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Abstract

Complex of piperidine-4-carboxylic acid with chloroacetic acid has been studied by X-ray diffraction, FTIR, Raman, 1H and 13C
NMR spectroscopy and B3LYP/6-31G(d,p) calculations. In crystal the piperidine ring is protonated and adopts a chair conforma-
tion with the COOH group in the equatorial position. The COO� group of chloroacetate unit is engaged in three hydrogen bonds:
O(1)–H(1)���O(3) of 2.604(2) Å, N(1)–H(12)���O(3) of 2.753(2) Å and N(1)–H(11)���O(4) of 2.760(2) Å. According to the B3LYP cal-
culations the isolated complexes both in vacuum and H2O solution have cyclic structures. In vacuum the molecules are connected by
two H-bonds: the COOH group of chloroacetic acid is engaged with piperidine-4-carboxylic acid, one with the nitrogen atom, O(4)–
H���N(1) of 2.658 Å and the second with carboxyl group, O(1)–H���O(3) of 2.860 Å. In water solution piperidine-4-carboxylic acid is
protonated and forms two hydrogen bonds with the chloroacetate unit: N(1)–H���O(4) of 2.690 Å and O(1)–H���O(3) of 2.611 Å.
Powder FTIR spectra of the complex and its deuterated analogue are consistent with the X-ray structure. Correlations between
the experimental 1H and 13C chemical shifts of the complex investigated and the GIAO/B3LYP/6-31G(d,p) calculated magnetic iso-
tropic shielding tensors (rcalc) in vacuum and within the conductor-like screening continuum solvation model (COSMO) in H2O,
dexp = a + b rcalc, are reported.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Piperidine-4-carboxylic acid (isonipecotic acid) crystal-
lizes as a monohydrate of zwitterionic form [1,2]. The
piperidine ring adopts a chair conformation and the car-
boxyl group is in the equatorial position. Recently we have
studied piperidine-4-carboxylic acid hydrochloride [3]. In
this paper the structure, conformation and hydrogen bonds
of piperidine-4-carboxylic acid complex with chloroacetic
acid are analyzed by X-ray diffraction, FTIR, Raman, 1H
and 13C NMR spectroscopy and B3LYP/6-31G(d,p)
calculations.
0022-2860/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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2. Experimental

2.1. Synthesis

Complex of piperidine-4-carboxylic acid with chloroace-
tic acid was obtained by mixing of piperidine-4-carboxylic
acid monohydrate (0.02 mol in methanol:water 4:1) with
chloroacetic acid (0.02 mol in methanol). The mixture
was stirred at room temperature for 2 h. After 2 days the
colorless crystals were filtered off and recrystallized from
methanol, yield 65%, mp. 225–228 �C. Analysis: exp. and
(calc.) %C 42.72 (42.96); %H 6.47 (6.31), %N 6.13 (6.26).
A deuterated sample was obtained by twice exchange with
D2O followed by removal of excess D2O and recrystalliza-
tion from CH3OD.
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Table 2
Atomic coordinates and equivalent isotropic displacement parameters for
the complex of 4-piperidinecarboxylic acid with chloroacetic acid

Atom x y z U(eq)

Cl(1) 0.9629(1) 0.5302(1) 0.4144(1) 0.072(1)
O(3) 0.9373(1) 0.1612(1) 0.2409(2) 0.040(1)
O(4) 0.8133(1) 0.3256(1) 0.2781(2) 0.050(1)
C(8) 1.0031(2) 0.3706(2) 0.3332(3) 0.041(1)
C(9) 0.9076(1) 0.2825(2) 0.2803(2) 0.029(1)
N(1) 0.6284(1) �0.5089(1) 0.2610(2) 0.033(1)
C(2) 0.6000(1) �0.3818(2) 0.3496(2) 0.034(1)
C(3) 0.6907(1) �0.2743(2) 0.3370(2) 0.032(1)
C(4) 0.7122(1) �0.2394(2) 0.1720(2) 0.028(1)
C(5) 0.7414(1) �0.3707(2) 0.0862(2) 0.030(1)
C(6) 0.6505(1) �0.4775(2) 0.0999(2) 0.033(1)
C(7) 0.8001(1) �0.1294(2) 0.1567(2) 0.031(1)
O(1) 0.7749(1) �0.0147(1) 0.2277(2) 0.054(1)
O(2) 0.8838(1) �0.1449(1) 0.0866(2) 0.049(1)
H(21) 0.5898 �0.4068 0.4537 0.040
H(22) 0.5315 �0.3429 0.3131 0.040
H(31) 0.7576 �0.3098 0.3822 0.039
H(32) 0.6694 �0.1908 0.3902 0.039
H(4) 0.6461(12) �0.1986(15) 0.1354(18) 0.013(3)
H(51) 0.7527 �0.3482 �0.0183 0.036
H(52) 0.8094 �0.4090 0.1252 0.036
H(61) 0.5840 �0.4425 0.0533 0.039
H(62) 0.6719 �0.5619 0.0485 0.039
H(11) 0.6852(19) �0.5510(20) 0.2960(20) 0.048(6)
H(12) 0.5719(18) �0.5760(20) 0.2710(20) 0.050(6)
H(1) 0.8280(20) 0.0380(30) 0.2150(30) 0.070(8)
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2.2. Instrumentation

The X-ray diffraction measurements of complex of piper-
idine-4-carboxylic acid with chloroacetic acid were carried
out using a KUMA KM-4 diffractometer. The structure
was solved by direct methods with the SHELXS-97 program
[4] and refined by the full-matrix least squares method on F2

data using the SHELXL-97 [5] program. The crystal data
and details concerning the data collection and structure
refinement are given in Table 1, while the atomic coordinates
are in Table 2. The parameters in the CIF form are available
as Electronic Supplementary Information from Cambridge
Crystallografic Data-base Centre (CCDC 668647).

FTIR spectra were measured on a Bruker IFS 66v/S
spectrometer, evacuated to avoid water and CO2 absorp-
tion. Solid state spectra were recorded in Nujol and Fluo-
rolube suspensions. Each spectrum consisted of 64 scans.
The Raman spectrum was measured on a Bruker FRA
106/S instrument.

1H and 13C NMR spectra were recorded on a Varian
Gemini 300 VT spectrometer operating at 300.07 and
75.46 MHz for proton and carbon-13, respectively, in D2O
solutions, in 5 mm tubes. The chemical shifts were measured
to the internal standard of 3-(trimethylsilyl)propionic-d4

acid sodium salt. The assignments of the chemical shifts were
confirmed by COSY and HETCOR experiments.
H(81) 1.0391(19) 0.3230(30) 0.4050(40) 0.067(8)
H(82) 1.0520(20) 0.3850(30) 0.2580(30) 0.063(7)

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
2.3. B3LYP calculations

The calculations were performed using the Gaussian 03
program package [6] and B3LYP [7–9] method in conjunc-
Table 1
Crystal data and structure refinement for the complex of 4-piperidine-
carboxylic acid with chloroacetic acid

Empirical formula C8H14ClNO4

Formula weight 223.65
Temperature (K) 293(2)
Wavelength (Å) 0.71073
Crystal system Orthorhombic
Space group Pna21

Unit cell dimensions (Å)
a = 12.1486(5)
b = 9.6405(3)
c = 8.9490(5)
Volume (Å3) 1048.09(8)
Z 4
Calculated density (g/cm3) 1.417
Absorption coefficient (mm�1) 0.354
F(000) 472
Crystal size (mm) 0.50 � 0.35 � 0.30
h range for data collection (�) 2.70–32.05
Limiting indices h,k,l �14/18, �14/14, �13/11
Refinement method Full-matrix least-squares on F2

Reflections collected/unique/R(int) 8399/3211/0.0159
Completeness to h = 32.05� 95.3%
Data/restraints/parameters 3211/1/151
Goodness-of-fit on F2 1.083
Final R indices [I>2r(I)] R1 = 0.0341, wR2 = 0.0817
R indices (all data) R1 = 0.0525, wR2 = 0.0949
Largest diff. peak and hole (e Å�3) 0.301 and �0.419
tion with 6-31G(d,p) [10] basis set. The magnetic isotropic
shielding tensors were calculated with the standard GIAO/
B3LYP/6-31G(d,p) (Gauge-Independent Atomic Orbital)
approach using the conductor-like screening continuum
solvation model (COSMO) [11–17] and geometries listed
in Table 2.

3. Results and discussion

3.1. Molecular parameters

The molecular structure and atomic numbering of piper-
idine-4-carboxylic acid–chloroacetic acid complex are
shown in Fig. 1 and the projection of the crystal structure
along plane (001) is presented in Fig. 2. The bond lengths,
bond and torsion angles are listed in Table 3. The piperi-
dine ring is protonated and adopts a chair conformation.
The carboxylic substituent at the C(4) atom assumes the
equatorial position and forms the O(1)–H(1)���O(3) hydro-
gen bond with the chloroacetate anion of the length
2.604(2) Å. Both protons of the N+H2 group are engaged
in N–H���O hydrogen bonds with two neighboring chloro-
acetate anions of the lengths 2.753(2) and 2.760(2) Å,
respectively (Table 4). In the crystal the O–H���O and N–
H���O hydrogen bonds (Table 4) bind the molecules into
H-bonded sheets parallel to the crystallographic planes
(001), shown in Fig. 2.



Fig. 1. Atom numbering for the complex of piperidine-4-carboxylic acid
with chloroacetic acid. The H-bond is shown as the dashed line. The
thermal ellipsoids have been drawn at the 50% probability level.
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The molecular arrangement in the crystal is clearly
dominated by strong hydrogen bonds and contacts involv-
ing chlorine atoms. The shortest chlorine–chlorine distance
is of 4.602(1) Å (symmetry code: 2 � x, 1 � y, 0.5 + z).
Intermolecular Cl���O distances are also longer than 4 Å.
However there are intermolecular Cl���H contacts commen-
surate with the sum of van der Waals radii of Cl and H
atoms: Cl(1)���H(31) of 2.95 Å, symmetry code x, 1 + y, z

and Cl(1)���H(32) of 2.96 Å, symmetry code 0.5 + x,
0.5 � y, z. These data confirm the role of Cl���H contacts
in the molecular association in crystal. Analogous contacts
have been observed in simple halogenated alcohols [18–22].

Structures of the complex predicted by calculations at
the B3LYP/6-31G(d,p) level of theory are quite different
in comparison with that in the crystal (Fig. 3). The isolated
complexes in vacuum have a cyclic structure, connected by
two hydrogen bonds, one between the COOH group of
Fig. 2. Autostereographic projection [26] of the molecular arrangement in th
viewed along the (001) plane. The hydrogen bonds are shown as the dashed l
chloroacetic acid with nitrogen atom of piperidine-4-car-
boxylic acid, O(4)–H���N(1) of length 2.658 Å and the
second bond between the COOH groups of both acids,
O(1)–H���O(3) of 2.860 Å (Table 4). According to the
COSMO approach, in water solution the proton from chlo-
roacetic acid is transferred to the nitrogen atom of piperi-
dine-4-carboxylic acid and the cyclic complex is stabilized
by two H-bonds, N(1)–H���O(4) and O(1)–H���O(3) of
lengths 2.690 and 2.611 Å, respectively.

3.2. The experimental FTIR and Raman spectra

The FTIR solid state spectra of the investigated complex
and its deuterated analogue are shown in Fig. 4. The O(1)–
H(1)���O(3), N(1)–H(12)���O(3) and N(1)–H(11)���O(4)
hydrogen bonds identified in the crystal structure are man-
ifested in the FTIR spectrum by the overlapping mNH2 and
mOH vibrations that give rise to a broad band in the 3200–
2100 cm�1 region. There are seven local maxima at 3080,
3002, 2974, 2829, 2736, 2661 and 2528 cm�1 on this broad
absorption and its center of gravity (m

0
=
R
mlog(Io/I)dm/R

log(Io/I)dm, where Io is the intensity of radiation incident
on the sample at wave numbers at m and I is the transmit-
tance intensity, calculated with dm = 0.96 cm�1) is at
2678 cm�1. The mND2 and mOD stretching vibrations are
identified in the range 2400–2000 cm�1 and its center of
gravity is at 2276 cm�1. The isotope ratio of the center of
e complex of piperidine-4-carboxylic acid with chloroacetic acid crystal
ines.



Table 3
Bond lengths (Å), angles and torsion angles (�) for the complex of
piperidine-4-carboxylic acid with chloroacetic acid determined by X-ray
diffraction and B3LYP/6-31G(d,p) calculations in vacuum and H2O
solution

X-ray B3LYP

In vacuum In watera

Bond lengths

Cl(1)–C(8) 1.770(2) 1.797 1.821
O(3)–C(9) 1.274(2) 1.228 1.262
O(4)–C(9) 1.218(2) 1.305 1.255
C(8)–C(9) 1.514(2) 1.525 1.540
N(1)–C(6) 1.497(2) 1.481 1.501
N(1)–C(2) 1.500(2) 1.481 1.501
C(2)–C(3) 1.517(2) 1.529 1.525
C(3)–C(4) 1.537(3) 1.547 1.548
C(4)–C(7) 1.512(2) 1.532 1.527
C(4)–C(5) 1.522(2) 1.547 1.548
C(5)–C(6) 1.515(2) 1.529 1.525
C(7)–O(2) 1.204(2) 1.209 1.220
C(7)–O(1) 1.311(2) 1.349 1.336

Bond angles

C(9)–C(8)–Cl(1) 113.81(13) 116.5 115.4
O(4)–C(9)–O(3) 125.11(14) 126.6 125.1
O(4)–C(9)–C(8) 122.31(14) 116.3 119.6
O(3)–C(9)–C(8) 112.58(13) 117.1 111.4
C(6)–N(1)–C(2) 112.68(13) 111.2 112.1
N(1)–C(2)–C(3) 110.59(13) 109.7 109.5
C(2)–C(3)–C(4) 110.13(14) 111.7 111.9
C(7)–C(4)–C(5) 111.94(13) 111.3 110.7
C(7)–C(4)–C(3) 111.09(13) 111.3 110.7
C(5)–C(4)–C(3) 110.02(12) 111.8 111.7
C(6)–C(5)–C(4) 110.76(13) 111.7 111.9
N(1)–C(6)–C(5) 110.24(14) 109.7 109.5
O(2)–C(7)–O(1) 123.65(15) 120.6 120.0
O(2)–C(7)–C(4) 123.82(15) 122.7 122.7
O(1)–C(7)–C(4) 112.53(14) 116.6 117.3

Torsion angles

Cl(1)–C(8)–C(9)–O(4) 8.3(3) �1.4 0.03
Cl(1)–C(8)–C(9)–O(3) �171.22(14) 178.8 180.0
C(6)–N(1)–C(2)–C(3) �56.59(19) �63.4 �61.3
N(1)–C(2)–C(3)–C(4) 56.12(18) 55.3 54.9
C(2)–C(3)–C(4)–C(7) 178.38(12) �173.8 �174.1
C(2)–C(3)–C(4)–C(5) �57.11(17) �48.6 �50.2
C(7)–C(4)–C(5)–C(6) �178.42(14) 173.8 174.1
C(3)–C(4)–C(5)–C(6) 57.56(18) 48.6 50.2
C(2)–N(1)–C(6)–C(5) 56.47(18) 63.4 61.3
C(4)–C(5)–C(6)–N(1) �56.70(18) �55.3 �54.9
C(5)–C(4)–C(7)–O(2) �0.9(2) 117.3 117.7
C(3)–C(4)–C(7)–O(2) 122.5(2) �117.3 �117.8
C(5)–C(4)–C(7)–O(1) 178.72(15) �62.7 �62.2
C(3)–C(4)–C(7)–O(1) �57.86(19) 62.8 62.3

a Data calculated using the conductor-like screening solvation model
(COSMO); scrf = (cpcm, solvent = water).
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gravity, mH/mD, is equal to 1.2. In the Raman spectra, the
intensity of the mOH frequency is very weak [23] and in the
complex investigated this absorption band is absent, while
the intensity of the mNH2 absorption is medium. The strong
absorption in FTIR spectrum at 1628 and 1616 cm�1 is
attributed to the masCOO vibration in chloroacetate anion
and confirms that proton is transferred from the chloroace-
tic acid to piperidine-4-carboxylic acid. The band at
1689 cm�1 is due to the mC@O vibration of the COOH
group in piperidine-4-carboxylic acid. In the Raman spec-
trum these bands are at 1632 and 1688 cm�1, respectively.

3.3. NMR spectra

The experimental 1H and 13C NMR chemical shifts in
D2O of the investigated complex are listed in Tables 5
and 6. The proton chemical shift assignments were based
on the 2D COSY [24] in which the proton–proton connec-
tivity are observed through the off-diagonal peaks in the
counter plot. The 2D heteronuclear shifts correlated con-
tour maps (HETCOR) [23] were used to identity resonance
in the 13C NMR spectra.

Correlation plots of the experimental chemical shifts
(dexp) in D2O versus the calculated GIAO magnetic isotro-
pic shielding tensors (rcalc) are shown in Fig. 5. Following
the approach of Forsyth and Sebag [25] to the empirical
scaling of theoretical data, the linear regressions, dexp = a

+ brcalc, were made; details are summarized in Tables 5
and 6 for hydrogens and carbons, respectively. As shown
by the correlation coefficients (r2) listed in Tables 5 and 6,
the agreement between the experimental and calculated
chemical shifts in vacuum is good for carbon-13
(r2 = 0.994–0.999) and poor for proton (r2 = 0.667–0.768).
The r2 values predicted by the conductor-like screening con-
tinuum solvation model are slightly lower (Tables 5 and 6).
The protons are located on the periphery of the molecule
and thus are supposed to be more efficient in intermolecular
(solute–solvent) effects than the carbons. For this reason the
agreement between the experimental and calculated data for
proton is not as good as for carbon-13.

4. Conclusions

In crystal the piperidine ring of the complex of piperi-
dine-4-carboxylic acid with chloroacetic acid is protonated
and adopts a chair conformation with the COOH group in
the equatorial position, which forms the O(1)–H(1)���O(3)
hydrogen bond with chloroacetate anion of the length
2.604(2) Å. Both protons of the N+H2 group are engaged
in N–H���O hydrogen bonds with two neighboring chloro-
acetate anions of lengths 2.753(2) and 2.760(2) Å, respec-
tively (Table 4). In the crystal, the molecules form sheets
connected by the N–H���O and O–H���O hydrogen bonds.

The isolated complex optimized in vacuum by the
B3LYP/6-31G(d,p) method has a cyclic structure, con-
nected by two hydrogen bonds, one between the COOH
group of chloroacetic acid with the nitrogen atom of piper-
idine-4-carboxylic acid (O–H���N of the length 2.658 Å)
and the other bond between the COOH groups of both
acids (O–H���O of the length 2.860 Å). According to the
COSMO model, in water solution piperidine-4-carboxylic
acid is protonated and forms two hydrogen bonds with
the chloroacetate unit: N(1)–H���O(4) of 2.690 Å and
O(1)–H���O(3) of 2.611 Å.



Table 4
Geometry of hydrogen bonds in the complex of piperidine-4-carboxylic acid with chloroacetic acid, energy (a.u.) and dipole moments (Debye)

D–H���A d(D–H) d(H���A) d(D���A) <(DHA) Energy Dipole moment

X-ray

O(1)–H(1)���O(3) 0.83(3) 1.80(3) 2.604(2) 164.2(15)
N(1)–H(12)���O(3)a 0.95(3) 1.85(3) 2.753(2) 158.3(14)
N(1)–H(11)���O(4)b 0.86(3) 1.97(3) 2.760(2) 152.9(16)

B3LYP/6-31G(d,p)/vacuum

O(4)–H���N(1) 1.040 1.628 2.658 169.3 �1129.189654 5.5588
O(1)–H���O(3) 0.977 1.891 2.860 171.0

B3LYP/6-31G(d,p)/H2O

N(1)–H���O(4) 1.069 1.621 2.690 179.5 �1129.224786 12.5281
O(1)–H���O(3) 1.002 1.632 2.611 164.1

Symmetry codes: (a) x � 0.5, �y � 0.5, z; (b) x, y � 1.0, z.

Fig. 3. Comparison of the structure of the complex of piperidine-4-carboxylic acid with chloroacetic acid determined by X-ray diffraction (a) and
calculated by the B3LYP/6-31G(d,p) approach for isolated molecule in vacuum (b) and in water (c).
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Fig. 4. Experimental spectra of the complex of piperidine-4-carboxylic acid with chloroacetic acid: (a) the Raman spectrum in the solid state and (b) the
FTIR spectrum in Nujol and Fluorolube emulsions, dashed line denote the spectrum of a deuterated sample.
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Table 5
Experimental (dexp) and predicted (dpred) 1H chemical shifts (ppm) and calculated GIAO/B3LYP/6-31G(d,p) magnetic isotropic 1H shielding tensors (rcalc)
in vacuum and H2O for complexes of piperidine-4-carboxylic acid with chloroacetic acid; (dpred = a + b rcalc)

Atom dexp dpred rcalc

D2O Vacuum H2O Vacuum H2O

H-2ax 29.1010 28.6753
H-6ax 29.1019 28.6750
H-2,6ax 3.06 2.8691 2.8132 29.1013 28.6752
H-2eq 28.6847 28.2906
H-6eq 28.6844 28.2883
H-2,6eq 3.43 3.2590 3.1530 28.6846 28.2895
H-3ax 29.3597 28.9927
H-5ax 29.3568 28.9986
H-3,5ax 1.83 2.6286 2.5308 29.3583 28.9957
H-3eq 30.1787 29.8787
H-5eq 30.1805 29.8749
H-3,5eq 2.14 1.8602 1.7544 30.1796 29.8768
H-4 2.63 2.5253 3.1495 29.4687 28.2935
C-H 27.8909 27.6126
C-H 27.8783 27.6131
CH2 4.06 4.0077 3.7492 27.8844 27.6129
a 30.097677 28.079489
b �0.935648 �0.881121
r2 0.76856 0.66719

Table 6
Experimental (dexp) and predicted (dpred) 13C chemical shifts (ppm) and calculated GIAO/B3LYP/6-31G(d,p) magnetic isotropic 13C shielding tensors
(rcalc) in vacuum and H2O for complexes of piperidine-4-carboxylic acid with chloroacetic acid; (dpred = a + b rcalc)

Atom dexp dpred rcalc

D2O Vacuum H2O Vacuum H2O

C-2 145.2372 146.6618
C-6 145.2298 146.6552
C-2,6 46.50 46.7484 45.2902 145.2335 146.6585
C-3 164.8164 166.9853
C-5 164.8210 166.9865
C-3,5 27.83 24.6276 22.9507 164.8187 166.9875
C-4 42.35 45.6748 43.8515 146.1840 147.9677
CH2 46.50 46.6128 52.5386 145.3535 140.0624
C(7) 177.34 178.2126 182.6707 28.8385 21.6418
C(9) 182.27 180.9137 175.4885 26.4470 28.1776
a 210.784683 206.452779
b �1.129466 �1.098897
r2 0.99908 0.99468
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Fig. 5. Plot of the experimental chemical shifts (ppm, dexp) of the complex of piperidine-4-carboxylic acid with chloroacetic acid versus the magnetic
isotropic shielding tensors (ppm, rcalc) from GIAO/B3LYP/6-31G(d,p) (a) proton, (b) carbon-13; D – data in vacuum, s – data in water.
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The FTIR spectrum shows a broad band in the 3090–
2100 cm�1 region due to the overlapping mNH2 and mOH
vibrations and two bands at 1689 and 1628–1615 cm�1 cor-
responding to the mC@O and masCOO vibrations, respec-
tively. In the Raman spectrum absorption due to the
mOH vibration is absent. The powder FTIR spectrum of
the complex is consistent with the X-ray structure.

The magnetic isotropic shielding tensors were calculated
by the standard GIAO/B3LYP/6-31G(d,p) (Gauge-Inde-
pendent Atomic Orbital) approach in vacuum and in terms
of the conductor-like screening solvation model (COSMO)
getting good linear correlations with the experimental 13C
chemical shifts.
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