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Abstract: The reaction of the dimeric
phospha(���)zane [ClP(�-Npy)]2 (1)
(py� 2-pyridyl) with pyNHLi (2:1
equivalents, respectively) in THF/Et3N
leads to rapid formation of the bicyclic
nona-phospha(���)zane [{ClP(Npy)2}2-
{P2(Npy)}] (2). This novel rearrange-
ment can be rationalised by a mecha-
nism involving ™twisting (or swivelling)∫
of the central P(�-Npy)P fragment
of the presumed intermediate
[{ClP(�-Npy)2P}2(�-Npy)] (3), a process
that provides a fundamental mechanistic

relationship between the majority of
previously reported imidophosphos-
pha(���)zanes. This process is fundamen-
tally reliant on relief from ring strain on
going from the four-membered ring
units of 3 to the six-membered units of
2. The rearrangement observed for 1 is
suppressed on steric grounds by Me-

substitution of the pyridine ring at the
6-position, the dimeric phosphazane
[ClP(�-N-6-Me-py)]2 (4) (6-Me-py�
6-methyl-2-pyridyl) being formed al-
most exclusively in the 1:1 reaction of
PCl3 with 6-Me-pyNHLi. The syntheses
and X-ray structures of 1, 2 and 4 are
reported, together with 31P NMR spec-
troscopic and DFT calculational studies
of the conversion of models of 1 into 2.
The combined studies pinpoint relief
from ring strain as the key factor dictat-
ing the rearrangement.
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Introduction

The reactions of PCl3 with primary amines (RNH2), amine
hydrochlorides (RNH3Cl), amides (RNH�) or silylamides
[RN(SiR�3)2] give a range of phospha(���)zane products,
depending largely on the steric demands of the organic
substituents (R) and the stoichiometry of the reactions. The
commonest products are dimers of the type [ClP(�-NR)]2 (A,
Scheme 1),[1] which have been observed mainly with more
sterically demanding primary amines. Larger trimeric (B)[2]

rings have been obtained with less sterically bulky precursors.
Also of note are bicyclic (C),[2c, 3] adamantoid (D)[4] and
macrocyclic (E)[5] phosphazane cages, which are obtained by a

range of synthetic procedures for less sterically demanding
organic groups.

Although representative examples of phosphazanes A ±E
have been well characterised, few systematic studies have
focused on the mechanism of formation of these species and
the potential mechanistic relationship between them. In one
example, such a mechanistic relationship between a trimeric
arrangement B and a bicyclic arrangement C has been
established, the trimer [ClP(�-NMe)]3 being converted into
the bicyclic compound [Cl2P4(NMe)5] upon reaction with
MeN(SiMe3)2.[6] In addition, the dimer [{P(�-NiPr)}2-
(�-NiPr)]2 (of type E) was shown to revert to the more
thermodynamically stable adamantoid isomer (type D) upon
thermolysis in the solid state.[5a] Interestingly, the increased
steric demands of the organic substituents in the isostructural
dimer [{P(�-NtBu)}2(�-NtBu)]2 confer greater stability, and
the compound does not undergo rearrangement into the
adamantoid structure under similar conditions.[5b]

We recently showed that the 1:1 stoichiometric reaction of
the dimers [ClP(�-NtBu)]2 and [H2NP(�-NtBu)]2 in the
presence of Et3N leads to the almost quantitative formation
of the tetrameric macrocycle [{P(�-NtBu)}2(�-NH)]4[7] [struc-
turally related to the previously reported cyclic dimers [{P-
(�-NR)}2(�-NR)]2 (R� iPr, tBu)[5]] (Scheme 2). The selectivity
of this cyclisation reaction appears to result partly from preor-
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Scheme 2. Structure of the tetrameric macrocycle [{P(�-NtBu)}2(�-NH)]4.

ganisation of the dimeric precursors, both of which prefer
cis conformations in the solid state and in solution. However,
the isolation of minor amounts of the host ± guest adduct
[{P(�-NtBu)}2(�-NH)]5 ¥HCl from this reaction (containing a
macrocyclic pentamer) may also indicate that templating by
Cl� anions provides an additional factor favouring cyclisa-
tion.[8] Our interest in extending this synthetic approach to
other macrocycles of the type [{P(�-NR)}2(�-NH)]n has led us
to explore the synthesis of a broad range of dimers of the type
[ClP(�-NR)]2 (the fundamental starting materials for cyclisa-
tion). We present here a study
of the synthesis of the dimer
[ClP(�-Npy)]2 (1) (py� 2-pyr-
idyl) and the observation of
its surprising rearrangement
into the bicyclic complex
[Cl2P4(Npy)5] (2) in the pres-
ence of pyNHLi/Et3N. This ob-
servation, and the suppression
of the rearrangement in the
case of the dimer [ClP(�-N-6-
Me-2-py)]2 (4) (6-Me-2-py� 6-

methyl-2-pyridyl), provide a
key to the relationship between
many of the imidophosphazane
structural types previously ob-
served.

Results and Discussion

Synthesis and X-ray structures :
One target of our ongoing syn-
thetic studies of macrocycles
of the type [{P(�-NR)}2-
(�-NH)]n is the preparation of
species containing donor func-
tionality within their organic
substituents (R). However,
comparatively few of the di-
mers [ClP(�-NR)]2 (the neces-
sary starting materials for these
studies) have been fully charac-
terised previously and only one
of these species has donor func-

tionality present within the organic substituent.[1e] Pyridyl (py)
substituents seemed to us to be particularly suitable for this
purpose since their low steric demands should allow relatively
unhindered rotation within the dimeric constituents of the
macrocyles, therefore facilitating the coordination of their
donor N centres to metal ions within the macrocyclic cavities.

Pilot studies in this area concentrated on 2-pyridyl amine
substituents (pyN). Several synthetic approaches based on
conventional literature procedures were investigated, includ-
ing: i) reaction of 2-pyNH2 with PCl3 in THF, in the presence
of Et3N as the Br˘nsted base; ii) reaction of pyNH2 with PCl3
as the solvent. Both of these methods proved ineffective and
only intractable solids were obtained. Finally, a procedure
based on that developed by Roesky et al. in the synthesis of
[ClP(�-NDipp)]2 (Dipp� 2,4,6-(CF3)3C6H2) was adopted,[1d]

in order to minimise the likely complication of the pyridyl
substituent behaving as a Br˘nsted base. Accordingly, PCl3
was treated with pyNHLi (1:1 equivalents) in THF/Et3N at
�78 �C. However, following extraction and crystallisation of
the product with toluene, the phosphazanes [ClP(�-Npy)]2 (1)
and [Cl2P4(Npy)5] (2 ¥ toluene) are both obtained (Scheme 3)
(see Experimental Section). Compounds 1 and 2 can be
separated by careful fractional crystallisation from solutions
of the crude extract in toluene, with 1 being crystallised in the
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Scheme 1. Major structural types identified for imidophospha(���)zanes.
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Scheme 3. Formation of phosphazanes [ClP(�-Npy)]2 (1) and [Cl2P4(Npy)5] (2).



Oligomerisation of a Dimeric Phospha(���)zane 5723±5731

Chem. Eur. J. 2002, 8, No. 24 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0824-5725 $ 20.00+.50/0 5725

first batch and 2 being obtained as the major component of
the second batch (which is normally contaminated with 1).
Both compounds were initially characterised by elemental
analysis and by IR, 1H and 31P NMR spectroscopy. The 31P
NMR chemical shift for 1 at room temperature (a singlet at
�� 178.5) is particularly diagnostic, the value being similar to
that found for other dimers of the type [ClP(�-NR)]2 (e.g.,
R� tBu, �� 207.6). Two triplets are observed in the room-
temperature 31P NMR spectrum of 2 in toluene [�� 108.4
(P�Cl) and �� 64.6; J(PNP)� 7.3 Hz], indicating that only
one conformational isomer of 2 is present in solution. The low
value of the P�P coupling constant (J(PNP)) in cages of this
type has been attributed to the transoid orientation of the P
lone pairs within the cage.[3] The room-temperature 1H NMR
spectrum of 2 exhibits pairs of related, complex multiplets
(relative ratio 1:4) in the aromatic region. Presumably, these
pairs correspond to the two py ligand environments within the
eight-membered ring unit (4py) and the bridgehead (1py).

In an attempt to suppress the formation of the bicyclic
framework, the reaction was performed using 6-Me-2-pyNH-
Li (6-Me-2-py� 6-methyl-2-pyridyl) under similar conditions.
The 31P NMR spectrum of the crude toluene extract from this
reaction reveals that the dimer [ClP(�-N-6-Me-py)]2 (4) is
formed almost exclusively (Scheme 4). Only a minor amount

P

N

P

N

N

N

Cl Cl

PCl3   +  6-Me-pyNHLi
THF/Et3N

4

Scheme 4. Formation of dimer [ClP(�-N-6-Me-py)]2 (4).

of the presumed bicyclic product could be identified in this
mixture (�� 109.0 (t), 62.7 (t)). Compound 4 can be isolated
in a highly pure form by solvent reduction of the crude extract
under vacuum, followed by crystallisation at room temper-
ature (see Experimental Section). As in the case of 1, the 31P
NMR chemical shift of 4 (a singlet at �� 182.0) provided an
initial, strong indication of the formation of a dimeric
framework.

X-ray crystallographic studies were undertaken on 1, 2 ¥
toluene and 4. Details of the crystal data and structure
refinements are given in Table 1. Table 2 lists key bond
lengths and angles for the dimers 1 and 4 and Table 3 gives the
corresponding data for the bicyclic complex 2.

The structures of the dimers 1 (Figure 1) and 4 (Figure 2)
are as anticipated, both being composed of four-membered,
virtually planar P2N2 rings (maximum deviation 0.02 ä in both
complexes). The P�N bonds [range 1.711(3) ± 1.723(3) ä] and
P�N�P [100.4(7) ± 100.8(7)�] and N�P�N [79.3(1) ± 79.4(1)�]
angles within these ring units are very similar for both
compounds and typical of dimeric imidophosphazanes.[1] The

cis conformation of the Cl atoms with respect to the P2N2 units
in both compounds is also typical of the majority of
imidophosphazane dimers of this type[1] and is reassuring
with respect to their potential applications as precursors for
the target functionalised macrocycles. The pyridyl ring units in

Table 1. Crystal data and refinements for [ClP(�-Npy)]2 (1),
[Cl2P4(Npy)5] ¥ toluene (2 ¥ toluene) and [ClP(�-N-6-Me-py)]2 (4).

Compound[a] 1 2 ¥ toluene 4

empirical formula C10H8Cl2N4P2 C32H28Cl2N10P4 C12H12Cl2N4P2

MW 317.04 747.42 345.10
crystal system monoclinic triclinic monoclinic
space group P21/n P1≈ P21/c
T [K] 223(2) 203(2) 180(2)
unit cell parameters
a [ä] 9.237(4) 11.005(5) 10.0421(2)
b [ä] 12.327(3) 11.687(4) 12.0631(3)
c [ä] 12.743(3) 14.462(4) 13.0545(3)
a [�] – 73.04(2) –
b [�] 104.76(2) 86.71(3) 104.277(2)
g [�] – 78.96(5) –
U [ä3] 1403.0(7) 1746.1(11) 1532.56(6)
Z 4 2 4
�calcd [Mgm�3] 1.501 1.422 1.496
� [mm�1] 0.677 0.410 0.626
independent reflections 1943 4815 3506
Rint 0.022 0.043 0.029
R indices [I� 2�(I)], R1 0.038 0.060 0.031
WR2 0.076 0.137 0.078
R indices (all data), R1 0.060 0.127 0.039
WR2 0.150 0.189 0.082

Table 2. Selected bond lengths and angles for the dimers [ClP(�-NR]2
[R� py (1), 6-Me-py (4)].

1 4

bond lengths [ä]
P(1)�N(1) 1.721(3) 1.714(1)
P(1)�N(2) 1.711(3) 1.707(1)
P(2)�N(1) 1.711(3) 1.703(1)
P(2)�N(2) 1.723(3) 1.722(1)
P(1)�Cl(1) 2.095(2) 2.1073(6)
P(2)�Cl(2) 2.108(2) 2.1003(6)
C(11,21)�N(1,2) mean 1.403 mean 1.400
C(11,21):N(12,22) mean 1.338 mean 1.332

angles [�]
P(1)�N(1)�P(2) 100.7(2) 100.82(7)
P(1)�N(2)�P(2) 100.6(2) 100.35(7)
N(1)�P(1)�N(2) 79.4(1) 79.41(7)
N(1)�P(2)�N(2) 79.3(1) 79.31(6)
N�P�Cl mean 102.5 mean 102.5
max. P2N2 ring deviation 0.02 0.02

Table 3. Selected bond lengths and angles for bicyclic [Cl2P4(�-Npy)5] (2).

bond lengths [ä]
P(1)�N(1) 1.707(5) P(3)�N(1) 1.755(6)
P(1)�N(4) 1.716(6) P(3)�N(3) 1.748(5)
P(1)�Cl(1) 2.147(3) P(3)�N(5) 1.729(6)
P(2)�N(2) 1.692(5) P(4)�N(2) 1.754(6)
P(2)�N(3) 1.725(5) P(4)�N(4) 1.737(5)
P(2)�Cl(2) 2.138(3) P(4)�N(5) 1.708(5)

angles [�]
N�P�N range 94.8(3) ± 99.8(2) P�N�P range 125.2(3) ± 128.6(3)
N�P�Cl mean 100.1 �N range 354.9 ± 360.0
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Figure 1. Structure of dimeric 1.

Figure 2. Structure of dimeric 4.

1 and 4 lie almost in the same plane as the P2N2 rings, but are
tilted slightly in opposite directions (dihedral angle between
the pyridyl rings 10.2� in 1 and 9.4� in 4). This arrangement is
similar to the phenyl rings in [ClP(�-NPh)]2.[1a]

Cage molecules of 2 are composed of a P4N5 core, which
adopts a bicyclo-1,3,3-nonane arrangement (Figure 3). In
addition, there is one molecule of toluene in the lattice per
molecule of 2. The two fused P3N3 rings making up this
structure of 2 adopt twisted, half-chair conformations, with
the P�Cl bonds being orientated towards N(5), the bridge-
head 2-pyN group. The P�N bonds fall over a slightly larger
range [1.707(5) ± 1.755(6) ä] than those found in the dimers 1
and 4. However, there is no discernible pattern in the P�N
bond lengths within the P4N5 core of 2. The P�N�P [range
125.2(3) ± 128.6(3)�] and N�P�N [range 94.8(3) ± 99.2(2)�]
angles within 2 are considerably greater than the correspond-
ing angles in 1 and 4, indicating that relief from ring strain may
underpin the formation of the bicyclic framework from
dimeric 1. Although three compounds containing the same
P4N5 core structure have been structurally characterised
previously, none of these are directly comparable to 2 since
all examples in which the cage is not coordinated to a metal
centre are partially or completely oxidised at one or more of
the P atoms.[3] The P�N bonds are therefore generally shorter
(i.e., 1.664(2) ± 1.707(2) ä[3]) than in 2. In contrast, the P�N�P
and N�P�N angles in 2 are very similar to those found in the
previous examples.[3] The distorted, trigonal-planar geome-

Figure 3. Structure of the bicyclic cage 2.

tries of the N centres in 2 are typical of related P4N5 cages of
this type, the sum of angles about the N centres falling in the
range 354.9 ± 360.0�.

The mechanism of selection of macrocyclic and adamantane
alternatives : We were intrigued by the formation of the
apparently unrelated phosphazane frameworks of 1 and 2 and
wondered whether a mechanistic relationship might exist
between them. In order to determine this, the reaction of 1
(1 equivalent) with pyNHLi (0.5 equivalents) in THF/Et3N
was monitored by 31P NMR spectroscopy (Figure 4). The
addition of pyNHLi/Et3N to a solution of 1 at �78 �C results
in immediate formation of 2 (Figure 4a ± c), together with an
intermediate 3, which is characterised by two poorly resolved
doublets (at �� 158.2 and 121.1). The values of the chemical
shifts observed for 3 suggest that the two phosphorus
environments present in this species are similar to those
found in 2. In addition, the coupling constant for 3 (ca. 33 Hz)
is consistent with a (2J) P�N�P linkage. Holding the reaction
mixture at �78 �C for four hours results in an increase in the
amount of this intermediate relative to 2 (Figure 4c). Allow-
ing the reaction mixture to warm from �30 to 70 �C gives 2
together with other minor unidentified products (Figure
4d ± f).

The exact mechanism by which 1 is converted into 2 is still
open to debate. However, the involvement of the trimer
[ClP(�-Npy)]3[6] as an intermediate in this reaction appears
unlikely, since there is no obvious pathway by which 1 could
be converted into this species. A more plausible mechanism
involves the formation of the chain isomer of 2, [{ClP-
(�-Npy)P}2(�-Npy)] (3), by simple oligomerisation of the
dimer constituents of 1, followed by ™twisting∫ of the central
P(�-Npy)2 fragment (Scheme 5). Interestingly, it has been
shown previously that the reaction of PCl3 with PhNH2

ultimately results in the formation of a related chain product
[(PhNH)P(�-NPh)2P]2(�-NPh), by a stepwise pathway from
the dimeric diazadiphosphazane [(PhNH)P(�-NPh)]2.[1b] In
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addition, the thermal rearrangement of the macrocyclic dimer
[{P2(�-NiPr)2}2(�-NiPr)]2 into the adamantoid [P4(NiPr)6] can
be reappraised in the light of the observed conversion of 1
into 2, as also occurs by a similar ™twist∫ process (Sche-
me 6).[5a]

A number of factors complicate any attempt to suggest an
overall mechanistic scheme that might allow all the principal
phospha(���)zane structural types discussed at the beginning of
the introduction to this paper to be related to each other. In
particular, radically different synthetic procedures have been

employed in the preparation of these species. However, a key
observation from all previous studies that the structural type
obtained is strongly influenced by the steric demands of the
organic substituents provides a fundamental indication of
thermodynamic control in all of these cases. Combining the
observed rearrangement of 1 into 2 with these previous
reports[1±5] allows a plausible link between the principal
structural types to be proposed, the overall scheme being
shown in Figure 5. Depending on the steric demands of the
organic substituent (R), dimers (A) and/or trimers (B) can

Figure 4. Variable-temperature 31P NMR spectroscopic study of the reaction of 1 with pyNHLi/Et3N in THF [a) 1, �78 �C; b) �pyNHLi/Et3N, �78 �C;
c) � 78 �C, 4 h; d) � 10 �C; e) 25 �C; f) 70 �C].
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Figure 5. Proposed scheme relating the common types of imidophos-
pha(���)zane structures.

result initially, for example, from the reactions of PCl3 with
RNH2. The formation of the larger six-membered ring of B is
favourable only where the organic groups have relatively low
steric demands (e.g., Et or Me[2]), since the space available for
the accommodation of these groups decreases with increased
ring size. The formation of dimers in the majority of cases
results from the desire to minimise steric congestion, since a
four-membered ring unit maximises the space available for
more sterically demanding groups.[1] However, minimising
steric congestion occurs at the expense of increased ring strain
in these units.

We suggest that the ™twist∫ mechanism observed for the
conversion of 1 and 2 provides the pivotal mechanistic
pathway responsible for the ultimate selection of the macro-
cyclic (E) and adamantoid (D) alternatives. For sterically
demanding substituents, pathway I will be followed in which
the dimeric units are retained in
the intermediate C�, leading to
the formation of E. However,
for less sterically demanding
groups (such as py) relief from
ring strain results in rearrange-
ment of C� into the isomeric
bicyclic structure (C), in which
the organic substituents can be
accommodated within its fused
six-membered ring constitu-
ents. Although, to our knowl-

edge, no representative examples of the conversion of a
bicyclic cage (C) into an adamantoid (D) have been reported
previously, this process appears highly likely on the basis of
related studies. Specifically, it has been shown that the P4N5

cores of uncoordinated cages are conformationally flexible
and that such cages can readily be coordinated to transition
metals (TM) using their wing-tip P atoms as donor centres.[3b]

This process results in the formation of adamantane-like
cage structures containing P4N5TM cores. Alternatively, as
shown by Scherer et al., collapse of the macrocylic arrange-
ment (E) into the adamantane isomer (D) can also occur,[5a]

provided the organic groups (R) are not too sterically
demanding.[5b] It should be noted also that in one case a
trimer (B) has been shown to be a precursor for a bicyclic
structure (C).[6]

In order to provide further insights into the ways in which
steric factors and ring strain influence the structural arrange-
ment adopted, ab initio calculations were performed in an
effort to understand the energetics involved in the isodesmic
rearrangement of the chain isomer (C�) to the bicylic isomer
(C) (Scheme 7). This rearrangement is a pivotal one in the
proposed pathways outlined in Figure 5. Hydrogen and
methyl substituents (R) were used in the model calculations
to simulate the effect of different functional groups. Opti-
misation and frequency analysis were performed using the
Gaussian98 (G98) software program.[9] Two theoretical
models were used to determine the energetics involved in
the C� to C rearrangement: density functional theory (DFT)
using the B3LYP functional[10] and a MP2 model. In the DFT/
B3LYP model, the INT�ULTRAFINE parameter was
employed for the numerical grid whilst in the MP2 model
the core orbitals were kept frozen and doubly occupied. Two
basis sets were used, cc-pvdz basis[11] and a cc-pvtz basis,[12]

which were employed in both theoretical models.
Optimisation and frequency calculations were performed at

B3LYP/cc-pvdz, B3LYP/cc-pvtz andMP2/cc-pvdz onC� and C
when R�H, while for R�CH3, only the B3LYP model
combined with both basis sets was employed. The optimised
structures of C� and C obtained from B3LYP/cc-pvdz and
MP2/cc-pvdz are in close agreement; bond lengths are within
0.01 ä and angles are within 1� when compared with the P�N
cage structures. The only deviation between the two models
comes in the P�Cl bond length, for which the MP2 structure
gave a shorter bond length over the B3LYP structure in the
range 0.02 ± 0.04 ä; this is true for both optimised isomers.
The effect on changing the basis set (B3LYP model only) is
common to both optimised isomers (R�H and CH3) such
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that the P�N and P�Cl bond lengths are reduced by 0.02 ±
0.03 ä in going from a cc-pvdz basis to a cc-pvtz basis set.
Changing the basis set has little effect on the N�P�N, P�N�P
and N�P�Cl angles within C� and C optimised structures
(R�H and CH3). A direct comparison of experimental and
theoretical structures is not possible since the subsitutents
(R) differ, but comparing the B3LYP/cc-pvtz/R�CH3 of
the optimised isomer C with the experimental structure
of bicyclic [Cl2P4(�-Npy)5] (Table 3) shows a remarkable
similarity in the P�N cage. P�N bond lengths are within
0.02 ä of agreement between theory and experimental
data, with the B3LYP bonds lengths being longer. The
N�P�N angles were calculated in the range 99.5 ± 102.4�,
the P�N�P angles were calculated in the range 123.4 ± 129.4�
and N�P�Cl mean was calculated to be 101.6� ; these are
all in close agreement with the angle parameters given
in Table 3. The B3LYP/cc-pvtz model calculated a P�Cl
bond length that is roughly 0.08 ä longer than given in
Table 3.

Frequency analysis of the optimised structures obtained
from all model and basis set combinations calculated for
isomer C� (R�H and R�CH3) gave minimum structures on
the potential energy surface (PES). Care must be taken to
ensure the methyl hydrogen atoms are in a staggered
orientation for isomer C� otherwise in an eclipsed configu-
ration, an imaginary frequency is obtained with the B3LYP/
cc-pvtz optimised structure. This saddle point pertains to the
oscillation of the methyl groups on the P�N cage, not the
methyl on the bridge. For isomer C the frequency analysis was
somewhat more complicated. For this isomer (R�H), an
imaginary frequency was obtained for the optimised struc-
tures generated from the B3LYP/cc-pvdz and MP2/cc-pvdz
models. Subsequent analysis of this structure confirmed it to
be a transition state on the potential energy surface (PES).
The bridged hydrogen oscillates along the Cl�H�Cl plane.
The optimised structure obtained for isomer C (R�H)
calculated from the B3LYP/cc-pvtz model produces a mini-
mum on the PES. Minimum structures were confirmed,
generated from the B3LYP/cc-pvdz and B3LYP/cc-pvtz
models for isomer C (R�CH3).

Table 4 details the �E, �H and �G for the isomer
rearrangement (Scheme 7). The energetics are not presented
for the BL3YP/cc-pvdz/R�H and MP2/cc-pvdz/R�H struc-
tures, since this would involve the reaction of a local minimum
to a transition state on the PES, although the computed
energies predict this would be a favourable rearrangement
(C��C). As outlined in Table 4, the energetics of the
rearrangement of the chain isomer (C�) to the bicyclic isomer
(C) are always favoured, although by increasing the size of the
R group the process becomes less favourable; replacing

hydrogen with a methyl group decreases �E by 9.1 kcalmol�1

while �G is lowered by 9.7 kcalmol�1 at the B3LYP/cc-pvtz
level. Steric factors therefore appear to play an important role
in this rearrangement, and it is reasonable to imagine that
with even more sterically demanding substituents the ener-
getic balance may be shifted further towards C�. In addition,
although the entropy for the conversion of C� to C is
calculated always to be unfavourable, as the size of the
substituent increases from R�H to R�Me the entropy
favours the chain isomer C� and disfavours the rearrangement.

Conclusion

The study presented here has shown for the first time that
dimers of the type [ClP(�-NR)]2, the commonest structural
class of imidophospha(���)zanes, can be converted into bicyclic
cages by a presumed ™twist∫ mechanism. Placing this obser-
vation in the context of previous studies of other classes of
imidophospha(���)zanes, it is possible to suggest a plausible
mechanistic connection between the majority of structural
types identified so far, which explains the observed depend-
ence of the reactions on the steric demands of the organic
substituents. This proposed scheme accounts for the observed
selectivity between the macrocylic or adamantoid alterna-
tives. In the broader context of our ongoing studies of larger
macrocycles of the type [{P(�-NR)}2(�-NH)]n (n� 2), one
future prospect is the potential thermal rearrangement of
these species by a similar mechanism to that involved in the
conversion of 1 into 2, or for the similar rearrangement of the
dimeric macrocyle [{P(�-NiPr)2(�-NiPr)]2 into the adaman-
toid [P4(NiPr)6]. Such a scenario is depicted in Scheme 8 for a
tetrameric macrocyclic framework.

Experimental Section

PCl3 was freshly distilled prior to use and stored under argon subsequently.
Toluene and THF were dried by distillation over sodium/benzophenone
under N2 prior to the reactions. Compounds 2-amino-pyridine (2-pyNH2)
and 6-methyl-2-amino-pyridine (6-Me-2-pyNH2) were used as supplied
(Aldrich), without further purification. The products 1, 2 and 4 were air-
and moisture-sensitive. They were handled on a vacuum line using standard
inert-atmosphere techniques[13] and under dry, oxygen-free argon. The
products were isolated and characterised with the aid of a N2-filled glove
box fitted with a Belle Technology O2 and H2O internal recirculation
system. Elemental analyses were performed by first sealing the samples
under argon in air-tight aluminium boats (1 ± 2 mg) and C, H and N content
was analysed using an Exeter AnalyticalCE-440 Elemental Analyser.
P analysis was performed by spectrophotometric means. 1H and 31P NMR
spectra were recorded on a BrukerAM 400 MHz spectrometer in dry
deuterated THF and/or benzene. 1H NMR spectra were referenced to the
internal solvent resonances. 31P NMR spectra were referenced to an
external standard of 85% H3PO4/D2O.

Synthesis of 1 and 2 : nBuLi (13.4 mL, 1.5 moldm�3 in hexanes) was added
to a solution of 2-pyNH2 (1.882 g, 20 mmol) in THF (50 mL) at 0 �C.
Warming of the mixture to room temperature and stirring for 15 mins gave
a yellow solution of the lithiate. This solution was added dropwise to a
solution of PCl3 (1.75 mL, 20 mmol) in THF (60 mL) and Et3N (5 mL) at
�78 �C. Immediate precipitation of a white solid occurred. Themixture was
stirred at�78 �C for a further 2 h after full addition of the lithiate, and then
at room temperature for 12 h. The solvent was removed under vacuum and
the yellow residue extracted with toluene (60 mL) and filtered (Celite, P3)

Table 4. Energetics for isomer C��C rearrangement.

C��C �E[a, b] �H[b, c) �G[b, c)

B3LYP/cc-pvtz (R�H) � 18.5 � 19.1 � 15.8
B3LYP/cc-pvdz (R�CH3) � 11.6 � 12.6 � 8.4
B3LYP/cc-pvtz (R�CH3) � 9.4 � 10.4 � 6.1

[a] Includes zero-point energy. [b] Units in kcalmol�1. [c] At 298.15 K and
1 atm.
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to remove LiCl and Et3NHCl. The toluene was removed completely under
vacuum and the solid residue held under vacuum for 30 mins (10�1 torr) to
remove volatile components. The solid was dissolved in toluene (6 mL) and
heated into solution. Storage of the solution at room temperature (12 h)
gave large yellow blocks of 1. The first batch yield was 0.68 ± 0.93 g (21 ±
29% on the basis of P supplied). Further crystallisation gave 2 ¥ toluene as
yellow rods, which were generally contaminated with small amounts of 1
(0.21 ± 0.30 g).

Compound 1: M.p. 170 �C; IR (Nujol, NaCl): �� � 3050 (w) (C�H str, aryl),
1587 (s) (C :N str), 1567 (s) (C :C str), other bands at 1295 (s), 1238 (s), 1154
(m), 1104 (m), 1050 (w), 994 (s), 944 (s), 921 (s), 778 (d.s), 734 (d.s),
690 cm�1 (d.s); 1H NMR (400.16 MHz, [D6]benzene, �25 �C): �� 8.11 (m,
1H; C(6)�H), 6.93 (m, 1H; C(5)�H), 6.42 (m, 2H; C(3,4)�H]; 31P NMR
(161.975 MHz, [D6]benzene, �25 �C): �� 178.5 (s); MS (EI): m/z : 316.0
[MH�] (50%); elemental analysis calcd (%) for 1 (317.04): Cl 22.4, P 19.5;
found: Cl 22.0, P 18.3.

Compound 2 : M.p. 196 �C; IR (Nujol, NaCl): �� � 3055 (w) (C�H str aryl),
1587 (s) (C�N str), 1570 (s) (C�C str), other bands at 1239 (s), 1150 (w),
1102 (w), 1047 (w), 997 (s), 972 (s), 939 (s), 921 (s), 908 (s), 889 (m), 776
(d.m), 730 cm�1 (m); 1H NMR (400.16 MHz, [D6]benzene, �25 �C): ��
8.27 (m, 1H), 8.05 (m, 4H), 7.59 (d, 4H), 7.35 (d, 1H), 7.24 (m, 5H;
C6H5CH3), 7.12 (m, 8H), 6.98 (m, 2H), 2.19 (s, 3H; C6H5CH3), the pairs of
multiplets at 8.27/8.05, 7.59/7.35 and 7.12/6.98 have identical appearances;
31P NMR (161.975 MHz, [D6]benzene, �25 �C): �� 108.4 (t), 64.6 (t,
2J(PNP)� 7.3 Hz); elemental analysis calcd (%) for 2 ¥ toluene (747.42):
C 51.4, H 3.7, N 18.7, Cl 9.5, P 16.6; found: C 48.7, H 3.8, N 17.9, Cl 9.8,
P 16.4.

Synthesis of 4 : nBuLi (13.4 mL, 1.5 moldm�3 in hexanes) was added to a
solution of 6-Me-2-pyNH2 (2.163 g, 20 mmol) in THF (40 mL) at 0 �C.
Warming of the mixture to room temperature and stirring for 15 mins gave
a yellow solution of the lithiate. This solution was added dropwise to a
solution of PCl3 (1.75 mL, 20 mmol) in THF (60 mL) and Et3N (5 mL) at
�78 �C. Immediate precipitation of a white solid occurred. Themixture was
stirred at �78 �C for a further 2 h after full addition of the lithiate and then
at room temperature for 12 h. The solvent was removed under vacuum and
the yellow residue extracted with toluene (60 mL) and filtered (Celite, P3)
to remove LiCl and Et3NHCl. The solvent was removed under vacuum and
a yellow precipitate was formed after removal of approximately 30 mL of
toluene. The solid was dissolved by heating to approximately 70 �C. Storage
of the solution at room temperature (12 h) gave large yellow rods of 4.
Removal of a further 10 mL of solvent and storage of the solution at room
temperature gave a further batch of 4. Total yield 1.01 g (29%); M.p.
161 �C; IR (Nujol, NaCl): �� � 1594 (s) (C :N str), 1570 (s) (C :N str), other
bands at 1255 (s), 1241 (s), 1234 (m), 1166 (s), 1159 (s), 1095 (s), 1060 (m),
994 (s), 964 (s), 925 (m), 824 (s), 807 (m), 785 (m), 782 cm�1 (m); 1H NMR
(400.16 MHz, [D6]benzene, �25 �C): �� 6.91 (t, J(H,H)� 7.4 Hz, 1H;
C(4)�H), 6.28 (dd, J(H,H)� 2.6, 7.8 Hz, 2H; C(3,5)�H), 2.23 (s, 3H; Me);
31P NMR (161.975 MHz, [D6]benzene, �25 �C): �� 183.3 (s); elemental
analysis calcd (%) for 4 (345.10): C 41.8, H 3.5, N 16.2, Cl 20.6, P 18.0;
found: C 38.2, H 3.6, N 15.4, Cl 19.8, P 17.6.

X-ray crystallographic studies of 1, 2 ¥ toluene and 4 : Crystals of 1, 2 and 4
were mounted directly from solution under argon using an inert oil which
protected them from atmospheric oxygen and moisture.[14] X-ray intensity

data were collected using a BrukerP4
four-circle diffractometer (for 1 and 2)
or a Nonius Kappa CCDC diffractom-
eter (for 4). Details of the data collec-
tions and structural refinements are
given in Table 1. The structures were
solved by direct methods and refined
by full-matrix least squares on F 2.[15]

Atomic coordinates, bond lengths and
angles and thermal parameters for 1, 2
and 4 have been deposited with the
Cambridge Crystallographic Data
Centre.

CCDC-188038 (1), -188039 (2 ¥ to-
luene) and -188040 (3) contain the
supplementary crystallographic data
for this paper. These data can be
obtained free of charge via

www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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