. P.;
Golubev, N. S.; Janoschek, R. Am. Chem. S0d.998 120, 2939-
2950.

molecule in the gas phase, more rarely simulating the pres-(71) Steiner, TJ. Chem. Soc., Chem. Commua895 1331-1332.

ence of a solvent. In our case, however, we have to take

(72) Goward, G. R.; Sebastiani, D.; Schnell, I.; Spiess, H. W.; Kim, H.
D.; Ishida, H.J. Am. Chem. So2003 125, 5792-5800.

into account that the acid/base pairs in the crystal packing (73) Sebastiani, DMod. Phys. Lett. 2003 17, 1301-1319.
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Figure 8. Plot of the calculateéH chemical shift forlC4vs O—H distance.
The curve represents an empirical fit to a Gaussian equation.

O---H—0 interaction, which plays a key role in defining the
electron-withdrawing properties of the oxygen atom involved
in the N"f—H---O~ interaction.

The B3LYP DFT method used for geometry optimization
is well-known to systematically underestimate the HB

Gobetto et al.

change in the molecular structufeand so may represent
an interesting tool for the investigation of HB interactions.
The calculatedd;;, 022, and d33 values for'>N exhibit an
approximately linear relation with the corresponding experi-
mental isotropic chemical shifts. As expected, the absolute
value of the shielding anisotropso| significantly decreases
on passing from a free nitrogen atom (480 ppm), to a
N-+H—0O (30-33 ppm) and to a N—H---O~ interaction
(=11 ppm), showing a linear relationship with the experi-
mental 15N 0dis, values. In the case dfC3 and 1C5, the
structures are better described by-NH---O~ interactions,

in which the N-H distances are 1.100 and 1.104 A
respectively (3-H being 1.604 and 1.607 A), whereas for
1C4, 1C6, 1C7, 1C8, and1C9the computed geometries are
close to those expected for cocrystals rather than salts.
Figures 7 and 9 suggest thaC6 faces an intermediate
situation between carboxylic and carboxylate state.

The comparison of>N chemical shift tensors obtained
from the DFT method with the experimental data would
require an expensive procedure 8N enrichment of the
samples. However, the tensor component values'Ior
(previously reported in ref 56) match very well with the
calculated parameters (see Supporting Information), sup-

energies (see for example ref 74 and references therein) angdorting the theoretical®N tensor trends.

the problem is amplified in the computation of the shielding
constant$*7° As a consequence, our calculatetichemical
shifts of HBs present an intrinsic error of the order of

The relative energies of the optimizeld>3 and 1C4
molecules obtained by geometry scans, in which only the
hydrogen is moved along the-ND axis, are reported in

0.4—2.7 ppm (see Supporting Information). Nevertheless the Figure 10 as a function of the €H distance. To allow a
approach used in Figure 8 is still valid, since in this case direct comparison of the relative energiesl@3 and 1C4

the position of the H was arbitrarily set and therefore it is
not affected by the use of the BALYP DFT method.

For the!>N analysis, although there is an underestimation

adducts, the lowest minima of the two curves have been
arbitrarily set at zero energy.

The picture shows that two well-defined minima of energy

of the Calc_ulated chemical shift in all cases with respe_zct to exist for 1C3, corresponding to the protonated (right) and
the experimental data, the errors are reasonable if onethe nonprotonated (left) forms. In this case the two local

considers the largé range of the!™>N nuclei. It is worth
noting that the trend of the influence of the HB interaction
on the®™N chemical shifts is maintained in the calculated
data (20 ppm for free nitrogen;—2.5 to —11 ppm for
N--*H—O interaction and+3 to +5 ppm for Nf—H:--O~
interaction).

minima are found at~1.075 A and 1.604 A (6H
distances), the second corresponding to the-N---O~
structure being more stable by about 10.0 kJhand with
a calculated energy barrier of about 16.7 kJ Thdlrivially
small with respect to RT) for the process NH:--:O~ —
N--H—O. A steeper minimum located at 1.031 A is found

A better correlation can be obtained by considering the in the case of.C4. For the1C3 adduct the minimum of the

principal elements of the nuclear chemical shift tensgr
022, and d33. The interdependences amofN chemical
shifts, 15N anisotropies, and the type of HB are outlined in
Figure 9.

As discussed in previous papéfst 611, 025, anddsz of
the nucleus directly involved with the localization of the

energy is found when the hydrogen is closer to the N of
dabco instead of the O of the acid, whereas the opposite
holds for1C4. This is in agreement with the experimental
data acquired from solid-state NMR investigations. It is worth
noting that, for example, with an energy penalty of about
20.9 kJ mot?, the H in1C3is free to move from ca. 0.98

intermolecular hydrogen bond are more sensitive to the to 1.73 A, whereas in the case b4, a narrower range is

(74) Ireta, J.; Neugebauer, J.; Scheffler, MPhys. Chem. 2004 108
5692-5698.

(75) Hinton, J. F.; Wilson, R. CTheoretical Treatments of Hydrogen
Bonding J. Wiley & Sons Ltd.: New York, 1997.

(76) Stare, J.; Jezierska, A.; Ambrozic, G.; Kosir, I. J.; Kidric, J.; Koll,
A.; Mavri, J.; Hadzi, D.J. Am. Chem. So@004 126, 4437-4443.

(77) Helgaker, T.; Jaszunski, M.; Ruud, Khem. Re. 1999 99, 293—
352.

(78) Smith, E. D. L.; Hammond, R. B.; Jones, M. J.; Roberts, K. J.; Mitchell,
J. B. O,; Price, S. L.; Harris, R. K.; Apperley, D. C.; Cherryman, J.
C.; Docherty, RJ. Phys. Chem. BR001, 105 5818-5826.

(79) Benedict, H.; Hoelger, C.; Aguilar-Parrilla, F.; Fehlhammer, W. P.;
Wehlan, M.; Janoschek, R.; Limbach, H. HMol. Struct.1996 378,
11-16.

found (from 0.93 to 1.27 A). The computed potential wells
should be seen as an approximation, since we did not
consider the extensive vibrational averaging that occurs for
H-bonding. Furthermore, while the experimental chemical
shift is the result of an average of the all-different H
positions, the calculated chemical shifts are obtained from a
single well-defined structure.

3.3 Hydrogen/Deuterium Isotope Effect.To improve the
understanding of the hydrogen bond an investigation of the
hydrogen/deuterium (H/D) isotope effect was performed by
measuring thé>N CPMAS spectra of the deuterated com-
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interaction, i.e.,0. value, whereas the latter refers to the

change of the distance} between heavy atoms, distance

(02). When the hydrogen is replaced by a deuterium the

smaller heavy atomhydrogen distance decreases but the

larger distance increases even more, leading to a widening

of the hydrogen bondgg value increases). Such geometry

changes lead also to a H/D isotope effect ontthechemical

T T T T T T T shift. In fact for a generic aromatic NdH—N2 interaction

09 12 15 18 at short N+-H distance, the replacement of the hydrogen
O-H...N Distances (A) by a deuteron leads to a low-frequency shift of the N1 signal.

Figure 10. Relative energies at 6-3%-G** level computed during However, at long F-N2 distances, N2 resonates at higher

geometry scans (©H distances for the optimized geometrieslé¥3 and . . .

1C4). frequency because now this distance is incredsed.

In the case of the proton-transfer reaction from an acid
pounds {C3-d, 1C4-d, etc.) obtained from deuteron isotopic AH to a base B it is well-knowf§:85-88 that an increase in
exchange of the carboxylic protons. Although only a few the AH acidity leads to a gradual transformation of the
studies on the deuterium isotope effect in the solid state havemolecular hydrogen-bonded complex—A---B to a zwit-
been reported 0798 this is potentially a useful parameter terionic complex A—H-:-B* via a proton-shared complex
for the investigation of strong HB. A%~—H---B°", When the proton moves toward the center of

It has been shown by several authtr$* that the the H-bond, a contraction of the-AB distance is observed.
replacement of the HB proton by a deuteron leads to a After the proton has crossed the hydrogen bond center an
geometric isotope effect. We shall consider a generic increase in the A-B distance results again. This transfer
A---H---B hydrogen bond (see Scheme 3, whegtds the may be achieved by different ways, e.g., by choosing the
distance of the proton with respect to the HB center@nd  appropriate K, for the acid or the K, for the base, by
is the heavy atoms distance-AB). varying the temperature, by changing the solvent polarity,

It has been suggested that there is a primary and aetc. In a symmetric HB, such as:@H---O or N--+H---N,
secondary geometric influence on the H/D isotope effect.
The former refers to the different positions of the proton (8s) Benedict, H.; Shenderovich, I. G.; Malkina, O. L.; Malkin, V. G.;

and of the deuteron with respect to the center of the A- - -B Denisov, G. S.; Golubev, N. S.; Limbach, H. Bi. Am. Chem. Soc.
2000 122, 1979-1988.

(86) Golubev, N. S.; Smirnov, S. N.; Gindin, V. A.; Denisov, G. S,

E (kJ/mol)

(80) Dziembowska, T.; Ambroziak, K.; Rozwadowski, Z.; Schiff, W.; Benedict, H.; Limbach, H. HJ. Am. Chem. S0d.994 116, 12055~
Kamienski, B.Magn. Reson. Chen2003 41, 135-138. 12056.

(81) Lagier, C. M.; Apperley, D. C.; Scheler, U.; Olivieri, A. C.; Harris,  (87) Golubev, N. S.; Shenderovich, I. G.; Smirnov, S. N.; Denisov, G. S.;
R. K. J. Chem. Soc., Faraday Trank996 92, 5047-5050. Limbach, H. H.Chem. Eur. J1999 5, 492-497.

(82) Ubbelohde, A. R.; Gallagher, K. @cta Crystallogr.1955 8, 71. (88) Schah-Mohammedi, P.; Shenderovich, I. G.; Detering, C.; Limbach,

(83) Legon, A. C.; Millen, D. JChem. Phys. Lettl988 147, 484. H. H.; Tolstoy, P. M.; Smirnov, S. N.; Denisov, G. S.; Golubev, N.

(84) Sokolov, N. D.; Savelev, V. AChem. Phys1994 181, 305-317. S.J. Am. Chem. So200Q 122 12878-12879.
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Figure 11. 27.25 MHz 15N CPMAS NMR spectra of compoundsC4
(down) and1C4-d (up) at 298 K, 7000 Hz spin rate.

the contraction is maximal (the heavy atoms distagcis
minimal) when the hydrogen lies in the center, but in the
case of an asymmetric HB, such as®l---N, the shortest
HB is realized when the hydrogen lies in the “quasi-
midpoint” where the ©-H distance is smaller than the
N---H distanceé®*° Therefore, at the quasi-midpoint, only a
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—8.4 ppm (@C9) to —9.7 ppm (C9-d) similar to the shift
for the signal at—4.7 ppm (@C9) to —5.9 ppm @C9-d)
(*A™>N(D) = 1.2 ppm).

Then, as expected, no shifts on deuteration are observed
in the cases 01C3and1C5, characterized by weak HB. In
fact it is well-known that weak hydrogen bonds do not show
any H/D isotopic effect on thé>N chemical shift. Con-
versely, a low-frequency shift is found faC4, 1C6, 1C7,
1C8, and 1C9 where the deuteration decreases theBD
distance and then increases the I distance, confirming
the formation of a LBHB.

Conclusions

We have demonstrate that it is possible to correlate the
isotropicH and>N chemical shift data with the NO dis-
tances of the atoms involved in the hydrogen bond interaction
in a series of solid adducts of formula [N(@EH,)sN]—
H—[OOC(CH,),COOH] (n = 1-7). The'H MAS and°N
CPMAS NMR data are in agreement with the X-ray data
and allow discrimination between the proton transfers for
the 1C3 and1C5 adducts, and the strongNH—O interac-
tions (without proton transfer) for theC4, 1C7, 1C8, and
1C9 cocrystals1C6 represents an intriguing case in which
one of the nitrogens of dabco is intermediate between the

small or even no geometric H/D isotope effect has been protonated and nonprotonated forms.

observed®! and no isotope effect on the chemical shift is
expected.

The ™N(D) chemical shift and the H/D isotope effect
on the chemical shiftA®N(D) (defined aso(**N—H) —
O0(**N—D)) for the adducts are reported in Table 1. According
to the usual nomenclatuf&,®” superscript 1 intfA>N(D)
indicates that thé&®N experiencing the shift is one bond away
from the deuteration site. Deuterationld€3 and1C5 does
not cause any shift on thHéN signals. Conversely, deutera-
tion of thel1C4 leading to1C4-d has a large low-frequency
shift on the!™N resonance at-7.2 ppm {A™N(D) = 1.3
ppm) and a more limited low-frequency shift for the nitrogen
at —4.4 ppm {A™N(D) = 0.6 ppm) (Figure 11). FotC6
the isotope effect i8A>N(D) = 1.2 ppm from—6.5 ppm
(1C6) to —7.8 ppm (C6-d) and*A®>N(D) = 0.3 ppm from
—2.5 ppm (C6) to —2.8 ppm (C6-d). Deuteration ofLC7
leads to a large low-frequency shifAC>N(D)= 1.1 ppm)
of the nitrogen at—8.2 ppm, while a little smaller H/D
isotope effect is observed for the nitrogen -85.0 ppm
(*A™N(D) = 0.7 ppm). ForlC8 compound the H/D isotope
effect istA®™N(D) = 0.9 ppm from—6.6 ppm (C8) to —7.5
ppm (LC8-d). Deuteration of1C9 leads to a large low-
frequency shift YA™N(D)= 1.3 ppm) of the'®>N signal at
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Geometry optimizations performed by density functional
calculations show the localizations of the hydrogens involved
in the HB interactions, in reasonable agreement with the
experimental data.

The trend of the!™N chemical shifts affected by the
strength of the HB interaction is reproduced in the calculated
data, although the theoretical treatment of hydrogen bonding
is intrinsically a tough task. Although the shielding anisotropy
Ao is difficult to measure, it provides a better understanding
of the relationship between the magnetic properties and the
molecular structure since this parameter is apparently less
sensitive to the intrinsic approximations of the DFT method.
In this paper we also demonstrate that thespectra and
the isotope effect (H/D) on theN chemical shifts represent
useful tools for the characterization and classification of weak
or strong HB.

One can envisage that the approach presented in this
contribution, which combines solid-state NMR techniques
and quantum mechanical calculations, will be especially
fruitful for the investigation of hydrogen bonding in solid
materials where the lack of a large crystalline order prevents
the use of standard crystallographic methods.
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