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The relative stability of 10-hydroxy-10,9-boroxophenathrene and its electrophilic reactivity are traced through
experiment and calculations to the partially aromatic character of the boron-containing heterocyclic ring. The
electrophilic reactivity of 10-hydroxy-10,9-boroxophenathrene towards itself in the solid state and towards
other nucleophiles in solution is described. The mechanism of the solid-state reaction has been characterised by
both X-ray diffraction and thermal analysis. In solution, however, 10-hydroxy-10,9-boroxophenathrene does
not react with itself, although it does react rapidly and reversibly with benzylic alcohols in solution, even at low
temperatures. This selective and reversible reaction is ideal for use in self-assembly processes.

Introduction

It has been recognised1 for some time that self-assembly pro-
cesses are used widely by natural systems in the construction
of large, regular superstructures. Familiar examples include
the formation2 of the DNA double helix, the stepwise assem-
bly3 of the tobacco mosaic virus and the self-regulated con-
struction4 of the virus bacteriophage T4. These examples
illustrate several key principles of self-assembly processes.
Firstly, self-assembly processes are highly convergent and are
therefore economical in the amount of information required
to encode the final structures. In general, self-assembling sys-
tems use a relatively small number of simple units to create
functionally and structurally complex arrays. If the superstruc-
tures are built up from many identical subunits, self-assem-
bling systems typically require only a small set of different
interactions to create the final molecular assembly. Finally,
molecular recognition using weak non-covalent interactions
results in a dynamic process in which all the assembly/disas-
sembly steps are in equilibrium, and therefore reversible. As
a result of this reversibility, a degree of proof reading is possi-
ble in that the process is self-regulating and can exclude incor-
rect subunits, to afford the most thermodynamically stable
product. Given these advantages, it is desirable for chemists
to mimic self-assembling systems of this kind. Indeed, consid-
erable effort has been directed towards the formation of syn-
thetic supramolecular self-assembled architectures in which
the assembly process is directed by selective non-covalent
interactions, such as hydrogen bonds,5 or through metal–
ligand coordination.6 There is, however, one major disadvan-
tage to the use of non-covalent interactions in synthetic self-
assembly. On formation of the superstructure, a large and
unfavourable change in entropy results from the ordering of
the components. Formation of non-covalent interactions
affords only a small amount of enthalpic stabilisation and,

since these interactions are comparitively weak, a significant
number of these interactions are required before this stabilisa-
tion offsets the entropic loss.
One answer to this problem lies in the use of covalent bonds

as a means of constructing large regular assemblies. Covalent
bonds are stronger than hydrogen bonds and, hence, a smaller
number are required to produce a stable assembly. Tradition-
ally, covalently-linked structures have been synthesised using
sequential, kinetically controlled, irreversible reactions. In this
manner, relatively large molecules such as vitamin B12

7 and
palytoxin8 have been synthesized. However, the linear forma-
tion of such large structures requires a high number of syn-
thetic steps and is extremely time consuming.
To date, the use of covalent interactions in the field of self-

assembly has been under-exploited. The use of covalent bond
formation in self-assembly processes requires that these bonds
form under thermodynamic control, i.e. bond formation is
reversible, as, for example, in the cases of disulfides9 or
borate10 esters. One recent example of a system that employs
covalent self-assembly has been reported11 by Sanders and
co-workers. The cyclisation of the cinchonidine monomer,
methyl-10,11-dihydroquinine-11-carboxylate, is predicted12

by theory to generate a wide range of oligomers. However,
in practice, the trimer is found to be the most stable product.
NMR studies show that the conformation of the cinchonidine
monomer alters significantly from its ground state conforma-
tion during the cyclisation, thus suggesting that the preference
to form the trimer is not a result of preorganisation within the
monomer, but rather a result of predisposition.13 Ipaktschi
and co-workers have also developed14 a covalent self-assembly
synthetic strategy based upon the directed tetramerisation of
quinodimethanes.
Recently, we described15 (Scheme 1) the covalent self-assem-

bly of bis(hydroxyborazaphenanthrene) 1 to form a dimeric
macrocycle 2 by exploiting reversible homoanhydride forma-
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tion. Although borazaaromatics are attractive building
blocks16 for use in covalent self-assembly processes, their
spontaneous formation of homoanhydrides limits their
application in this context. In particular, their low reactivity
towards other nucleophiles limits the complexity of structures
that can be assembled using these building blocks. We there-
fore identified the corresponding oxygen-containing boroxo-
aromatics as suitable candidates in our quest to extend the
use of boron-containing heteroaromatics in covalent self-
assembly processes. Here, we describe in depth the properties,
both in solution and in the solid state, of a model boroxo-
aromatic compound, 10-hydroxy-10,9-boroxophenanthrene,
3, and reveal features of the reactivity of this compound that
make it a potentially useful building block for use in covalent
self-assembly processes.

Computational studies

Boroxoaromatics, first described17 by Dewar in 1959, are a
class of compound in which one or more C=C fragments in
an aromatic compound have been replaced by the �B=O+

fragment, and are conventionally represented as aromatic.
However, they can also be considered as cyclic boronic esters
and there is some debate18 whether compounds of this type
owe their stability to their cyclic structure or to the aromaticity
of their boron-containing heterocycles. There is experimental
evidence to suggest that they exhibit both aromatic and
borate ester properties. For example, the ultraviolet spectrum
of 10-hydroxy-10,9-boroxophenanthrene 3 appears to indi-
cate18d that it is aromatic, behaving as a protic acid rather
than a Lewis acid (the behavior observed for other boronic
acids). However, the pKa of 3 was estimated18c to be 9.1,
making it one of the strongest boronic acids known and
significantly more acidic than several boron–nitrogen hetero-
cycles which have been studied (typical pKa ¼ 12.0). This
observation implies that compound 3 is less aromatic19 than
previously believed. In order to gain some insight into the
molecular and electronic structure of boroxophenanthrenes,
we carried out a series of ab initio electronic structure
calculations on compound 3 and the corresponding anhydride,
4, and, for comparison, on the dimethyl ether–borane
complex 5.

The molecular structure of 3 was calculated at the HF/6-
31G(d,p) level of theory. Selected bond lengths and Löwdin20

bond orders of the geometry-optimised structure of 3 are com-
pared in Table 1 with those of benzene, phenanthrene, ethene
and the dimethyl ether–borane complex 5. The lowest energy
structure of 3 is planar, with the O–H bond vector in a syn
orientation with respect to the endocyclic O–B bond. syn-3 is
more stable than anti-3 by around 14.5 kJ mol�1 at this level
of theory. Data for the anti conformation are provided for
comparison in Table 1. This preference for the syn conforma-
tion is in sharp contrast21 to the corresponding borazaaro-
matic 6, in which the O–H bond vector prefers the anti
orientation with respect to the endocyclic N–B bond. The pla-
narity of the molecule confirms that the oxygen and boron are
both sp2 hybridised and the endocyclic O–B Löwdin bond
order (1.32) suggests that this bond has significant p-character.
The existence of p-type bonding is illustrated by the calculated
HOMO of 3 (Fig. 1), which shows clearly the O–B p-orbital
overlap. The endocyclic and exocyclic O–B bond lengths
(1.37 and 1.35 Å, respectively) are significantly shorter than
the O–B single bond in the dimethyl ether–borane complex 5

Table 1 Calculated (HF/6-31G(d,p)) bond lengths and Löwdin19

bond orders for 3. Data are also provided for 5, benzene, phenanthrene
and ethene for comparison

Compound Bond Bond length/Å Bond order

syn-3 Exocyclic O–B 1.35 1.45

Endocyclic O–B 1.37 1.32

C–Endocyclic O 1.35 1.17

C–B 1.55 1.04

anti-3 Exocyclic O–B 1.35 1.44

Endocyclic O–B 1.36 1.33

C–Endocyclic O 1.35 1.18

C–B 1.56 1.03

5 O–B 1.72 0.57

C–O 1.41 1.04

Benzene C–C 1.39 1.49

Phenanthrene C–C (9,10) 1.34 1.78

Ethene C–C 1.32 2.12

Fig. 1 Representation of the HOMO of 3, calculated at the HF/6-
31G(d,p) level of theory. The molecular structure of 3 is provided in
the same orientation for comparison.

Scheme 1
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(1.72 Å). Interestingly, the bond order of the exocyclic B–O
bond in 3 (1.45) suggests that it also has considerable p-char-
acter. For a partial p-bond to exist between the B atom and the
exocyclic O atom, the hybridisation of the oxygen atom must
be sp2, and the calculated C–B–O and B–O–H angles (126.6
and 115.5�, respectively) indeed demonstrate that the hybridi-
sation of the oxygen atom is closer to sp2 than sp3.
The existence of O!B p-donation is supported further by

the calculated natural atomic occupancy (Table 2) of the pz
orbital on boron (0.39). However, the occupancy is only half
the value (1) that would be expected for an atom in a p-system,
such as benzene. Since the boron pz orbital is only partially
occupied, the boron atom may be expected to be somewhat
electrophilic. This electrophilic character is demonstrated
clearly by considering the electrostatic potential (ESP) surface
of 3. The ESP surfaces on the oxygen and carbon atoms are all
minima (Table 3), and are comparable with the carbon atoms
of benzene (�84 kJ mol�1) whereas the ESP surface on the
boron is a maximum (+98 kJ mol�1). This observation demon-
strates that, although there is considerable O!B charge trans-
fer in the p-system, it is outweighed by the B!O charge
transfer in the s-framework. The electropositive surface on
the boron, when considered together with the partially occu-
pied pz orbital, suggests that the boron atom should be reason-
ably electrophilic.

Synthesis

The synthesis of 10-hydroxy-10,9-boroxophenanthrene 3
(Scheme 2) was carried out using an adaptation of the method
described18d by Dewar. A solution of 2-phenylphenol in dry
diethyl ether was treated with boron trichloride in hexanes at
low temperature, forming the corresponding oxoborondichlor-
ide 7 in situ. Lewis acid-catalysed cyclisation of 7 was effected
by addition of 0.15 equiv. of AlCl3 to the reaction mixture and
refluxing it for 3 h. Compound 3 was obtained as a colourless
powder in 66% yield after recrystallisation from diethyl ether–
hexane. Dewar also reported18d that the anhydride, bis(boroxo-
phenanthryl)ether 4, could be formed in the solid state by heat-
ing 3, but the formation of this compound was never proven
unambiguously. Solution phase 1H NMR spectra of 3,
recorded at 300 MHz in both (CD3)2CO and CDCl3 , indicate

that only 3 is present in solution, with no evidence for the for-
mation of the anhydride 4. This observation is in stark contrast
to the behaviour16 in solution of the closely related borazaaro-
matic 10-hydroxy-10,9-borazaphenanthrene 6. Solution phase
1H NMR spectra of this compound show that both the B-
hydroxy compound and the corresponding anhydride are pre-
sent in equilibrium. It is clear from our studies that 3 does not
dehydrate to form the anhydride 4 in solution. However, a
sample of the anhydride 4 can be prepared by heating 3 in
the solid state for 2 h in vacuo (a strong signal at m/z 374 in
the EI mass spectrum of the product confirms that the anhy-
dride 4 is formed). However, when the material prepared in
this manner is dissolved in CDCl3 , the 300 MHz 1H NMR
spectrum reveals that only 3 is present. It is therefore evident
that rehydration of 4 occurs almost immediately in solution,
making it impossible to record a 1H NMR spectrum of the
anhydride in CDCl3 solution, i.e. anhydride 4 is clearly very
unstable to hydrolysis.

Solid-state structure and reactivity

Crystals of 10-hydroxy-10,9-boroxophenanthrene 3 suitable
for single crystal X-ray diffraction were grown by vapour diffu-
sion of hexane into a solution of 3 in diethyl ether. The solid-
state structure22 of 3, determined by single crystal X-ray dif-
fraction, contains R2

2(8) hydrogen-bonded homodimers (Fig.
2), similarly to 10-hydroxy-10,9-borazaphenanthrene 6,16 and
all eight molecules in the unit cell are involved in these cyclic
hydrogen-bonded dimers. The two molecules within each
[3�3] homodimer participate in two O–H� � �O hydrogen bonds.
These two hydrogen bonds have the same H� � �O distance (1.96
Å), but their O–H� � �O angles differ significantly (157 vs. 176�).
The donor oxygen atom associated with the less linear hydro-
gen bond displays a relatively short contact (3.14 Å) to a boron
atom in the layer below. Unlike 10-hydroxy-10,9-boraza-
phenanthrene, which has two peripherally hydrogen-bonded
molecules associated with each homodimer, boroxophenan-
threne 3 has no free protons to interact in this manner. Stacks
of the [3�3] homodimers propagate along the crystallographic b
axis.
As a result of its instability to hydrolysis, single crystals of 4

could not be grown by vapour diffusion methods. However,
the solid-state structure of 4 has been determined23 previously
by Sheldrick et al. using single crystals prepared by sublima-
tion. Recognising that the crystal structure of a reaction pro-
duct generated directly via a solid-state reaction is not
necessarily the same as the crystal structure of the same mate-
rial in crystals grown by crystal growth techniques, we wished
to investigate the nature of the solid-state reaction that occurs
when 3 is heated to form 4. Thus, a sample of 3 was heated

Table 2 Calculated (HF/6-31G(d,p)) natural atomic occupancy
(NAO) of pz orbitals of selected atoms in 3. Data are also provided
for benzene for comparison

Compound Atom NAO (pz)

syn-3 Exocyclic O 1.82

B 0.39

Endocyclic O 1.68

Benzene C 1.10

Table 3 Calculated (HF/6-31G(d,p)) minimum and maximum values
of the molecular electrostatic potential (ESP) on selected atoms in 3.
Data are also provided for benzene for comparison

Compound Atom ESPmax/min/kJ mol�1

syn-3 Endocyclic O �28

B +98

O aromatic ringa �32

B aromatic ringb �52

Benzene C �84

a Aromatic ring to which endocyclic O atom is attached. b Aromatic

ring to which B atom is attached.

Scheme 2
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until the transformation to 4 was complete and the powder X-
ray diffraction pattern of this sample was used to determine the
solid-state structure of this material. The structure of 4 gener-
ated through the solid-state reaction of 3 (Fig. 3) appears to be
consistent with the structure reported23 previously. However,
structure refinement from the powder diffraction data does

not allow us to determine with certainty whether the structure
is ordered or disordered, since both models fit the diffraction
data equally well (see Experimental section).
The observed melting points of both 10-hydroxy-10,9-bor-

oxophenanthrene 3 and bis(boroxophenanthryl)ether 4 are
214–216 �C. In order to determine the nature of the solid-state
transformation from 3 to 4, heating experiments were carried
out using differential scanning calorimetry (DSC). On heating
a sample of 3 at 100 �C min�1, an endothermic process takes
place [Fig. 4(a)] between 130 and 160 �C, corresponding to
the transformation of 3 to 4. A second endotherm occurs at
215–225 �C, with an onset temperature of 208 �C, correspond-
ing to melting of 4. On cooling at 100 �C min�1, the sample
recrystallises at 165 �C. Once the sample had cooled to ambient
temperature, it was reheated to 250 �C at 20 �C min�1 [Fig.
4(b)]. The endotherm at 215–225 �C is still present, but the
endotherm observed in the previous experiment between 130
and 160 �C is no longer seen, indicating that, in contrast to
the situation in solution, the anhydride 4 remains stable in
the solid state.
In this work, we have employed two different techniques,

thermogravimetric analysis (TGA) and powder X-ray diffrac-
tion (PXRD), to monitor the solid-state transformation from
3 to 4 as a function of time. It is crucial to recognize that each
of these techniques probes a different aspect of the system
(and, in the present context, monitors the change in a different
aspect of the system as a function of time). Moreover, neither

Fig. 2 (a) Ball and stick representation of the [3�3] homodimer within
the solid-state structure of 3. Dashed lines represent hydrogen bonds.
Distances and bond lengths: d1 ¼ 1.91, d2 ¼ 1.39, d3 ¼ 1.35 Å. (b)
Projection of the solid-state structure of 3 along the crystallographic
b axis. The projection of the unit cell is represented by the solid lines.

Fig. 3 Ball and stick representation of the molecular structure 4
determined from powder X-ray diffraction data. Bond lengths and
angles: d1 ¼ 1.40, d2 ¼ 1.38 Å; y ¼ 139�.

Fig. 4 (a) DSC plot (heat flux vs. temperature) recorded on heating a
sample of 3 from room temperature to 250 �C at 100 �C min�1. The
onset of the solid-state transformation from 3 to 4 is clearly visible
at ca. 145 �C, and the sample melts at ca. 215 �C. (b) DSC plot (heat
flux vs. temperature) recorded on reheating the same sample from
room temperature to 250 �C at 100 �C min�1. The exotherm at ca.
145 �C is now absent.
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of these techniques actually probes the chemical reaction from
3 to 4 directly. Specifically, the isothermal TGA experiment
monitors the loss of mass of the sample as a function of time,
arising in the present case from liberation of H2O from the
solid sample to the vapour phase. We emphasize that the rate
of liberation of H2O from the solid to the vapour phase is not
necessarily equal to the rate of production of H2O within the
crystals of the reactant 3, and therefore the rate of mass loss
does not necessarily reflect the rate of the chemical transforma-
tion from 3 to 4 within the crystal (the rate of mass loss would
equal the rate of the chemical transformation only in the limit-
ing case in which the rate of release of H2O molecules from the
crystal is substantially faster than the chemical transformation
that produces H2O). On the other hand, the PXRD experiment
monitors the changing identity of crystalline phases present
during the solid-state transformation, and here we recall that,
in order to observe sharp lines in the PXRD pattern, it is
necessary that crystalline particles of sufficient size are present.
Henceforth, we use { }3 and { }4 to denote the crystalline
phases characteristic of 3 and 4, respectively, and we use 3
and 4 to refer to the actual chemical identity of the molecules
present within these crystalline phases. Again, the growth of
crystalline particles of the product phase {4}4 of sufficient size
to give a PXRD pattern characteristic of this phase need not
necessarily proceed at the same rate as the actual chemical
transformation from 3 to 4 within the parent crystal structure
of 3 (i.e. {3}3). In particular, at sufficiently low values of the
extent of reaction a, molecules of 4 produced by the chemical
reaction can be accommodated within the reactant crystal
structure of 3 (representing a solid solution {3,4}3 , and possi-
bly also containing H2O molecules produced from the reac-
tion). At this stage, no amount of the product phase {4}4
will actually be present, even though molecules of 4 have been
produced by the chemical reaction, and powder X-ray diffrac-
tion will show no evidence for the presence of the product
phase {4}4 . Once the amount of 4 within the crystal structure
of 3 exceeds its solid-state solubility, phase segregation will
occur to produce 4 in its own crystal structure {4}4 . It is only
when crystalline particles of sufficient size have been generated
in this way that the existence of {4}4 will be evident in the
PXRD pattern. The proposed scheme describing the solid-
state transformation of 3 to 4 is shown in Fig. 5, and sum-
marizes the points discussed above. It is clear from this scheme
that TGA and PXRD experiments separately probe processes I
and II, respectively. Furthermore, as these processes occur in
parallel, the kinetic and mechanistic aspects of these two pro-
cesses should, in general, be independent of each other. Thus,
processes I and II may occur at different rates and may be
based on different mechanisms (for example, in terms of the
required structural reorganization within the solid). Although
the rates of both processes I and II will, in general, be different
from the rate of the actual chemical transformation from 3 to
4, we note that, as both processes follow sequentially from the
chemical transformation, the rates of both processes will

nevertheless depend on the rate of the chemical transforma-
tion.
During the chemical transformation from 3 to 4, one mole-

cule of water is lost for every two molecules of 3, correspond-
ing to a total mass loss at 4.6% from the sample. In a typical
isothermal TGA experiment, a known mass of 3 was heated
to a pre-set temperature between 55 and 100 �C and then held
at this temperature until the measured mass reached 95.4% of
its original value. This type of isothermal TGA experiment was
then repeated at several different temperatures in order to
investigate the effect of temperature on the rate of mass loss.
As expected [Fig. 6(a)], the rate of mass loss decreases with
decreasing temperature. However, at temperatures below
75 �C, the reaction rate decreases dramatically. EI mass spectra
of the materials formed in these experiments show, in all cases,
strong signals at m/z 374, indicative of the expected anhydride
product 4. A plot of the fractional extent of reaction, a, vs.
time, t, for each temperature illustrates the variation of the
reaction rate as the temperature is varied from 55 to 100 �C.
The end of the reaction (i.e. a ¼ 1) is defined as the point at
which a total mass loss of 4.6% is reached. Further isothermal
heating beyond this point results in a continued mass loss, but
at a significantly reduced rate, probably as a result of sublima-
tion. Indeed, in separate experiments, sublimation is observed
when a sample of 3 is heated under vacuum. The kinetic data
obtained at each temperature were fitted using the Avrami–

Fig. 5 Schematic representation of the solid-state transformation of
3 to 4. The products shown refer to the situation at an extent of reac-
tion a ¼ 2y/x, with 2y�x. The notations { }3 and { }4 denote com-
pounds located in the crystal structures of 3 and 4, respectively.

Fig. 6 (a) Thermogravimetric analysis (TGA) data (plotted as mass
loss vs. time) for the solid-state transformation of 3 to 4. Each experi-
ment was carried out by heating a sample of 3 isothermally at (i) 70, (ii)
75, (iii) 80, (iv) 90 and (v) 100 �C. A mass loss of 4.6% corresponds to
the loss of one mole of water for every two moles of 3 and hence to the
formation of one mole of the anhydride, 4. (b) TGA data obtained by
heating a sample of 3 at 100 �C plotted as extent of reaction (a) vs.
time. The solid line represents the best fit of the Avrami–Erofe’ev equa-
tion (with n ¼ 2) to the experimental data.
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Erofe’ev equation24 (eqn. 1), which is commonly used to
describe solid-state reactions.

aðtÞ ¼ 1� expð�ktnÞ ð1Þ

where a(t) ¼ fractional extent of reaction k ¼ rate constant
and n ¼ integer. A typical fit of the experimental TGA data
to the Avrami–Erofe’ev equation is shown in Fig. 6(b).
Empirically, it has been found that the value of n usually lies

between 2 and 4 and is described as comprising two compo-
nents, b and l. The component b represents the number of
steps involved in formation of nuclei and usually takes the
value 0 (corresponding to instantaneous nucleation) or 1 (sin-
gle step nucleation). The component l represents the number
of dimensions in which growth of the nuclei occurs and may
take a value of 1, 2 or 3. In this case, the best fit of the experi-
mental data is obtained for n ¼ 2. The data recorded at tem-
peratures above 70 �C can all be fitted to the Avrami–
Erofe’ev equation using the same value of n, within experimen-
tal error. The values of the rate constant k extracted at differ-
ent temperatures were then analysed using a variant of the
Arrhenius equation. A plot of ln k vs. 1/T (Fig. 7) has a gradi-
ent of �Ea/R, where Ea is the activation energy for the mass
loss from the solid. Applying a linear fit to the data presented
in Fig. 6 affords a value of 140 kJ mol�1 for the activation
energy of the observed process.
In order to determine the rate of structural change, the

transformation from 3 to 4 was studied using variable tem-
perature powder X-ray diffraction (PXRD). An initial diffrac-
tion pattern was recorded at room temperature and the sample
was then heated rapidly to the desired temperature. Further
diffraction data were then recorded at regular time intervals
at this temperature. This procedure was repeated at several dif-
ferent temperatures. In each case, the loss of the peaks charac-
teristic of the reactant phase 3 [Fig. 8(a, i)] coincides exactly
with the growth of a new set of peaks characteristic of the pro-
duct phase 4 [Fig. 8(a, ii)]. The PXRD pattern recorded using a
sample of the material recovered from the TGA heating experi-
ments described above is identical to the diffraction pattern
obtained at the end of the high temperature PXRD experi-
ments. The structural change observed by PXRD was reprodu-
cible and occurred within 1 h at 100 �C. The rate of change in
the identity of the crystalline phases present may be followed
by observing the loss of reflections characteristic of the reac-
tant phase {3}3 , and the concurrent growth of reflections char-
acteristic of the product phase {4}4 . Fig. 8(b) shows the

PXRD pattern in the range 8 < 2y < 13� recorded before,
during and after heating. As the peaks in this region are parti-
cularly well resolved, they were used to follow the course of the
reaction. A graph of peak intensity vs. time (Fig. 9) demon-
strates that the product phase {4}4 is formed more rapidly at
higher temperatures, as expected. Although the reaction
reaches completion within 2 h at 80 �C and above, at lower
temperatures, the reaction rate decreases significantly and
some amount of the reactant phase {3}3 is still present, even
after 18 h below 60 �C. The kinetic data obtained from the
PXRD experiments can also be fitted to the Avrami–Erofe’ev
equation. In this case, the best fit to the experimental data is
obtained when n ¼ 1, in contrast to the TGA data, which were
best fitted using n ¼ 2. This difference can be explained by
recalling that the two different techniques (TGA and PXRD)
actually observe different aspects of the solid-state transforma-
tion (processes I and II respectively) and, as discussed above,
the kinetic and mechanistic aspects of these processes are not
necessarily related to each other. We note that the PXRD data
provide no evidence for the existence of any intermediate solid
phases other than { }3 and { }4 , in support of the scheme
shown in Fig. 5. The fact that the rate of loss of the reactant
crystalline phase { }3 and the rate of generation of the product
crystalline phase { }4 are comparable (from the PXRD data,
see Fig. 8) is also consistent with the suggestion that no inter-
mediate phases are involved in the solid-state transformation.
From comparison of the TGA and PXRD results (for exam-
ple, compare Fig. 6(b) [TGA] and Fig. 9(a) [PXRD] for the

Fig. 7 Arrhenius plot (ln k vs. 1/T) for the mass loss due to the solid-
state transformation of 3 to 4 at temperatures higher than 70 �C. The
data are fitted by a straight line, the gradient of which is �Ea/R, where
Ea is the energy of activation for the process (Ea ¼ 140 kJ mol�1).

Fig. 8 (a) The structural changes that occur during the solid-state
transformation from 3 to 4 are illustrated by a change in the powder
X-ray diffraction patterns recorded (i) at the start of the experiment
and (ii) after heating at 100 �C for 120 min. (b) The solid-state reaction
can be followed readily using the reflections in the range 8� 2y� 13�.
The changes in this region of the diffraction pattern are illustrated (i) at
the start of the experiment, (ii) after heating at 100 �C for 60 min and
(iii) after heating at 100 �C for 120 min.
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transformation at 100 �C), it is clear that the liberation of H2O
from the solid (process I) occurs substantially faster (by about
one order of magnitude at 100 �C) than the production of the
crystalline phase of the product {4}4 (process II). As with
many solid-state reactions, the scheme shown in Fig. 5 implies
that a solid solution [represented as {(x� 2y) 3/y 4/yH2O}3 in
Fig. 5 is formed intially within the crystal structure of the reac-
tant phase, followed by recrystallization (phase segregation) of
the reactant [{3}3] and product [{4}4] phases. However, our
results provide no information on the actual solubility of mole-
cules of 4 within the crystal structure of the reactant phase
{ }3 , and therefore provide no information on the value of
the extent of reaction a at which phase segregation occurs.

Solution phase reactivity

Thus far, the solid-state behaviour of 10-hydroxy-10,9-borox-
ophenanthrene 3 has been shown to be largely identical to that
of the analogous borazaaromatic compound 6. However,
investigation of the solution phase reactivity of boroxophen-
anthrene 3 reveals several significant differences. The 1H
NMR spectrum of 3 was discussed above and is in marked
contrast to that of 10-hydroxy-10,9-borazaphenanthrene 6. It
is already established that 10-hydroxy-10,9-borazaphen-
anthrene reacts slowly with other alcohols, such as benzyl
alcohol, to form the corresponding alkoxy esters. In order to

compare the solution phase reactivities of 3 and 6, we
attempted to follow the reaction between 3 and 4-methylbenzyl
alcohol 8 [Scheme 3(a)] in solution using 1H NMR spectro-
scopy. Equimolar amounts of 3 and 8 were dissolved in
CDCl3 , and stirred over 4 Å molecular sieves. Then, 300
MHz 1H NMR spectra of this solution were recorded at regu-
lar intervals. After approximately 3 min, the reaction had
reached almost 60% completion, but then showed a significant
decrease in rate. This observation indicates that nucleophilic
attack of benzyl alcohol at boron is an inherently fast reaction,
but suggests that the water formed during the reaction quickly
overwhelms the molecular sieves and acts to slow the forma-
tion of the ester 9. In order to eliminate this problem, we set
up a ‘‘ transesterification ’’ equilibrium between 10-(4-methyl-
benzyloxy)-10,9-boroxo phenanthrene 9 and a second nucleo-
phile, 4-tert-butylbenzyl alcohol 10 [Scheme 3(b)]. In this
case, no water is formed during the reaction and we would
therefore expect to observe the reaction without any decrease
in rate due to hydrolysis of the ester. 4-tert-butylbenzyl alcohol
was chosen as, in terms of nucleophilicity, it is similar to 4-
methylbenzyl alcohol. Hence, we anticipated that the reaction
rate observed would simply be a manifestation of the electro-
philicity of the boron atom, rather than any other factors such
as the nucleophilicity of the alcohol. The methyl- and tert-
butyl-substituted benzyl alcohols also have convenient reso-
nances in their 1H NMR spectra which aid the interpretation
of the equilibrium process by 1H NMR spectroscopy. A sam-
ple of 10-(4-methylbenzyloxy)-10,9-boroxophenanthrene 9 was
prepared by stirring a solution of 3 and 4-methylbenzyl alcohol
8 over 4 Å molecular sieves in CDCl3 under N2 for 2 days.
Once 1H NMR spectroscopy indicated that the condensation

Fig. 9 Powder X-ray diffraction data for the solid-state transforma-
tion of 3 to 4 recorded at (a) 100 and (b) 80 �C. The data are plotted
as peak intensity vs. time. Open circles represent the data for the reflec-
tion at 2y ¼ 9� (from 4) and filled circles represent the data for the
reflection at 2y ¼ 12� (from 3). Note the different scale for the x axes
in the two plots. The data give an excellent fit to the Avrami–Erofe’ev
equation with n ¼ 1.

Scheme 3
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reaction had gone to completion, the molecular sieves were
removed and an equimolar amount of 4-tert-butylbenzyl alco-
hol 10 was added. Variable temperature 1H NMR studies of
the equilibration reaction indicated that equilibrium is reached
within 3 min, even at �40 �C.

Conclusions

These experiments demonstrate conclusively that the solution
phase chemistry of 10-hydroxy-10,9-boroxophenanthrene 3 is
markedly different from that of the corresponding borazaaro-
matic 6. Compound 3 reacts with itself on heating only in the
solid state, whereas 6 forms the corresponding homoanhydride
both in the solid state and in solution. In the case of 3, the
solid-state dehydration reaction to form the homoanhydride
4 can be followed readily using techniques such as TGA and
PXRD. Although 3 does not react with itself in the solution
phase, it does react rapidly and reversibly with other nucleo-
philes. This reactivity is markedly different from that of 6,
which exists in equilibrium with its anhydride in the solution
phase, and does not readily undergo reactions with nucleo-
philes. We aim to exploit this complementary reactivity in
developing a series of bifunctional building blocks whose
assembly into large, complex structures is programmed by
the complementary reversible reaction of boroxo- and bor-
azaaromatics.

Experimental

General procedures

Diethyl ether was dried by refluxing over sodium–benzo-
phenone ketyl under a N2 atmosphere and collected by distilla-
tion. Hexane was dried by heating under reflux over calcium
hydride and distilled under N2 . All other solvents and reagents
were used as received. Thin layer chromatography (TLC) was
performed on aluminium or glass plates coated with Merck
Kieselgel 60 F254 . Developed plates were scrutinised under a
UV lamp. Melting points were determined on an Electrother-
mal 9200 melting point apparatus, and are uncorrected. Infra-
red spectra were recorded on a Perkin Elmer Paragon 1000
FTIR spectrometer using samples prepared as KBr discs. 1H
NMR spectra were recorded on either a Bruker AC300 (300
MHz) or a Bruker DRX500 (500MHz) spectrometer using
the deuterated solvent as the lock and the residual solvent peak
as the internal reference. 13C NMR spectra were recorded on a
Bruker AC300 (75.5 MHz) spectrometer using the PENDANT
sequence, also using the deuterated solvent as the lock and the
residual solvent peak as the internal reference. 11B NMR spec-
tra were recorded on a Bruker DRX500 (160.4 MHz) spectro-
meter, again using the deuterated solvent as the lock and
trimethyl borate as the internal reference. Electron impact
mass spectrometry (EIMS) and high resolution mass spectro-
metry (HRMS) were carried out on a VG Prospec mass spec-
trometer. Powder X-ray diffraction patterns were recorded on
a variable temperature Siemens D5005 diffractometer. All ele-
mental analyses (EA) were carried out either by SACS, Uni-
versity of North London or at the University of
Birmingham. Thermogravimetric analysis (TGA) experiments
(typical sample mass ca. 10 mg) were performed on a Perkin
Elmer TGA 6 thermogravimetric analyzer, and differential
scanning calorimetry (DSC) experiments (typical sample mass
ca. 5 mg) were carried out using a Perkin Elmer Pyris 1 differ-
ential scanning calorimeter.

Computational studies

Electronic structure calculations were performed on a Silicon
Graphics O2 workstation using SPARTAN.25 All calculations

were performed at the HF/6-31G(d,p) level of theory and all
molecular structures were optimised fully.

Determination of the solid-state structure of 4 from powder X-
ray diffraction data

The powder X-ray diffraction pattern of 4 was recorded at
22 �C on Station 2.3 at the Synchrotron Radiation Source,
Daresbury Laboratory, using a wavelength of 1.4000 Å. A
capillary sample holder was used, with the data recorded over
the 2y range 5 to 60� in steps of 0.01�. The powder X-ray dif-
fraction pattern was indexed by the program ITO,26 giving the
monoclinic unit cell: a ¼ 9.357, b ¼ 15.248, c ¼ 6.407 Å,
b ¼ 99.16�. On the basis of systematic absences, the space
group is assigned as P21/c, and density considerations suggest
that there are two molecules of 4 in the unit cell. In space
group P21/c (which has 4 general positions), this situation
implies that there is disorder of the molecules of 4 in the crystal
structure. To simplify the structural analysis, structure solu-
tion was carried out initially in space group P21 (with one
molecule of 4 in the asymmetric unit), with a view to exploring
subsequently whether the description in the higher symmetry
space group P21/c would be more appropriate.
Structure solution was carried out directly from the powder

diffraction data using the genetic algorithm (GA) method,27

which is based on the direct-space strategy for structure solu-
tion.28 In this strategy, trial crystal structures are sampled in
direct space, with the ‘‘quality ’’ of each trial structure assessed
by directly comparing the powder diffraction pattern calcu-
lated for the trial structure and the experimental powder dif-
fraction pattern. In the present work, this comparison is
made using the powder profile R-factor Rwp . In the GA
method, a population of trial structures is allowed to evolve
subject to the normal rules and operations (mating, mutation
and natural selection) that govern evolutionary systems.
In the GA structure solution calculation, the structural frag-

ment comprised all non-hydrogen atoms of the molecule,
which was constructed using standard bond lengths and bond
angles. The two boroxophenanthrene ring systems were main-
tained as rigid units, with the molecular conformation defined
by the two O–B–O–B torsion angles (variables t1 and t2) at the
centre of the molecule. Thus, the structure is defined by 8 vari-
ables {x, y, z, y, f, c, t1 , t2}, where {x, y, z} refers to the posi-
tion of the central oxygen atom, although in space group P21
the y coordinate may be fixed arbitrarily, representing a total
of 7 structural variables. The GA calculation involved the evo-
lution of 200 generations of a population of 100 structures. In
each generation, 100 offspring (obtained from 50 pairs of par-
ents) and 10 mutations were generated. In the evolution of the
population, the value of Rwp for the best structure in the popu-
lation dropped from ca. 38% in the first generation to ca. 21%
in the final generation.
The best structure solution (lowest Rwp in the final genera-

tion) was taken as the starting model for Rietveld refinement
using the GSAS program.29 The positions of all non-hydrogen
atoms were refined, with standard geometric restraints applied
to bond lengths and bond angles, and a common isotropic dis-
placement parameter was used for all atoms. In the final
stages, a preferred orientation parameter was refined. The final
Rietveld refinement gave Rwp� 8% and Rp� 11%.
Following successful Rietveld refinement in space group

P21 , the possibility of describing the structure in the higher
symmetry space group P21/c was explored, recalling that this
space group implies the introduction of disorder within the
crystal structure. In particular, addition of an inversion centre
to the structure refined in space group P21 corresponds to a
model involving disorder only in the position of the central
oxygen atom of the molecule of 4, with this atom disordered
between two sites of half occupancy, and in the occupancies
of the heterocyclic O and B atom positions (half occupancy
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of O and half occupancy of B in each case). These two posi-
tions of the central oxygen atom correspond to two different
molecular orientations (related by a 180� flip), such that the
positions of all atoms except the central oxygen atom are iden-
tical in the two molecular orientations. Rietveld refinement of
this structural model in space group P21/c was successful, and
gave rise to an equally good fit to the powder diffraction data
as the refinement discussed above in space group P21 .

Syntheses

10-Hydroxy-10,9-boroxophenanthrene 3. 2-Phenylphenol
(5.00 g, 29.4 mmol) was stirred at �78 �C (liquid N2–ethyl acet-
ate) in dry diethyl ether (50 cm3) under a N2 atmosphere. A
solution of boron trichloride (1 M in hexane) (35.3 cm3, 35.3
mmol) was added dropwise whilst keeping the temperature
below �70 �C. Once the addition was complete, the mixture
was allowed to warm to room temperature over 2 h and vola-
tile solvents were removed under reduced pressure (1 mm Hg).
Dry hexane (60 cm3) and anhydrous aluminium chloride (0.6
g, 4.4 mmol) were added to the solid residues and the reaction
mixture was then heated at reflux. After 3 h, the mixture was
allowed to cool, filtered through Celite

1

521 filter agent and
the solid residue washed with ether (50 cm3). The filtrate was
quenched with water (50 cm3) and the aqueous phase extracted
with ether (3� 100 cm3). The combined organic extracts were
dried (MgSO4) and concentrated under reduced pressure. The
resulting solid was recrystallised (ether–hexane) to afford 3 as
colourless crystals (3.10 g, 56%); found: C, 73.7; H, 4.8; calcd.
for C12H9BO2 : C, 73.5; H, 4.6%; m.pt.: 214–216 �C (as anhy-
dride) (lit: 205–206 �C17a); IR (KBr): nmax/cm

�1 3278br
(OH); dH (300 MHz, CDCl3) 8.12–8.20 (3H, m), 8.04–8.11
(1H, m), 7.48–7.76 (1H, m), 7.44–7.53 (1H, m), 7.34–7.42
(1H, m), 7.20–7.31 (1H, m), 4.72 (1H, br s); dC [75.5 MHz,
(CD3)2CO] 152.5 (quat, Ar), 141.1 (quat, Ar), 134.3 (CH,
Ar), 133.2 (CH, Ar), 129.8 (CH, Ar), 128.0 (CH, Ar), 124.5
(CH, Ar), 123.7 (quat, Ar), 123.3 (CH, Ar), 122.5 (CH, Ar)
and 120.2 (CH, Ar); dB (160.4 MHz; (CD3)2CO) 9.49; MS
(70 eV, EI) m/z: 196 (M+, 100) and 152 (10%); HRMS found:
196.06980; calcd for C12H9BO2 : 196.06956.

Bis-boroxophenanthryl ether 4. 10-Hydroxy-10,9-boroxophen-
anthrene (1.00 g, 5.1 mmol) was heated to 100 �C under
reduced pressure for 2 h to afford bis-boroxophenanthryl ether
(1.60 g, 4.3 mmol, 84%). Some sample was lost to sublimation,
as also observed during the TGA experiments. Solution phase
NMR spectra of 4 could not be recorded, as this compound is
very unstable to hydrolysis. Mass spectra were obtained by dry
application of the sample on to the probe tip; m.pt.: 214–
216 �C (lit: 205–206 �C17); MS (70 eV, EI) m/z: 374 (M+, 73)
and 198 (100%); HRMS found: 374.12673; calcd for
C24H16B2O3 : 374.12856.

10-(4-Methylbenzyloxy)-10,9-boroxophenanthrene 9. 10-
Hydroxy-10,9-boroxophenanthrene (19.6 mg, 0.1 mmol) and
4-methylbenzyl alcohol (12.2 mg, 0.1 mmol) were rigorously
dried under reduced pressure before dissolving in CDCl3
(pre-dried over 4 Å molecular sieves, 1 cm3). The mixture
was stirred over 4 Å molecular sieves for a further 72 h. The
solvent was removed under reduced pressure to afford 9 as a
white solid (30 mg, 99%); m.pt.: 82–84 �C; dH (300 MHz,
CDCl3) 8.09–8.20 (3H, m), 7.65–7.72 (1H, m), 7.39–7.46 (2H,
m), 7.34–7.36 (2H, m), 7.18–7.25 (4H, m), 5.35 (2H, s, CH2)
and 2.36 (3H, s, CH3); dC (75.5 MHz, CDCl3) 151.4 (quat,
Ar), 140.2 (quat, Ar), 137.4 (quat, Ar), 136.8 (quat, Ar),
133.6 (CH, Ar), 132.8 (CH, Ar), 132.4 (CH, Ar), 129.5 (CH,
Ar), 129.3 (CH, Ar), 129.0 (CH, Ar), 127.4 (CH, Ar), 127.3
(CH, Ar), 123.8 (CH, Ar), 123.3 (quat, Ar), 122.9 (CH, Ar),
121.6 (CH, Ar), 119.9 (CH, Ar), 65.3 (CH2) and 21.4 (CH3);

MS (70 eV, EI) m/z: 300 (M+, 100) and 285 (36%); HRMS
found: 300.16645; calcd for C20H17BO2 : 300.16601.

10-(4-tert-Butyl)benzyloxy-10,9-boroxophenanthrene 11. 10-
Hydroxy-10,9-boroxophenanthrene (58.8 mg, 0.3 mmol) and
4-tert-butylbenzyl alcohol (49.3 mg, 0.3 mmol) were dried
thoroughly under reduced pressure before being dissolved in
CDCl3 (pre-dried over 4 Å molecular sieves, 1 cm3). The mix-
ture was stirred over 4 Å molecular sieves for a further 72 h.
The solvent was removed under reduced pressure to afford
11 as a white solid (103 mg, 100%); m.pt.: 70–72 �C; dH (300
MHz, CDCl3) 8.15 (2H, d, 3J ¼ 9 Hz), 7.67–7.73 (1H, m),
7.30–7.54 (6H, m), 7.15–7.28 (3H, m), 5.38 (2H, s), 1.35 (9H,
s); dC (75.5 MHz, CDCl3) 151.4 (Ar), 150.5 (Ar), 140.1 (Ar),
136.6 (Ar), 133.5 (Ar), 132.2 (Ar), 128.9 (Ar), 127.2 (Ar),
127.0 (Ar), 125.4 (Ar), 125.2 (Ar), 123.6 (Ar), 122.7 (Ar),
121.4 (Ar), 119.8 (Ar), 65.0 (CH2), 34.5 (quat tBu) and 31.3
(CH3 ,

tBu); MS (70 eV, EI) m/z: 342 (M+, 100) and 285
(36%); HRMS found: 342.17980; calcd for C23H23BO2 :
342.17911.
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l ¼ 0.68850 Å at the Synchrotron Radiation Source (Daresbury
Laboratory) on Station 9.8, which is equipped with a Siemens
SMART CCD diffractometer. The structure was solved using
the program SHELXS (G. M. Sheldrick, SHELXS86, Program
for the Solution of Crystal Structures, University of Göttingen,
Germany, 1986) and refined using the program SHELXL
(G. M. Sheldrick, SHELXL92, Program for the Refinement of
Crystal Structures, University of Göttingen, Germany, 1993).
The positions of all non-hydrogen atoms were refined with
anisotropic displacement parameters, and all hydrogen atoms
(except the hydroxyl hydrogen atom) were placed in calculated
positions. Final refined R1 ¼ 4.71%, Rw ¼ 13.05%. Crystal
data for 1 at 150 K: C12H9BO2 , M ¼ 196.00 g mol�1, ortho-
rhombic, space group Pna21 , a ¼ 14.683(2), b ¼ 5.1589(7),
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