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Two bis-pyrazolylbenzenes, one meta- and the other para-substituted, have been studied by
multinuclear magnetic resonance both in solution and in the solid state, including '*C CP-MAS
NMR variable temperature experiments. The tautomerism in DMSO-dg solution has been studied
and the most stable tautomers (the 3,3 and the 3,5) identified. In the solid state the meta
derivative exists as the 3,3-tautomer while the tautomer of the para derivative is the 3,5 one. This

latter tautomer exists in a dynamic equilibrium with the 5,3 one, representing a new and original

example of proton transfer in the solid state (SSPT).

Introduction

The annular tautomerism of N-unsubstituted pyrazoles is a
classical problem in heterocyclic chemistry.! We have contri-
buted to this subject for a long time; for some recent papers by
our and other groups, see respectively, refs. 2 and 3.

Besides the thermodynamic aspect, i.e. the determination of
equilibrium constants, there is the kinetic part of the problem
concerning the rates of proton transfer. Both aspects are espe-
cially interesting in the solid state, the first one being better
approached by X-ray crystallography and the second one, when
it occurs, by solid-state NMR spectroscopy (solid-state proton
transfer, SSPT).

For SSPT to occur in NH-pyrazoles, two conditions are
necessary but not sufficient: (i) that they crystallize forming
cyclic structures (cyclamers)* and (ii) that the substituents at
positions 3 and 5 of the pyrazole ring are identical or, at
least, similar.® As shown in Scheme 1, after a double, triple or
quadruple proton transfer an identical, albeit rotated,
structure is obtained.

However, if this is the only possibility for dimers and
trimers, in the case of tetramers, it is possible to obtain the
same structure after a quadruple proton transfer, even if the
substituents at positions 3 and 5 are different (Scheme 2).°

There is a second unexplored possibility to obtain an
identical structure after SSPT: to have an even number, for
instance two, of NH-pyrazole rings as 3(5)-substituents in the
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Scheme 1 Proton transfer in pyrazole cyclamers.
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Scheme 2 Quadruple proton transfer in asymmetric pyrazole
tetramers.

same molecule. If these compounds form cyclamers involving
both pyrazole rings, one as 3-substituted and the other as a
S-substituted NH-pyrazole then, after proton transfer, the
same structure will be obtained (see Scheme 3 for a dimer).
We decided to study the case of molecules having two NH-
pyrazoles linked through a phenyl ring, either in meta 1 or in
para positions 2 (Scheme 4). These molecules present four
tautomers, two being degenerate: a (3,3), b (3,5), b’ (5,3) and ¢
(5,5). Only tautomers b and b’ satisfy the condition for SSPT.
Since b and b’ are identical, we will use b for both of them.
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Scheme 3 Hypothetical example of double SSPT leading to an
identical structure.
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Scheme 4 The tautomerism of 3,3’-(1,3-phenylene)bis-1H-pyrazole
(1a) and 3,3’-(1,4-phenylene)bis-1 H-pyrazole (2a).
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Scheme 5 Other bis- and tris-pyrazolylbenzenes.

Results and discussion

Phenylenebispyrazoles 1 (CAS registry number 293750-75-1)
and 2 (CAS registry number 63285-56-3) are relatively un-
explored compounds. Compound 2 was prepared by Lin and

Lang in 19777 while compound 1 was first described in a 2000
patent® and the following year Thiel and co-workers reported
the synthesis of both 1 and 2. More recently, similar com-
pounds 3 and 4 but with the pyrazoles bearing substituents
were synthesized by Hayter, Bray, Clegg and Lindoy
(Scheme 5).!° Finally, Thiel and co-workers also prepared
the tris-derivative 5.>!' The tautomerism of none of these
compounds were examined.

Theoretical calculations

We have calculated the energies (including the ZPE correction)
and absolute shieldings (¢, ppm) of compounds 1a, 1b (1b’),
1c, 2a, 2b (2b’) and 2¢ both in the gas phase and solvated by
DMSO (PCM model). In order to determine if both pyrazole
rings in 1 and 2 are independent or if their tautomerism is
related, we have calculated at the same level the case of 3(5)-
phenylpyrazole (6) [6a, 3-phenyl and 6¢ 5-phenyl tautomer]."?
The geometry of the complexes has been optimized at the
B3LYP/6-31G(d) and B3LYP/6-311+ +G(d,p) computa-
tional levels. The absolute chemical shieldings have been
obtained at the B3LYP/6-311 + + G(d,p) level using the GIAO
method (see Experimental section).

The energies are reported in Table 1. The minimum energy
conformations are as represented in Scheme 4: 1a Z,E, 1b E,E,
Ic Z,Z; 2a E,E, 2b Z,Z, 2¢ E,E. We have used the E/Z
descriptors to define the conformations about the pyrazole—
phenyl bond (atropisomers) of compounds 1 and 2.

In the gas phase, the lack of additivity is evident: the ¢
tautomers (5,5-diaryl) are less favorable than twice 1.42 kJ mol ™
(5-monoaryl) and the mixed tautomers b are not the average of
a and c (1: 2.64 instead of 1.12; 2: 2.27 instead of 0.59). The
inclusion of solvent effects (PCM model with DMSO)
increases the differences of energy with regard to a tautomers,
the b tautomers are in the average of a and ¢ (1: 4.57 instead of
4.68; 2: 4.34 instead of 3.69). In both conditions, it appears
that tautomers ¢, higher in energy, can be excluded from the
tautomeric mixtures. We have calculated the percentages at
298.15 °C corresponding to these calculations. For the meta
compound in the gas-phase (1.12 kJ mol™!): 44.0% (1a),
56.0% (1b + 1b’); for the para compound in the gas phase
(0.59 kJ mol™'): 38.8% (2a), 61.2% (2b + 2b’); for the
meta compound in DMSO (4.68 kJ mol™'): 76.8% (1a),
23.2% (1b + 1b’), and for the para compound in the DMSO
(3.69 kJ mol™'): 68.9% (2a), 31.1% (2b + 2b’).

We have transformed the calculated ¢ values into chemical
shifts (6/ppm) using three empirical relationships we have

Table 1 Absolute (hartrees) and relative energies (kJ mol™") of the different arylpyrazole tautomers including ZPE corrections

PyraZOIe Elotal Erel P}’r’dZOle Elotal Erel PyraZOIE Etotal Erel

Gas phase

6a —457.38109 0.00 1a —682.45098 0.00 2a —682.45133 0.00

6¢ —457.38055 1.42 1b —682.45056 1.12 2b —682.45110 0.59
1c —682.44897 5.28 2¢ —682.44960 4.54

DMSO

6a —457.39375 0.00 la —682.47339 0.00 2a —682.47443 0.00

6¢ —457.39231 3.75 1b —682.47160 4.68 2b —682.47302 3.69
1c —682.46991 9.14 2¢ —682.47113 8.67
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Scheme 6 'H NMR signals of the NH groups.

devised for a large series of compounds:'*'* §('H) = 30.6 —
0.9530('H) 8("3C) = 175.7 — 0.9625("*C) 6(**N) = —152.0 —
0.9460('°N), and used these calculated & values to perform an
independent assignment of the different signals, which is based
on 2D experiments. Both assignments coincide.

Experimental NMR study in solution

(a) "H NMR. The 'H NMR spectra in DMSO-dg (15.5 mg in
0.5 mL of solvent) of compounds 1 and 2 show the presence of
tautomers a and b in an almost 1 : 1 ratio (actually 44 : 56 and
46 : 54 for 1 and 2, respectively, see Scheme 6).

The gas-phase calculations (44 : 56 and 39 : 61) reproduce
very well the experimental results (44 : 56 and 46 : 54), not so
the PCM ones (77 : 23 and 69 : 31) that exaggerate the stability
of the a tautomers.

(b) C NMR. In *C NMR in DMSO-ds at identical
concentration than in '"H NMR the a : b proportions ought
to be the same. The problem is that there are few different
signals to identify the tautomers and besides one pyrazole ring
is almost independent of the other, so many signals are
identical for the 3-aryl moiety. However, thanks to the com-
bined use of 2D experiments and theoretical calculations all
signals have been unambiguously identified. Some of them are
broad indicating a tautomerization process.

(¢) >N NMR. Although the signals corresponding to N2 are
not observed (being probably too broad) those of N1 are very
similar for both compounds and both tautomers (Scheme 7).

Experimental NMR study in the solid state

(a) *C NMR. In the solid state, the '*C NMR spectrum of
compound 1 (without NQS) is represented in Fig. 1. This
compound always crystallizes with solvent molecules (ethyl
acetate, diethyl ether, chloroform, ...) that cannot be elimi-
nated under vacuum and medium heating (50 °C). The '*C
NMR signals of the compound are always identical whatever

c4
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Fig. 1 '>C CP-MAS spectra of 1.
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Scheme 8 '°C and "N CP-MAS chemical shifts of tautomer 1a.

the guest. They show an important splitting but all of them
belong to tautomer 1a, for instance, the signals at 139.8 and
142.0 typical of 1b (Scheme 7) are absent. Therefore, com-
pound 1 in the solid state should exist in the form of 1a but
with several independent molecules (possibly six considering
that all the signals should have the same intensity) (Scheme 8).

The behavior of compound 2 is very different. The signals of
the '*C CP-MAS NMR spectra are very large (Fig. 2). They
could correspond to 2a and 2¢ or to 2b and 2b’ in rapid
equilibrium (Scheme 9). However, only an equilibrium bet-
ween 2b and 2b’ is consistent with a dynamic process due
to SSPT.

1a [44%)

1b [56%]
Scheme 7

2a [46%)] 2b [54%)

13C and >N NMR signals (the latter in italics). N.o. not observed.
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Scheme 9 The possible equilibria present in 2.

From the separation of signals of pyrazole carbons CH and
CAr (Scheme 10) at positions 3(5), 1460 and 725 Hz (14.5
and 7.2 ppm), and the coalescence temperatures (about
290 and 275 K), there is an interconversion barrier of about
50 kJ mol™", which is slightly higher than the highest barriers
found in simple pyrazoles (Schemes 1 and 2), between 32.5 and
48.1 kJ mol~'."> At 300 K there seem to be two kinds of
cyclamers, one that coalesces and another that is only
considerably broadened.

(b) "N NMR. In "°N CP-MAS NMR, tautomer 1a presents
two broad signals at —102.8 (N2) and —163.6 ppm (NI1)
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Scheme 10 '*C and >N CP-MAS chemical shifts of tautomer 2b. The
experimental signal at 145.6 ppm (300 K) corresponds to the average
signal calculated to be at 146.6 ppm.

(ppm) (ppm)

13C CP-MAS spectra of 2 at 183, 300 (standard conditions, 27 °C) and 353 K.

(assigned by analogy with other pyrazoles).'® They are shifted
with respect to other values of '’N chemical shifts of
NH-pyrazoles in the solid state,'® this being probably due to
the inclusion of solvent molecules (the data correspond to the
ethyl acetylacetate complex).

For compound 2b in >N CP-MAS, two large but split
signals are observed at —87.5 and —92.4 ppm (N2) and
another signal at —170.6 ppm (N1). They correspond to both
tautomers in a medium rate exchange, the 3-aryl part at —92.4
and —170.6 and the 5-aryl part at —87.5 and —170.6 ppm. The
exchange rate seems slower in the NMR time-scale because the
signals are closer (in Hz) in '3C than in '*N.

Having assigned all the signals to tautomers 1a and 2b it is
possible now to compare them to the calculated 6 values
(obtained from the GIAO ¢ values in the gas-phase) The
following three equations are obtained (three N chemical
shift values in solution are not sufficient for a regression
analysis):

5("3C exp. solution) = (6.2 + 2.7) + (0.95 & 0.02)
8("3C calc.); n = 33, 1> = 0.985 1)

5("3C exp. solid state) = (7.5 + 4.7) + (0.94 £ 0.04)
8(13C cale.); n = 19, #* = 0.975 )

8("°N exp. solid state) = —(39.3 & 5.4) + (0.67 + 0.04)
("N calc.); n = 6, 1* = 0.988 3)

The 0.67 slope found in the third case means that the N-H- - -N
hydrogen bonds present in the solid state profoundly perturb
both N1 and N2 chemical shifts.

To compare the absolute shieldings obtained for the
gas-phase with those obtained for DMSO with the PCM
model, we calculate regressions (4)—(9).

5("3C exp. solution) = (172.8 + 1.0) + (0.91 £ 0.02)
o(13C calc. gas); n = 33, > = 0.985 4)

8('3C exp. solid state) = (173.2 + 1.9) + (0.91 £ 0.04)
o(13C calc. gas); n = 19, > = 0.975 ®)

3("*N exp. solid state) = —(141.4 +2.1) + (0.64 + 0.04)
o(**N calc. gas); n = 6, r* = 0.988 (6)

3(*3C exp. solution) = (172.0 £ 1.5) + (0.91 + 0.03)
o(1*C cale. DMSO-PCM); n = 33, r* = 0.971 0

8("3C exp. solid state) = (171.8 & 2.2) + (0.90 & 0.04)
o(13C calc. DMSO-PCM); n = 19, r* = 0.961 ®)
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3('°N exp. solid state) = —(141.0 +2.3) + (0.77 £ 0.05)
o(**N calc. DMSO-PCM); n = 6, > = 0.986 9)

For this particular series of compounds, the calculation of
absolute shieldings using the PCM model for DMSO as
solvent does not improve the correlations.

Solid-state structures of 1 and 2

3,3'-(1,3-Phenylene)bis-1 H-pyrazole (1) crystallizes from ethyl
acetate—diethyl ether in the monoclinic space group P2;/n.
There are three crystallographically independent molecules
and one additional disordered molecule of diethylether in the
asymmetric unit. The molecular structure of the asymmetric is
shown in Fig. 3. The pyrazoles are connected by hydrogen
bonds in trimers, whereby two of the 3,3’-(1,3-phenylene)bis-
1H-pyrazoles form parallel strands and the third molecule
bridges these strands, which finally results in the formation of
an eaves gutter-like structure (Fig. 4). Details of the hydrogen
bonds are summarized in Table 2, crystal and refinement data
are summarized in Table 4. The disordered molecule of diethyl
ether occupies the cavity between the strand-bridging 3,3’-(1,3-
phenylene)bis-1 H-pyrazoles.

3,3’-(1,4-Phenylene)bis-1 H-pyrazole (2) crystallizes from
ethyl acetate in the monoclinic space group C2/c with eight
crystallographically equivalent molecules in the unit cell. The
molecular structure of 2 is shown in Fig. 5. Both pyrazole
substituents are involved in the formation of hydrogen bound
tetramers leading to a remarkable structure with double
stranded zigzag chains (Fig. 6). Details of the hydrogen bonds
are summarized in Table 3, crystal and refinement data are
summarized in Table 4.

Fig. 3 Details of the solid-state structure of 1. Top: view upon the
bridged double strands including the disordered diethylether mole-
cules; bottom: view perpendicular to the ac-plane. Characteristic
hydrogen bond lengths (A) and angles (°): N2-H2N 1.04(6),
H2N---N11 1.83(6), N2---N11 171(5), N4-H4N 1.16(6), H4N- - -NI
1.77(6), N4---N1 2.917(6), N6-H6N 0.93(5), H6N---N7 1.98(5),
N6---H6N 2.906(6), N8-H8N 1.24(6), HEN---N9 1.64(6), N8---N9
2.877(6), N10-H10N 1.36(7), HION- - -N5 1.51(7), N10- - -N5 2.855(5),

NI2-HI2N 1.03(6), HI2N---N3 1.82(6), NI2---N3 2.847(6);
N2-H2N---NI11 171(5), N4-H4N---N1 171(5), N6-H6N.:.-N7
176(4), N8-HS8N---N9  170(4), NIO-HION---N5  172(5),

NI2-HI2N: - -N3 173(4).

Fig. 4 Details of an isolated zigzag chain formed in the solid state
structure of 2. Top: side view; bottom: view perpendicular onto a
pyrazole tetramer. Characteristic hydrogen bond lengths (A) and
angles (°): N2-H2N 0.76(3), H2N---N2 2.15(3), N2---N2 2.880(2),
N3-H3N 0.83(3), H3N---N3 2.06(3), N3---N3 2.861(2), N4-H4N
0.82(4), H4N- - -N1 2.14(4), N4- - -N1 2.937(2); N2-H2N- - -N2 162(4),
N3-H3N---N3 162(2), N4-H4N- - -N1 163(4).

Table 2 Geometrical details (bond lengths (A), bond angles (°)) of
intermolecular hydrogen bonds within the crystal structure of 1

D-H---A D-H H--A D---A D-H---A
N2-H2N-: --N11 0.88 2.04 2.881(5) 159
N4-H4N- - N1 0.88 2.07 2.937(5) 167
N6-H6N. - N7 0.88 2.04 2.914(5) 171
NS-HSN.: - -N9 0.88 2.08 2.892(5) 152
NI10-HION. - N5 0.88 2.02 2.872(5) 163
NI2-HI2N. - N3 0.88 2.00 2.853(5) 162

For each pyrazole tetramer, there are two possible orienta-
tions of the hydrogen bonds. This leads to a statistical disorder
of these hydrogen bond arrangements in the crystal and is
expressed in Fig. 4 by two positions for each N-H- - -N unit.
Therefore the drawing must not be interpreted as a fully free
disordering of the protons in the tetramers. The formation of
the double stranded chains allows the n—r stacking of pairs of
phenylene units, which further stabilizes the solid state struc-
ture resulting in a remarkably high melting point of 297 °C.

Fig. 5 ORTEP (50% probability level) of the molecular structure of 2.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008

New J. Chem., 2008, 32, 2225-2232 | 2229


http://dx.doi.org/10.1039/b803855d

Downloaded by University of Belgrade on 01 January 2013
Published on 03 September 2008 on http://pubs.rsc.org | doi:10.1039/B803855D

View Article Online

Fig. 6 Details of an isolated zigzag chain formed in the solid-state
structure of 2. Top: side view; bottom: view perpendicular onto a
pyrazole tetramer.

Table 3 Geometrical details (bond lengths (A), bond angles (°)) of
intermolecular hydrogen bonds within the crystal structure of 2

D-H---A D-H H---A D---A D-H---A
NI-HIN- - N4 0.86 2.10 2.936(2) 164
N2-H2N- - N2 0.86 2.12 2.870(2) 146
N3-H3N-- N3 0.86 2.05 2.862(2) 158
N4-H4N- - N1 0.86 2.14 2.936(2) 153

Table 4 Crystal data and structure refinement of 1 and 2

1 2
Chemical formula C40H40N120 C12H10N4
Formula weight 704.84 210.24
Space group P2y/n C2le
alA 15.3449(19) 10.4886(11)
bjA 9.6588(12) 12.8375(13)
c/A 26.538(3) 15.7298(17)
7/°. 106.190(2) 101.024(2)
7N 3777.3(8) 2078.9(4)
VA 4 8
0 Range for data collection 1.60-26.02 2.78-25.74
Index ranges, hkl —18 to 16, —12 to 12,
—8 to 11, —15to 15,
—5to0 32 —19to 19
Total/independent reflections 13355/6804 9102/2038
(Rine = 0.1093) (Rine = 0.0291)
Data/restraints/parameters 6804/218/527 2038/0/163
Goodness-of-fit on F> 0.801 1.056
Final R indices R, = 0.0666, Ry = 0.0423,
[ > 2a(D)] wRy = 0.1120 wR, = 0.1141
Conclusions

Concerning tautomerism in solution, the compounds reported
in this study behave similarly tautomers a and b being present
in an almost 1:1 ratio. In the solid state there are important
differences. The meta derivative 1 exists as 3,3-substituted
tautomer 1la in a static situation as shown both by CP-MAS
NMR and X-ray crystallography. Although there are only

three independent molecules in the unit cell, the splitting
observed in '*C NMR is higher than 3, probably 6, indicating
small conformational differences for each molecule; however,
other factors such as quadrupolar nuclei, could influence the
splitting. On the other hand, the para derivative 2 exists as the
3,5-substituted tautomer 2b and presents SSPT with a barrier
about 50 kJ mol~'. This implies that this compound forms
cyclamers, however CP-MAS NMR does not allow to deter-
mine its nature: a dimer (2b),, a trimer (2b); or a tetramer
(2b)4. X-Ray crystallography shows both disorder and tetra-
mers (8 equivalent molecules), proving once again the extra-
ordinary complementarity of these two techniques.

It is worth mentioning that in the related case of the para
derivative 4 (R = #-Bu), the X-ray structure has been deter-
mined and corresponds to a 3,3-tautomer without proton
disorder (4a)."® Up to now, it is still very difficult to design
molecules showing SSPT, because similar compounds form
very different hydrogen-bonded networks.

The use of the PCM model does not represent an improve-
ment neither in the energies nor in the absolute shieldings.

Experimental

Compounds 1 and 2 were prepared according to ref. 9. 'H
NMR (DMSO-ds 15.5 mg, 0.5 mL): 1a, 6.76 (H4, d, J =
2.0 Hz), 7.43 (H5 and HS', m), 7.72 (H4' and H6’, m), 8.22
(H2', s), 12.90 (NH); 1b, 6.76 (H4 and H4", m), 7.43 (H3", H5
and H5', m), 7.5 (H4’, very broad), 7.78 (H2', s), 8.1 (H6/, very
broad), 12.90 and 13.34 (NH); 2a 6.72 (H4,d, J = 2.0 Hz), 7.6
(H5, very broad), 7.83 (H2', broad), 12.90 (NH); 2b 6.72 (H4,
d,J = 2.0 Hz), 6.68 (H4",d, J = 1,7 Hz), 7.46 (H3" and H3/,
broad), 7.6 (H5, very broad), 7.83 (H2’, broad), 12.90 and
13.30 (NH).

X-Ray crystallography

Two structures (compounds 1 and 2) have been recorded at
low temperature (1: 173 K, 2: 183 K) on a Bruker Smart CCD
1 k diffractometer equipped with an Oxford Cryosystems
Cryostream Cooler Device using a graphite-monochromated
Mo-Ka radiation (4 = 0.71073 A). Data collection, data
reduction and refinement of the structures proceeded
smoothly. Both structures were solved by direct methods with
SHELXS-97'7 and refined by full-matrix least-squares proce-
dures on F°, using the program SHELXL-97.'"® All non-
hydrogen atoms were refined anisotropically. All hydrogen
atom positions were refined using a riding model. For com-
pound 1 the atoms of the diethyl ether molecule were refined
disordered over two positions with occupation factors of 0.55
(C37-C40, O1) and 0.45 (C37-C40’, O1’). For compound 2
the N-bonded hydrogen atoms were refined disordered with
occupation factors of each 0.50. Table 4 contains a summary
of crystal and refinement data and details can be found as
ESI.{ Drawing of molecules (Fig. 3 and 4) was performed with
the program PLUTON."

CCDC reference numbers 679321 (1) and 679322 (2).

For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b803855d
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NMR Experiments

Solution NMR spectra. Solution NMR spectra were
recorded on a Bruker DRX 400 (9.4 Tesla, 400.13 MHz for
'H, 100.62 MHz for '*C and 40.56 MHz for '*N) spectrometer
with a 5 mm inverse detection H-X probe equipped with a
z-gradient coil, at 300 K. Chemical shifts (6 in ppm) are given
from internal solvent, DMSO-d, 2.49 for 'H and 39.5 for '°C,
and for "N NMR nitromethane (0.00) were used as external
standards. Typical parameters for '"H NMR spectra were
spectral width 5787 Hz, pulse width 7.5 ps at an attenuation
level of 0 dB and resolution 0.34 Hz per point. For '*C NMR
spectra, spectral width 21 kHz, pulse width 10.6 us at an
attenuation level of —6 dB, relaxation delay 2 s, resolution
0.63 Hz per point; WALTZ-16 was used for broadband proton
decoupling; the FIDS were multiplied by an exponential
weighting (Ib = 1 Hz) before Fourier transformation. 2D
inverse proton detected heteronuclear shift correlation spectra,
gs-HMQC ("H-'3C) and gs-HMBC ('H-'3C) were acquired
and processed using standard Bruker NMR software. Selected
parameters for (‘"H-'’C) gs-HMQC and gs-HMBC spectra
were: spectral width 5787 Hz for 'H and 20.5 kHz for °C,
1024 x 256 data set, number of scans 2 (gs-HMQC) or 4
(gs-HMBCQ), relaxation delay 1 s, and delay for the evolution
of ®C—"H coupling constants of 3 ms (gs-HMQC) and 60 ms
(gs-HMBC). The FIDs were processed using zero filling in the
F1 domain and a sine-bell window function in both dimen-
sions was applied prior to Fourier transformation. In the
gs-HMQC experiments GARP modulation of '*C was used
for decoupling. '’N  NMR was acquired using 2D inverse
proton detected heteronuclear shift correlation spectra, selected
parameters for gs-HMQC (‘H-'°N) spectra were: spectral
width 5787 Hz for 'H and 12.5 kHz for "°N, 1024 x 256 data
set, number of scans 4, relaxation delay 1 s, 7 ms delay for the
evolution of the "’N-"H coupling. The FIDs were processed
using zero filling in the F1 domain and a sine-bell window
function in both dimensions was applied prior to Fourier
transformation.

Solid-state NMR spectra. '*C (100.73 MHz) and "N
(40.60 MHz) CP-MAS NMR spectra were obtained on a
Bruker WB 400 spectrometer at 300 K using a 4 mm DVT
probehead. Samples were carefully packed in a 4-mm diameter
cylindrical zirconia rotors with Kel-F caps. Operating condi-
tions involved 3.2 ps 90 'H pulses and decoupling field
strength of 78.1 kHz by TPPM sequence. The NQS
(Non-Quaternary Suppression) technique to observe only the
quaternary C-atoms was employed. '°>C spectra were originally
referenced to a glycine sample and then the chemical
shifts were recalculated to the Me,Si (for the carbonyl atom
d(glycine) = 176.1 ppm) and "N spectra to '"NH4CI and
then converted to nitromethane scale using the relationship:
S("°N nitromethane) = J('"°N ammonium chloride) —
338.1 ppm. Typical acquisition parameters for '3*C CP-MAS
were: spectral width, 40 kHz; recycle delay, 15-75 s; acquisi-
tion time, 30 ms; contact time, 2 ms; and spin rate, 12 kHz,
and for '"’N CP-MAS: spectral width, 40 kHz; recycle delay,
15-75 s; acquisition time, 35 ms; contact time, 7-8 ms; and
spin rate, 6 kHz.

A Bruker BVT3000 temperature unit was used to control
the temperature of the cooling gas stream an a exchanger to
achieve low temperatures. To avoid problems caused by air
moisture, pure nitrogen was used as bearing, driving and
cooling gas; zirconia caps were used.

Computational details

The geometry of the complexes has been optimized at the
B3LYP/6-31G(d)*>?' computational level using the ultrafine
keyword and the Gaussian 03 package.?? Frequency calcula-
tion at the same computational level has been carried out to
confirm that the structures obtained correspond to energetic
minima. A further geometry optimization has been performed
at the B3LYP/6-311+ +G(d,p).>> The absolute chemical
shielding has been obtained at the B3LYP/6-311+ + G(d,p)
level using the GIAO method.?* The energies included the zero
point energy (ZPE) correction. In all cases the calcu-
lated values are consistent with the assignment based on 2D
experiments.
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