
       

X-RAY AND VIBRATIONAL STUDIES OF THE COMPLEX
BETWEEN N-TERT-BUTOXYCARBONYL-L-PHENYLALANINE AND

PYRIDINE. ISOTOPE EFFECT

L. VAN MEERVELT, C. BRUYNEEL, H. MORISSE AND TH. ZEEGERS-HUYSKENS*
Department of Chemistry, University of Leuven, Celestijnenlaan 200F, B-3001 Heverlee, Belgium

The x-ray structure of the complex between N-tert-butoxycarbonyl-L-phenylalanine and pyridine shows that the crystals
are held together by short hydrogen bonds between the OH group and the N atom of the pyridine ring
[RO(H)· · ·N =2·574(3) Å]. Deuteration of the OH and NH groups results in a small expansion of the unit cell associated with
an elongation of the O· · ·N distance [RO(D)· · ·N =2·610(3) Å]. The infrared spectra show very broad stretching protonic
bands in the range 2750–600 cm21. The isotopic ratio n(OH· · ·H)/n(OD· · ·N) of nearly unity suggests a double
minimum potential with a low barrier for the hydrogen bridge. The Raman and near-infrared spectra are discussed. The
perturbation of the fundamental modes and of the overtones of pyridine suggests that the complex is not of the proton
transfer type. The broad absorptions of the hydrogen bridge disappear in the near-infrared region. The perturbation of
the pyridine overtones is discussed. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

N-Urethanylamino acids have been shown to be involved in
enzymatic and synthetic reactions in which the molecular
stereochemistry and the self-association may be impor-
tant.1, 2 One of the most widely used N-terminal protecting
groups is the tert-butoxycarbonyl (Boc) group. Boc-amino
acids of the general formula are often used as substrates,
substrate analogues or competitive inhibitors or proteolytic
enzymes. The study of their conformational preferences is
important for an understanding of their interactions with
enzymes. Structural parameters derived from x-ray crys-
tallographic data show that the urethane amide bond can
adopt both the cis and trans conformation. The cis urethane
conformation is preferred in crystals of compounds with a

tertiary nitrogen or in structures stabilized by strong
intermolecular interactions.3–5 As N-urethanylamino acids
have two proton donors (the OH and NH groups) and two
proton acceptors (the two carbonyl groups), it is interesting
to investigate the relative strength of these sites from a
fundamental point of view. Recently, ab initio calculations
have been performed on the relative acidity and basicity of
these different sites, taking the complex between N-
methoxycarbonylglycine and water6 as a model.

In this work, the interaction between N-tert-butoxy-
carbonyl-L-phenylalanine (R=H, R9=CH2C6H5 ) (BPA) and
pyridine, which is often used as reference base in hydrogen
bond studies, was investigated by x-ray diffraction and
vibrational spectroscopy. Some differential scanning calori-
metric (DSC) measurements were also made. The influence
of ND–OD deuteration on the structural and spectroscopic
properties is discussed.

EXPERIMENTAL

Materials. The complex between BPA and pyridine
(BPA.Py) (1) was prepared by mixing equimolecular
amount of BPA and pyridine in carbon tetrachloride.
Suitable crystals for x-ray diffraction were obtained by slow
evaporation of the solutions obtained by dissolving the
precipitate in a 2 :1 mixture of pyridine and carbon
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tetrachloride. The NH–OD deuterated complex (BPAD.Py)
(2) was obtained by dissolving BPA.Py in methanol-OD in
a nitrogen atmosphere. The precipitate obtained was very
sticky and suitable crystals for the x-ray diffraction were
collected during the crystallization process. BPA from
Sigma was used without further purification. Pyridine from
Fluka was carefully dried.

Crystal data. C19H24N2O4 (1), C19H22D2N2O4 (2).
Orthorhombic, space group P212121 , Z=4 (by least-squares
refinement on diffractometer angles of 30 centered reflec-
tions, l=0·71073 Å). Data for 1: a=9·5470(10) Å,
b=10·2980(10) Å, c=19·135(3) Å, V=1881·3(4) Å3,
D=1·216 g cm23. Transparent crystals, 0·6030·303

0·20 mm, m(Mo Ka)=0·086 mm21. Data for 2:
a=9·641(3) Å, b=10·385(3) Å, c=19·340(8) Å,
V=1939·4(11) Å3, D=1·181 g cm23. Transparent crystals,
0·4030·3530·35 mm, m(Mo Ka)=0·083 mm21, temper-
ature=289(2) K.

Data collection and processing. The following were
used: Siemens P4-PC diffractometer, graphite monochro-
matized Cu Ka radiation, u–2u mode, 2623 reflections
collected for 1 and 2604 reflections for 2 (u range for data
collection between 2·11 and 25°, index range 21<h<11,
21<k<12, 21< l<22, 2356 unique reflections
(Rmerge =0·034) for 1 and 2422 unique reflections
(Rmerge =0·030) for 2.

Structure analysis and refinement. The structure was
solved by direct methods and refined by full-matrix least-
squares on F2, with all non-hydrogen atoms anisotropic and
hydrogens with isotropic temperature factors.7, 8 For 1, final
R indices were R1 =0·0345, wR2 =0·077 for I>2s(I ) data
and R1 =0·0486, wR2 =0·0866 for all data. For 2, final R
indices were R1 =0·0396, wR2 =0·0891 for I>2s(I ) and
R1 =0·0610 and wR2 =0·0945 for all data.

Atomic coordinates and thermal parameters have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC).

Spectrometers. FT-IR spectra were recorded on a
Bruker Model 66 spectrometer at a resolution of 2 cm21.
For the mid-infrared range a KBr beamsplitter and DTGS
detector and for the near-infrared range a CaF2 detector and
InSb cooled detector were used. Raman spectra were
measured on the same spectrometer equipped with an FRA-
106 Raman module and a near-infrared YAG laser
(200 mW) (CaF2 beamsplitter and cooled Ge detector).
Infrared spectra were measured using KBr pellets (concen-
tration ratio for the mid-infrared range 3 :300 and for the
near-infrared range 30:300). All spectra were recorded at
room temperature.

The centre of gravity of the broad protonic bands
observed between 2700 and 600 cm21 was calculated with
the equation

n=
∑Aini

·Ai

A being the intensities of the bands and n their frequencies.

DSC measurements. DSC experiments were performed
on a DuPont de Nemours instrument.

RESULTS AND DISCUSSION

X-ray structure of BPA.Py and BPAD .Py

In crystals of uncomplexed BPA,9, 10 the molecules are held
together in rows of asymmetric cyclic dimer motifs through
intermolecular NH· · ·AO=C and OH· · ·UO=C hydrogen
bonds, A and U denoting the acid and urethane carbonyl
groups, respectively. The secondary amide group is in the
unusual cis conformation and the carboxylic group is in the
usual syn conformation:

There are two independent molecules in the asymmetric
unit, the OH· · ·O distances being 2·59 and 2·62 Å and the
NH· · ·O distances longer, 2·88 and 2·99 Å.

The atom numbering and ORTEP drawing for the
BPA.Py complex are shown in Figure 1 and the packing of
the molecules down the b axis is illustrated in Figure 2.
Intramolecular bond lengths and bond angles for BPA.Py
and BPAD .PyD are given in Table 1 and intermolecular
distances in the hydrogen bonds in Table 2. In the pyridine
complexes, the urethane group has the trans conformation
theoretically predicted for the tert-methoxycarbonyl-
glycine–water complex.6 The hydrogen bond pattern is
completely different from that of BPA. The molecules are
held together by short hydrogen bonds [2·574(3) Å]
between the acidic OH group and the basic pyridine N and
weaker hydrogen bonds [3·015(3) Å] are formed between
the N–H and the O(5) atom of the carboxyl group of the
neighbouring molecule. The urethane carbonyl which
normally has a more basic character than the carboxyl
carbonyl is involved in a weak CH· · ·O interaction with one
of the methyl groups of the tert-butylcarbonyl group, the
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C(10)H· · ·O(7) distance being 3·355(3) Å, the H· · ·O(7)
distance 2·492(3) Å and the C(10)H· · ·O(7) angle 149·2(2)°
(Figure 2).

The hydrogen bond pattern is thus very different in BPA
and its pyridine complex, resulting in different distances for
the functional groups. The C=OU distance is shorter in
BPA.Py [1.206(3) Å] than in BPA (1·229 Å), where this
group forms a strong hydrogen bond with the OH function
and there is a marked decrease in the C(3)—O(4) distance
(20·035 Å), and of the C(6)–N(1) distance (20·023 Å). As
in BPA, the urethane N atom is in a nearly sp2 hybridization
state, the sum of the angles around N being 358·2°. The
angle formed between the C(3)O(4)O(5) and the pyridine
plane is 32·8°.

The crystals of BPAD .Py are isomorphous with the

complex BPA.Py. Deuteration results in a small expansion
of the unit cell, associated with small elongations of the
bonds [between 0·003 and 0·023 Å, only C(24)–C(25) is
slightly shortened by 0·002 Å]. The angles are very similar
in both complexes and the angle between the C(3)O(4)O(5)
and the pyridine planes is now 33·6°. The O(D)· · ·N
distance of 2·610(3) Å is 0·036 Å longer than in the non-
deuterated complex.

These crystallographic studies show that the hydrogen
atom is bound to the O atom and hence that there is no
proton transfer in these complexes. Few data have been
reported for strong OH· · ·N hydrogen bonds in crystals. In
the pentachlorophenol–3-cyanopyridine complex, the
O(H)· · ·N distance is longer (2·703 Å).11 In the complex
between 3,5-dinitrobenzoic acid and 3,5-dimethylpyridine,

Figure 1. ORTEP drawing and atom numbering in the BPA.Py complex

Figure 2. Packing of the BPA.Py complex in the unit cell showing the intermolecular hydrogen bonds. For letter codes, see Table 2
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the O(H)· · ·N distance is 2·550 Å and the O(D)· · ·N
distance 2·563 Å12 and in the pentachlorophenol–4-methyl-
pyridine complex the O(H)· · ·N distance is 2·552 Å.13

Interestingly, the crystals of pentachorophenol(OD)–
4-methylpyridine that were studied are not isomorphous
with the non-deuterated complex, and the O(D)· · ·N
distance is markedly longer (2·638 Å).14 There may there-
fore be two polymorphs. These data indicate that the
shortest observed O(H)· · ·N distance lie between 2·53 and
2·56 Å. This distance seems to be associated with a double
minimum potential with a low barrier.15, 16 In the present
complexes, the C(3)=O(5) and C(6)–O(7) distances of
1·215(3) and 1·290(3) Å respectively, and the O(5)C(3)O(4)
angle of 124·8(2)° are not far from the Speakman’s values17

for the A type acid salts of carboxylic acids. Short
intermolecular distances corresponding to a flat double
minimum potential have also been observed for NH+ · · ·O2

–proton transfer complexes, e.g. in the complex between
2,6-dichloro-4-nitrophenol and 3,4-dimethylpyridine where
the O2 · · ·(H+ )N distance of 2·532 Å18 is in the same
range.

Vibrational spectra of BPA.Py and BPAD .Py

The infrared spectra (3700–500 cm21 ) and the Raman
spectra (3400–100 cm21 ) of BPA.Py and BAPD .Py are
shown in Figures 3 and 4. The absorption at 3200 cm21 is
due to the presence of water in KBr, which does not affect
the isotopic exchange, the intensity of the n (NH) absorption
in BPAD .Py being very weak. The spectrometric data and a
tentative assignment of the vibrations are given in Table 3.
In BPA.Py, two absorptions are observed at 2450 and
1910 cm21 and in BPAD at 2470 and 1900 cm21. In the
fingerprint region, both complexes show a broad absorption
culminating at about 1200 and 1150 cm21, respectively. The
centres of gravity of the three bands (usually called the B, C
and D bands) are 1565 and 1545 cm21, giving an isotopic
ratio of 1·015. Very few results on the isotopic ratio for very
short O· · ·N hydrogen bonds in crystals have been reported.
For the interaction between 3,5-dinitrobenzoic acid and
3,5-dimethylpyridine, the isotopic ratio is close to unity.12

Values of the isotopic ratios between 1·04 and 1·1 have also
been observed for the complexes between trifluoro-
acetic acid and pyridine or methylated pyridines in benzene
solution.19 An anomalous isotopic ratio smaller than unity
has been observed in the complex between pentachlor-

Table 1. Selected bond lengths (Å) and angles (°) for 1 and 2

1 2

N(1)—C(6) 1·336(3) 1·343(3)
N(1)—C(2) 1·436(3) 1·450(3)
N(1)—H(1) 0·83(2) 0·84(3)
C(2)—C(3) 1·521(3) 1·535(4)
C(2)—C(13) 1·525(3) 1·531(4)
C(2(—H(2) 0·91(2) 0·95(3)
C(3)—O(5) 1·215(3) 1·224(3)
C(3)—O(4) 1·290(3) 1·313(3)
O(4)—H(4) 0·97(3) 1·04(3)
C(6)—O(7) 1·206(3) 1·217(3)
C(6)—O(8) 1·336(3) 1·346(3)
O(8)—C(9) 1·476(3) 1·492(3)
C(9)—C(10) 1·506(4) 1·510(5)
C(9)—C(11) 1·500(3) 1·520(4)
C(9)—C(12) 1·484(4) 1·510(4)
C(13)—C(14) 1·501(3) 1·517(4)
C(14)—C(15) 1·369(3) 1·377(4)
C(14)—C(19) 1·376(4) 1·379(5)
C(15)—C(16) 1·384(4) 1·396(5)
C(16)—C(17) 1·340)5) 1·355(6)
C(17)—C(18) 1·358(5) 1·376(6)
C(18)—C(19) 1·396(5) 1·403(5)
N(20)—C(25) 1·303(3) 1·321(4)
N(20)—C(21) 1·307(4) 1·328(4)
C(21)—C(22) 1·361(4) 1·365(5)
C(22)—C(23) 1·349(4) 1·365(5)
C(23)—C(24) 1·354(4) 1·368(5)
C(24)—C(25) 1·372(4) 1·370(5)
C(6)—N(1)—C(2) 120·8(2) 121·0(3)
C(6)—N(1)—H(1) 121·5(16) 121·5(19)
C(2)—N(1)—H(1) 115·9(16) 115·2(19)
N(1)—C(2)—C(3) 114·38(19) 114·4(2)
N(1)—C(2)—C(13) 110·82(19) 110·8(2)
C(3)—C(2)—C(13) 110·19(18) 110·2(2)
N(1)—C(2)—H(2) 107·02(13) 107·06(16)
C(3)—C(2)—H(2) 107·02(12) 107·06(16)
C(13)—C(2)—H(2) 107·02(13) 107·06(15)
O(5)—C(3)—O(4) 124·8(2) 124·5(3)
O(5(—C(3)—C(2) 120·6(2) 121·0(3)
O(4)—C(3)—C(2) 114·55(19) 114·5(2)
C(3)—O(4)—H(4) 114·6(15) 109·2(16)
O(7)—C(6)—N(1) 124·1(2) 123·8(2)
O(7)—C(6)—O(8) 125·2(2) 125·3(3)
N(1)—C(6)—O(8) 110·7(2) 110·7(3)
C(6)—O(8)—C(9) 120·43(19) 120·2(2)
O(8)—C(9)—C(10) 109·27(19) 109·5(2)
O(8)—C(9)—C(11) 109·9(2) 110·0(2)
O(8)–C(9)—C(12) 103·2(2) 102·7(3)
C(12)—C(9)—C(11) 110·9(2) 110·8(3)
C(12)—C(9)—C(10) 111·4(3) 111·5(3)
C(11)—C(9)—C(10) 111·8(2) 112·0(3)
C(14)—C(13)—C(2) 114·3(2) 114·5(2)
C(15)—C(14)—C(19) 117·7(3) 117·6(3)
C(15)—C(14)—C(13) 120·3(2) 120·5(3)
C(19)—C(14)—C(13) 122·0(2) 121·9(3)
C(14)—C(15)—C(16) 121·6(3) 121·7(4)
C(17)—C(16)—C(15) 120·0(4) 119·7(5)
C(16)—C(17)—C(18) 120·2(4) 120·3(5)

Table 1. Continued.

C(17)—C(18)—C(19) 120·2(4) 119·5(5)
C(14)—C(19)—C(18) 120·2(3) 121·1(4)
C(25)—N(20)—C(21) 117·4(3) 117·0(3)
N(20)—C(21)—C(22) 123·5(3) 123·7(4)
C(23)—C(22)—C(21) 118·9(3) 118·6(4)
C(22)—C(23)—C(24) 118·5(3) 118·5(4)
C(23)—C(24)—C(25) 118·8(3) 119·1(4)
N(20)—C(25)—C(24) 123·0(3) 123·1(4)
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Table 2. Hydrogen bonding geometry for 1 and 2 (bond lengths in Å, angles in degrees)

D—X· · ·Aa Structure D—X X· · ·A D· · ·A D—X· · ·A Letter in Figure 2

O(4)—H(4)· · ·N20i 1 0·97(3) 1·61(3) 2·574(3) 173(2) a
O(4)—D(4)· · ·N20i 2 1·04(3) 1·58(3) 2·610(3) 171(3) —
N(1)—H(1)· · ·O5ii 1 0·83(2) 2·20(3) 3·015(3) 168(2) b
N(1)—D(1)· · ·O5ii 2 0·84(3) 2·22(3) 3·049(3) 168(3) —
C(10)—H(10A)· · ·O(7)iii 1 0·96(2) 2·49(1) 3·355(3) 149(1) c
C(10)—H(10A)· · ·O(7)ii 2 0·97(2) 2·52(2) 3·384(4) 148(1) —

a Symmetry codes: (i) 20·5+x, 1·52y, 2z; (ii) 0·5+x, 1·52y, 2z; (iii) 0·5+x, 0·52y, 2z.

Figure 3. Infrared spectra (3700–500 cm21 ) of (A) BPA.Py and (B) BPAD .Py
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ophenol and 4-methylpyridine, but this is explained by
drastic changes in the hydrogen bridge geometry.14 Very
short O(H)· · ·O hydrogen bonds (2·45–2·50 Å) are asso-
ciated with an unsymmetrical double minimum potential
energy curve with the barrier near the first excited level20–24

and isotopic ratios close to unity are observed. The
corresponding O(H)· · ·N distance is slightly longer
(2·53–2·56 Å) with respect to the O(H)· · ·O distance. More
experimental O(H)· · ·N/O(D)· · ·N distances should help to
establish a correlation between distances and isotopic
ratios.

The n (NH) and n (ND) vibrations are observed at 3337
and 2487 cm21. The narrowness of the bands and the values
of the isotopic ratio of 1·342 are characteristic features of
weak hydrogen bonds.

In the Raman spectra, the B, C and D bands completely
disappear.

The assignment of the vibrations in the fingerprint region
is based on the comparison between the infrared and Raman
spectra of BPA and N-tert-butoxycarbonyl-L-alanine (BA).

The vibrational bands of the aromatic ring are very weak
in the infrared spectrum with the exception of the absorption
at 701 cm21 [n (4) vibration]. The bands observed at 1605,
1586, 1033, 1005, 751 and 622 cm21 in the Raman
spectrum of BPA but not in the spectrum of BA are assigned
to vibrations of the aromatic ring. The bands observed in
BPA.Py and not in BPA are assigned to pyridine vibrations.
The aromatic ring and pyridine modes 8a and 12 have
nearly the same frequency in the Raman spectrum. Complex
formation brings about frequency shifts of the normal
modes of pyridine. The 8a, 8b, 19a and 1 modes are shifted
upwards by 6, 3, 15 and 21 cm21, respectively, and the 12
and 6b modes are shifted downwards by 6 and 17 cm21.
These shifts are smaller than those observed for the

Figure 4. Raman spectra (3400–100 cm21 ) of (A) BPA.Py and (B) BPAD .Py
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Table 3. IR (1800–500 cm21 ) and Raman (1800–100 cm21 ) data for BPA.Py and
BPAD .Py in the solid state and tentative assignment of the vibrationsa

BPA.Py BPAD .Py

IR Raman IR Raman Assignment

1707s,br 1708vw 1700s,br 1704vw nC=OA +nC=OU

1603m 1603m 1603m 1603m Py(8a)+Raman AR(8a)
1583m 1583m AR(8a)

1576w 1576w Py(8b)
1525s 1526vw 1414s 1416vw Amide II
1497m 1497m Py(19a)
1454m 1458sh 1454m 1458sh d(CH3 )

1450m 1449 d(CH3 )
1437m 1442sh 1437m Py(19b)
1392m 1325w 1334vw d(OH,OD)+d(CH3 )
1367m 1367m w(CH2 ) or d(CH)

1353w 1353w d(CH)
1321m 1319m w(CH2 ) or t(CH2 )
1271m 1271w 1156b 1156w Amide III
1250m 1244w 1250m 1244w nC—OA

1213m 1213m Py(9a)
1201m 1203m AR(9a)

1180sh 1180w 1180sh 1180vw r(CH3 )
1168s,br 1164 nC—OU

1155m 1155m AR
1086w 1086w Py(18a)
1052s,br 1051s r(CH3 )
1024s 1030m 1030s 1030m Py(12)+AR(12)
1012m 1014s 1012m 1012s Py(1)

1003vs 1003vs AR(1)
984w 984w 984w 984w

940w
927m 927m

884m 884w n (C—C)
857m 857m 857w 857w
824m 824vw 824m 824vw
786m 781 d(O—C=OU )

766m 763m AR(4)
748s 751s Py(4)
702vs 702vs Py and AR(11)
673w 672w 673w
652w 652w 652w 652w Py(6a)
633m 633m g (C—C—OA )

622m 622m AR(6a)
611m,br Amide V
582vw 582vw 573vw 577vw
562m 563w 559m 559w

486w 486w
465m 465m out-of-plane skeletal deformation
348 347 and torsional modes
328 326
301w 300w
234m 232m
188m 187m Intermolecular modes
133m 131m

a n=Stretching, d=in-plane deformation, g=out-of-plane deformation, w=wagging, t= twisting,
r=rocking, Py=pyridine vibration, AR=aromatic vibration, vs=very strong, s=strong,
m=medium, w=weak, br=broad, sh=shoulder.
b Overlap with the vibration at 1167 cm21.
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pyridinium ion25 in pyridinium chloride or in the ionic
complexes between oxalic acid and pyridine.26 This feature,
and also the fact that the typical carboxylate bands are
absent, confirm the non-ionic structure of the OH· · ·N
hydrogen bridge. It is worth mentioning that in the
pentachlorophenol–4-methylpyridine complex, very deep
Evans holes at 1011 and 816 cm21 have been observed.
These holes have been assigned to strong resonance
coupling between the pyridine ring vibrations and the
stretching and out-of-plane deformation vibrations.14 They
were not observed in the present complexes, but a very
sharp minimum coinciding with the Raman frequency of the
n (12) vibration is observed at 1030 cm21. In the penta-
chlorophenol–4-methylpyridine complex, the O· · ·N
distance is slightly shorter and the departure from the
linearity somewhat smaller, the OH· · ·N angle being 176°.
This shows that a small shortening of the hydrogen bridge in
this critical range may have a great influence on the shape of
the infrared spectra.

As shown by recent ab initio calculations on N-
methoxycarbonylglycine,6 the vibrational modes of amino

acids are strongly coupled, and the assignment given in
Table 3 is only tentative. The n (C=OA ) and n (C=OU )
vibrations at 1712 and 1648 cm21 in BPA appear as a single
broad absorption in the complex. This may be due to the
fact that the two carbonyl distances are very different in
BPA but become similar in the complex (see above). The
amide II and III vibrations are easily identified at 1525 and
1271 cm21 in BPA.Py and at 1414 and 1156 cm21 in
BPAD .Py. Their intensities are very weak in the Raman
spectra. The in-plane deformation mode g (OH· · ·N) could
not be identified and probably overlaps with the pyridine 1
and 12 modes, as in the pentachlophenol–4-methylpyridine
complex.14

The near-infrared spectra (6250–3750 cm21 ) of BPA.Py
and BPAD .Py are shown in Figure 5. These spectra show
that the absorptions in the deuterated complex are stronger
than in the non-detuerated complex; we have no explanation
for this.

The broad bands observed in the mid-infrared disappear
in the near-infrared region. This is in agreement with the
theory of Bernard-Houplain and Sandorfy,27 predicting the

Figure 5. Near-infrared spectra (6250–3750 cm21 ) of (A) BPA.Py and (B) BPAD .Py
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same band shape in the near-infrared and Raman spectra of
hydrogen-bonded systems. No data on the overtone spectra
of N-tert-Boc-amino acids are available in the literature, and
for the pyridine derivatives only the overtones of the n (CH)
vibrations observed between 5830 and 6000 cm21 have
been investigated.28 These overtones are observed at 5957
and 5767 cm21 in the BPA complexes. More interesting are
the spectroscopic data observed between 5000 and
4000 cm21, summarized in Table 4. This table also gives the
frequencies of free pyridine and of the pyridinium ion as
determined recently.29 The trio of bands between 4670 and
4570 cm21 are characteristic of pyridine and are combina-
tions of the n (CH) and pyridine ring vibrations. In the
BPA.Py complex these three overtones are shifted upwards.
As for the fundamentals, the shifts are smaller than those
observed in the pyridinium ion. The same holds for the
overtone observed at 4131 cm21, which is probably due to
a combination 23n (8b)+n (1). As for the fundamentals,
the frequencies of these combinations are very insensitive to
deuteration. This is not the case for the 4758 cm21

absorption, which is shifted to 4516 cm21 on deuteration.
This absorption is assigned to the combination
n (C=OU )+23amide II, observed in aliphatic amides.30, 31

Finally, the strong absorption at 4360 cm21, observed in
other N-tert-Boc-amino acids,32 is assigned to a
n (CH3 )+d(CH3 ) combination of the tert-Boc group. Com-
binations involving the n (NH,ND) vibrations and the amide
I or amide II vibrations usually observed in aliphatic amides
between 4900 and 4700 cm21 30, 31 were not observed for the

present molecule.
The intense infrared absorption at 3337 cm21 is thus

assigned to the fundamental n (NH) vibration. One of the
referees requested some comments on the inelastic neutron
scattering study of crystalline amides such as N-methylace-
tamide and polyglycine that have shown that the 1575 cm21

mode must be attributed to the n (NH) vibration rather than
the 3250 cm21 mode, which was assigned to the 2n (NH)
overtone.33, 34 This lower frequency was interpreted as a
strong NH bond weakening by proton transfer to the
neighbouring oxygen. At room temperature, the relevant
picture becomes N2 · · ·H+ · · ·O2 , similar to strong
O2 · · ·H+ · · ·O2 hydrogen bonds. The proton transfer
dynamics can be described by a symmetric double mini-
mum potential function. At low temperature, there is a
dynamic proton exchange between amidic C(=O)NH and
imidic C(OH)=N forms. In our opinion, this interpretation
is very questionable. As pointed out by Perrin,35 the
hydrogen equally likely on the N and O atoms seems
doubtful owing to the very different energies (12 kcal-
mol21 ) of the two resonance forms. Also, the acidities of the
two proton donor bonds are badly mismatched. The
deprotonation energies (in the gas phase) of the NH and OH
bonds in N-methylacetamide and in imidic acids are 362·636

and 351·237 kcal mol21, respectively, and this makes the
proton transfer very unlikely. Spectroscopic arguments also
make the assignment of Kearley et al.34 very doubtful. The
infrared spectrum reproduced in Ref. 33 does not show the
characteristics of strong hydrogen bonds as in

Table 4. Near-infrared data (cm21 ) for the BPA.Py and BPAD .Py complexes and
assignment of the vibrationsa

Pyridinium
BPA.Py BPAD .Py Pyridineb iona Assignment

4758vw n C=OU +2amide II 1706+3052
4516vw n C=OU

+2amide II 1700+2818
4667m 4656 4711 n (CH)+Py(8a) 3085+1603

4663m 3084+1603
4617m 4598 4663 n (CH)+Py(8b) 3060+1576

4615 3059+1576
4578w 4555 4618 n (CH)+Py(19a) 3029+1497

4571w 3028+1497
4417m n (CH3 )+d(CH3 ) 2877+1454

4415m 2876+1454
4360s n (CH3 )+d(CH3 ) 2934+1454

4360s 2932+1454
4248m n (CH2 )+w(CH2 ) 2934+1367

4248m 2034+1367
4131w 4115 4129 2Py(8b)+Py(1) 3152+1012

4131m 3152+1012
4065mb,c ?
4044 n (CH)+AR(1) 3048+1003

4040 3044+1003

a n=Stretching, d=in-plane deformation, w=wagging, Py=pyridine vibration, AR=
aromatic vibration, s=strong, m=medium, w=weak.
b From Ref. 28.
c The band disappeared upon deuteration and could not be assigned.
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O2 · · ·H+ · · ·O2 systems where very broad bands are
observed. The overlapping of the 2n (OH) and the 2n (NH)
(?) bands at about 3200 cm21 also seems very doubtful and
the same remark also holds for the high intensity of the
overtone compared with the fundamental (?) at 1550 cm21.
One also obtains an unrealistic value of the anharmonicity
constant for the n (NH) vibration; at room temperature,
where the bands are observed at 3100 and 1550 cm21, this
constant is strictly zero, contradicting all classical theories
of hydrogen bonds. The isotopic ratio of the band at
3200 cm21 of 1·33 reflects also a characteristic hydrogen
bond of medium strength and not a very strong hydrogen
bond. Lastly, it must be mentioned that the near-infrared
spectrum of N-methylacetamide in CCl3F–C2Br2F4 shows at
low temperature a strong absorption at 6280 cm21. These
absorptions were assigned by Bernard-Houplain and San-
dorfy38 to the first overtone of the n (NH) vibration of
self-associated species, the fundamental being observed at
3250 cm21. The anharmonicity takes the realistic value of
2110 cm21. The assignment made by Kearley et al.34

should predict the third overtone of the n (NH) vibration at
about 6200 cm21. This assignment cannot account for the
high intensity of the band observed at this wavenumber.

DSC measurements

The melting temperature and the melting enthalpy are
117±0·1 °C and 146±0·3 J g21 for BPA.Py and 111±0·4 °C
and 109±0·1 J g21 for BPAD .Py. These results are in line
with the expansion of the crystalline lattice on deuteration.
No phase transition was observed.
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