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The X-ray crystal structure of a novel mono(pyrrole)-containing tridentate Schiff base ligand, N-[(1E)-1H-
pyrrol-2-ylmethylene]benzene-1,2-diamine (3), shows unexpected hydrogen bond complementarity between
neighbouring pairs of molecules in the solid state (monoclinic space group C2). The supramolecular structure is
best described as a hinged dimer in which the dihedral angle between the two ligand planes measures 65(1)� and
is stabilized by a pair of hydrogen bonds involving the pyrrole N–H proton on one molecule and the N atom of
the aryl amino group on the neighbouring molecule. The experimental H(pyrrole)� � �N(amine) H-bond distances are
equivalent at 2.40(2) Å. The 1H NMR spectrum of 3 in CDCl3 shows concentration-dependent features that are
consistent with endergonic dimerization by intermolecular hydrogen bonding at higher concentrations
[KD ¼ 0.89(16) M�1 at 25 �C]. DFT calculations at the B3LYP/6-31G** level of theory correctly predict the
main geometrical features of the dimer, which has slightly inequivalent H(pyrrole)� � �N(amine) distances of 2.31 and
2.33 Å in the calculated structure. The DFT-calculated dimer shows some conformational differences from the
X-ray structure that primarily reflect the fact that the individual molecules of 3 in the in vacuomodel are twisted
about the C=N–C=C torsion angle involving the imine group and adjacent phenyl ring (C5–N2–C6–C7) by 4–
8� more than is the case for the experimental structure. These conformational differences reflect the role that
crystal packing plays in fine-tuning the supramolecular structure of 3.

Introduction

Schiff base ligands produced from condensation reactions
between pyrrole-2-carboxaldehyde and an alkyl- or arylamine
contain the bidentate chelate group 1 as one or more of the pri-
mary chelating motifs in the ligand. (Structures based on 1 are
N-[(1E)-1H-pyrrol-2-ylmethylene]alkyl/arylamine derivatives,
see Scheme 1.)
Ligand groups such as 1 are attractive as synthons since

metallation of the chelate with concomitant deprotonation of
the pyrrole ring affords an anionic ligand, a useful strategy
for stabilizing metal ions in high oxidation states. Indeed, a
search of the Cambridge Structural Database (CSD) reveals
that there are well over 100 crystallographically characterized
complexes of transition and main group metal ions that have
been complexed with macrocycles or polydentate chelates
based on fragment 1. Two simple, yet exemplary, derivatives
of this system are the 3d transition metal complexes bis(N-t-
butylpyrrole-2-carbaldimino)copper(II)1 and cis-dichlorobis[2-
(ethyliminomethyl)pyrrolide]titanium(IV).2

One of our current objectives is to use the tetradentate Schiff
base ligand 2 {N,N0-bis[(1E)-1H-pyrrol-2-ylmethylene]ben-
zene-1,2-diamine} as a porphyrin-like chelate for the com-
plexation of metal ions to complement the work we have
being doing with porphyrins.3,4 Our interest in compound 2
is based on two observations. First, porphyrins may formally
be considered to comprise two trans pyrrole nitrogens and
two trans imine-type nitrogens—the donor atom combination
of 2 is thus an analogue of this pattern that has the imine nitro-

gen pair cis or adjacent in the ligand. Second, the electronic
structure of the ligand is not unlike that of a porphyrin since
the pyrrole and imine nitrogens are also capable of p-bonding
with the metal dp orbitals. There are some obvious differences
between porphyrins and 2, including the 5-membered chelate
rings of 2 (porphyrins contain 6-membered chelate rings) and
the fact that 2 is not a macrocycle. These fundamental differ-
ences are in fact of some significance because they may provide
tractable clues, such as differences in metal ion affinity con-
stants, as to the functional importance of the four equivalent
6-membered chelate rings and the macrocyclic structure that
typify porphyrins.
Tetradentate Schiff base derivatives such as 2 are normally

prepared by reacting 2 equiv. of pyrrole-2-carboxaldehyde
and the appropriate diamine in ethanol or dichloromethane.5

It occurred to us during this work that the tridentate

y Electronic supplementary information (ESI) available: unit cell
packing diagram for 3 (Fig. S1) and 1H NMR spectra of 3 as a func-
tion of the concentration of added H2O in CDCl3 solution (Fig. S2).
See http://www.rsc.org/suppdata/nj/b3/b305946d/

Scheme 1 Schiff bases containing pyrrole groups.
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mono(pyrrole) Schiff base ligand 3 {N-[(1E)-1H-pyrrol-2-
ylmethylene]benzene-1,2-diamine} would also be easy to pre-
pare by reaction of the diamine with 1 equiv. of the appropri-
ate aldehyde. Compound 3 is interesting because it is an
asymmetric tridentate ligand that may be further functiona-
lized by reaction with a range of aldehydes of varying complex-
ity. In effect, 3 is a potentially important synthon for the
synthesis of asymmetric or chiral tridentate/tetradentate
ligands with applications in enantioselective catalysis, cur-
rently a highly active field of inquiry.6–10

Schiff base 3 crystallizes from dichloromethane–hexane in the
monoclinic space group C2 and displays an interesting supra-
molecular structure that involves complementary hydrogen
bonding between neighbouring pairs of molecules (Fig. 1). In
this paper, we describe the synthesis and X-ray crystal structure
of 3 as well as density functional theory (DFT) calculations
aimed at elucidating the intermolecular interactions between
molecules of 3 in the solid state. Moreover, we have been able
to show that Schiff base 3 forms H-bonded dimers at high con-
centrations in CDCl3 by

1H NMR spectroscopy. Significantly,
the spectroscopic evidence suggests that the solid state supra-
molecular structure is probably also favoured in solution.

Experimental

General

Hexane was distilled over sodium/benzophenone and dichlor-
omethane over CaH2 . Pyrrole-2-carboxaldehyde and 1,2-dia-
minobenzene (Aldrich) were used as received. CDCl3 for
NMR spectroscopy was dried before use by passage down a
short column (5� 15 mm) of activated basic alumina. Electro-
nic spectra were recorded with a Perkin–Elmer Lambda 45
double beam spectrophotometer using dichloromethane solu-
tions in 1.0 cm path length cuvettes. Samples for IR spectro-
scopy were KBr mulls of polycrystalline material. FT-IR
spectra were recorded with a Perkin–Elmer Spectrum One
spectrometer (4 scans, spectral resolution ¼ 1.0 cm�1). Micro-
analytical data were obtained from a polycrystalline sample of
3 using a LECO CHNS-932 instrument. NMR spectra were
recorded at various concentrations of 3 in CDCl3 with a 500
MHz Varian Unity Inova spectrometer equipped with an
Oxford magnet (11.744 T). Standard pulse sequences were
employed. The proton and carbon NMR spectra were assigned
using 2D COSY, HSQC, and HMQC data as well as calcu-
lated shielding tensors (vide infra).

Synthesis of N,N0-bis[(1E)-1H-pyrrol-2-ylmethylene]benzene-
1,2-diamine, Schiff base 3

Pyrrole-2-carboxaldehyde (2.853 g, 15 mmol) and 1,2-diamino-
benzene (1.600 g, 15 mmol) were refluxed in ethanol (15 ml) for
1 h. The solution was cooled and the solvent removed by
rotary evaporation to obtain an orange-yellow solid. The solid
was dissolved in dichloromethane (CH2Cl2) and n-hexane and
allowed to recrystallize by slow rotary evaporation at reduced
temperature and pressure. This process was repeated twice
until a fluffy yellow powder (1.8504 g, 9.990 mmol, 67% crude
yield) was obtained. The crude product was chromatographed
on a short column of silica gel using 5% acetone in dichloro-
methane as the mobile phase to remove compound 2 and a
purple contaminant, yielding 0.9418 g of 3 (35%) after final

recrystallization from dichloromethane–n-hexane. X-Ray
quality crystals of 3 were obtained by slow diffusion of n-hex-
ane into a CH2Cl2 solution of the compound over 5 days at
room temperature.
Anal. calcd for C11H11N3 : C, 71.3; H, 5.99; N, 22.7; found:

C, 70.9; H, 5.97; N, 22.5. UV-vis (CH2Cl2) lmax/nm: 245, 301,
365. dH (500 MHz, CDCl3): 4.26 (2H, s, br, a), 6.30 (1H, dd,
3J1 3.4, 3J2 2.5, b), 6.71 (1H, dd, 3J 3.4, 4J 1.6, c), 6.74 (1H,
m, d), 6.79 (1H, dd, 3J 8.1, 4J 1.2, e), 6.85 (1H, td, 3J 7.8, 4J
1.2, f), 7.07 (1H, dd, 3J 7.8, 4J 0.93, g), 7.11 (1H, td, 3J 8.1,
4J 1.2, h), 8.33 (1H, s, i), 10.25 (1H, s, br, j). dC (125 MHz,
CDCl3): 110.16 (C-1), 115.38 (C-2), 116.54 (C-3), 117.58 (C-
4), 118.62 (C-5), 123.34 (C-6), 126.67 (C-7), 130.77 (C-8),
137.55 (C-9), 141.21 (C-10), 148.62 (C-11). IR (KBr pellet,
cm�1): 3454w na(NH2), 3352w ns(NH2), 3296w br n(N–H, pyr-
role), 3103w n(C–H), 3024w n(C–H), 1616s n(C=N), 1599s
d(NH2), 1493m, 1416m, 1326m, 1298w, 1262m, 1121m,
1088m, 1031s, 883w, 824w, 741vs, 604w, 593w, 469w.

X-Ray crystallography

X-Ray diffraction data from a flat yellow needle-shaped crystal
of 3 with the approximate dimensions 0.1� 0.4� 0.8 mm3 were
collected on an Oxford Diffraction Xcalibur2 CCD 4-circle dif-
fractometer equipped with an Oxford Instruments Cryojet
operating at 122(2) K. The data were collected with Mo Ka
(l ¼ 0.71073 Å) radiation at a crystal-to-detector distance of
50 mm using omega scans at y ¼ 29.389� with 35 s exposures
taken at 2.78 kW X-ray power with 0.75� frame widths. The
data were reduced with the program CrysAlis RED11 using
outlier rejection, scan speed scaling, as well as standard Lor-
entz and polarization correction factors. A total of 4084 reflec-
tions were merged to give 2065 unique data with an average
redundancy of 2.5 and a mean F2/sF2 of 24.43. The internal
R index for the data set after reduction was 0.03(2) and the
resolution of the data was to 0.68 Å with an impressive mean
F2/s(F2) of 4.06 for the high angle data (0.72–0.68 Å resolu-
tion).
The structure was solved in the monoclinic space group C2

using direct methods in WinGX’s12 implementation of
SHELXS-97.13 All non-H atoms were located in the E-map
and refined anisotropically with SHELXL-97.13 The data set
was of sufficiently high quality that all H atoms were located
in the final difference Fourier synthesis cycle. The coordinates
of the H atoms attached to the pyrrole and amino nitrogens of
3 were refined isotropically without constraints; however, the
isotropic Uij values were fixed at 1.2 times the Ueq values of
the nitrogen atoms. All other H atoms were calculated using
the standard riding model of SHELXL-97 (HFIX 44 instruc-
tion), which allows the X–H distances to vary during refine-
ment. The absolute configuration of 3 could not be
determined unambiguously from the value of the Flack

Fig. 1 Schematic illustration of the H-bond complementarity found
in the X-ray crystal structure of 3.
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parameter.14 Selected crystal data and refinement details are
given in Table 1.z

DFT calculations

Density functional theory calculations were carried out using
the X-ray coordinates of 3 as input with the B3LYP func-
tional,15 6-31G** basis set,16 and a medium grid in Titan
1.08.17 Spin-restricted DFT wave functions (RDFT) were used
on the lowest-lying doublet states of the X-ray structures
(monomer and H-bonded dimer), which were analyzed by sin-
gle point calculations as well as full geometry optimizations
with the convergence criteria 4.500� 10�4 (max. gradient),
3.000� 10�4 (rms gradient) and 5.000� 10�5 (max. energy dif-
ference) between successive steps. All converged DFT wave
functions were analyzed with Weinhold’s NBO 4M program,18

which uses the first-order reduced density matrix of the wave
function to obtain natural atomic orbitals (NAOs) and natural
electron populations for the system. NMR shielding tensors
were calculated at the B3LYP/6-31G** level of theory using
gauge-independent atomic orbitals19 with Gaussian 98.20 Fre-
quency calculations were carried out on all minimum energy
structures with Gaussian 98; none yielded imaginary vibra-
tional modes (implying that all refined geometries were true
minima).

Results and discussion

Synthesis and molecular structure of 3

Although somewhat inelegant, the synthesis of the tridentate
Schiff base 3 was straightforward using a 1:1 mole ratio of
1,2-diaminobenzene and pyrrole-2-carboxaldehyde. However,
we did find that the crude reaction product contained �35%
of the tetradentate Schiff base 2 since this reaction product is
statistically feasible, even under conditions chosen to favour
formation of the mono(pyrrole) adduct. Successive recrystalli-
zation of the crude reaction product from a mixture of dichlor-
omethane and hexane afforded a substantially purer (85%
compound 3) pale yellow microcrystalline material. The solid
was then further purified in a convenient manner using regular
column chromatography on silica gel. Good quality single
crystals suitable for an X-ray diffraction experiment were

obtained by slow liquid diffusion with dichloromethane and
hexane as the solvent system.
The X-ray crystal structure of 3 (Fig. 2) confirms that the E

isomer of the Schiff base is obtained from the condensation
reaction. Inspection of the space-filling plot of the structure
reveals that this isomer is probably preferred on steric grounds
since the Z isomer would require rotation about the N2–C5
bond by 180� and this would lead to rather severe nonbonded
repulsion between H7 and H1A. Interestingly, the E isomer of
3 is not completely planar. There is a 4.0(2)� twist about the
C7–C6–N2–C5 torsion angle that apparently reflects a confor-
mational adjustment to alleviate an unfavourable steric inter-
action between H7 and H5 (H7� � �H5 ¼ 2.05 Å). Moreover,
as shown in the schematic diagram of Fig. 2(b), the out-of-
plane displacements of the non-H atoms of 3 are consistent
with the molecule adopting a somewhat bowed conformation
in which the two aromatic rings partly dip below the 14-atom
mean plane. (The imine group atoms N2 and C5 are displaced
above the mean plane.)
The refined coordinates of the amino group H atoms show

that the N atom has mainly sp3-hybridized character. How-
ever, it is interesting to note that the values of the bond angles
C11–N3–H3A and C11–N3–H3B (Table 2) are actually
between those expected for an unsubstituted sp3 hybridized
N atom (107�) and an sp2 hybridized N atom (120�). Thus,
although H1A and H1B are located above the 14-atom mean
plane of 3, the amino group is somewhat flatter than expected
for a purely sp3-hybridized N atom. The X-ray data therefore

z CCDC reference number 219663. See http://www.rsc.org/
suppdata/nj/b3/b305946d/ for crystallographic data in .cif or other
electronic format.

Fig. 2 (a) Labelled ORTEP diagram of 3. Displacement ellipsoids
are drawn at the 60% probability level; H atoms are drawn as spheres
with equal, though arbitrary radii. (b) Diagram illustrating the perpen-
dicular displacements of selected atoms from the 14-atom (non-H)
mean plane of 3. (c) Partly labelled space-filling view (van der Waals
radii) of 3 approximately perpendicular to the phenyl ring plane.

Table 1 Crystal data and structure refinement details for 3

Chemical formula C11H11N3

Mr 185.23

Cell setting Monoclinic

Space group C2

a/Å 18.373(8)

b/Å 5.489(4)

c/Å 11.369(4)

b/� 124.22(3)

U/Å3 948.1(9)

Z 4

m/mm�1 0.08

T/K 122 (2)

Total reflections 4084

Independent reflections 2065

Observed reflections [I > 2s(I)] 1936

Rint 0.030

R [F2 > 2s(F2)] 0.036

wR (F2)a 0.102

a w ¼ 1/[s2(F2
o)þ (0.0759P)2þ 0.0298P], where P ¼ (F2

o þ 2F2
c )/3
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suggest that the hybridization of N3 is best described as an
sp3/sp2 admixture. This interpretation is in fact confirmed by
the in vacuo DFT-calculated structure of 3 (vide infra).
The unit cell packing for 3 (Fig. S1, Electronic supplemen-

tary information) clearly indicates that the central pair of
molecules within the unit cell constitutes a hydrogen-bonded
dimer in which there is a complementary interaction between
the amino group lone pair (N3) of one molecule and the pyr-
role NH group H atom (H1A) of the neighbouring molecule.
The angle between the non-H 14-atom mean planes of the
two molecules in the H-bonded pair measures 65(1)�. This
reflects the projection of the lone pair of electrons that belong
to N3 at an angle that is close to orthogonal to the benzene
ring. Such a location of the H-bond acceptor site, which has
significant sp2 hybrid character as a result of hyperconjugation
of the lone pair of electrons with the aryl ring p-electrons,
essentially precludes any co-planar alignments for the hydro-
gen bond donor molecule.
The intriguing arrangement of H-bonding interactions in the

crystal structure of 3 is illustrated graphically in Fig. 3. The
two complementary H bonds between the molecules that con-
stitute the dimer have an atomic separation that measures
2.386(2) Å (N3� � �H1Ai) and an interaction angle of
160.11(7)� (N1i–H1Ai� � �N3) [symmetry code: (i) �xþ 1, y,
�zþ 1]. There is also a second, more unusual type of H-bond-
ing interaction between each member of the dimer and the clo-
sest neighbouring molecule in the unit cell. More specifically,
the X-ray data suggest that a somewhat weaker hydrogen
bond between the pyrrole nitrogen lone pair of a neighbouring
molecule (which is formally part of the delocalised p-electron
system of the ligand) and the donor hydrogen atom H3A is
likely. The H-bond distance measures 2.740(2) Å (N1ii� � �H3A)
H3A) and has an interaction angle of 156.19(7)� (N3–
H3A� � �N1ii) [symmetry code: (ii) �xþ 1, y� 1, �zþ 1]. A
noteworthy caveat is that the latter contact distance is very
close to the sum of the van der Waals radii of H and N
(2.75 Å). Furthermore, the true position of the H atom in ques-
tion is never completely certain even from high-resolution low-
temperature X-ray diffraction data. Nevertheless, the geometry
of this unconventional H bond is not altogether unreasonable
if one considers the electrostatics of the interaction. Indeed, it
may even be argued that hydrogen atom H3A interacts to
some extent with the delocalized p-electron cloud of the neigh-
bouring pyrrole ring.

Interestingly, the recent X-ray crystal structure of 4,5-
dimethyl-1,2-bis(2-pyrrolylmethylimino)phenylene, the 4,5-
dimethyl analogue of 2, also shows a complementary H-bond-
ing relationship between two Schiff base units within a discrete
dimer.5 The H bonding is, however, quite different in that four
H bonds exist between the pair of molecules in the dimer, con-
sistent with there being two imine type nitrogen H-bond accep-
tor sites and two pyrrole NH group H-bond donor sites in the
tetradentate Schiff base derivative. Furthermore, the tridentate
Schiff base 1-{(E)-[(2-hydroxyethyl)imino]methyl}-2-naphthol,
which has the donor atom combination ONO, also forms
intermolecular H-bonded dimers in the solid state by virtue
of a suitable combination of H-bond donor and acceptor sites
within the molecule.21 A number of tri- and tetradentate Schiff
base systems (both free bases and metal complexes22) therefore
appear to be predisposed towards self-recognition by intermo-
lecular H-bonding.23

NMR spectroscopy: solution structure of 3

A pertinent question is whether or not the complementary
hydrogen-bonding pattern observed in the solid state is main-
tained in solution. In general, H-bonded alcohol and amino
groups display concentration dependent chemical shifts and
line widths that reflect intermolecular H bonding. In most
cases, the chemical shift of the resonance is deshielded as a
result of an H-bonding association and the line width is nor-
mally sharper due to slower exchange and/or relaxation on
the proton NMR timescale as a result of the association.24

Fig. 4 shows selected proton NMR spectra of 3 as a function
of the total concentration of the Schiff base in solution. At low
concentrations, the pyrrole NH proton resonance is very broad
(line width ¼ 275� 83 Hz at 0.047 M) as a result of rapid
relaxation in CDCl3 solution. Association by hydrogen bond-
ing as the concentration of 3 in solution increases leads to a
downfield shift of the signal and concomitant narrowing of
the line width (to 67� 4 Hz at 0.90 M), consistent with a
slower relaxation and/or exchange rate for the pyrrole NH
proton(s) in the dimer complex. It is also noteworthy that a
single resonance is observed for the pyrrole NH proton at all

Fig. 3 H-bonding interactions between neighbouring molecules of 3
in the solid state.

Table 2 Selected bond distances (Å) and angles (�) for 3a

C (1)–N(1) 1.367(2) C(6)–C(11) 1.414(2)

C(1)–C(2) 1.383(2) C(7)–C(8) 1.392(2)

C(2)–C(3) 1.416(2) C(8)–C(9) 1.394(2)

C(3)–C(4) 1.388(2) C(9)–C(10) 1.394(2)

C(4)–N(1) 1.375(2) C(10)–C(11) 1.404(2)

C(4)–C(5) 1.439(2) C(11)–N(3) 1.386(2)

C(5)–N(2) 1.282(2) N(1)–H(1A) 0.88(2)

C(6)–C(7) 1.399(2) N(3)–H(3A) 0.88(2)

C(6)–N(2) 1.414(2) N(3)–H(3B) 0.88(2)

N(1)–C(1)–C(2) 108.3(1) C(10)–C(9)–C(8) 120.8(1)

C(1)–C(2)–C(3) 107.2(1) C(9)–C(10)–C(11) 120.0(1)

C(4)–C(3)–C(2) 107.2(1) N(3)–C(11)–C(10) 121.8(1)

N(1)–C(4)–C(3) 107.8(1) N(3)–C(11)–C(6) 118.7(1)

N(1)–C(4)–C(5) 121.9(1) C(10)–C(11)–C(6) 119.4(1)

C(3)–C(4)–C(5) 130.1(1) C(1)–N(1)–C(4) 109.3(1)

N(2)–C(5)–C(4) 120.8(1) C(1)–N(1)–H(1A) 125.5(1)

C(7)–C(6)–N(2) 126.2(1) C(4)–N(1)–H(1A) 125.2(1)

C(7)–C(6)–C(11) 119.6(1) C(5)–N(2)–C(6) 121.8(11)

N(2)–C(6)–C(11) 114.2(1) C(11)–N(3)–H(3A) 118.(1)

C(8)–C(7)–C(6) 120.7(1) C(11)–N(3)–H(3B) 116.(1)

C(7)–C(8)–C(9) 119.5(1) H(3A)–N(3)–H(3B) 114.(2)

a The s.u. of each value is given in parentheses.
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concentrations. This suggests that the exchange rate for the
monomer$ dimer equilibrium is fast on the 500 MHz 1H
NMR time scale and that the spectrum is a weighted time-
average of that due to each species in solution. Importantly,
the methine proton resonance of the imine group (dH ¼ 8.33)
retains its Larmor frequency and line width at all concentra-
tions. Indeed, protons that do not change their magnetic envir-
onment with concentration are expected to give concentration
independent signals. This signal therefore serves as an intense,
visible reference point in the 1H NMR spectrum of 3 and high-
lights the marked changes in the pyrrole NH proton resonance
that are brought about by intermolecular hydrogen bonding.
The 1H NMR spectra strongly suggest that Schiff base 3

dimerizes in solution according to the simple equilibrium
shown in Scheme 2. If we assume that the observed chemical
shift for the pyrrole NH proton is the equilibrium-weighted
average of the chemical shifts of the monomer and dimer, then
eqn. (1) can be used to fit the concentration dependence of the
resonance in question:

dobs ¼ dM � fM þ dD � f D ð1Þ

where dobs , dM and dD are the chemical shifts of the equili-
brium mixture, monomer and dimer, respectively. The associa-
tion (dimerization) constant, KD , may be given by eqn. (2):

KD ¼ ½D�
½M�2

ð2Þ

fM ¼ 1

0:5þ 0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ 8KD½��T

p ð3Þ

f D ¼ 1� fM ð4Þ

The fractions of the monomer and dimer in solution, fM and
fD , are then given by eqns. (3) and (4), where [L]T is the total
concentration of the Schiff base. As shown in Fig. 5, the fit of
eqn. (1) to the observed concentration dependence of the che-
mical shift of the pyrrole NH proton resonance is quite satis-
factory (correlation coefficient ¼ 0.999, sum of squares of
errors ¼ 1.9� 10�3 ppm) and affords the following parameter
estimates: dM ¼ 9.46(3), dD ¼ 11.10(8) and KD ¼ 0.89(16)
M�1 at 25 �C [DG297 ¼ þ0.29(4) kJ mol�1]. The association
constant is close to 1 and the reaction possibly exergonic if
one considers the s.u. (standard uncertainty) of the measured
value of KD . However, without measured values of DH and
DS for the reaction, we cannot determine the slope of the
Gibbs–Helmholtz function for this system. It is thus difficult
to say whether at 25 �C the system has just become endergonic
or is about to become exergonic—a property that can only be
revealed by variable temperature studies of the system. The
bottom line is that the room temperature reaction (25 �C)
has a DG value that is close to zero in CDCl3 . However, even
though forcing conditions are required to bring about dimeri-
zation of 3 in solution, the NMR data clearly demonstrate that
the association is via intermolecular H bonds involving the
pyrrole NH proton, as seen in the solid state.
As noted above, the pyrrole NH proton resonance shows a

marked decrease in line width with increasing concentration.
Eqn. (1) may therefore be rewritten to fit the concentration
dependence of the line width:

logðDn1=2Þ ¼ logðDnMÞ � fM þ logðDnDÞ � f D ð5Þ

where Dn1/2 , DnM and DnD are the widths at half height of the
observed, monomer and dimer pyrrole NH proton resonances,
respectively. As shown in Fig. 5, an unconstrained fit of the
data by eqn. (5) affords a suitable description of the experimen-
tal line width variation in this system. The parameter estimates
were log(DnM) ¼ 2.7(2), log(DnD) ¼ 1.2(2) and KD ¼ 2(2)
M�1. Although the fit yields a poor estimate of the association
constant, which fails a statistical student’s T-test as reflected by
the large s.u., the limiting line widths for the monomer and
dimer species are statistically reliable. Since Dn1/
2 ¼ (pT2)

�1,24 where T2 is the transverse (spin–spin) relaxation
time, the estimated effective transverse relaxation times for the
pyrrole NH proton in the monomer and dimer are
6.35(2)� 10�4 and 1.89(6)� 10�2 s, respectively. The relaxa-
tion rate of the pyrrole NH proton is thus about two orders
of magnitude slower in the dimer as a result of its association
with the amino N atom lone pair in the neighbouring moleculeScheme 2

Fig. 5 Unconstrained (solid line) and constrained (dashed line) non-
linear least-squares fits of eqn. (5) to the concentration dependence of
the pyrrole NH proton resonance line width in CDCl3 (25

�C).

Fig. 4 Selected scans of the pyrrole NH proton resonance for Schiff
base 3 as a function of the total concentration in CDCl3 at 25

�C. The
inset shows a non-linear least-squares fit of a simple equilibrium dimer-
ization model [eqn. (1)] to the experimental data.
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and, presumably, slower chemical exchange. The dashed line in
Fig. 5 shows the fit of eqn. (5) to the data with KD fixed at 0.89
M�1. Given the s.u.’s of the experimental line widths, this
curve also gives a reasonable fit of the concentration depen-
dence of the line width and yields limiting line widths of
log(DnM) ¼ 2.6(1) and log(DnD) ¼ 0.8(6), the latter unfortu-
nately being statistically insignificant (high s.u.).
A further point worth mentioning is that the line widths

increased somewhat at Schiff base concentrations >1.0 M
[e.g., log(Dn1/2) ¼ 1.89(3) at a concentration of 1.54 M]. Evi-
dently, additional line broadening over and above that
expected from intrinsic transverse relaxation occurs at the
highest concentrations studied. The most likely origin of this
effect is instrumental since larger volumes of solvent were used
to acquire spectra from the most concentrated solutions and
some magnetic field inhomogeneity is likely if part of the solu-
tion lies outside the NMR probe receiver coils. We also exam-
ined the effect of adding water to the solution and found that
although the pyrrole NH proton resonance broadened signifi-
cantly with increasing H2O content, the chemical shift of the
signal remained constant (Fig. S2, ESI). The latter experiments
confirmed (1) that our procedure for drying CDCl3 by passage
down a short column of activated basic alumina is adequate
for removal of all but a trace quantity of H2O and (2) that
the plot of chemical shift vs. Schiff base concentration shown
in Fig. 4 indisputably reflects dimerization of 3 in this system
rather than a water-dependent exchange process. However,
we cannot rule out the possibility that some of the line width
variation evident in Fig. 5 might be due to slight variations
in the trace water content of the solutions used for the NMR
study.

Gas-phase DFT-calculated structure of 3

The gas-phase structure of 3 calculated at the B3LYP/6-
31G** level of theory is, on the whole, in reasonable agree-
ment with the crystallographically observed conformation
(Fig. 6). However, there are two key differences between the
structures that predominantly reflect the intermolecular inter-
actions present in the experimental structure. First, the calcu-
lated structure is more twisted than the X-ray structure by
virtue of the larger torsion angle C7–C6–N2–C5, which mea-
sures 29.2� in the DFT-calculated conformation but only
4.1(1)� in the X-ray structure. We believe that this may well
reflect the geometric constraints imposed by the pair of H
bonds between the interacting units of the dimer in the experi-
mental structure (Fig. 3). More specifically, the experimental
conformation is flatter than the gas-phase structure because
this conformation favours optimal H bonding between the
two units comprising the dimer. Secondly, the lone pair of elec-
trons belonging to the ArNH2 group of the DFT-calculated
structure is twisted in the opposite direction to that of the
experimental structure. The torsion angles C6–C11–N3–H3B
and C10–C11–N3–H3A, which may be used to effectively
gauge the degree of tilt of the ArNH2 lone pair, measure

16.8� and 28.2� in the calculated structure. These same angles,
however, measure 27.2(1)� and 17.4(1)� in the X-ray conforma-
tion of 3. Again, this difference in the calculated and experi-
mental structures probably reflects a local conformational
adjustment that favours optimal H bonding between the two
units of the dimer, as is evident from Fig. 3.
As noted earlier, the ArNH2 group N atom has mixed sp2

and sp3 hybrid character if the experimental bond angles sub-
tended at the nitrogen atom are taken as being sufficiently
accurate. We find that the values of the bond angles C11–
N3–H3A and C11–N3–H3B measure 114.0� and 116.3�,
respectively, for the in vacuo DFT-calculated conformation
of 3. These calculated bond angles are within 2–4� of the
experimental angles and support the notion that the amino
group of 3 has a mixed hybridization state. An intriguing ques-
tion is whether H bonding with the lone pair of electrons in the
dimer structure of 3 changes the C–N–H bond angles, that is
the relative contributions of sp2 and sp3 hybrid character for
the amino group N atom. As discussed below, we have been
able to obtain evidence in support of this idea from the calcu-
lated structure of the H-bonded dimer of 3.

DFT-calculated dimer geometry for 3

A priori calculation of the structure of a dimer, particularly
when the interaction is noncovalent, is usually not a straight-
forward matter when one is dealing with relatively complex
molecules.25 In this case, however, the X-ray structure of the
H-bonded dimer of 3 provided a suitable set of input atomic
coordinates for a full geometry optimization at the B3LYP/
6-31G** level of theory. The geometry of the dimer calculated
in the gas-phase was, on the whole, in good agreement with
that of the X-ray structure (Fig. 7).
Three geometrical features of the dimer were reasonably well

modelled in the calculated structure: (1) the H bond distances,
(2) the conformation of each monomer unit making up the
dimer and (3) the hinged arrangement of the interacting mono-
mer units. Thus, the mean calculated N3� � �H1A distance was
2.32(1) Å while the dihedral angle between the 14-atom mean
planes of the two calculated monomer units measured 79.8�.
The H bond distance deviates from the experimental distance
by only 0.07 Å and is well within the expected level of perfor-
mance of the B3LYP method for H-bond calculations.25 The
calculated dihedral angle between the two planes of the inter-
acting monomers deviates from the experimental value by
some 15�. We attribute this mainly to the absence of steric

Fig. 7 Least-squares fit of the DFT-calculated (grey) and experimen-
tal (black) dimer structure of 3. The RMSD between the dimer struc-
tures is 0.413 Å for all atoms.

Fig. 6 Least-squares fit of the DFT-calculated (grey) and experimen-
tal (black) structures of 3. The RMSD between the two conformations
is 0.374 Å for all atoms.
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or other crystal packing interactions in the simulation. In par-
ticular, it appears that the absence of packing interactions in
the in vacuo simulation allows a significant degree of twisting
of the molecule about the C7–C6–N2–C5 torsion angle (as
noted above in the case of the monomer structure of 3). The
driving force for this intramolecular twist is probably the non-
bonded repulsion between H7 and H5, which is not damped to
any significant extent in the simulated structure since the mole-
cules are not in close contact with neighbouring molecules.
Interestingly, the conformation of each molecule within the

dimer is calculated to be somewhat flatter than the in vacuo
structure of the monomer itself. More specifically, the dihedral
angle C7–C6–N2–C5 measures 8.6� and 12.8� for the two
molecules making up the dimer. (The X-ray structure of the
dimer comprises symmetry equivalent molecules, while the cal-
culated structure of the dimer has C1 symmetry and thus inde-
pendent monomer conformations.) These calculated values are
within 4.5� and 8.7� of the experimental values, respectively.
The better agreement between the calculated and experimental
conformations of 3 when H bonding to at least one of the
neighbouring molecules in the lattice is taken into account
clearly shows that H bonding and nonbonded intermolecular
interactions fine-tune the crystallographically observed confor-
mation of this compound.
The mean calculated C–N–H angle for the ArNH2 group of

3 measures 113(2)� and compares favourably with the mean
experimental value of 117(1)�. Interestingly, the calculated
structure of the H-bonded dimer exhibits an amino group geo-
metry that is somewhat closer to being pyramidal (sp3 hybri-
dized) than planar (sp2 hybridized). This finding suggests
that the H bond to the nitrogen lone pair of electrons slightly
changes the character of the nitrogen atom relative to the in
vacuo monomer. Indeed, comparison of the natural atomic
orbital populations for N3 in the monomer and dimer struc-
ture of compound 3 shows that the 2s and 2p orbital popula-
tions are highest for the dimer (Table 3), consistent with a
more localized set of hybrid orbitals on the nitrogen atom.
Ultimately, the lower valence electron population for N3 of
the monomer is best viewed as reflecting a slightly higher
degree of hyperconjugation of the N atom lone pair with the
aryl ring p-electron system.
The natural atomic charge distributions for the monomer

and dimer (Fig. 8) clearly indicate the favourable (complemen-
tary) electrostatics of the H-bonding interactions in the dimer.
Thus, the amino group nitrogen atom (N3) carries a significant
negative charge that approaches a full electron. The pyrrole
NH group hydrogen atom (H1A) is seen to carry the highest
fractional positive charge in both the monomer and the dimer.
It therefore stands to reason that these regions of high opposite
fractional charge should interact favourably in the H-bonded
dimer and, we propose, succinctly explain the driving force
behind the formation of the dimer (at least in the solid state).
Interestingly, N3 and H1A achieve a slightly higher charge
polarization in the dimer relative to the monomer. The
increase in negative charge on the amino group nitrogen atom
in the dimer amounts to about 0.037 of an electron and possi-

bly reflects a slight increase in sp3 hybrid character for this N
atom.
The DFT-calculated energies in Table 4 may be used to esti-

mate the energy of formation of the H-bonded dimer,
DEcomplexation , in the gas phase. Taking into account the
appropriate counterpoise correction26 to eliminate basis set
superposition errors, we found that formation of the dimer
was strongly favoured on thermodynamic grounds in the gas
phase (DEcomplexation ¼ �9.33 kcalmol�1). The favourable
complexation energy is, furthermore, paralleled by an increase
in the frontier orbital energy gap, DE(LUMO–HOMO) , of 0.04 eV
over that for the monomer, consistent with net stabilization of
the system. If one compares the calculated gas phase com-
plexation energy to the value of DG measured for the associa-
tive interaction in solution by NMR spectroscopy (vide supra),
then it is clear that solvation has a pronounced effect on the
process and severely diminishes the stability of the H-bonded
complex.
Finally, it is noteworthy that the dimer structure of 3 does

not comprise two separate molecules at the electronic level.
As shown by a plot of the HOMO for the dimer (Fig. 9), the
highest filled molecular orbital has p-symmetry and spans both
molecules. Importantly, the MO coefficients for chemically
equivalent atoms in each molecule are significantly different,
consistent with the symmetry of the dimer and the idea that
this system does not simply consist of two ‘‘ isolated mono-
mers ’’. Notwithstanding the fact that we have used a basis
set without diffuse functions that may have partly limited the
accuracy of the calculations as a result, the best description
for the dimer structure of 3 is that of a single supramolecular
system with substantially delocalized p-electrons. As indicated
by the data in Table 4, the HOMO is near degenerate with the
HOMO� 1. The latter orbital is roughly the inversion-related

Fig. 8 Natural atomic charges for (a) the monomer and (b) the H-
bonded dimer structures of compound 3.

Table 3 Calculated natural atomic orbital electron populations for
the amino group nitrogen atom N3 of compound 3

Natural atomic orbital Monomer Dimer

2s 1.3436 1.3699

2px 1.3773 1.6956

2py 1.7294 1.3781

2pz 1.3819 1.4249

S2p 4.4885 4.4986

S(valence electrons) 5.8322 5.8685
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analogue of the HOMO. This trend is evident for the other
frontier orbitals, which are seen to occur in near-degenerate
pairs. In the limit of exact inversion symmetry for the dimer,
one would expect these orbitals to be doubly degenerate.

Conclusions

We have synthesized and characterized a new tridentate Schiff
base ligand that comprises a pyrrole group, an adjacent imine
group, and an aryl amino group, namely N-[(1E)-1H-pyrrol-2-
ylmethylene]benzene-1,2-diamine. The X-ray crystal structure
indicates that the molecule is near planar and involved in a
notable complementary hydrogen-bonding interaction with a
neighbouring molecule in the solid state. The pyrrole NH
and ArNH2 groups act as the H-bond donor and H-bond
acceptor sites, respectively, in the dimer. The supramolecular
H-bonded dimer structure is apparently also favoured at high
concentration in deuterated chloroform, as evidenced by con-
centration-dependent changes in the pyrrole NH proton NMR
line width and chemical shift. Finally, gas-phase DFT simula-
tions show that the H-bonded dimer is energetically feasible
and that crystal packing interactions modulate the observed
solid state conformation by flattening the molecular structure
beyond that predicted in the absence of lattice interactions.
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