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Abstract - New criteria (based on X-ray crysté11ograph1c
data) for asseséing the presence of delocalization in
conjugated w systems reveal that delocalization is not a
widespread phenomenon fn the ground states of many of these
n systems. Instead, these molecules prefer to retain highly
localized, independent, =« systems. Thus, many explanations
of the structural features and reactivities of these
unsatdratea oréanic molecules, baged on their presumed
de1$ca1ized ground.states, must be critically reviewed. Thisl
is espé¢1a11y important for understanding the chemistry and

properties of hetero~aromatic molecules.

INTRODUCTION | |
For many years$ organic chémists have been fascinated by the fact that true
delocalization 1in ho1¢cu1es which éontain conjugated w systems confers
additicnal stabi]ity on these molecules. Indeed, so great is the appeal of
this concept, tha£ any m system which seems to be capable of delocalization

is automatically assumed to be delocalized, unless strong evidence to the
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contrary is provided. This situation is more acute in the consideration of
aromatic molecules. Here, as long as any given molecule seems to satisfy
Huckel’s Rutes,! that moTebu1e is assumed to be truly delocalized and hence
aromatic. The instances of "inhibition of resonance” by steric or other
factors are viewed as being quite unusual? and any suggestion that a
cdnjugated n system might not be truly delocalized is most often met with
great scepticism.

Undoubtedly, there has been a need for the develcopment of experimentally
verifiable, non-theoretical criteria for establishing the presence of
delocalization in conjugated systems. Many of the experimental attempts to
identify delocalization in conjugated nm molecules have invoived the
spectroscopic methods,? but the data generated are very often ambiguous.
For over sixty years organic chemists have used molecular orbital theory!
and Huckel’s Rules for éromaticity1" in considerations of the stereo-
electronic features of molecules, and delocalization. Indeed, many people
have come to regard molecular orbital theory as the physical basis of
molecular bonding phenomena, rather than a human attempt to rationalize
these phenomena., Huckel's Rules and HMO theory have been good guidelines
for the assessment of the possibility of the existence of aromaticity in
cyclic conjugated m systems, and the existence of delocalization in
conjugated m systems. The many valuable results and insights generated by
the molecular orbital theoretical treatment of truly detocalized m systems
will undoubtedly continue to be meaningful. However, the users of the
theory will benefit from the recognition of situations in which molecular
orbital theory should be applied with great caution, or not at all.

This review will address the fact that many molecules which have been
regarded as good examples of delocalized m systems (1ike unsaturated
carbonyl compounds, polyenes, encls and enamines) are in fact not
delocalized in their ground states. Thus, the validity of the molecutlar
orbital theoretical studies of the “delocalized ground states” of these

systems can be questioned. Fortunately, many of these molecular orbital
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thecretical analyses can be valuable if the data is properly interpreted.
The Relationship Between Bond Type and Bond Order

During the development of the molecular graphics program STR3DI.EXE, an
extensive review of the X-ray crystallographic data of sevaral hundred
organic molecules revealed some very definitive relationships between bond
lengths and bond types.® Further, and quite coincidentally, it was also
discovered that these bond length - bond type relationships could be
correlated with, and were closely supported by, the carefully interpreted
results of bond order calculations available from the well known area of
VESCF-HMO theory.® These bond length/type/order relationships are shown
below (Table 1).

The values of the bond lengths have been rounded. The numeric value of bond
type (usually single, double, or triple) is obviously equal to the integra?l

value of the VESCF-HMO calculated bond order.

Table 1.

Bond Type - Bond Length - Bond Order Relationships?a

Bond Type Average Bond Upper/Lower Bond Bond Order Range Numeric
Length_(pm) Length Limit (pm) (ex VESCF-HMO} Bond Type

c-C 154 165 - 143 < 1.5 1
c=C 134 143 - 125 1.5 to 2.5 2
c-0 140 150 - 130 < 1.5 1
c=0 122 130 - 113 1.5 to 2.5 2
C-N 148 158 - 138 < 1.5 1
C=N 129 138 - 120 1.5 to 2.5 2
c~-8 188 201 - 175 < 1.5 1
C=8 t.56 to 2.5 2

164 176 - 1562

In essence, the bonds in molecules which possess localized w bonds have
calculated orders and lengths which lie within the relevant ranges for the
appropriate (multiple) bonds (Table 1. above). Further, the bond lengths
found in, and orders calculated for, the truly delocalized n systems
definitively reveal the dominanf bonding features in these systems, For
example, a bond whose VESCF-HMO calculated order is 1.4 will be a true
single bond even though the electron density between the bonded centers is

greater than that found in a simple (ethane) single bonded system, and a
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bond whose .order is 1,6 will be a true double bond which is weaker than a

double bond whose order is closer. to {(or greater than) 2,

The application of these new criteria for delocalization to many simpTe

conjugated m systems has Ted to several important results.®

a) It was demonstrated that amides are ;ruly delocalized m systems (whose
bond orders and bond lengths lie within the ranges for double bonds),
but simple encl ethers, enamines and esters have localized n and &
orbitals (no- n-nx delocalization) and the lengths and orders of, their
bonds fall within the relevant ranges for single and double bonds.
Consequently, it was suggested that the enhanced nucleophilic
reactivities of enols and enamines (in comparison with simple alkenes).
were due mainly to transition state phenomena.

b) De}oca]ization in cyd]?c conjugated m systems was examined and this led
to the formulation of new criteria for aromaticity. Since these criteria
are based on bond lengths and bond orders, the "aromatic” status of any
molecule can be verified experimentally (by X-ray crystallographic and
similar structural studies), or by reliably ca1cu1a£ed bond orders.

c) It was shown that substifuent 1nduced'pp1arization of the enamine
functionality could lead to true n-n* delocalization in that system, but
that enols and their neutral derivatives could not be so influenced.
Similarly, it was shown that there are heterocyclic molecules which
satisfy Huckel’s Rules, but which are not aromatic in their unsolvated
ground states, However, suitably substituted derivatives of some of
these molecules, whose electron densities have been significantly
polarized, can becoﬁe truly delocalized and hence aromatic,

The discussion below will apply these new criteria for delocalization to

some other important w systems and will use both bond length data (obtained

from X-ray crystallographic and other studies) and the VESCF~HMO. calculated
bond lengths and orders of some model compounds.®¢ All of the calculated
bond lengths will be enclosed in brackets to dis;inguish them from

experimentally determined values.
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Since molecular mechanics programs often return bond lengths which are

slightly different from those revealed by X-ray crystallography, the bond

length and bond order data from these VESCF-HMO calculations were closely

examined. Thus, it became apparent that the bond orders generated for

unsymmetrical heterocycles which have more than one hetercatom in their

rings are not always congruent with their associated bond lengths. 1In

analyzing the bond lengths and the bond orders for the nitrogen containing

heterocycles discussed below, the following data must be remembered:

a) an isolated C=N double bond, in a simple imine, is 129 pm long,

b) the C=Nlbonds of pyridine are 134 pm long and have orders of 1,66,

¢) bond orders greater than 1.5 should be obtained for C-C bonds which are
shorter than about 143.2 pm, and for C-N bonds which are shorter than
137.6 pm.

These data will enable us to recognize inconsistent bond order/bond length

pairs among those presented herein; and the siéniffcance of these anomalous

data can than'be weighed.

DISCUSSION

Delocalization in Some Simple n Mclecules

In order to create a frame of reference within which the ideas below can be

examined, let us first review the structural, electron density distribution

and bond order data of pyridine and benzene, two truly delocalized aromatic

ﬁo1ecu1esv5 Then, since most heterocyclic molecules possess conjugated m

bonds, we shall examine the reality of delocalization in non-aromatic

molecules which possess conjugated m bonds.

a) Pyridine and-Benzene

The lengths of the C-C bonds of benzene and pyridine are about 139~140 pm,

and the orders of these bonds are about 1.66, indicating that each of these

bonds is a true double bond. Similarly, the C=N bonds of pyridine have

orders of 1.66 {and are 134 pm long). The double bonds of these molecules

are weaker than those of isolated alkenes or imines (which have bond orders

closer to 2 and much shorter bonds) because of the attenuated electron
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density in each double bond {(there are six m electrons for six m bonds).
Thus, each ring atom of benzene and pyridine {(for which we include the lone
pair as an "atom or group"”) must be recognized to be tetravalent and
pentacoordinated (not pentavalent). Further, there is formal m bonding
between every pair of neighbouring atoms in benzene, pyridine and every
other truly aromatic molecule. The pentacoordination of the ring atoms in
aromatic systems is the most important physical feature that distinguishes

aromatic molecules from all others,

pyridine bond bond length (pm)3.5c bond order3c
1 -2 134.0 (134.4) 1.854
5 3 2 - 3 139.5 (139.8) 1.675
3 -4 139.4 {140.0) 1.661
5] N 2
1
benzene bond bond length (pm)4b.5c bond order?c
1 1 - 2 140 (140.0) 1.667
5 3 '
6 2

The initial processes in the reactions of benzene and pyridine are
undoubtedly identical! to those analogous processes in the reactions of
alkenes, and in both cases must involve either attack by the aryl/alkene n.
electron density on an electrophile, or the attack of a nucleophile on the
aryl/alkene lowest unoccupied mn* molecular orbital. During the subsequent
transformations of the reaction complex, or intermediate, the reaction
paths of benzene and pyridine diverge from that of a simple alkene. The
aryl-derived intermediate undergoes structural modifications directed
toward restoring the argmaticity of the parent system, whereas the alkene-
derived intermediate (not driven by as powerful a thermodynamic imperative)
reacts otherwise. This is true for all electrophilic and nucleophilic

reactions of suitably substituted detrivatives of benzene, pyridine and the
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alkenes.

Benzene, pyridine and their derivatives can therefore be regarded as
special alkenes, distinguished ffom simple alkenes and other non-aromatic
molecules by the pentacoordinated nature of each of their ring atoms and a
dramatic thermodynamic imperative to retain their very stable electronic
structures.

b) Conjugated, Non—-Aromatic m Molecules

Since most heterocycles contain conjugated m bonds, it will alsc be
valuable to examine the features of some simple conjugated molecules 1in
order to identify those features which indicate the presence, or absence,
of true delocalization. Thus, we shall not only be able to recognize

delocalized aromatic systems, but also delocalized non-aromatic molecules,

G\

T H
{14) H (1B}

T2

The 1issue of delocalization in non-aromatic, conjugated m systems like (1)
has not been resolved because experimental data have not been invoked to
provide convincing support for, or against, this premise. Fortunately, the
structural features of some simple molecules, especially cyclooctatetraene
(2) provide us with the criteria that we need to resclve these issues, in
addition to-confirming the validity of the new concepts of delocalization
stated above.

The C-C single bond lengths in cyclooctatetraene® are 146 pm, shorter than
that of 1,3-butadiene? (148 pm). There is no possibility of delocalization
in cyclooctatetraene because the dihedral angles between the n bonds are
about 65° in the stable conformation of this molecule. Further, any
delocalization would be very unfavourable since a highly unstable "anti-
aromatic” (4N 1w electron) species would be generated.? Thus, the length of

the single bond of cyclooctatetraene is not an indication of partial, or
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full, delocalization in this molecule.

The length of the C2-C3 single bond of cyclooctatetraene (as for 1,3-
butadiene) is determined by the fact that the orbitals involved in the bond
formation process are sp2 hybrids, which lie closer -:to their respective:
nuclei than sp3 hybrids. Thus, the greater electronegativity of the sp2

hybridized C2 and C3 atoms lead to a shorter C€2-C3 bond.

cyclooctatetraene (2) bond bond Yength (pm)®:3%¢ bond orderic
1 -2 134 (134.3) 1.981
2. -3 146 {149.5) . 1.136

The lengths of the single bonds of cyclooctatetraene are well within the
range of normal! C-C single bonds, and its double bonds have lengths and
orders which are identical with those of an isolated C=C double bond. These
data are the defining features of a highly localized w system.

It is also important to note that the bond lengths and VESCF-HMO calculated
bond orders of the neutral conjugated alkenes?:® and carbonyl! compounds,
for example-cis- and trans-retinal, ? also show that these molecules are
highly localized species.

These bond length features, which indicate localization of m bonds, must
also be present in the structures of non-aromatic, conjugated heterocyclic
molecules, like (1) above and other structurally intriguing.heterocycles to
be described below, and will be extremely valuable criteria in enabling us
to appreciate their true structural features,

¢c) Dipyridyls and Biphenyls

The dipyrdiyls. {3) are an especially interesting group of molecules because
their non-planar conformations must result in the molecules having two sets
of "localized” molecuiar orbitals (cone for each ring), while their planar
conformations could allow inter-ring delocalization which would "blend"’
these "localized” molecular orbitals into one global molecular orbital., If

the two aromatic.rings were participants in a truly delocalized system then
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the inter~ring bond should be considerably shorter than a single bond and
would normally be expected to show the length and physical characteristics
of a double bond.

The important structural features of the dipyridyls, two aromatic rings
linked together, are alsoc found in molecules 1ike the dibenzofurans and the
azaphenanthrenes and so it must be valuable to resolve issues of inter-ring
detlocalization in these compounds. Fortunately, the structuraliy similar
biphenyls have been extensively investigated and are excellent models for
these molecules.

In the solid phase, the two aromatic rings of biphenyl'? (4) are coplanar
and the bond 1inking them is 148 pm long (longer than the single bond of
cyclooctatetraene). The X—an crystallographic datal? for other non-ortho-
substituted biphenyls, in which the aromatic rings are not coplanar, show
that this inter-ring bona is usually 148-151 pm long. These bond lengths
show that the inter-ring bonds in planar and non-planar biphenyls are true
single bonds. In the ground state, the n systems of the two linked aromatic
rings: are independent of each other, even when the rings are coplanar, and
there is no global delocalization, : '

The biphenyls which are not substituted in the ortho-positions show free
rotation about the inter-ring bond,? as would be expected for a true single
bond. -Bibheny1s which are suitably substituted at their ortho positions
can show restricted rotation about the single bond, but this restricted
rotation is well known to be mediated by steric interactions,? and is not ‘a

result of a delocalization phenomenon. -

R Ry
N -
i: : @ 2 PP

(5) (4) C(3)

These important structural features of the biphenyls must also be
encountered in the dipyridyls and all other hetero-aromatic molecules of

general structure (5).
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d) Dibenzofuran

Dibenzofuran (6) can be regarded as a biphenyl-derived molecule which
should be highly stable, since the central ring looks like a.moiety which
obeys Huckel's Rules. The X-ray crystallographic data for dibenzofurani?
shows that the length of the bond joining the two benzenoid rings is 148
pm and soc is a single bond. Indeed, the lengths of the C-0 bonds are 140
pm, similar to the C~0 bonds of simple aliphatic ethers. Thus, the central
ring of dibenzofuran has no feature which could suggest delocalization, or
aromaticity, in that moiety. The oxygen’s lone pairs are very highly

localized and the two benzenoid rings are guite independent of each other.

(6)0 (7)

e) 9,10-Diazaphenanthrene

9, t0-Diazaphenanthrene (I) has the features of a bipheny) whose two rings
have been further linked together. The central ring is a six-membered
heterocycle which one would assume must have features similar to those of
pyridazine (see below). However, the X-ray crystallegraphic data for 9,10-
diazaphenanthrene!! shows that the bond is about 143.6 pm long (just within
the 143.2 pm lower limit of the length of a C-C single bond) and hence s
either a true single bond, or at best a very weakly delocalized w bond.
Further, the N=N bond is 129.2 pm 1089 (identical with the length of an
isoiated N=N bond), and the CQN bonds are about j39.6 pm {(within the 137.6
pm Jower limit of the length of a C-N single bond). Thus, there is very
Tittle delocalization between the two benzenoid rings, or in the central
ring. The molecule's geometry clearly indicates that the combined
stability of two independent benzene rings is greater than the stability of
the globally delocalized w system.

These analyses of the molecules {3), (4), (6) and (1) are of great
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importance since they discredit the assumption that the more extensive a w
system is, the dgreater will be its stability (since it would possess many
more cannonical forms)., The fact that there is no delocalization between
the aromatic rings of compounds {(4), (8) and (7) shows that this assumption
is not always correct.

f)} Pyridazine, Pyrimidine and Azobenzene

The chemistry and bond tength data? for pyridazine (8) and pyrimidine (9)

show that they are as strongly aromatic as pyridine.

pyridazine (8) bond bond length (pm)?. 3¢ bond ordersec
; 4 1 -2 133.0 (134.0) 1.603
3 2 -3 134.1  (133.2) 1.711
3 -4 139.23 (140.7) 1.629
N 4 -5 137.5 (139.4) 1.696
1
pyrimidine (9) bond bond length (pm)})3.3c bond orderic
4 2 2 - 3 133.3 (134.3) 1.663
5 N 3 -4 134.8 (134.4) 1.645
44 4 - 5 138.4 (139.8) 1.671
8 Ny 2
1

These molecules provide excellent models for delocalized N=N and C=N bonds
in hetero-aromatic systems and show that these delocalized bonds are longer
than their localized ana]ogueé which are both about 129 pm long.

The X~ray crystallographic structure of the azobenzene (10) shows'? that

the C-N bonds are about 145 pm long, and the N=N bonds are about 123 pm.

(10}

Since the C-N single bond is almost the same length as an isclated C-N bond
(about 148 pm), then the bond lengths of the compound (10) indicate that
there is no delocalization between the benzenoid rings and the N=N groups.
The N=N bond of compound (10) is unusually short, much shorter than an

isclated N=N bond in an azoalkane.
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g) 1,3-Diazanaphtha19ne and 2,3-Diazanaphthalene

The X-ray crystallographic structure't of 2,3-diazanaphthalene (11) shows
that C1-C10 and -.C4-C5 'bonds of the hetero-aromatic ring are about 141 pm
long and are similar in length to those in the benzenoid ring. The C=N
bonds are 129.7 pm long, similar to the average length of an isolated C=N
bond'(129 pm} and considerably shorter than the C=N bonds of pyridine (134
pm) and pyridazine (8). The N=N bond is 137 pm long, longer than the N=N
bond of pyridazine (8), and barely lies within the outer limit (138 pm) of
the normal range of 1engths for N=N (double) bonds. Thus, the molecule
(11) is probably not aromatic sfnce its W electron density is highly

Tocalized.

2,3-diazanaphthalene (11) bond bond length (pm)'4:%5¢ bond order5c

1 -2 129.1 {130.9) 1.825
2 - 3 137.3 (137.1) T 1.447
3 -4 129.7 (130.9) 1.825
4 - 5 140.7 (143.7) 1.462

Indeed, the VESCF-HMO calculated, unsolvated, ground state of the molecule
{11) shows that the C-C bonds of the heterocyclic ring have bond lengths
and orders suited to single bonds. Thus, all the data suggest that the
heterocyclic moiety of thé mo1ééu1e (11) is, at best, only very weakly

aromatic.

1,3-diazanaphthalene (12) * bond bond length (pm)2.%c bond orders<c

10 % 1 -2 130.7 (131.7) 1.789
8 ﬁz 3-4 130.7 (131.8) 1.776

7 5 3
6 4

The X-ray crystallographic structural data of 1,3-diazanaphthalene® (12)

shdw that the C2=N1 and C4=Né bonﬁs are about 131 pm long. When compgred
with pyrimidiﬁé (9) whoﬁe C=N bonds.are 133 pm 1ong; we must conclude that
the C=N ponds of compound (12) are more localized and hence this molecule

is less aromatic than pyrimidine. This increased localization is also
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revealed by the VESCF-HMO calculated features of compound (12).

The X-ray crystallographic structural data of the hetero-aromatic molecules
{11) and {12) enable us to recognize the very important fact that a
heterocyeiic moiety which is fused to a benzenoid, or another strongly
aromatic, ring system will show greater localization of its m electron
density and hence reduced aromaticity. Other examples of this phenomenon
will be encountered below.

h) The Five-membered Ringed Hetero-aromatic Molecules.

CJ 1 ()

o X g i
(13) (14) (15) 0
The non-aromaticity of furan (13) has been discussedS and this conclusion
is strongly is supportéd by the bond length data for this molecule.?:15
The lengths3:1% of the C-S ponds and the C-C bonds of simple derivatives
thiophene are within the ranges of lengths of the respective ¢=5 and C=C
(double) bonds and these, along with the bond order data from VESCF-HMO
calculations, show that thiophene (14} is undoubtedly aromatic. The
aromaticity of pyrrole {15) has been discussed?’and is also supported by
its bond length data.?
The bond lengths3:17 of imidazole (16) indicate that this molecule is only
weakly aromatic, if at all. The length of the N3-C4 jndicates that it is at
the smaller extreme of the range of lengths for C-N single bonds, and the
length of the C5-N1 bond places this bond at the higher extreme of the
range of lengths for C=N double bonds. Further, the length of the C4-C5
bond shows that it is highly localized. The VESCF-HMO calculated bond
lengths for imidazole (16) are similar {between 0.3 and 1.0 pm Jonger) to
those ascertained by the X-ray crystallographic study,® except for the
calculated lengths of the N3-C4 bond (which is 1.7 pm shorter), and the C4-
C5 bond (which is 2.0 pm longer). The calculated bond lengths (but not the

bond orders) are closer to those predicted for an aromatic imidazole
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molecule, but still show that the calculated model of imidazole would only

be weakly aromatic in its unsolvated ground state.

imidazole (16) bond bond length {pm)3.35¢ bond orderse
4 3 1~ 2 134.9 (135.9) 1.553
II ’ﬁ 2 -3 132.6 (132.9) 1.727
5 2 3 -4 137.8 (138.2) 1.567
§1 4 -5 135.8 (137.8) - 1.783
q 5 - 1 136.9 (137.83) 1.462
benzimidazole (17) bond bond length {pm)sc bond ordersec
1 -2 (136.5) 1.537
5 3 2 -3 (132.4) C1.787
6 g N 3 - 4 (137.7) 1.476
4 - 5 (141.58) 1.542
7 ’j 2 5 -6 (138.7) 1.754
g N 6 - 7 (142.3) 1.568
8 | 1 7 -8 (138.7) 1.757
H 8 -9 (141.6) _ 1.533
9 -1 (137.5) 1.420
g - 4 (140.86) 1.602

The VYESCF-HMO calculated bond lengths (and orders) for the heterocyclic
ring of benzimidazole (17) are similar to those for imidazole, but these
data indicate that there is more nm Tocalization in the heterocyclic moiety
of benzimidazole than in imidazole. Thus, the heterocyclic ring of
benzimidazole will undoubtedly be non-aromatic in its unsolvated ground
state.

The bond lengths? and VESCF-HMO calculated bond orders of the heterocyclic
moiety (the atoms N1, C2 and C3) of indole (18) also reveal that there is
greater localization of the w electron density in this heterocyclic ring

than in pyrrole.

indole (18) bond bond length {(pm}3.5¢c bond orders¢
5 t - 2 138.0 (1237.4) 1.487
6 4 3 2 -3 135.8 (138.2) 1.785
3 - 4 143.6 [(142.4) 1.517
7 2 4 - 5 139.8 (142.0) 1.515
g Ny 5 - 6 138,1 (138.4) 1.773
8 | 6 - 7 139.6 (142.4) 1.547
7-8 137.2 (138.4) 1.772
(18) g8 -9 139.6 (142.0) 1.510
g - 1 137.4  (137.1) 1.462
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Indeed, both the bond order and the bond length criteria suggest that the
heterocyclic ring of the indole structure is not aromatic in the unsolvated
ground state of this molecule.

The Reality of Delocalization

The examples discussed above dramatically reveal that delocalization is not
always a feature of the ground states of neutral, stable molecules which
have conjugated m systems,

The absence of global delocalization in the aromatic molecules reyiewed
above (biphenyl, 9,10-diazaphenanthrene, and dibenzofuran) indicates that
truly aromatic systems which engage in external delocalization in their
ground states must experience severe energetic penalties (loss of stability
and possibly aromaticity). Instead, the aromatic and mw electron moieties
remain independent and highly localized. Similarly, the conjugated alkenes,
unsaturated carbonyl compounds, enaminés, esters and encls remain highly
localized in their ground states.

The data for the heterocyclic molecules reveal that the fusion of a hetero-
aromatic nucleus to a benzenoid nucleus reduces the degree of aromaticity
in the heterocyclic moiety, because of the reluctance of the benzenoid
nuclteus to permit global delocalization which involves (and quite possibly
disrupts) its stable mw electron density distribution. The chemical
consequences of the loss of aromaticity in the heterocyclic parts of benzo-
fused hetero-aromatic molecules have been widely observed.3

The reluctance of the benzenoid ring to participate in delocalization
involving entities attached to the ring can also be appreciated by
considering the efficiency of delocalization in radicals and carbocations,
common reactive intermediates. For example, homolytic bond dissociation
energies’®® indicate that a carbon radical is stabilized just as much by
one flanking m bond (as in the allylic radical) as by a flanking phenyl
group (as in the benzylic radical)}), even though the benzylic radical could
possibly provide greater overall delocalization.

However, as the internal ensergy of the reactive intermediate increases, so
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too will the energetic advantages of extensive delocalization because of
the stability to be gained. Thus, we should expect delocalization to be a
feature of very high energied intermediates, as indeed is suggested by the
experimental data. For example, heterolytic bond dissociation energies?®®
indicate that the carbocation center of a benzylic carbocation is more
highly stabilized than that of an allylic carbocation.-

when free rotation is possible, the conformations adopted by 1oca1ﬁzed
conjugated 1 systems are not determined by resonance or deiccalization
effects, but by through-space mw=n, n-n, w-n* and n-tt* interactions,'? and
steric and dipole-dipole interactions.?

Truly aromatic heterocyclic molecules in their ground states will also .
demonstrate a reluctance to participate in external delocalization
processes, similar to benzene, and this fact must guide our discussions on
the chemistry and structural features of.all the polycyclic hetero-aromatic
molecules,

The Chemical Reactivity of Conjugated n Systems

The data above leads us to conclude that molecular orbital theory has
unwitting1y‘been inappropriately appltied to the rationalization of the
structural/electronic features of some conjugated m electron systems, whose
ground states had incecrrectly been assumed to be delocalized. However,
these molecular orbital thecoretical studies have been used successfully in
the rationalization of the free radical and ionic chemistry of conjugated T
systems, and in the rationalization of their electrocyclic, sigmatropic and
cycloadditive reactions.2? This paradoxical situation suggests that these
n systems do achieve true delocalization at an early stage -in their
reactions and so become systems to which molecular orbital theory can then
be rigorously and properly applied.

The bond order and bond length data for simple enamines and enol ethers
have indicated that these molecules are not delocalized in their ground
states.’ These non-delocalized, conjugated m systems examined above must

therefore react gither in discrete steps (by a totally non-concerted
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reaction), or initially in a .non-concerted fashion followed by a concerted’
process (a partly concerted-reaction).

Partly Concerted Reactions : . ‘ . v
The reaction of a conjugated, but localized, m system could be initiated by
an "event" which-perturbed the m systems (and hence the geometry) of the"
reacting molecule, so leading to the establishment of trﬁe delocalization.
Then, the molecular orbital theoretical analyses, developed on the
assumption that these n systems were delocalized in their ground states,
would become completely valid for the subsequent $teps in the ‘reaction.
This rgaction type could validly be described as a "part}y concerted
reaction”. a ‘ -

The nature of this critical “"event” wili differ from one reaction to
another (it might be a rehybridization, or an energy or electron transfer
process), but the “"event" undoubtedly requires much less energy than the
overall activation energy of the reaction since:these “avents” have_g]pded
detection to date.l The wide range of experimental.conditions overtwhiéﬁ
the electrocyclic, cycloaddition and the otﬁer jconcerted" reactions of
simple conjugated nm systems are known to dccur is probably indicative of
the energy requirements of these "events”. ‘

Delocalization in Heterocyc¢lic Transition States

The concept of delocalization has also been invoked, and abused, 1in-
discussions of transition statés -of reactions., Some transition.states have
been referred‘to as "aromatic” because they are suggested to be cyclic and-
involve the simultaneous reorganization of 4N+2 electrons. Oftén however,
this terminology cannot be- justified when a comparison is made between
these transition states and the important sterec—-electronic features of
aromatic molécules.

For example, the heterocycltic transition state invoked in the mechanism for
the Claisen rearrangement reaction is not planar and 'is usually described
as being either c¢hair-like, or boat-like.2!' Further, the new o bond is

being established between the ends of the m bends, C1 and €6, by a linear
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overlapping of two "p type"” orbitals (not to be confused with the edgewise
overlapping of two "p type" orbitals which normally would lead to a m
bond), scheme 1, Thus, regardless of the possibility that 6 (or any other
AN+2 number of) electrons might simultaneously (if we ignore the
Uncertainty Principle!') be involved in the transition state, this type of
transition state does not show the stereo-electronic features required of

aromatic molecules (either by the new criteria, or by Huckel's rules}.

:Rkﬁx - R§ X

———
R =~ ko= N = O/
X\f X X
‘1‘* y—‘xz — —n ‘SE Xj ‘//'
R — —_p— R
Scheme 1
B:----q
|
i
1
_—— R, A—H —_—— R H
LN
RN X N~ E N
|
X
Scheme 2

On the other hand, the transition state in the transformation of a
dihydropyridine to the aromatic product, scheme 2, must show the features
typically found in aromatic systems and can thus be cautiousty described as
an aromatic transition state. Thus, the term "aromatic transition state"
should properly be reserved for the transition states of reactions which
create, disrupt, or rearrange truly aromatic systems since these transition
states do have the features of truly aromatic entities.

The Chemistry and Physical Properties of Some Conjugated Heterccyclic
Molecules. Hetero-aromaticity and the Tertiary Structures of DNA

The discussions above will be meaningful in understanding the chemistry and
physical properties of some heterocyclic systems which satisfy Huckel’s

Rules but which are not truly aromatic in their ground states. Some of
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these heterocycles sporadically show aromatic character in their chamistry
and this inconsistent chemistry, particularly when not properly interpreted
mechanistically, has 1eq to great uncertainty as to the aromatic status of
these molécu]es. A discussion of two examples of heterocyclic molecules
that show varying degrees of aromaticity, depending on their environments,
will help to clarify this topic.

a) Furan

Furan’s chemistry occasionally seems to be similar to that of a truly
aromatic molecule, particularly when very high energied intermediates are
involved or when the reactions reguire high activation energies. However,
the chemistry of furan® is clearly consistent with that of a non-aromatic
mcolecule, since it very frequently undergces addition reactions instead of
substitution reactions. Further, the structural criteria stated above show
that furan (1;) ig non-aromatic in its ground state.

This ambiguity gn the chemistry of furan-reminds us that there are several
molecules ﬁhose features almost, but not totally, satisfy the criteria for
aromaijﬁ systems. buring their reactions, these molecules can gain enough
energy, or undergo subtle structural modification, to enable them to form
highfy ae1oca1ized intermediates, but phis does not mean that the parent
moiecules were aromatic in their ground states.

b} Imidazo]gs_

The‘structhél data for imidazole (168) and benzimidazole (17) have been
presented and show that these heterocycles are highly localized in their
unscolivated ground states and so must be, af best, only very weakly
aromatic. Remarkabiy, the protonation of these molecules (to produce the
symmetrical imidazolium (16A) and bénzimidazo11um (17A) ions)} causes quite
dramatié strudtura? and m electron density changes which convert the
resuiting ions into more strongly aromatic species. This observation helps
us to rafiona1ize thé basicities of these molecules, particularly
imidazole, by revealing that there are two important factors involved,

namaly:
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a) the stability gained by the increased aromaticity in the ion, and

b) the strength . of the new N-H bond. .

imidazolium (16A) " bond bond length (pm)3c bond orderse
3 _H Co ot .

4 ’CD 1~ 2 (133.7) 1.673

) 2 -3 (133.7) 1.673

5 9 3 - 4 {136.9) 1.524

Tl 4 -5 (137.9) 1.783

u 5 - 1 (136.8) 1.524
benzimidazolium (17A) bond bond length (pm)3c bond order53

5 4 3w -3 (133.8) 1.679

6 Nl@ 3 -4 (136.7) - = 1.514

4 - 5 {141.3) 1.548

7 9 . 5 -6 (139.0) 1,741

9 N 8 - 7 (142.3) 1.5M1

8 | o 9 - 4 (t142.0) . . 1,524

Imidazole (165.énd benzimidazole (17) thus intraduce Qs to the fact that
the hetero- aromat1c1ty of suitable molecules can be man1pu1ated by simple
processes. We have recogn1zed that hydrogen bond1ng, dipole- d1pole, ion-
dipole and ion-ion interactions are structural and stereo-e1ectron1c
factors that influence the chem1gtry, reactivity and structura1 Features of
organié.hoﬁecu1es. Now we must add to that list the man1pu1at1on of the
hetero—afomaticity of suitable heterocycles, wh1ch as we see above, can be

"swiféhed on" ahd "switched off" in a predeterhined fashion by simp1e
processes. ' :

The Tertiary Structures of DNA. The Aromaticities of Hydrogen Boﬁded'
Purines and Pyrimidines

Purines.and pyfimidines occdr naturally {(as their‘gTycosides) in the
polynuclectides DNA and RNA. The DNA po1ymers adopt helical and other

_ tert1ary structures wh1ch are stabilized by the 1nteract1ons between the
bases in the po1ynucTeot1de chains. In RNA, the po1ynuc1eot1de cha1n often
folds back onto itself so bringing bases of non- adJacent nuc1eot1d1c units
close enough for them to interact and stabilize the fo1ded structure, The
stabilities of these three dimensional po1ymeric structures undoubtedly
play vital roles in their Ab%1ities to act as biéiogica]]y important

molecules.22 Understanding the origins of the stability of the tertiary
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structures of DNA and RNA is clearly very important and three main

factors2? are now thought to be significant:

a) Watson-Crick type2? hydrogen bonding between the base pairs,

b) m orbital interactions between the "stacked" base pairs, and

¢} repulsions among the charged phosphate residues of the nucleotide
backbone.

The observation that imidazq]e and benzimidazole gain substantial increases

in thei? arohaticities-upon becoming protonated suggests that a similar

effect might be displayed by the nuclectidic bases after they have become

involved in Watson-Crick type hydrocgen bonding.

Indeed, the-stimu1ation of aromaticity in heterocyclic systems by Watson-

Crick type hydrogen bonding is probably quite common in suitable molacules.

For example, the 2-pyridones are non-aromatic in their unsolvated ground

states,’ but become aromatic on dimerization (by mutual hydrogen bonding

of their ahide groups in a "Watson-Crick type pattern”). This is quite

clearly shown comparing-fhe XQray crystallographic data?4 for S5-chloro-2-

pyridone (19) with the calculated bond lengths for its unsolvated ground

state (given in brackets).

5-Chloro-2-pyridone {19) bond bond length (pm)z4.5¢c
' - 136.6 (137.1)
- 142.7 (145.9)
- 134.3 (136.7)
140.5 (144.0)

134.2 (137.4)
135.6 {137.4)
125.0 (123.3)

~ AW =
1
N2 OO s Wwn

The "push-pull” nature of the hydrogen bonds in these dimers are clearly
apparent. The hydrogen bond toc the carbonyl oxygen polarizes the electron
densities in the C=0 (double) and the N-H bonds, and these polarizations
facilitate the delocalization of the lone pairs of electrons of the amidic
nitrogen (the pull). The developing positive charge on the amidic nitrogen
of one entity is then simultaneocustly stabilized by the developing negative

charge on the carbonyl oxygen of the other molecule (the push). These
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effects are undoubtedly synergistic and mutually maximize both the strength
of the hydrogen bond and the polarization of the amidic group.

The hydrogen bonds linking the nucleotidic bases in Watson-Crick patterns
are very similar to those in the 5-chloro-2-pyridone dimer (12) and could
have a equally dramatic effects on the structural and electronic features

of the hydrogen bonded nucleotidic bases.

N-Methyl-2-pyridone (2Q) bond bond 1eng£h (pm)sc bond orderfe
3 5 1 -2 (138.3) 1.4449
2 -3 (146.1) 1.369
1 8 3 - 4 (136.5) - -. 1,850
0%, ?ill 4 -5 (143.6) 1.450
CH 5 -6 {137.2) 1.821
3 6 - 1 (138.1) 1.451
7. -2 (123.5) : 1.780
N-Methyt-4-pyridone (21) bond. bond length (pm)Se bond ordersic
7 1-2 (138.2) -~ 1.444
4 2 -3 {137.0) 1.835%
5 3 3 - 4 (145.7) - 1.374
4 - 7 (122.9) 1.821
6 N 2
j1
CH3

The non-aromaticity of the unsolvated ground states of Nmethyl-2-pyridone
(20) and N-methyl-4-pyridone (21} has been discussed.% Théir data a}e
presented %or comparison with those of compound (18) and the pyrimidones.
The unsolvated structures of the purines and pyrimidjﬁes, Akmethy1ated at
positions 9 or 3, were modelled in order toc generate simple analogues of
the nucleotidic bases, whose bond lengths and orders might allow us to
better understand their electronic features.

The calculated bond length and bond order data for the homologous molecules
N-methylthymine (22) and Mmethyluracil (23) reveal that they have nearly
identical structural parameters and that both are non-aromatic in their
unsclvated ground states (see Table 2).

The calculated bond length and bond order data for 4-aminopyrimidine (24)

suggest that, like pyrimidine (9}, this molecule is aromatic. However, the
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calculated bond length and bond order data for 9-methyladenine (25) is
ambiguous and suggests that this molecule might on]y'be-weak]y aromatic in
its unso]vated'grqund state. It seems likely that the bicyciic structure
of this moTecuTethés resuited in the attenuation in the aromat1c1ty of each
ring, -as was demonstrated above for the benzo—fused heterocycles.

The ca1cu1ated bond length and order data for methy1cytos1ne (26) show that
it cannct be aromatic in its unsolvated éround state, and similar data for
g-methylguanine (27) indicate that the “pyrimidbne“ rﬁng, like cytosina,

also cannot possibly be aromatic in the unsolvated ground state of molecule

(27). - The "imidazole” ring of the molecule (gl) could however be very

weakly aromatic.

The Xéray erysta11ographicretructuﬁaT data of sodium adenylyl1-3',5'-uridine
hexahydrate?$ (apU) (28) and sodium guanylyl1-3’,5'-cytidine nonahydrate?®
(GpC) (29) have been oﬁtained. Each of these molecules crystallized as a
highly hydrated dimer he1d.together by Watson-Crick type hydrogen bonding
(as well as icon-dipole interactions) and so these mo]ecdles are acceptable
models for the nucleotidic fragments of the double-helical structures of
DNA. :

Notwithetandjpg the similarities between the compounds (gg), (ggi and-u
fragments of the DNA polymers, the Watson—ckick hydrogen bodded nucleotidic
pairs of the DNA polymers will be 1ocated in a much less hydrated more
hydrophob1c, env1ronment22 than the hydrated d1mers of the compounds (28)
and (29) are in their solid phases. The hydrophoch core of the DNA
polymers will stimulate the formation of stronger hydrogen bonds between
the nucleotidic bases than would exist in a more hydrated, environment,
Thus, the stereo—eleetrdﬁic effects observed in the solid phase studies of
the compounds (gg)”aﬁd‘(gg) will be attenuated in comparison to those which
exist in the hydrophobic core of the DNA polymers.

A compariscon of the bond length data for the bases in the structures (28)
and (29) with those data for the compounds (22), (23), (25), (268) and (27)

(Tables 2) show that adenine, in compound (28), is the only base that
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Calculated®®
N-methylthymine (22)

Table 2
Bond Crystallographijc Bond Lengths (pm}
MN-methylthymine2? 2-deoxythymidine®’

1 - 2 137.9 138.5

2 -3 137.9 138 .1

3 -4 137.5 137.8

4 - 5 143.2 145.3

5 - 5 134.6 134.3

6 ~- 1 138.3 137.4

7T -2 121.4 120.6

8 - 4 123.7 123.0
ApU (28 2-deoxyuridine?®

1 -2 137.8 138.3

2 -3 137.5 137.9

3 -4 138.8 138.1

4 - 5 142 .1 144.0

5 - 6 134.2 133.4

6 - 1 138.0 138.0

7 - 2 121.7 121.9

8 - 4 126.2 123.1
Apy (28) Adenosine??

1 -2 134.6 134.0

2 - 3 134.6 133.0

3 -4 135.0 134.8

4 - 5 136.4 138.1

5 - 6 142.9 141.5

6 - 1 134.0 135.1

5 - 7 136.4 138.5

7 - 8 132.6 130.8

8 - 9 136.4 . 136.2

9 - 4 136.7 137.4

10 - 8 136.1 133.2
GpC (29) 2-deoxycytidine(HC1)3%

1t - 2 139.4 138.2

2 - 3 134.5 ) 138.6

3 -4 131.8 135.7

4 - 5 144.5 141.2

5 - 6 134, 1% 133.8

6 - 1 136.7 136.9

7 - 2 123.6 121.4

8 - 4 132.7 130.8
GpC (29) quanosine

1 - 2 138.2 136.5

2 -3 136.2 *133.1

3 - 4 135.0 136.2

4 - 5 135.8 138.0

5 -6 145.2 141.9

6 - 1 139.0 138.0

5 -7 1392.7 138.4

7 -8 132.0 131.1

8 -9 136.1 136.5

9 -4 137.9 137.1

10 - 6 120.6 123.4

11 - 2 133.1 133.3

{138.2) 1.445
(137.1) 1.429
(136.9) 1.443
{(146.7) 1.329
(136.5) 1.874
(139.0) 1,387
{123.7) 1.760
{(123.0) 1.810

Mmethyluracil (23)
{138.5) 1.433
(137.1) 1.434
{136.9) 1.438
(146.5) 1.324
{136.4) t.870
(138.7) 1.409
(1232.8) 1.767
(122.9) 1.817

9-methyladenine {(25) .
{136.3) 1.580
(132.7) 1.748
{137.5) 1.467
(139.9) 1.643
(143.0) 1,457
(135.0) 1.628
(137.7) 1.471
(132.2) 1.775
(137.2) 1.523
(137.3) 1.458
(135.4) "1.536

MNmethylcytosine (26}

(138.8) 1.419
(135.3) 1.414
(133.0) 1.703
(144.4) 1.400
(137.1) 1.824
(137.8) 1.472
(123.9) 1.780
(135.7) 1.532

9-methylguanine (27
(138.2) 1.42%
(133.3) 1.716
(139.5) t.366
(139.3) 1.683
(146.3) 1.340
(137.6) 1.435
(136.8) 1.5621
(132.5) 1.761
(137.0) 1.528
(137.1) 1.474
(123.1) 1.798
(136.4) 1.489
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becomes truly aromatic on hydrogen bonding in the Watson-Crick pattern.
This result must be viewed cautiously however, because while we can
conclude that adenine will be aromatic in environments in which it is
engaged in Watson-Crick hydrogen bonding (and so in the DNA polymers), we
cannot conclude that the other bases will not become aromatic in the DNA
polymers, whose environments are gquite different from the crystals of
compourds (28) and (29).
Unfortunately, we must await the atomic resolution X-ray crystallographic
studies of nucleotidic oligomers (structurally more similar to DNA) in
order to determine the roles of the other nucleotidic bases in the tertiary
structures of DNA, but the data Froﬁ the crystallographic structures of the
compound (28) have clearly revealed a special role for adenine in the
tertiary structure of DNA.
There are several other features of the Watson-Crick hydrogen bonded
nucleotidic bases of the compounds (28) and (29) which should be noted.
a} Notwithstanding the data for the molecule (27), whose imidazoloid ring
seemed to be weakly aromatic, the guanyl group in compcound (29) has
structural features which indicate that it is non-aromatic.
b) The lone pairs of the primary amino-groups of cytosine, guanine and
adenine, are delocalized intc the f]anking.C=N bonds, in all eof their
compounds.

¢) The Tengths of the C5-C6 bonds of the pyrimidinoid compounds (22), (23),

(26), uracyl of {(28), and cytosy! of (29) are all quite close to that of

an isclated C=C double bond and hence these bonds are highly localized.
Any system whose structural components are induced into aromaticity, by
hydrogen bonding (like adenine) or protonation (like imidazole), during its
assembly, or reactions, will gain both the stability due to the new bond
and the newly-established/strengthened aromatic character. Thus, while we
can deduce that the stability of the tertiary structures of DNA will

increase as the proportion of adenine in the polymer increases, future

studies will be reqguired to reveal the true roles of the other nucleotidic
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bases.

CONCLUSION

The elegantly subtle manipulation of hetero-aromaticity by nature has not

been previously recognized because of the absence of rigerous criteria for

defining aromaticity. The new criteria for establishing the presence of

delocalization in molecules containing conjugated T systems have ravealed

many aspects of crganic chemistry which were previously unrecognized, and

have assisted in the resolution of some difficult issues.

Since the delocalization phenomena can now be unequivocally identified, and

since we are now aware of the simple methods by which the aromaticity of

suitable heterocyclic molecules can be manipulated, we should be able to

use this information in the rational design of molecules for specific uses,.

Further, solutions tc some of the old mechanistic puzzles from the rich

lTegacy of experimental organic chemistry will now become apparent.

REFERENCES

1. I. N. Levine, "Quantum Chemistry", 4th Edn., Prentice Hall, New
Jersey, 1991.

2. E. Eliel, "Stereochemistry of Carbon Compounds", McGraw-Hill, New

York, 1962.
3. T. L. Gilchrist, "Heterocyclic Chemistry”, 3rd Edn., Pitman, London,

1985.

4a. #. A. Carey and R. J. Sundberg, "Advanced Organic Chemistry", 3rd
Edn., Pt. A, Plenum, New York, 1990.

4b. J. March, "Advanced Organic Chemistry", 3rd Edn., Wiley-Interscience,
New York, 1985,

2, 20283.

fa. V. G. 5. Box, Heterocycles, 1991,

5b. V., G. S. Box, Heterocvycles, 1991, 32, 745,

5¢. A1l of the VESCF-HMO calculations reported in this review, and in
references 5a and 5b, were performed using MMX.EXE, version 88.5. The
calculated bond Tengths are enclosed in brackets to distinguish them

from experimentally determined values.



1658

Sa.

9b.

10.

11,
12.
13.

14.

16.

16.

17b.
18a.
18b.

12a.
19b.
i9c.
19d.

20a.

20b.

HETERQCYCLES, Vol. 34; No. B, 1992

0. Bastiansen, L. Hedberg, and K. Hedberg, J, Chem, Phys., 1957, 27,
1331.

C. Wentrup, "Reactive Molecules", Wiley-Interscience, New -York, 1984.
D. J. Marais, N. Sheppard, 'and B. P. Stoicheff, Tetrahedron, 1962, 17,
163; and refarences cited therein.

R. D. Gilardi, I.-L. Karle, and J. Kdrle, Acta Cryst., 1972, B28,
2605.

T. Hamanhaka, T. Mitsui, 7. Ashida, and M., Kakudo, Acta Cryst., 1972,

B28, 214, : : - : .

R. W. G. Wyckoff, "Crystal Structures”, Yol. 6, Part 2, 2nd Edn.,
Wiley-interscience, New York,-1971.

H. van der Meer, Acta Cryst., 1972, B28, 367.

Q. Dideberg,-L. Dupont, and, J. M. Andre, Acta Cryst., 1972, B28, 1002.
R. D. Gilardi and-I. L. Kartle, Acta Cryst., 1972, B28, 1635,

C. Huiszoon, B. W. van der Waal, A, B. van Egmond, and S. Harkema,

Acta Cryst., 1972, B28, 3415-9.

R. Faurme, Acta Cryst., 1972, B28, 2984.

J. L. Derissen, J. W. M, Kocken, and R. .H. van wWeelden, Acta Cryst,,
1971, B27, 1692.

G. Will, Z. Kristallegr., 1969, 123, 211.

$. Martinez-Carrera, Acta Cryst., 1966, 20, 783.

See reference 4a and.references cited therein.

R. T. Morrison and R. N. Boyd, "“Organic Chemistry", 6th Edn., Prantice

Hall, New Jersey, 1992.

V., G. §. Box, Heterocycles, 1982, 19, 1839,
¥, G. 5. Box, Heterocycles, 1984, 22, 891,

V. G. 5. Box, Heterocycles, 1980, 31; 1157.

See- reference 5b.

I. Fleming, “Frontier Orbitals and Organic Chemical Reactions”, Wiley,
New York, 1976,

T. L. Gilgchrist and R. C. Storr, "Organic Reactions and Orhital




21.

22.

23.

24,

25.

26.

28.

29.

30.

HETEROCYCLES, Vol. 34, No. 8, 1992 1659

Symmetry", 2nd Edn.,, Cambridge University Press, London, 1979.

K. J. Shea, G, J. Stoddard, W. P. England, and C. D. Haffner, J. Am.
Chem. Soc., 1992, 114, 2635; and references cited thsrein.

T. M. Devlin (Ed.), "Textbook of Biochemistry", 3rd Edn., Wiley-Liss,
New York, 1982.

A. Eschenmoser and E. Loewenthal, Chem. Soc. Rev., 1992, 21, 1; and
references cited therein. Also see reference 22,

A. Kyvick and S. 5. Booles, Acta Cryst., 1972, B28, 3405,

N. C. Seeman, J. M. Rosenberg, F. L. Suddath, J. J. Park Kim, and A.

Rich, J. Mol. Biol., 1976, 104, 109.

N. C. Seeman, .. M. Rosenberg, R. O, Day, and A. Rich, J. Mol. Biol.,

1976, 104, 145,
D. W. Young, P. Tollin, and H. R. Wilson, Acta Cryst., 1969, B25,
1423,

M. A, Wiswamitra, B. Swaminatha Reddy, M. N. G. James, and G. J. B.

Williams, Acta Cryst., 1972, Bz2g, 1102,

T. F. Laji and R. E. Marsh, Ac¢ta Cryst., 1972, B28, 1982,

E. Subramanian and D. J. Hunt, Acta Cryst., 1970, B26, 303.

Received, 28th April, 1992




