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Crystallographic data imply that intermolecular hypervalent
interactions, ““ secondary bondsÏÏ, involving heavy p-block ele-
ments such as Bi(III), may form robust supramolecular synthons
with many features in common with organic hydrogen bonds,
including the ability to form polymeric networks in the solid
state.

The synthesis of crystalline solids in which molecular units are
arranged in predictable waysÈcrystal engineeringÈis a major
and a realistic goal for modern chemistry.1 One means to this
end is the identiÐcation and application of reliable supramo-
lecular synthons,2 which control molecular aggregation and
lead to crystal structures with at least partly controlled struc-
tures, containing sheets, ribbons and other desired motifs. The
synthons identiÐed and exploited to date1h3 have been for the
most part taken from organic and biological chemistry and
use the directionality of hydrogen bonds to a†ord the desired
control of aggregation. There is a clear need for alternatives to
this strategy in order to a†ord chemical and functional diver-
sity in these solids. Among the areas most proÐtably explored
in this context is that of dative coordinate bonded networks,
usually of the late d-block elements (Groups 9È12, see, for
example, the work of Robson, Ciani, Iwamoto, Schro� der,
Zaworotko and others).4 In this paper we show that second-
ary bonding,5 that is, intermolecular hypervalent interactions,
has many structural features in common with the hydrogen
bond and may a†ord a reliable new class of supramolecular
synthon.

In 1972 Alcock deÐned secondary bonding in a seminal
paper5a as involving intermolecular hypervalent interactions
of length less than the sum of van der Waals radii between a
heavy p-block element (E, say) and an electron pair donor
(typically halogen, O, N or S). Such secondary bonding is
ubiquitous in the solid state chemistry of the compounds of
Pb(II), Bi(III), Te(IV), I(III) and other related species in which the
electron conÐguration at E is formally nd10(n ] 1)s2(n ] 1)px,
x \ 0, 2, 4. These hypervalent interactions are electronically
and structurally (see below) distinct from systems in which the
Lewis acid centre has no lone pair [e.g., in aluminium(III) or
antimony(V) complexes]. To date there has been no systematic
attempt to exploit secondary bonding in the design of crystal
structures (but see reference 6 for examples in iodine
chemistry).

The description of the hypervalent interactions involved in
secondary bonding has attracted controversy and interest for
much of the past 40 years. The current consensus is that the
best simple bonding model treats such interactions as involv-

Scheme 1 Formation of from and Cl~.[BiCl2Ph2]~ BiClPh2

ing delocalised 3c-4e r bonds.7 An archetypal example of such
an interaction is the anion8 Mwhich is formally[BiCl2Ph2]~and practically obtained by addition of Cl~ to the Bi(III)
[5d106s2] centre in see Scheme 1N. Here the secondBiClPh2 ,
BiÈCl bond is formed trans to the BiÈCl bond in pyramidal

leading to the familiar disphenoidal (equatoriallyBiClPh2 ,
vacant trigonal bipyramidal) symmetric geometry ofC2lIn this case the Lewis base (Cl~) donates an[BiCl2Ph2]~.
electron pair into a BiÈCl r* orbital, thereby forming the
3c-4e interaction, and a linear or near-linear ClÈBiÈCl moiety.
Many similar species are formed in Bi(III) chemistry [and
related systems based on Pb(II), Sb(III), Te(IV), I(III), etc.]. Most
frequently the r* orbital is associated with an EÈX bond
involving an electronegative substituent X [X \ halide, alkox-
ide or other oxygen ligand, etc., see Scheme 2(a) and 2(b)]
since this lowers the energy of the r* orbital, ensures it is
mainly bismuth-centred and that the bismuth is more posi-
tively charged. In many cases of secondary bonding the
incoming Lewis base is the electronegative atom X in an adja-
cent molecule and the interaction leads to the formation of
polymeric or oligomeric structures.

In a number of respects the intermolecular structural chem-
istry of such Bi(III) species (and the related systems from the
p-block noted above) might therefore be expected to resemble
that of the more familiar hydrogen bond.9 Taking the

and anions as our archetypes, the[BiCl2Ph2]~ [HCl2]~replacement of H` by (for example) should yield[BiPh2]`systems with similar structural properties. The similarities in
the distribution of angles at hydrogen in OÈHÉ É ÉO hydrogen
bonds and the ClÈBiÉ É ÉCl angles in trans-Bi(III) fragmentsCl2[see Scheme 2(c) ; Fig. 1]¤ is striking. Despite the di†erences in
the details of the 3c-4e bonding7 in these systems the prefer-
ence for linearity at the central atom is clear. The bond length
variability in OÈHÉ É ÉO bonds is familiar from many neutron
di†raction studies and is illustrated in Fig. 2(a). The two OÈH
distances are coupled and follow a well-deÐned hyperbolic
curve.10,11 The corresponding plot for the trans-Bi(III)Cl2system [Fig. 2(b)] shows some resemblance in having many
points around a similarly curved trajectory. It is noteworthy
that similar plots for other Bi(III) and Sb(III) dihalides have
essentially identical forms, while those for Sb(V) dihalides have
points only very near the symmetrical geometry.7b,8(d1\ d2)The ClÈBiÉ É ÉCl plot shows much more scatter perpendicular
to the ideal hyperbolic path and somewhat more concentra-
tion of points near the symmetrical geometry than(d1 \ d2)

Scheme 2 (a) moiety (X\ uninegative electronegative substit-BiXZ2uent, Z \ X or R, R \ uninegative less electronegative substituent. (b)
BiÈX r* orbital. (c) fragment.trans-BiCl2
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Fig. 1 Histograms of angles (deg) in (a) OÈHÉ É ÉO and (b) ClÈBiÉ É ÉCl 3c-4e systems in the CSD.”

the OÈHÉ É ÉO plot. The former di†erence may be ascribed to
the presence of (and variation in) substituents on the central
atom (Bi) cis to the 3c-4e system, which are of course not
present in the OÈHÉ É ÉO hydrogen bonds. We have com-
mented on the mechanisms by which cis substituents interact
with the geometry of the moiety.12 Analysis of theBiCl2second aspect will be addressed in a full paper, but surely
relates to the di†erence in the 3c-4e bonding in the two
systems. The third way in which the OÈHÉ É ÉO and ClÈBiÉ É ÉCl
plots di†er is metric ; the BiÈCl bonds are much longer (ca. 2.7

for the symmetrical species, cf. ca. 1.2 for OÈH in sym-Ó Ó
metrical OÈHÈO bonds).

The pyramidal shape of and molecules and theirBiX3 SbX3derivatives and the model given above for hypervalent
bonding in these systems allow qualitative predictions of the
likely secondary bonding motifs in the solid state structures of
such species. A selection of relatively common bismuth or
antimony species for which such predictions may be made is
given in Table 1. In these species the formula is given by

(Scheme 3) where E\ Sb or Bi ; X, as above, is aEX
x
R3~x

Lyuninegative ligand with an electronegative contact atom (e.g.,

Table 1 Secondary bonding capabilities of bismuth(III) and
antimony(III) moieties

Moietya nb xb yb Nsc Nwc

ER2X 3 1 0 1 2
ERX2 3 2 0 2 1
EX3L2 5 3 2 1 0
EX3L 4 3 1 2 0
ER2XL 4 1 1 0 2

a Moiety formula : E\ Sb, Bi ; X\ halide, alkoxide, etc. ; L\ 2e
donor ligand, including cases where L\ X~ ; R\ alkyl, aryl, etc.
b n \ coordination number of E ; x \ number of substitutents X;
y \ number of ligands L. and are the number of strong andc Ns Nwweak secondary bonding sites at E, respectively.

halide), R is a uninegative ligand with a less electronegative
contact atom (e.g., aryl), and L is a 2e donor ligand (e.g., pyri-
dine, THF, Cl~). Therefore, the coordination number at E is
given by n \ 3 ] y ; the number of strong Lewis acid sites at E
is given by while there are weak acceptor sitesNs \ x[ y, Nwtrans to the R substituents (assuming the maximum coordi-
nation number for E to be 6 as is usually but not universally
the case in these species).

Recently,3 Allen and co-workers reported a crystallographic
database analysis that tested the efficacy of important cyclic
bimolecular hydrogen bond motifs by comparing the number
of occurrences of the component fragments in the CSD with
the number of occasions on which the desired H-bonding
pattern is observed. We have carried out a similar analysis”
for the systems listed in Table 1 in order to establish the effi-
cacy and reliability of their secondary bonding capabilities.
Table 2 lists the percentage occurrence of secondary bonds
having intermolecular contacts less than the sum of the van
der Waals radii in the crystal structures of these species. In
addition Table 2 lists the networks present in structures they
form. In this analysis the graph set nomenclature of Etter and
Bernstein is used13 to deÐne the networks formed. In order to
exploit this established method of analysis we have denoted
the X groups ““acceptors ÏÏ and the E atoms ““donors ÏÏ by
analogy with jargon of the hydrogen bonding literature in
which the Lewis acid (H) is the ““donor ÏÏ of the hydrogen bond
and the Lewis base (Cl~ or similar) the ““acceptor ÏÏ. The fre-
quency with which secondary bonds are formed by these
various moieties is given in Table 2. It is striking that the
strong Lewis acid sites (trans to the electronegative substit-

Scheme 3 Molecular species for which secondary bonding has been
studied [E\ Sb(III) or Bi(III)] (see Table 1).

Fig. 2 Scattergrams of bond lengths in (a) OÈHÉ É ÉO and (b) ClÈBiÉ É ÉCl 3c-4e systems in the CSD.”(Ó)
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Table 2 Secondary bonding interactions in bismuth(III) and antimony(III) structures”

Moiety n(CSD)a n(frag)b Ns Fsc Nw Fwc Network familyd

ER2X 18 24 1 71 2 8 44% C(2) ; 11% R33(6)
ERX2 20 21 2 81 1 19 50% C(2)
EX3L2 67 75 1 85 0 È 39% C(2) ; 39% R22(4)
EX3L 60 90 2 85 0 È 40% C(2) ; 18% R22(4)
ER2XL 27 28 0 È 2 18 È

a Number of unique crystal structures located from the CSD. b Number of unique moieties located from the CSD. c Percentage of possible
secondary bonds actually formed. d Family to which graph set13 of secondary bond network belongs.

uents, X) are consistently involved in secondary interactions at
a frequency of between 70 and 90%. This contrasts with fre-
quencies of \20% for the weaker secondary bonding sites.
The marked di†erence is therefore in accord with the postu-
late that the electronegativity of the trans substituent is a
major determinant in the likelihood and strength of secondary
bond formation. This parallels the familiar9 inÑuence of the
electronegativity of the element to which a hydrogen atom is
bonded on the strength of the hydrogen bonds it forms. The
high frequency of secondary bond formation in the ““ strongÏÏ
Lewis acid sites implies that such sites have considerable
potential as components of robust supramolecular synthons ;
that is, they can be relied upon to form secondary bonds. The
predominant mode of association in these species is that in
which chains of molecules are formed (see Table 2), albeit by a
variety of speciÐc networks in which considerable complexity
may be present. Rings are also formed in a substantial number
of cases. For example, in the structures of [BiClMMo(CO)3(g-

and (i.e., structuresC5H5)N2]14 [BiClMFe(CO)2(g-C5H5)N2]15of type polymeric [C(2)] and ring (n \ 3)]ER2X) [R
n
n(2n)

structures are observed in which secondary bonds with near
linear ClÈBiÉ É ÉCl moieties form the links between the molecu-
lar units (see Scheme 4). It is noteworthy that in an analogous
class of organic crystals of molecules with exactly one hydro-
gen bond donor and one hydrogen bond acceptor (the
monoalcohols) Brock and Duncan have shown16 that unusual
space groups are often encountered and that in many cases

(n \ 4, 6) ring and C(2) chain networks are formed. TheR
n
n(2n)

same classes of network occur in the category of Bi(III) species
with exactly one Lewis acid site and one available secondary
bond acceptor (the set).ER2XPreviously we have shown that the networks formed by
these species in the solid state may be disrupted by dissolution
in Lewis basic solvents such as THF.12 In this respect again
there is an analogy with the behaviour of H-bonded solids in
which the intermolecular H-bonds are frequently lost on dis-
solving in strongly hydrogen bonding solvents such as water.

In summary hydrogen bonds and secondary bonds have the
following similarities

(a) The preference for linearity at the central atom in 3c-4e
interactions

(b) The softness of the bond lengths in the 3c-4e interactions
(c) The formation of solid state networks of these inter-

actions, describable by graph set nomenclature.

Scheme 4 Typical (a) ring and (b) C(2) chain networks formedR33(6)
by species.ER2X

(d) The disruption of these networks in solution.
(e) The percentages of intermolecular interactions formed

are high for the stronger Lewis acid sites.
In other respects the two classes of intermolecular bond do

di†er, as listed below.
(a) The metric. EÉ É ÉX bonds are typically about twice as

long as comparable XÉ É ÉH contacts
(b) The variability of EÉ É ÉX bond lengths. In particular,

there is less strong coupling between the two lengths.
In hydrogen bonding, bifurcated bonds in which the hydro-

gen interacts with two acceptors, are relatively common if
often difficult to predict or control. Similar interactions are
possible in secondary bonding systems [e.g., for cases in which
the E centre is [6 coordinate, as in BiCl3(THF)217].However, more signiÐcant ““bifurcationÏÏ or branching of the
intermolecular bond network is possible in this class of supra-
molecular synthon because of the ability of the Lewis acidic E
centre to be simultaneously involved in two or even three
3c-4e interactions in approximately perpendicular directions.
This and the other properties noted above may o†er new
opportunities for the preparation of novel solids based on sec-
ondary bonding with characteristics that complement those
currently available. It is noteworthy that the work of Mitzi
and others18 has already demonstrated the potentially impor-
tant properties that such solids might possess.
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¤ Data for relevant structures (neutron di†raction studies only for OÈ
HÉ É ÉO hydrogen bonds) were retrieved from the CSD19 and bond
lengths and angles calculated. The data sets for Figs. 1 and 2 were
permuted10 to reÑect the symmetry of the potential energy hyper-
surface for the reaction path in question.
” Data for relevant structures were retrieved from the CSD19 and
bond lengths and angles calculated. Intermolecular contacts involving
E shorter than the sum of the van der Waals radii20 were recorded as
being secondary bonds and the networks and frequencies computed
accordingly.

1 (a) G. R. Desiraju, Chem. Commun., 1997, 1475 ; (b) J. C. MacDon-
ald and G. M. Whitesides, Acc. Chem. Res., 1995, 28, 37 ; (c) C. B.
Aakero� y, Acta Crystallogr., Sect. B, 1997, 53, 569 ; (d) I. G. Dance,
in T he Crystal as a Supramolecular Entity, ed. G. R. Desiraju,
Wiley, Chichester, 1996, ch. 5.

2 (a) G. R. Desiraju, Angew Chem., Int. Ed. Engl., 1995, 34, 2311 ; (b)
A. Nangia and G. R. Desiraju, Acta Crystallogr., Sect. A, 1998, 54,
934.

3 F. H. Allen, W. D. S. Motherwell, P. R. Raithby, G. P. Shields and
R. Taylor, New J. Chem., 1999, 23, 25.

4 (a) S. R. Batten and R. Robson, Angew. Chem., Int. Ed. Engl., 1998,
37, 1461 ; (b) M. J. Zaworotko, Chem. Soc. Rev., 1994, 23, 283 ; (c)
L. Carlucci, G. Ciani, P. Macchi, D. M. Proserpio and S. Rizzato,
Chem. Eur. J., 1999, 5, 237 ; (d) L. Tei, V. Lippolis, A. J. Blake, P.
A. Cooke and M. Schro� der, Chem. Commun., 1998, 2633 ; (e) T.
Iwamoto, S. Nishikiori, T. Kitazawa and H. Yuge, J. Chem. Soc.,
Dalton T rans., 1997, 4127.

New J. Chem., 1999, 23, 969È972 971



5 (a) N. W. Alcock, Adv. Inorg. Chem. Radiochem., 1972, 15, 1 ; (b) N.
W. Alcock, Bonding and Structure, Ellis Horwood, Chichester,
1990.

6 (a) F. H. Allen, B. S. Goud, V. J. Hoy, J. A. K. Howard and G. R.
Desiraju, J. Chem. Soc., Chem. Commun., 1994, 2729 ; (b) V. R.
Thalladi, B. S. Goud, V. J. Hoy, F. H. Allen, J. A. K. Howard and
G. R. Desiraju, Chem. Commun., 1996, 401 ; (c) J.-P. M. Lommerse,
A. J. Stone, R. Taylor and F. H. Allen, J. Am. Chem. Soc., 1996,
118, 3108 ; (d) A. J. Blake, F. A. Devillanova, R. O. Gould, W. S.
Li, V. Lippolis, S. Parsons, C. Radek and M. Schro� der, Chem. Soc.
Rev., 1998, 27, 195 ; (e) M. Boucher, D. Macikenas, T. Ren and J.
D. Protasiewicz, J. Am. Chem. Soc., 1997, 119, 9366.

7 (a) G. A. Landrum, N. Goldberg and R. Ho†mann, J. Chem. Soc.,
Dalton T rans., 1997, 3605 ; (b) G. A. Landrum and R. Ho†mann,
Angew. Chem., Int. Ed. Engl., 1998, 37, 1887 ; (c) G. A. Landrum, N.
Goldberg, R. Ho†mann and R. M. Minyaev, New J. Chem., 1998,
22, 883 ; (d) P. Pyykko� , Chem. Rev., 1997, 97, 597.

8 J. Starbuck, S. C. James, N. C. Norman and A. G. Orpen, unpub-
lished results.

9 (a) G. A. Je†ery, Introduction to Hydrogen Bonding, Wiley, Chi-
chester, 1997 ; (b) G. A. Je†ery and W. Saenger, Hydrogen Bonding
in Biology and Chemistry, Springer Verlag, Berlin, 1993.

10 Structure Correlation, eds. H.-B. Bu� rgi and J. Dunitz, VCH, Wein-
heim, 1994.

11 I. Olofsson and P. G. Jo� nsson, in T he Hydrogen Bond, eds. P.
Schuster, G. Zundel and C. Sandorfy, North-Holland, Amsterdam,
1976, vol. II, ch. 8.

12 W. Clegg, N. A. Compton, R. J. Errington, G. A. Fisher, D. C. R.
Hockless, N. C. Norman, A. G. Orpen and S. E. Stratford, J.
Chem. Soc., Dalton T rans., 1992, 3515.

13 (a) M. C. Etter, Acc. Chem. Res., 1990, 23, 120 ; (b) M. C. Etter, J.
C. MacDonald and J. Bernstein, Acta Crystallogr., Sect. B, 1990,
46, 256 ; (c) M. C. Etter, J. Phys. Chem., 1991, 95, 4601 ; (d) J. Bern-
stein, R. E. Davis, L. Shimoni and N.-L. Chang, Angew. Chem., Int.
Ed. Engl., 1995, 34, 1555.

14 W. Clegg, N. A. Compton, R. J. Errington, N. C. Norman, A. J.
Tucker and M. J. Winter, J. Chem. Soc., Dalton T rans., 1988, 2941.

15 W. Clegg, N. A. Compton, R. J. Errington and N. C. Norman, J.
Chem. Soc., Dalton T rans., 1988, 1671.

16 C. P. Brock and L. L. Duncan, Chem. Mater., 1994, 6, 1307.
17 C. J. Carmalt, W. Clegg, M. R. J. Elsegood, R. J. Errington, J.

Havelock, P. Lightfoot, N. C. Norman and A. J. Scott, Inorg.
Chem., 1996, 35, 3709.

18 (a) D. B. Mitzi, Prog. Inorg. Chem., 1999, 48, 1 ; (b) L. Sobczyk, R.
Jakubas and J. Zaleski, Pol. J. Chem., 1997, 71, 265.

19 (a) F. H. Allen, J. E. Davies, J. J. Galloy, O. Johnson, O. Kennard,
C. F. Macrae, E. M. Mitchell, G. F. Mitchell, J. M. Smith and D.
G. Watson, J. Chem. Inf. Comput. Sci., 1987, 31, 187 ; (b) F. H.
Allen and O. Kennard, Chem. Des. Automation News, 1993, 8, 1 &
31.

20 A. J. Bondi, J. Chem. Phys., 1964, 68, 441.

L etter 9/06352H

972 New J. Chem., 1999, 23, 969È972


