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’ INTRODUCTION

An important route to phosphazene polymers involves the
ring-opening polymerization (ROP) of [PCl2N]3 to the parent
polymer [PCl2N]n, which is then functionalized.1 The mecha-
nism of the ROP, which can take place both with or without a
catalyst or initiator, is still the subject of some controversy.1�3

We have embarked on a project to better understand the species
that have been proposed as intermediates in the ROP of
[PCl2N]3. Chart 1 shows four such species. Phosphazenium
ion 1 has been proposed as intermediate in the most commonly
accepted mechanism of the uncatalyzed ROP.1 Though species 1
never has been isolated, a base-stabilized hexacation, in which all
six chlorides of [PCl2N]3 were ionized, has recently been
reported.4 The phosphazenium ion 2 and the isomeric adduct
3 have been proposed as intermediates in the Lewis-acid (LA)
initiated ROP.5 In fact, compounds of structure 3, in which the
LA is a silyl cation are catalysts or initiators for the ROP and allow
it to proceed at room temperature.6 Ion 2 can be viewed as a
stabilized analog of 1 in which the Cl� anion is replaced by a
more weakly coordinating anion (LA(Cl)�). Interestingly, 2 also
has been proposed as an intermediate in the AlCl3-catalyzed
Friedel�Crafts substitution of [PCl2N]3.

7 Cation 4 has been
proposed in an alternative mechanism of the ROP to explain that
small quantities of water are required in the ROP.2,3 Structure 4 is
simply a variant of 3, in which the Lewis acid is H+.

It has been known for a long time that the nitrogen atoms of
[PCl2N]3 are weak Lewis and Br€onsted bases.8 Though a
number of reactions between [PCl2N]3 and Lewis acids had
been reported,9,10 it was only recently that such compounds have
been characterized well enough to know whether their structures
are 2�4 or other possibilities. We communicated our studies,

including crystal structures, of the adducts formed from the
reactions of [PCl2N]3 and the Lewis acids AlCl3, GaCl3 and
H+.11 Since then, crystal structures of adducts of Ag+, SiMe3

+,Me+,
and H+ have been reported.6,12 All these recent studies are
consistent with the structure 3 or its variant 4. Herein, we describe
complete characterization of the adducts [PCl2N]3 3MX3, includ-
ing variable-temperature NMR, dynamic NMR, multinuclear
NMR, and X-ray crystallographic studies.

’EXPERIMENTAL SECTION

General Procedures. All manipulations were performed under
argon, nitrogen, or vacuum using standard anaerobic techniques.13,14

The vacuum line had an ultimate capability of 2 � 10�4 Torr. The
atmosphere of the glovebox was routinely checked by a light-bulb test,
and the oxygen and moisture content inside the box was kept between 1
and 5 ppm. All glassware was dried in the oven overnight (∼120 �C).
Reaction apparati were either assembled hot and were immediately
subjected to vacuum on the Schlenk line or the hot glassware was placed
in the port of the glovebox and immediately evacuated before assembly
in the glovebox. The glassware used for the experiments was made with
virtually greaseless Fisher�Porter Solv-seal glass joints. High vacuum
valves on the flasks were purchased from Kimble�Kontes. Infrared
spectra were collected on a Nicolet Nexus 870 Fourier transform
spectrometer as Nujol mulls. Nujol mulls were prepared in the glovebox.
The mulls were placed in a desiccator and were not exposed to air until
they were placed on the spectrometer.
Materials. Hexane (Fisher) and methylene chloride (Fisher) were

purified by using the PurSolv solvent purification system made by
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ABSTRACT: Phosphazene polymers are classically synthesized by the
high-temperature, ring-opening polymerization (ROP) of [PCl2N]3 to
give [PCl2N]n, followed by functionalization of [PCl2N]nwith different
side groups. We investigated the interactions of [PCl2N]3 with Lewis
acids because Lewis acids have been used to induce the high-tempera-
ture ROP of [PCl2N]3. The reactions of [PCl2N]3 with MX3 (M =
group 13, X = halides), under strict anaerobic conditions gave adducts
[PCl2N]3 3MX3. Adducts were characterized by X-ray crystallography
and multinuclear and variable-temperature NMR studies, and mecha-
nistic understanding of their fluxional behavior in solution was achieved.
The properties of the [PCl2N]3 3MX3 adducts at or near room temperature strongly suggests that such adducts are not involved
directly as intermediates in the high-temperature ROP of [PCl2N]3.
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Innovative Technologies. Deuterated methylene chloride (99.9%) and
deuterated chloroform (99.8%) were purchased from Cambridge Iso-
topes, distilled three times over freshly activated 4 Å molecular sieves,
and stored under argon in foil-wrapped storage tubes in the glovebox.
C6D6 (Aldrich) was dried three times with freshly activated 4 Å
molecular sieves and stored under argon. Nujol was dried overmolecular
sieves and stored in the glovebox. 15NH4Cl (Cambridge Isotopes) and
PCl5 (Aldrich) were used as received. The nitrogen isotope composition
in the 15NH4Cl salt (97.02%

15N and 2.98% 14N) was determined using
FAB mass spectrometry. The synthesis of [PCl2

15N]3 was conducted as
described in the literature with minor modifications including the use of
the labeled 15NH4Cl. After careful sublimation at 60 �C for 17 days, the
31P NMR spectrum showed 98% [PCl2N]3 and 2% [PCl2N]4.
AgCB11H6Br6 (Strem) and the Aldrich products, BiCl3, BBr3, B(C6F5)3,
BCl3, PCl5, CS2, AgSO3CF3, triflic acid, and AgCB11H6Br6 (Strem)
were used as received. AlCl3, AlBr3, InCl3 (Aldrich), and GaCl3 (Strem)
were purified via sublimation and stored in the glovebox.
NMRSpectroscopy.NMR samples were prepared in the glovebox,

and all NMR tubes were flame-sealed under vacuum. In order tominimize
the presence of protonated impurities, NMR samples of [PCl2N]3 3MX3

were made within 24 h of the adduct’s preparation. The NMR spectra
were either taken immediately after the NMR samples were prepared or
the tube was kept frozen (liquid nitrogen) until the spectra were taken.
Routine NMR spectra were obtained using Varian Gemini 300 MHz or
INOVA 400MHz instruments at 25 �C. VTNMR data were obtained on
a Varian INOVA 400 MHz NMR spectrometer with a 5 mm switchable
probe. Proton NMR spectra were referenced to the residual proton
resonance in the deuterated solvent, and the 13C NMR spectra were
referenced to the solvent peak at 128.39 (3) ppm for C6D6, 54.00 (5)
ppm for CD2Cl2, and 20.4(7) ppm (CD3 resonance) for toluene-d8.
External references were used for the other nuclei: 0.15MH3PO4 solution
in deuterated solvent (0 ppm) for the 31P spectra, 0.2 M NH4NO3

solution in deuterated water (0 ppm) for the 15N spectra, and 1 M AlCl3
solution in deuterated water (0 ppm) for the 27Al spectra. 15N and 31P
NMRwere collected with continuous decoupling for NOE. The 31P�31P
homonuclear J-resolved spectrum (homo2DJ) of [PCl2

15N]3 3AlBr3 was
acquired at �60 �C using an 8.1 μs 31P π/2 pulse width, 0.365 s
acquisition time, and 1.5 s relaxation delay. A 2271 Hz spectral window
was used for the direct (31P) dimension, whereas a 150 Hz window was
used for the indirect (J) dimension. For each of the 256 t1 increments in
the indirect detection axis (f1), 32 transients were averaged. The datawere
extended to 768 points in the f1 dimension using linear prediction, zero
filled to provide a 4096 � 4096 data matrix, and processed using shifted
sinebell weighting functions.

X-ray Crystallography. In the glovebox, crystals were put into
Paratone oil on a slide. The slide was transported from the glovebox to
the instrument in a desiccator that was wrapped in aluminum foil. The
crystals were immediately mounted in low light, and the data collection
took place with the laboratory lights turned off.

Crystal structure data sets were collected on a Bruker Apex CCD
diffractometer with graphite-monochromated Mo KR radiation (λ =
0.71073 Å). Unit cell determination was achieved by using reflections
from three different orientations. An empirical absorption correction
and other corrections were done using multiscan SADABS. Structure
solution, refinement, and modeling were accomplished using the Bruker
SHELXTL package.15 The structures were obtained by full-matrix least-
squares refinement of F2 and the selection of appropriate atoms from the
generated difference map. Crystal data and structure refinement for
[PCl2N]3 3AlBr3 are given in Table 1 and those for [PCl2N]3 3AlCl3 and
[PCl2N]3 3GaCl3 are given in the Supporting Information.
Preparations of [PCl2

15N]3 3MX3 and [PCl2N]3 3MX3.
[PCl2N]3 3AlCl3 and [PCl2N]3 3GaCl3 were synthesized following
our published procedures.11 [PCl2

15N]3 3AlBr3 and [PCl2N]3 3AlBr3
were synthesized with a slight modification of the said procedures by
using AlBr3 instead. In order to avoid protonated impurities, high
vacuum line and glovebox techniques were used as much as possible
instead of the Schlenk line, and the above-mentioned precautions were
taken in the preparation of NMR samples. Because the three [PCl2N]3 3
MX3 (MX3 = AlCl3, AlBr3 or GaCl3) adducts are light sensitive, exposure
to light was minimized throughout all phases of the work. For AlCl3 and
AlBr3, the adduct syntheses can be done using either hexane or CH2Cl2
as solvent. However the adduct formation was observed only in hexane
for GaCl3. Caution: It has been reported that AlBr3 reacts exothermically
with CH2Cl2.

17,18 We have never observed such a reaction in these
systems when following our published procedures.11

[PCl2
15N]3 3AlBr3: Yield 83%. Mp: 177�178 �C. IR (Nujol

mull cm�1): 1301 (m), 1236 (m), 1194 (s), 1173 (vs), 1084 (w),
1020 (w), 942 (m), 851 (m), 757 (m), 722 (m), 688 (w), 667 (w), 640
(m), 626 (m), 609 (s), 525 (s). Anal. Calcd. for [PCl2

15N]3 3AlBr3: P,
15.05%; Al, 4.37%. Found: P, 15.13%; Al, 4.55%. 31P NMR (C6D6):
27.1 ppm (b, s), 16.8 ppm (b, s). 15N NMR (C6D6): 93.3 ppm (m,
unresolved). 27Al NMR (C6D6): 94.0 ppm (b, s, fwhm = 423 Hz).

[PCl2N]3 3AlBr3: Yield: 87%. Mp: 174�175 �C. 31P NMR (CDCl3)
at 0 �C: δ 26.7 ppm (d), 16.7 ppm (t). 27Al NMR (CDCl3) at 30 �C: δ
100.6 ppm (b, s).

[PCl2N]3 3AlCl3: Yield: 90%. Mp: 128�130 �C. 31P NMR (CDCl3)
at 0 �C: δ 26.8 ppm (d), 16.6 ppm (t). 27Al NMR (CDCl3) at 30 �C: δ
100.9 ppm (b, s).

[PCl2N]3 3GaCl3: Yield: 80%. Mp: 126�127 �C. 31P NMR (CDCl3)
at �55 �C: δ 25.28 ppm (d), δ 16.08 ppm (t).
Attempted Preparations of [PCl2N]3 Adducts with other

Lewis Acids. Using conditions similar to our published procedures,11

we attempted to make adducts with BiCl3, BBr3, B(C6F5)3, BCl3, PCl5,
CS2, AgSO3CF3, and triflic acid in hexane or with AgCB11H6Br6 in
toluene. In all cases, only unreacted starting materials were obtained.

’RESULTS AND DISCUSSION

The reaction of MX3 (MX3 = AlCl3, AlBr3 or GaCl3) and
[PCl2N]3 with rigorous exclusion of water gave 1:1 complexes as
colorless crystals (eq 1). Hexane was a useful solvent for the
preparation of all three adducts, but only the AlCl3 and AlBr3
adducts could be prepared in CH2Cl2. A published assertion
that the adduct [PCl2N]3 3GaCl3 could not be prepared may
have been due to the use of an inappropriate solvent.16

[PCl2N]3 3AlBr3 had been prepared in nonpolar CS2, and our
IR spectral data is in agreement with the data in this report.9a

Contrary to a previous report,9i we were unable to isolate

Chart 1. Proposed Intermediates in the ROP of [PCl2N]3
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compounds of other stoichiometries with AlCl3. However, the
previous work was done in air. No adducts other than the 1:1
could be isolated with AlBr3.

The three [PCl2N]3 3MX3 adducts had melting points that
were different from those of their respective reagents. The
adducts are insoluble in hexane, have some solubility in aromatic
solvents, and have good solubility in CH2Cl2 and CHCl3.

The three [PCl2N]3 3MX3 adducts were water and light
sensitive in solution and in the solid state. All NMR spectra
showed the presence of traces of protonated impurities. The
NMR tubes were prepared in a glovebox (whose atmosphere was
regularly tested) and flame-sealed under vacuum. However, it
appears that the flame-sealing of the tubes liberates water from

the glass walls, which gives rise to the protonated impurities. The
NMR spectra were either taken immediately after the NMR
samples were prepared or the tube was kept in liquid nitrogen
until the spectra were taken. The combination of chloro-
methanes with AlCl3 or AlBr3 gives a very reactive species,
sometimes called superelectrophiles, which may account for
the higher prevalence of impurities in CH2Cl2 and CHCl3.

17 It
has been reported that AlBr3 reacts exothermically with CH2Cl2
to give AlCl3 and CH2BrCl.

18 We observed no such reactions of
[PCl2N]3 3AlBr3 with CH2Cl2.

The reactions of [PCl2N]3 with other Lewis acids were
examined. It is clear that only stronger Lewis acids19 form
complexes with the weak base [PCl2N]3. A BCl3 adduct has
been proposed as an intermediate in the BCl3 initiated ROP of
[PCl2N]3.

5 We could not isolate such an adduct, even in hexane.
Adducts of [PCl2

15N]3 or [PCl2N]3 could not be isolated with
the Lewis acids BBr3, B(C6F5)3, InCl3, BiCl3, PCl5, AgSO3CF3,
and Ag(CB11H6Br6). The latter reaction was conducted in
toluene because of the low solubility of the silver reagent in
hexane. A low-resolution crystal structure of the product showed
a silver ion that was complexed to toluene rather than to
[PCl2

15N]3. Because a reaction that involved SbF5 and
[PCl2

15N]3 gave evidence by NMR spectroscopy for the forma-
tion of PF2 groups, reactions of [PCl2N]3 with other fluoride
containing Lewis acids were not examined. There is disagree-
ment in the literature on whether a reaction takes place between
[PCl2N]3 and SbCl5 at room temperature.9a,b Even after re-
peated attempts that included the use of freshly distilled SbCl5 in
an all glass vessel, the only complex we were able to isolate from
the reaction of SbCl5 with [PCl2N]3 was of structure 4 (Chart 1),
which forms in the presence of water or HCl. This will be
described in an upcoming publication.
X-ray Crystal Structures. The thermal ellipsoid plot for the

crystal structure of [PCl2N]3 3AlBr3 is shown in Figure 1, and
similar plots for [PCl2N]3 3AlCl3 and [PCl2N]3 3GaCl3 are given
in the Supporting Information. Selected distances and angles of
the three [PCl2N]3 3MX3 are given in Table 2. The asymmetric
units of [PCl2N]3 3AlCl3 and [PCl2N]3 3AlBr3 contain half of
two different molecules, whereas that of [PCl2N]3 3GaCl3 con-
tains two different molecules. In each case, the only statistically
significant differences between the different molecules are in the
dihedral angles of the nonplanar rings.
The three [PCl2N]3 3MX3 molecules have structure 3

(Chart 1). The Al�N bonds of [PCl2N]3 3AlCl3 (1.983(3) and
1.970(3), average = 1.977 Å) are shorter than those of
[PCl2N]3 3AlBr3 (1.995(3) and 1.992(3), average = 1.994 Å).
The latter distance is only slightly shorter than the Ga�N bonds
of [PCl2N]3 3GaCl3 (2.050(3) and 2.044(3), average = 2.047 Å).
The distances between group 13 and the nitrogen atoms are in
the range of dative bonds (M = Al, 1.94�2.10 Å;20 M = Ga,
1.95�2.20 Å16,21 in four-coordinate compounds). When com-
pared to distances in other MCl3 adducts of nitrogen-containing
bases, the M�N bonds of the three [PCl2N]3 3MCl3 (M = Al,
Ga) are relatively long and suggest weaker interactions. In
addition, the Al�N distances can be compared to those com-
puted for [PH2N]3 3AlF3 at 1.901 Å and for [P(OH)2N]3 3AlF3
at 1.896 or 1.949 Å (depending on the level of theory).22 In these
two adducts, both the Lewis acid and the Lewis base are stronger
than those in the three [PCl2N]3 3MX3 reported herein.
The phosphazene rings in the [PCl2N]3 3MX3 adducts have

slight chair-like structures in which the nitrogen atom bound to
the group 13 element (N(1)) and the opposite phosphorus atom

Table 1. Crystal Data and Structure Refinement for
[PCl2N]3 3AlBr3
empirical formula Al Br3 Cl6 N3 P3

formula weight 614.35

temperature 100(2) K

wavelength 0.71073 Å

crystal system monoclinic

space group P2(1)/m

unit cell

dimensions

a = 10.8919(12) Å R = 90�

b = 12.1067(14) Å β = 91.898(2)�
c = 12.1387(14) Å γ = 90�

volume 1599.8(3) Å3

Z 4

density (calculated) 2.551 Mg/m3

absorption coefficient 8.898 mm�1

F(000) 1144

crystal size 0.15 � 0.07 � 0.03 mm3

theta range for

data collection

1.68�26.30�

index ranges �13 e h e 13,

�14 e k e 15,

�15 e l e 15

reflections collected 12824

independent reflections 3402 [R(int) = 0.0243]

completeness to

theta =26.30�
99.9%

absorption correction semiempirical from

equivalents

max and min transmission 0.766 and 0.547

refinement method full-matrix least-squares

on F2

data/restraints/parameters 3402/0/163

goodness-of-fit on F2 1.043

final R indices

[I > 2sigma(I)]

R1 = 0.0202, wR2 = 0.0450

R indices (all data) R1 = 0.0248, wR2 = 0.0465

largest diff. peak and hole 0.490 and �0.348 e Å�3
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are below and above the plane of the remaining ring atoms
(Figure 1 b). The nitrogen atom bound to MX3 is bent away
from this plane (dihedral angles are AlCl3: 19.7� and 17.5�;
AlBr3: 21.2� and 19.3�; GaCl3: 21.6� and 20.0�) to a greater

extent than the opposite phosphorus atom (dihedral angles are
AlCl3: 11.3� and 3.5�; AlBr3: 13.8� and 11.5�; GaCl3: 7.8� and
13.9�). Because of the large difference of the latter dihedral
angle for the two molecules of [PCl2N]3 3AlCl3 and the two

Figure 1. (a) Thermal ellipsoid plot for the crystal structure of [PCl2N]3 3AlBr3. (b) Chair-like structure of [PCl2N]3 3AlBr3.

Table 2. Selected Distances (Å) and Angles in [PCl2N]3, [PCl2N]3 3AlBr3, [PCl2N]3 3AlCl3, and [PCl2N]3 3GaCl3

[PCl2N]3
a [PCl2N]3 3AlBr3 [PCl2N]3 3AlCl3 [PCl2N]3 3GaCl3

Al(1)�N(1) 1.995(3) Al(1)�N(1) 1.983(3) Ga(1)�N(1) 2.050(3)

Al(2)�N(4) 1.992(3) Al(2)�N(3) 1.970(3) Ga(2)�N(4) 2.044(3)

P�N distances that flank the nitrogen atom that is bound to MX3

P(1)�N(1) 1.6527(15) P(1)�N(1) 1.6515(15) P(1)�N(1) 1.644(3)

N(1)�P(1)#1 1.6527(15) N(1)�P(1)#1 1.6515(15) P(2)�N(1) 1.650(3)

N(4)�P(3)#2 1.6520(15) N(3)�P(3) 1.6527(14) P(4)�N(4) 1.646(3)

P(3)�N(4) 1.6520(15) P(3)#1�N(3) 1.6527(14) P(5)�N(4) 1.644(3)

P�N distances Other P�N bond distances

P(2)�N(1) 1.575(3) P(1)�N(2) 1.562(2) P(1)�N(2) 1.561(2) P(1)�N(3) 1.567(3)

P(2)�N(2) 1.575(4) P(2)�N(2)#1 1.576(2) P(2)�N(2)#1 1.572(2) P(2)�N(2) 1.567(3)

P(1)�N(2) 1.575(4) P(2)�N(2) 1.576(2) P(2)�N(2) 1.572(2) P(3)�N(2) 1.571(3)

P(3)�N(3) 1.563(2) P(3)�N(4) 1.560(2) P(3)�N(3) 1.576(3)

P(4)�N(3) 1.577(2) P(4)�N(4) 1.574(2) P(4)�N(6) 1.562(3)

P(4)�N(3)#2 1.577(2) P(4)�N(4)#1 1.574(2) P(5)�N(5) 1.563(4)

P(6)�N(6) 1.568(4)

P(6)�N(5) 1.576(4)

P�N�P angles for N bound to MX3

P(1)#1�N(1)�P(1) 117.01(17) P(1)#1�N(1)�P(1) 117.68(16) P(2)�N(1)�P(1) 118.3(2)

P(3)#2�N(4)�P(3) 117.85(16) P(3)�N(3)�P(3)#1 117.18(15) P(4)�N(4)�P(5) 118.1(2)

P�N�P angles Other P�N�P angles

P(2)�N(1)�P(20) 121.2(4) P(1)�N(2)�P(2) 123.77(17) P(1)�N(2)�P(2) 125.33(13) P(1)�N(3)�P(3) 123.9(2)

P(1)�N(2)�P(2) 121.5(3) P(3)�N(3)�P(4) 124.71(14) P(3)�N(4)�P(4) 124.48(13) P(2)�N(2)�P(3) 124.2(2)

P(5)�N(5)�P(6) 124.7(2)

P(4)�N(6)�P(6) 125.0(2)

N�P�N angles N�P�N angles

N(2)�P(1)�N(20) 118.3(2) N(2)�P(1)�N(1) 116.48(12) N(2)�P(1)�N(1) 116.48(11) N(2)�P(2)�N(1) 116.07(18)

N(1)�P(2)�N(2) 118.5(3) N(2)�P(2)�N(2)#1 115.79(15) N(2)�P(2)�N(2)#1 115.40(15) N(3)�P(1)�N(1) 115.37(18)

N(3)�P(3)�N(4) 116.14(12) N(4)�P(3)�N(3) 116.49(11) N(2)�P(3)�N(3) 115.87(18)

N(3)�P(4)�N(3)#2 115.21(16) N(4)�P(4)�N(4)#1 115.44(15) N(6)�P(4)�N(4) 115.60(19)

N(5)�P(5)�N(4) 116.11(19)

N(6)�P(6)�N(5) 115.51(19)
aRef 23.
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molecules of [PCl2N]3 3GaCl3, packing forces would appear to
be at least partially responsible for the ring bending.
In other ways, the structures of the three [PCl2N]3 3MX3

adducts are similar. The distribution of multiple bond character
in the rings of [PCl2N]3 3MX3 is more accurately shown in eq 1
than in drawing 3. The P�N bonds that flank the M�N bond
show single bond character, both at 1.6521(14) Å in
[PCl2N]3 3AlCl3, both at 1.6532(15) in [PCl2N]3 3AlBr3, and
ranging from 1.648(3) to 1.650(3)Å (average = 1.649 Å) in
[PCl2N]3 3GaCl3. The remaining P�N bonds show multiple
bond character ranging 1.561(2)�1.572(2) Å (avg. 1.567 Å) for
[PCl2N]3 3AlCl3, 1.562(2)�1.575(2) Å (average = 1.569 Å) for
[PCl2N]3 3AlBr3, and 1.566(4)�1.576(3) Å (avg. = 1.570 Å) for
[PCl2N]3 3GaCl3. Though theremay be a slight alternation in the
multiply bonded P�N distances, the values are all within
experimental error of one another. These distances are similar
to those in [PCl2N]3 (1.5795(16)�1.5822(17) Å, average =
1.581 Å23). The P�N�P angle at the nitrogen atom bound to
MX3 (all within 1.1� of 117.1�) is smaller than the P�N�P
angles at the free nitrogen atoms in the adducts (all within 1.1� of
124.5�) or in the free ring (average = 121.2�23). All N�P�N
angles in the three adducts (all within 0.8� of 115.9�) decrease
∼2� from those in the free ring (average = 118.41�).23 Similar
changes in ring geometry to those described above have been
observed for adducts of [PCl2N]3 and other phosphazene
rings.6,12,24

NMR Studies. The NMR studies were carried out on both
[PCl2

15N]3 3MX3 and [PCl2N]3 3MX3. The unlabeled species
provided spectra that were easier to model, whereas the 15N
labeled species allowed for more detailed characterization
through multinuclear NMR studies. Figure 2 shows the 31P
NMR spectra of the three [PCl2

15N]3 3MX3 adducts and that of
[PCl2

15N]3 in C6D6 solution at 25 �C. The spectral data of
[PCl2

15N]3 3MX3 are consistent with fluxional structures. The
31P chemical shifts of the adducts differ by no more than
7 ppm from the resonance for [PCl2

15N]3 at 20.6 ppm.25 Only
the spectrum of [PCl2

15N]3 3AlBr3 shows the two resonances
expected for a static adduct, but the broadness of the spectrum
indicates that an exchange process is taking place. The exchange
is fastest in the case [PCl2

15N]3 3GaCl3, as evidenced by the
sharp singlet resonance.
To study the fluxionality of the adducts without the added

complications of higher order coupling effects, 31P variable-
temperature (VT) NMR spectra of unlabeled adducts were
obtained. Figure 3 shows the 31P VT NMR spectra of
[PCl2N]3 3AlBr3 in CDCl3 obtained at 25 �C, 0 �C, �20 �C,
and�40 �C. The numbering scheme for the atoms in the crystal
structure (Figure 1) will be used to explain the NMR spectra. At

25 �C, two resonances at 27.1 ppm for P(1) and P(1A) and 16.9
ppm for P(2) were observed. However, the rate of exchange was
greater than the coupling constant, and no coupling was ob-
served. The J-coupling starts to appear at 0 �C. The resonance at
26.7 ppm became a doublet, and the resonance at 16.7
ppm became a triplet. The exchange was slow at �20 �C, and
all the expected J-coupling were observed with a well-resolved
doublet at 26.5 ppm and a triplet at 16.5 ppm along with a singlet
at 17.6 ppm. At �40 �C, the doublet was seen at 26.2 ppm,
whereas the triplet was at 16.2 ppm and the singlet was at 17.3
ppm. The singlet was due to protonated impurities in the
product. 31P VT NMR spectra of [PCl2N]3 3AlCl3 and
[PCl2N]3 3GaCl3 are shown in the Supporting Information.
[PCl2N]3 3AlCl3 and [PCl2N]3 3GaCl3 showed similar dynamic
behavior to that of [PCl2N]3 3AlBr3, although the exchange
process of [PCl2N]3 3GaCl3 was found to be faster than those
of [PCl2N]3 3AlCl3 and [PCl2N]3 3AlBr3.
A saturation transfer study of the 31P NMR spectrum of

[PCl2N]3 3AlCl3 was carried out to determine whether the
singlet due to the impurity was involved in the exchange process.
Selectively saturating the doublet resonance in the 31P NMR
spectrum of [PCl2N]3 3AlCl3 at �20 �C resulted in the satura-
tion of the triplet resonance but had no effect on the singlet
resonance. This showed that the doublet and the triplet reso-
nances of [PCl2N]3 3AlCl3 are involved in the exchange process,
whereas the singlet resonance of the impurity is not.
Classically, fluxionality in MX3-base adducts occurs by dis-

sociation of the MX3 from the base.26 MX3 as the monomer or
dimer can reassociate with the base. This intermolecular process
is shown in Figure 4 as the free MX3 route. The saturation

Figure 2. 31P NMR spectra at 25 �C in C6D6 (a) [PCl2
15N]3, (b)

[PCl2
15N]3 3GaCl3, (c) [PCl2

15N]3 3AlCl3, and (d) [PCl2
15N]3 3AlBr3.

Figure 3. 31P VT NMR spectra of [PCl2N]3 3AlBr3 in CDCl3 taken
between�40 and 25 �C. The singlet at∼18 ppm is due to an impurity.

Figure 4. Possible scenarios for the fluxionality of [PCl2N]3 3MX3.
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transfer study described above suggested that the exchange
process may be intramolecular. Because [PCl2N]3 has three
nitrogen sites, exchange could be due to movement of MX3

among the three sites in an intramolecular process. This is shown
in Figure 4 as the bound MX3 route. In addition, it would be
expected that the energy involved in the exchange process for the
free MX3 route should be significantly greater than that of the
bound MX3 route. In order to distinguish between the possibi-
lities, activation parameters of the [PCl2N]3 3MX3 exchange
system were obtained.
To derive the activation parameters of the [PCl2N]3 3MX3

exchange systems, band shape analyses were performed of the
31P variable-temperature (VT) NMR spectra of the systems.27

WinDNMR software28 was used for simulating the 31P VTNMR
spectra of all three [PCl2N]3 3MX3, and the rate constants of the
exchange were obtained at various temperatures. A typical
example of the simulation is given in Figure 5. Tables showing
the rate constants at various temperatures for [PCl2N]3 3MX3 are
given in the Supporting Information. Arrhenius plots and plots of
ln(k/T) vs 1/T using the rate constants gave the activation
parameters for the [PCl2N]3 3MX3 systems. Arrhenius plots and
plots of ln(k/T) vs 1/T of [PCl2N]3 3AlBr3 are shown in Figure 6,
and similar plots for [PCl2N]3 3AlCl3 and [PCl2N]3 3GaCl3 are
given in the Supporting Information.
Calculated activation parameters of [PCl2N]3 3MX3 in CDCl3

solution are listed in Table 3. The values of Ea,ΔH
q, andΔGq in

Table 3 are low and roughly comparable to a hydrogen bond. The
ΔH‡ values in Table 3 are about four times smaller than those
reported for the complete dissociation of MX3 complexes of
amines and pyridines and those computed for complete dissocia-
tion of [PH2N]3 3AlF3 and [P(OH)2N]3 3AlF3.

26,22 In agree-
ment with the saturation transfer experiment, these values
suggest that the exchange in [PCl2N]3 3MX3 is taking place
through the intramolecular-bound MX3 scenario rather than
through complete dissociation of the adduct (Figure 4). It is
not clear whether MX3 can move directly from one nitrogen site
to another of the [PCl2N]3 ring or whether MX3 binds to one or
more lone pairs on the chlorine atoms as it travels between the
different nitrogen sites. As expected on the basis of their Lewis
acidity toward hard donors,26 ΔH values follow the sequence
AlCl3 > AlBr3 > GaCl3.
The results from the above NMR spectral studies for

[PCl2N]3 3MX3 can be compared to those of other adducts of
[PCl2N]3 and to studies of MX3 adducts of borazines. Though
activation parameters of exchange for adducts other than
[PCl2N]3 3MX3 have not been obtained, it appears that quali-
tatively the rate of exchange is in the order Me+≈ SiR3

+ < AlCl3
< AlBr3 < GaCl3 < Ag

+≈H+, with only Me+ and SiR3
+ showing

static structures in solution.6,12 An intramolecular exchange
process in which the Lewis acid moves among the three Lewis
basic sites also was proposed to account for the solution
fluxionality of [RBNR0]3 3MX3 (MX3 = AlBr3 and GaCl3).

29

It should be noted that [PCl2N]3 3MX3 and [RBNR0]3 3MX3

have somewhat different structures. MX3 resides roughly in the
plane of the [PCl2N]3 ring in [PCl2N]3 3MX3, whereas AlBr3 is
above the plane of the [RBNR0]3 ring and is bound to the
π-type system.29,30

The 15N NMR spectra in C6D6 of [PCl2
15N]3 3MX3 showed

complex signals at 97.3, 93.3, and 95.9 ppm for AlCl3, AlBr3, and
GaCl3, respectively, all less than 7 ppm upfield from the resonance
of [PCl2

15N]3. The
27Al NMR spectra of [PCl2

15N]3 3AlCl3 and
[PCl2

15N]3 3AlBr3 showed broad resonances, consistent with
efficient quadrupolar relaxation at 107.1 ppm (Δυ1/2 = 662 Hz)

Figure 5. Simulation of 31P NMR spectrum of [PCl2N]3 3AlBr3 at
�40 �C in CDCl3 by WinDNMR Software. For clarity, the simulated
spectrum is offset by about 2 ppm. The simulated spectrumwas obtained
with a rate constant of 6.

Figure 6. (a) Plot of ln[k] vs 1/T of [PCl2N]3 3AlBr3 and (b) plot of ln(k/T) vs 1/T of [PCl2N]3 3AlBr3.

Table 3. Calculated Activation Parameters of the
[PCl2N]3 3MX3 Exchange in CDCl3

[PCl2N]3 3AlCl3 [PCl2N]3 3AlBr3 [PCl2N]3 3GaCl3

Ea (kJ mol�1 K�1) 45.7 40.4 36.8

ΔHq (kJ mol�1 K�1) 43.3 38.3 34.6

ΔSq (J mol�1 K�1) �55.7 �61.3 �52.8

ΔGq (kJ mol�1 K�1) 59.9 56.5 50.4
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and 94.0 ppm (Δυ1/2 = 423 Hz), which are shifted downfield ∼7
and∼14 ppm from the signal of (AlX3)2 (X = Cl, Br), respectively.
The 27Al chemical shifts are consistent with four-coordinate centers.
The 31P VTNMR spectra of [PCl2

15N]3 3AlBr3 in CD2Cl2 are
shown in Figure 7, and such spectra for [PCl2

15N]3 3AlCl3 and
[PCl2

15N]3 3GaCl3 are shown in the Supporting Information. As
in C6D6, at 25 �C the exchange in CD2Cl2 is slow enough to give
two separate resonances. The J-couplings start to appear at 0 �C.

At �60 �C, the exchange slows in comparison to the small J
coupling on the NMR time scale to show complex splitting
patterns: an AA0MXX0Y pattern is observed for P(1)/P(1A) at
26.2 ppm (XX0Y are the 15N atoms). A pair of weak signals in the
wings of this multiplet (near 26.55 and 25.75 ppm) are
evidence of these higher order coupling effects and a triplet
of triplets for P(2) at 16.5 ppm. These couplings are consistent
with the formulation [PCl2

15N]3 3AlBr3. Weaker resonances
due to free [PCl2

15N]3 and [PCl2
15N]3 3HAlBr4 are also

observed in the spectra.
In order to correctly assign all coupling constants for the

[PCl2
15N]3 3AlBr3 adduct, a 31P�31P homonuclear (two-

dimensional) 2DJ spectrum was obtained at�60 �C. Expansions
of the resonances for P(1)/P(1A) and P(2) are shown in
Figure 8. On the basis of Figure 8, the 16 peak multiplet at
26.2 ppm in Figure 7 for P(1) is due to a two-bond 31P�31P
coupling between (P(1)/P(1A)�P(2)) of 44.5 Hz (along F1),
and two slightly different one-bond 31P�15N couplings of�24.5
Hz (P(1)�N(2)) and�22.5 Hz (P(1)�N(1); the remainder of
the cross peaks in panel (a) of Figure 8 (and the extra splitting in
the 1D 31P spectrum) arise from strong coupling effects.31 The
slightly larger one-bond 31P�15N coupling is assigned to the
shorter P�N bond. The nine peaks for P(2) at 16.5 ppm in
Figure 7 are due to a 44.5 Hz two-bond 31P�31P coupling
between P(2) and the chemically equivalent P(1) and P(1A) and
a one-bond 31P�15N coupling between (P(2) and the chemically
equivalent N(2) and N(2A) of �18.8 Hz. For further confirma-
tion, spin simulation was performed using the couplings as they
were measured from the 2DJ spectrum. On the basis of prior
work on similar compounds, in the spin simulation, the following
were assumed: 2JNN and

3JPNwere negligible,
2JPP > 0,

32,33 1JPN < 0,
and the value of 2JP1�P1A was varied (this coupling was not
obtainable from direct measurement of spectral features, but
optimum results were obtained with 2JP1�P1A = 24.1 Hz).

’CONCLUSIONS

Three [PCl2N]3 3MX3 adducts have been synthesized from
[PCl2N]3 and MX3. The [PCl2N]3 3MX3 adducts are water and
light sensitive, and impurities of [PCl2N]3 3HMX4 are difficult to
avoid. The adducts have been characterized by their physical
properties and X-ray crystallography. VTNMR studies show that

Figure 7. 31P VT NMR spectra of [PCl2
15N]3 3AlBr3 in CD2Cl2 taken

at 25, 0,�20,�40, and�60 �C (a�e). The downfield signal is assigned
to the 31P nuclei nearest to the AlBr3 and the upfield signal to the 31P
nuclei furthest from the AlBr3. The smaller signals are assigned to
[PCl2

15N]3 3HAlBr4 and free [PCl2
15N]3. The traces f and g are

the expansions of the two major resonances at �60 �C at 26.2 (f) and
16.5 (g) ppm. Expansions of the regions from the simulated spectrum
�60 �C are shown as traces (h) and (i) (A 1.5 Hz line width is imposed
on the simulated spectrum).

Figure 8. Expansions from the 2D 31P�31P homonuclear 2DJ spectrum of [PCl2
15N]3 3AlBr3 in CD2Cl2 at�60 �C showing the twomajor resonances:

(a) 31P nuclei nearest the AlBr3 (P(1) or P(1A)) and (b)
31P nuclei furthest from the AlBr3 (P(2)). The streak in the upper left of the former spectrum is

a data processing artifact.
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the adducts are fluxional in solution. Calculated activation para-
meters suggest that the exchange in [PCl2N]3 3MX3 is taking
place through a scenario in which free MX3 is not generated. The
fragility of [PCl2N]3 3MX3 at or near room temperature suggests
that such adducts are not involved directly as intermediates in the
high-temperature ROP of [PCl2N]3 to give [PCl2N]n.
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