
Introduction

The hydrogen bond occupies a position of central importance
in chemistry, biology and materials science. Its properties,
which include well-defined directionality and a strength
somewhere between those of normal chemical bonds and
van der Waals interactions, lead to profound consequences for
the structure of water and of proteins and for supramolecular
chemistry in general. Although the hydrogen bond is gen-
erally accepted to be unique, a recent article[1] draws attention
to a remarkable parallelism between the properties of the
series of hydrogen-bonded complexes B ´´ ´ HCl, involving
simple Lewis bases B, and those of the corresponding series
B ´´ ´ ClF in which HCl is replaced by chlorine monofluoride.
The emphasis of the article was mainly (but not exclusively)
on pairs of complexes B ´´ ´ HCl/B ´´´ ClF in which the electron-
donor region of B consisted of a nonbonding electron pair.

In particular, it was demonstrated that B ´´´ HCl/B ´´ ´ ClF
pairs with a given B are isostructural, have similar interaction
strengths (as measured by the intermolecular stretching force
constant ks), and are composed of subunits in which there is
only minor perturbation of the electric charge distribution
when the complex is formed. These similarities were ex-

plained in terms of a model common to both types of complex
but originally proposed for the hydrogen-bonded series.[2]

Thus, an interaction between unperturbed electric charge
distributions was assumed and the observed geometry was
explained by assuming that the Lewis acid (either d�HCldÿ or
d�ClFdÿ) lies along the axis of a nonbonding electron pair
carried by the acceptor atom in B, with the electrophilic end
d� sampling this region of greatest nucleophilicity.

In view of the assumed uniqueness of the hydrogen bond, it
might seem controversial to refer to a ªchlorine bondº in B ´´´
ClF that is analogous to the hydrogen bond in B ´´´ HCl.
However, such an approach can be justified in terms of an
operational definition based on similarities among experi-
mentally determined properties, as alluded to earlier.

In this article, we focus attention on some recent exper-
imental results for another series of B ´´ ´ ClF complexes,
namely one in which B is systematically varied from one
unsaturated hydrocarbon to another, with each B chosen as
the prototype p-electron donor of its class. Table 1 lists the
molecules B and indicates in each case the class of p system
for which B is the prototype. Included among the various
classes are simple p and pseudo-p donors, conjugated but
nonaromatic systems acting as p donors, cumulative p systems
composed of two adjacent p bonds or an adjacent p and
pseudo-p bond, aromatic and heteroaromatic p-electron
donors. Questions to be addressed through the choice of B
include: Is the notion of a ªchlorine bondº, analogous to the
hydrogen bond, appropriate to complexes B ´´´ ClF in which B
is a p-electron donor? Is the pair B ´´ ´ ClF/B ´´´ HCl isostruc-
tural for a given B? Does a common model account for the
properties of the p-donor complexes B ´´ ´ ClF considered?
What is the result of competition for ClF when more than one
p-donor centre is present in B? How do aromatic and
nonaromatic p-electron donors differ? What is the result
when B carries both p-bonding and nonbonding electron
pairs?

A more comprehensive review, to be published elsewhere,[3]

will deal in a similar manner with the more general series of
complexes B ´´ ´ XY and B ´´´ HX, where XY is one of the
halogen or interhalogens F2, ClF, Cl2 and BrCl and X is F, Cl,
CN, C�CH, etc. The Lewis bases B will then include those
chosen as simple examples of n-type and mixed n/p-type as
well as p-type electron-pair donors. This review will not only
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describe the relationship among the properties of the various
series of complexes but will also indicate how to determine
those properties for isolated complexes.

Discussion

Prereactive complexes: Definition and a method for their
observation : The addition of halogen molecules to C�C
double bonds constitutes an important class of chemical
reaction. There is general agreement[4] that, in the dark and in
polar solvents, these reactions proceed via a mechanism of the
type shown in Scheme 1, where the example of BrCl is used.
Complexes such as 1, which involve a weak interaction, were
called the outer type by Mulliken[5] while those involving
extensive electric charge rearrangement, as in 2, were
classified as the strong, inner type. It seems reasonable to
define 1 as a prereactive intermediate because it precedes
reaction and it exists at a potential energy minimum. If it is
accepted that a prereactive complex 1 is formed when a
halogen and an alkene first interact, before charge separation
occurs to give the halogenium ion 2 or the ion pair 3, it is
clearly a matter of general interest in chemistry to character-
ise species of the type 1 in detail experimentally. To do this
requires the answers to the following questions: What is the

Scheme 1. Accepted mechanism of addition of halogen molecules to C�C
double bonds in the dark and in polar solvents shown by the example of
BrCl. Complex 1 is called the outer type; halogenium ion 2 the inner type.

molecular point group? What are the radial and angular
geometries of the complex? What is the strength of the
interaction? What is the extent of electric charge redistrib-
ution on formation of 1? Is it significant, thereby indicating
some incipient inner complex character, or is it minor?

There is a particular problem in attempting to observe
prereactive complexes B ´´ ´ ClF when B is an unsaturated
hydrocarbon. Chlorine monofluoride undergoes violent
chemical reactions with substances such as ethyne and ethene,
even in the gas phase. One way to observe complexes B ´´ ´ ClF
is in cryogenic matrices[6] but the level of detailed geometrical
information obtained is unfortunately not high. A method is
required which allows B ´´´ ClF to be formed and then rapidly
isolated, while remaining in the gas phase and before reaction
can occur. Then the rotational spectrum of the complexes,
which is a rich source of detailed information, can be
observed. The approach outlined below shows how to achieve
this and employs the so-called fast-mixing nozzle.[7]

A diagram of this device is shown in Figure 1. It consists of a
pair of concentric, approximately coterminal tubes that issue
into a vacuum. Ethyne, for example, flows continuously into
the vacuum chamber from the central capillary (glass, 0.3 mm
internal diameter). The solenoid valve produces short pulses
of a ClF/argon mixture (ca. 2 % ClF) which issue into

Figure 1. Schematic diagram of the fast-mixing nozzle used to create
complexes B ´´´ ClF but avoiding chemical reaction of B and ClF.

Table 1. p-Electron donors B used in the study of a series of B ´´´ ClF
complexes, and the class of p system for which each B is the prototype.
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the outer tube. Each pulse meets the ethyne gas only as the
two flows simultaneously expand into the vacuum. Complexes
are formed at the cylindrical interface of the flows and soon
achieve collisionless expansion in their lowest rotational and
vibrational energy states, all of which occurs within 10 ms or so
and in the absence of surfaces. After this stage no chemical
reaction, either unimolecular or bimolecular, can occur until
the gas pulse meets the wall of the vessel. The complexes in
this frozen state can then be probed spectroscopically.

This approach has two advantages. First, prereactive
complexes formed from components of high mutual reactivity
can be isolated. Secondly, we can be confident that the
properties of a species B ´´´ ClF determined in this way are
free of perturbation through lattice or solvent effects. In view
of the weak interactions between B and ClF that are discussed
here (typically, the intermolecular stretching force constant ks

is only 5 ± 10 N mÿ1), this is an important consideration,
especially when making comparisons within series of com-
plexes in the search for systematic behaviour.

All the results summarized in this article have been
obtained by using rotational spectroscopy as the means of
probing the supersonically expanded gas pulse. The technique
involved is called pulsed-nozzle, Fourier-transform micro-
wave spectroscopy and was originally developed by Flygare
and coworkers.[8] The particular version of the spectrometer
employed has been described.[9] This technique leads to
precise values of some important properties of the complex
B ´´´ ClF, including the angular and radial geometry, the
strength of the weak interaction (via ks) and the extent of
electric charge redistribution within ClF on complex forma-
tion, all of which usually refer to the electronic and vibrational
ground state. They are obtained, through simple models, from
the rotational constants, centrifugal distortion constants and
Cl nuclear quadrupole coupling constants, respectively. De-
tails of the routes from spectroscopic constants to molecular
properties are discussed elsewhere;[1,3,10,11] only the results will
be considered here.

p-Electron donor complexes B ´´´
ClF: Are they of the Mulliken outer
or inner type? This question has been
answered by considering the Cl nu-
clear quadrupole coupling constants
and the intermolecular stretching
force constants ks of the complexes
B ´´ ´ ClF under discussion here. When
the complex is formed, the electric
field gradient (efg) at the Cl nucleus
is modified because of the response
of the ClF electrons to the electric
charge distribution of B. Nuclear
quadrupole coupling constants for
Cl are proportional to the efg at the
Cl nucleus, and hence their changes
on complex formation provide evi-
dence about the redistribution of the
ClF charge. If equilibrium values
were available they could be inter-
preted by using a simple model

(Townes ± Dailey model[12]) in terms of the fraction d of an
electron transferred from Cl to F.

In fact, the measured coupling constants refer to the zero-
point state, and it is necessary to correct them for the effects of
the zero-point motion. A method for doing this was first
developed for the more straightforward B ´´´ Cl2 systems,[11,13]

with the conclusion that only about 0.02 e is transferred from
the inner (Cli) to the outer (Clo) chlorine atom when C2H4 ´´´
Cl2

[13] and C2H2 ´´´ Cl2
[14] are formed. Experience with the B ´´´

Cl2 series then suggested an approach suitable for B ´´ ´ ClF,
the details of which are given elsewhere.[1] It was found that,
when B�C2H2, C2H4, cyclopropane or methylenecyclopro-
pane, the charge transfer from Cl to F when forming B ´´´ ClF
was 0.01 e or less, which is smaller than for B ´´´ Cl2 complexes
and is as expected in terms of general polarizability. This
provides clear evidence that the B ´´´ ClF species under
consideration are weak, Mulliken complexes of the outer
type and is a conclusion reinforced by the values of the
intermolecular stretching force constant ks, none of which
exceeds � 10 N mÿ1.

Evidence of weak perturbation of electric charge, and other
evidence based on experimentally observed moments of
inertia, suggests that the geometries of the components B
and ClF can be assumed to a good approximation to be
unchanged by complex formation. On this assumption, the
angular geometry of B ´´ ´ ClF is readily derived from the
observed moments of inertia of various isotopomers. Such an
approach was used for all cases considered below.

Simple p-donor complexes : Figure 2 compares the experi-
mentally determined angular geometries, the distances r( � ´ ´ ´
Cl), where � is the midpoint of the p bond, and the
intermolecular stretching force constant ks for the complexes
B ´´ ´ ClF and B ´´´ HCl, where B is one of the two simplest p-
electron donors ethyne[15,16] or ethene.[17,18] Also included in
Figure 2 is the value of d, the fraction of an electronic charge
presumed transferred from Cl to F when B ´´´ ClF is formed.

Figure 2. The angular geometries of complexes formed by ClF and HCl with simple p-electron donors.
The shading code for the atoms is white for H and grey for carbon, with all other atoms labelled with the
symbols for the element. The principal inertial axes a, b and c are indicated for each of the four complexes
shown. All diagrams in this article are drawn to scale. a) Ethyne ´´´ ClF: geometry is planar C2v; r( � ´ ´ ´ Cl)�
2.873 �; ks� 10.0 Nmÿ1; d� 0.016 e ; b) Ethyne ´´´ HCl: geometry is planar, of symmetry C2v ; r( � ´ ´ ´ Cl)�
3.699 �; ks� 6.4 N mÿ1; c) Ethene ´´´ ClF: C2v symmetry; r( � ´ ´ ´ Cl)� 2.768 �; ks� 11.0 N mÿ1;
d� 0.010 e ; d) Ethene ´´´ HCl: C2v symmetry; r( � ´ ´ ´ Cl)� 3.724 �; ks� 5.9 N mÿ1.
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The equilibrium angular geometries have all been demon-
strated to belong to the point group C2v, are clearly
isomorphous within the pair B ´´ ´ ClF/B ´´´ HCl for a given B,
and can be understood by the following rule, originally
enunciated[2,19] for hydrogen-bonded complexes involving p-
electron donors: In the equilibrium geometry of a p-electron
donor complex B ´´ ´ XY, the XY axis lies along the symmetry
axis of a p-bonding orbital of B, with Xd� closer to the p system
than Ydÿ (XY�HCl or ClF).

Simple pseudo-p donor complexes : The chemical behaviour
of cyclopropane led to a description of the molecule (due to
Coulson and Moffitt[20]) in which its unsaturated character
was reflected in a pseudo-p CÿC bond (or ªbanana bondº)
formed by overlap of sp3 hybrid orbitals on adjacent C atoms.
The symmetry axis of this pseudo-p orbital coincides with a
median of the cyclopropane equilateral triangle. According to
the rule set out above, the angular geometries of cyclo-
propane ´´ ´ ClF/HCl complexes should therefore have the
ClF/HCl internuclear axis coincident with a median of the
cyclopropane triangle, leading to a C2v geometry. Figure 3
shows that this is indeed the case for both the HCl[21] and
ClF[22] complexes and that evidently the rule is also appro-
priate for pseudo-p donors.

Figure 3. Angular geometries of complexes formed by ClF and HCl with
the prototype pseudo-p-electron donor cyclopropane. a) Cyclopropane ´´´
ClF: geometry has C2v symmetry; r( � ´ ´ ´ Cl)� 2.958 �; where � is the
centre of a CÿC bond, ks� 9.8 Nmÿ1; d� 0.010 e ; b) Cyclopropane ´´´ HCl;
C2v symmetry; r( � ´ ´ ´ Cl)� 3.567 �; ks� 8.0 Nmÿ1.

We note from a comparison of Figures 2 and 3 that the
order of ks is B� ethene< ethyne< cyclopropane for the HCl
series but is reversed for the ClF series. This behaviour is
reflected in r( � ´ ´ ´ Cl), which has the order B� ethene>
ethyne> cyclopropane in the HCl series but is again reversed
for the ClF series. Detailed arguments, set out elsewhere,[22]

ascribe these relationships to a secondary hydrogen bond
interaction between the CÿHd� of the hydrocarbon and Cldÿ

of HCl, which is greatest in cyclopropane. The corresponding
secondary interaction with Fdÿ in the B ´´´ ClF complexes is
much less important because the H ´´´ Fdÿ distances are much
larger than the H ´´´ Cldÿ distances.

Complexes in which B carries two p bonds : What happens
when the electron donor B carries more than one p system? If
we consider a donor B with two equivalent p bonds, there are
two possibilities consistent with the rule: Either the HCl/ClF
interaction with a p bond will be localised (if the potential
energy barrier between equivalent sites is high enough) or
there will be tunnelling between equivalent sites.

The prototype conjugated, nonaromatic p donor is 1,3-
butadiene. The geometry of the complex[23] formed by ClF
with this Lewis base is shown (drawn to scale) in Figure 4.

Figure 4. Angular geometry of the complex formed by the prototype
conjugated, nonaromatic p donor 1,3-butadiene with ClF. The geometry
has C1 symmetry, and the ClF subunit is perpendicular to the plane of the
1,3-butadiene nuclei; the angle f� 95.08 ; the system � ´ ´ ´ ClÿF deviates
from collinearity by q� 2.78 ; the distance r( � ´ ´ ´ Cl)� 2.736 �; ks�
6.2 Nmÿ1.

There was no evidence from the ground-state rotational
spectrum of this complex to indicate tunnelling and evidently
the p ´ ´ ´ ClF interaction is localised (on the timescale of the
experiment) at one site. We note that the ClF molecule lies
perpendicular to the plane containing the nuclei of 1,3-
butadiene and that the local geometry defined by the angle
f�C2 ± � ´ ´ ´ Cl, where � marks the midpoint of the C�C
bond, is as predicted by the rule. Although we have observed
the rotational spectrum of the analogous complex in which
HCl is the Lewis acid,[24] it has not yet been fully analysed
because it deviates from the usual semirigid-rotor behaviour,
possibly as a result of a significant tunnelling rate between
the four equivalent sites at which HCl can interact with a p

bond.
The prototype p donor carrying two cumulative double

bonds is allene. The geometries of allene ´´´ HCl[25] and
allene ´´´ ClF[26] determined from analyses of their rotational
spectra are shown drawn to scale in projection in the principal
inertial planes ab in Figure 5. Although all angles of rotation
y about the C�C�C axis are consistent with the observed
moments of inertia, it seems chemically reasonable to choose
y� 0 (i.e. that illustrated), for then d�H or d�Cl interacts with
a p orbital rather than its nodal plane.

The two geometries displayed in Figure 5 are remarkably
similar. Because, at most, the complexes have only a plane of
symmetry (ab), it is possible to locate the HCl or ClF subunit
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position precisely by consideration of the complete Cl nuclear
quadrupole coupling tensor, as described in detail else-
where.[27] As a result, the angles f and q as well as the
distance r( � ´ ´ ´ Cl) can be simultaneously determined, where
� is again the mid-point of the C�C bond involved in the
interaction and q is the deviation of the system � ´ ´ ´ H ± Cl or
� ´ ´ ´ Cl ± F from collinearity. The angles f are similar in the
two complexes and close to 908, as expected from the rule. The
value of q is � 78 for allene ´´´ HCl and 4.9 (15)8 for allene ´´´
ClF, both in a direction that suggests a secondary interaction
between Cldÿ or Fdÿ, as appropriate, with the nearest H atom
on C3. Such secondary interactions have been observed for
several B ´´´ HCl/B ´´´ ClF pairs when B is an n-pair donor.[1] In
general, the Cldÿ atom in B ´´´ HCl is closer to the centre of
secondary interaction on B than is Fdÿ in B ´´´ ClF and angular
distortion in B ´´ ´ H ± Cl bonds is less strongly
resisted than in the somewhat stronger B ´´´ ClÿF
bonds. Consequently, angles q are in general
larger for B ´´ ´ HCl than B ´´´ ClF. There is some
evidence of this when B is allene, but the results
for allene ´´´ HCl are preliminary in nature and
refinement may change this.

Formally, at least, methylenecyclopropane can
be viewed as the prototype Lewis base offering
cumulative p- and pseudo-p bonds. The geo-
metries of complexes of this molecule with
HCl[28] and ClF[29] are shown in Figure 6 in
projection in the ab principal inertial plane,
which coincides with the symmetry plane in each
of these Cs complexes. Clearly, the weak inter-
action is with the p rather than a pseudo-p bond
and again the angle f is very similar in both and
close to 908. Evidently, the rule is again obeyed.
We note that the deviation q of the � ´ ´ ´ HÿCl
system from collinearity (17.58) is much larger
than that (4.98) of the � ´ ´ ´ ClÿF system, reinforc-
ing the conclusion, alluded to earlier, that hydro-

gen bonds can show significant
deviations from linearity when
symmetry allows. The origins of
this effect are discussed in detail
in ref. [1].

Complexes in which B is an aro-
matic p donor : The prototype ar-
omatic p donor is benzene. Both
benzene ´´´ HCl[30] and benzene ´´ ´
ClF[31] exhibit symmetric-top-type
rotational spectra in the vibrational
ground state. In the case of ben-
zene ´´ ´ ClF, observation of a satel-
lite associated with a low-lying
vibrationally excited state in the
rotational spectrum and evidence
of a strong Coriolis interaction
between this state and the ground
state led to the conclusion that the
geometry of the observed complex
is as shown in Figure 7. The C6v

structure having q� 0 occurs at a potential energy maximum
and the ClF subunit executes the motion indicated in Figure 7,
that is the d�Cl end samples the p electron density, with the
motion in the coordinate f corresponding to a nearly circular
potential energy minimum around the maximum at q� 0. This
is probably the case in benzene ´´ ´ HCl, but the distinction
between this and a strictly C6v equilibrium geometry (q� 0)
could not be made on the basis of the observed spectrum. The
geometry shown in Figure 7 applies to the zero-point state of
benzene ´´´ HCl.

Several simple examples of molecules B that can in
principle act as p-electron donors are available (namely,
pyrrole, furan, thiophene, etc). Of these, only pyrrole does not
carry a nonbonding electron pair on the heteroatom. So far,
however, no gas-phase complexes of pyrrole with HCl or ClF

Figure 5. Angular geometries of complexes formed by the prototype cumulative p ± p-electron donor
allene with ClF and HCl. Each geometry is planar, of Cs symmetry, and is shown in projection in the
principal inertial plane ab. The angle y defines the rotation of allene about its local C2 axis. The structure
shown defines y� 0. a) Allene ´´´ ClF. The angle f� 92.58 and the � ´ ´ ´ ClÿF system deviates from
collinearity by q� 4.98 ; r( � ´ ´ ´ ClÿF)� 2.774 �; ks� 8.8 N mÿ1. b) Allene ´´´ HCl. The angle f� 94(3)8 and
the � ´ ´ ´ HÿCl system deviates from collinearity by ca. 78 ; r( � ´ ´ ´ Cl)� 3.55(5) �; ks is not known.

Figure 6. Angular geometries of complexes formed by the prototype cumulative p ±
pseudo-p electron donor methylenecyclopropane with ClF and HCl. Each geometry has
Cs symmetry, with the principal inertial plane ab (not shown) coincident with the
molecular symmetry plane. a) Methylenecyclopropane ´´´ ClF. The angle f� 92.58 and
the � ´ ´ ´ ClÿF system deviates by q� 4.98 from collinearity; r( � ´ ´ ´ Cl)� 2.675 �; ks�
10.2 N mÿ1; b) Methylenecyclopropane ´´´ HCl. The angle f� 90.88 and the � ´ ´ ´ HÿCl
system deviates by 17.58 from collinearity; r( � ´ ´ ´ Cl)� 3.724 �; ks� 5.8 Nmÿ1.



The ªChlorine Bondº 1890 ± 1897

Chem. Eur. J. 1998, 4, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0410-1895 $ 17.50+.25/0 1895

have been reported. Clearly, such investigations would be of
interest in the present context. Presumably, when B� pyrrole
the observed complexes B ´´ ´ HCl/B ´´ ´ ClF will be similar to
the benzene analogues but possibly with the electrophilic end
of HCl/ClF restricted to sample the p-electron density in the
region of the CNC end of the molecule.

Complexes in which B can be both an n-pair and an aromatic
p-pair donor : The conclusions established so far are that
angular geometries of pairs of complexes B ´´´ HCl/B ´´ ´ ClF
are isomorphous for a given B and that the rule for p-electron
donors enunciated earlier has wide applicability. This rule is,
in fact, the second of three that were originally developed for
hydrogen-bonded complexes B ´´ ´ HX.[2,19]

The first rule can be stated as: In the
equilibrium geometry of a complex B ´´´ XY
in which B carries only nonbonding electron
(n) pairs, the axis of the molecule XY lies along
the axis of one of the n pairs. This rule applies
equally well when XY is HCl, ClF, and so on,
as discussed in ref. [1]. The third rule states
simply that: If B carries both n pairs and p

pairs, the n pairs are definitive of the B ´´´ XY
angular geometry. When the p pair is non-
aromatic there have been no exceptions to
rule 3 so far for either B ´´´ ClF or B ´´´ HCl
complexes, as may be seen by examining
refs. [1] and [32]. We therefore restrict inter-
est here to molecules B that carry n pairs and
aromatic p pairs.

The simplest molecule B that carries both
an n pair and aromatic p pairs is furan. The
geometry of furan ´´ ´ HCl[33] is shown in Fig-
ure 8. It has C2v symmetry, and the HCl
molecule lies along the C2 axis of furan,
forming a hydrogen bond to the n pair on

oxygen. Thus, furan ´´ ´ HCl obeys rule 3. The
experimentally determined geometry of
furan ´´´ ClF,[34] which is also represented in
Figure 8, is far from isomorphous with that of
furan ´´´ HCl. In fact, the ClF axis points to near
to the centre of one of the C2ÿC3 bonds of furan,
but there is evidence of tunnelling between two
such equivalent conformations, as manifest in a
small splitting in c-type transitions in the rota-
tional spectrum.[34] This result for furan ´´´ ClF is
consistent with the generally accepted view that
furans are much more like dienes, and less like
six-electron aromatic systems, than are pyrroles
and thiophenes.[35] The fact that the ªsoftº Lewis
acid ClF interacts preferentially with the aro-
matic p system rather than the n pair, and vice
versa for the ªhardº acid HCl, is consistent with
the soft/hard concept for acids and bases. It is
usually assumed that aromatic p systems are soft
Lewis bases while n pairs are hard bases and that
soft bases interact more strongly with soft acids.

The case B� furan is the first example known
where the pair of gas-phase complexes B ´´ ´ HCl/

B ´´ ´ ClF have not been found to be isomorphous. What
happens when furan is replaced by its congener thiophene?
We first examine the behaviour of the electronic distributions
by considering the molecular electric dipole and quadrupole
moments of the series of pyridine, furan and thiophene,[36] all
of which have an n pair carried by the heteroatom and lying
along the C2 axis. The electric dipole moments m have their
negative ends at the heteroatom in each case and the
magnitudes are 2.15, 0.68 and 0.54 D, respectively. The
component of the electric quadrupole moment along the C2

axis (z) is large and negative in pyridine, zero in furan but
positive in thiophene. This set of dipole and quadrupole
moments indicates that the n pair on the heteroatom becomes

Figure 7. Angular geometries of complexes formed by the prototype aromatic p-electron
donor benzene with ClF and HCl. Each geometry has effective C6v symmetry in the zero-
point state (i.e. the vibrational wavefunction has C6v symmetry, even though there is a
maximum at the C6v conformation q� 0 for benzene ´´´ ClF and probably for benzene ´´´ HCl)
and the d�Cl and d�H atoms sample the p system. The point � represents the point of
intersection of the extrapolation of the ClF or HCl internuclear axis with the plane of the
benzene ring. a) Benzene ´´´ ClF: r( � ´ ´ ´ Cl)� 3.313 �; q� 14.48 ; b) Benzene ´´´ HCl:
r( � ´ ´ ´ Cl)� 3.903 �; q� 23.08.

Figure 8. Comparison of the angular geometries of complexes formed by the prototype mixed
n-type and aromatic p-type electron donor furan with ClF and HCl. a) Furan ´´´ ClF: geometry
has C1 symmetry. The principal inertial axes a and b are indicated; the axis c is perpendicular to
the plane of the paper. The extension of the ClF internuclear axis intersects the plane of the
furan ring at the point � between C2 and C3. r( � ´ ´ ´ Cl)� 2.826 �; b) furan ´´´ HCl: geometry has
C2v symmetry and is planar. The orientation of the principal inertial axes a, b and c has been
arranged so that the attitude of the furan ring is similar to that in (a). The distance r( � ´ ´ ´ Cl)�
3.267 �.
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progressively withdrawn into the ring along the series. On the
other hand, the component of the quadrupole moment
perpendicular to the ring plane is large and negative in each
case, as expected from the extension of the p system above
and below the plane of the ring, but is largest for thiophene.
All of this evidence about the electronic distributions is
consistent with the observed structures of furan ´´ ´ HCl[33] and
pyridine ´´´ HCl,[37] which are as predicted by rule 3, but
suggests that the p system may be more nucleophilic than is
the n pair with respect to HCl, as well as to ClF, when the
Lewis base changes to thiophene.

The experimental geometry of thiophene ´´ ´ HCl[38] is shown
in Figure 9 in projection in the ab principal inertial plane. The
complex either has Cs symmetry, with ab coincident with the
molecular symmetry plane, or there is a low potential energy
barrier at the Cs form separating two equivalent conformers of
C1 symmetry so that H of HCl lies slightly out of the plane at
equilibrium. These two possibilities cannot be distinguished
on the basis of ground-state spectroscopic constants alone.
What is unambiguously clear is that the structure of thio-
phene ´´ ´ HCl is not planar of C2v symmetry, with HCl forming
a hydrogen bond to S, as in furan ´´´ HCl. Instead, thiophene ´´´
HCl resembles benzene ´´ ´ HCl more than it does furan ´´ ´
HCl. Preliminary results for thiophene ´´´ ClF also indicate a
geometry in which the ClF samples the p-electron density
rather than the n-pair density.[39]

Figure 9. The geometry of thiophene ´´´ HCl. The principal inertial plane
ab is either a plane of symmetry or nearly so for this molecule, which has
effective Cs symmetry. For clarity, the thiophene subunit has been rotated
slightly about its local C2 axis to allow all the atoms to be shown. Another,
similar geometry is also consistent with the observed spectrum; the
positions of the thiophene subunit and Cl are essentially unchanged, but H
takes on the small negative b coordinate required to change the sign of the
angle between the HCl axis and the a axis while maintaining its magnitude.
The HCl axis then points to the central region of the thiophene ring.

Summary and Outlook

A detailed comparison of the properties for a range of
carefully selected complexes B ´´´ XY formed from prototype
p-electron donors B and the Lewis acids XY, where XY is
either ClF or HCl, has yielded some general conclusions. All
of the complexes discussed in this article are of the Mulliken
outer type, that is, their intermolecular binding is weak and
there is only minor perturbation of electric charge distribu-
tions. Except in the case when B is the heteroaromatic p-
donor furan, the angular geometries of the pair B ´´ ´ HCl/

B ´´ ´ ClF are isomorphous for a given B. This suggests that a
simple rule first proposed[2,19] for predicting the angular
geometries of p-type hydrogen-bonded complexes B ´´ ´ HX
applies equally well to the B ´´´ ClF series. Thus, the d�XYdÿ

molecule (XY is ClF, HCl, .. .) lies along the local symmetry
axis of a p or pseudo-p orbital in the equilibrium conforma-
tion, with d�X closer than Ydÿ to the p centre.

In view of the parallelism of the properties, especially
angular geometries, in the p-type complexes B ´´´ HCl/B ´´ ´
ClF discussed here, as well as those previously noted for n-
type interactions,[1] it is evidently possible to define opera-
tionally a ªchlorine bondº in B ´´´ ClF complexes that is the
analogue of the hydrogen bond in B ´´´ HCl. Of course, it
requires a highly electronegative atom such as F to be
attached to Cl to endow it with a net partial positive charge
d� and hence an electrophilic nature. Hydrogen has many
more ways of achieving such a partial charge because of its
low electronegativity and the hydrogen bond is accordingly
very common. The main differences between the chlorine and
hydrogen bonds arise from the relative sizes of Cl and H.
There is the same magnitude of systematic shortening of r( � ´ ´
´ Cl) in p-type complexes B ´´ ´ ClF relative to the correspond-
ing B ´´´ HCl (see Figures 2 ± 8) as was observed for the n-type
complexes and was discussed in ref. [1]. In any given pair B ´´´
HCl/B ´´´ ClF, d�H is closer to the interaction centre (Z) of B
than is Cld� of ClF and correspondingly Cldÿ of HCl is closer to
any region of secondary interaction in B than is Fdÿ. This
results in secondary interactions of greater significance in B ´´
´ HCl and hence greater deviations q of the nuclei Z ´´´ HÿCl
in the hydrogen bonds from collinearity. Indeed, ClF is a more
accurate probe of p bonding or n electron pair directions than
is HCl for this reason.

When two equivalent p bonds are carried by B, whether
conjugated as in 1,3-butadiene or cumulative as in allene, the
B ´´´ ClF complexes have relatively rigid geometries with ClF
localised at one of the four equivalent sites of minimum
potential energy. On the other hand, preliminary evidence for
the corresponding B ´´´ HCl complexes suggests low potential
energy barriers to tunnelling between equivalent conformers.

Although the similarities in behaviour of B ´´ ´ HCl and B ´´´
ClF extend to B� benzene, in which complexes the electro-
phile d�X samples the p electron density around the C atom
skeleton, differences begin to occur when B is a heteroar-
omatic p donor that also has an n pair on the heteroatom. In
cases where B carries nonaromatic p-donor and n-donor sites,
the n pair is definitive of the angular geometry. This also
appears to be so in the B ´´´ HCl series when B is one of the
heteroaromatic molecules pyridine or furan but not when B is
thiophene. This change within the heteroaromatic series can
be understood in terms of a weakened nucleophilicity of the n
pair in thiophene, as revealed by considering the molecular
electric moments (and hence the electric charge distribu-
tions). Furan ´´´ HCl and furan ´´´ ClF provide the only exam-
ple so far identified of a pair B ´´ ´ HCl/B ´´´ ClF that is not
isostructural. Thus, it appears that the order of the nucleo-
philicities of the n pair on the heteroatom is pyridine>
furan> thiophene and that for the furan there is a fine
balance between the nucleophilicities of the p system and the
n pair.

&b
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