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The 31P MAS NMR spectrum of solid Li3P7(monoglyme)3 has
been reinvestigated over a wide temperature range (−70 to +77◦C)
and under conditions of better resolution (Larmor frequency of
162 MHz and spinning rate of∼30 kHz) than previously measured
(121 MHz and 13 kHz). At low temperatures three spinning side-
band (ssb) manifolds are observed: a singlet (centered at−45 ppm
relative to 85% H3PO4) due to the apical atom (A) of the P7-cage
trianion; a 1 : 1 : 1 triplet (at −110, −117, and −124.5 ppm) due
to the negatively charged equatorial (E) atoms, and a one to two
doublet (at −161 and −168.5 ppm) due to the basal (B) atoms.
These results are consistent with the P7 cage having nearly, but not
perfect, C3v symmetry. The compound appears to be well ordered in
the solid state with very little structural dispersity. On heating, the
NMR lines broaden and eventually coalesce into a single ssb mani-
fold. This behavior is ascribed to bond-shift rearrangement similar
to the Cope rearrangement in bullvalene. A MAS 2D exchange ex-
periment and a quantitative analysis of the 1D NMR lineshapes
indicate that, unlike in solution where the rearrangement involves
a single bond shift at a time, in the solid the process involves a suc-
cession of two bond shifts: The first leads to an intermediate species
in which the rearranged P7 cage is inverted, while in the subsequent
step a second bond shift takes place that also restores the original
orientation of the cage in the lattice. The overall effect of the dou-
ble bond shift is equivalent to cyclic permutation of the phosphorus
atoms within the five member rings of the P7-cage. The quantitative
analysis of the dynamic lineshapes shows that this cyclic permuta-
tion proceeds at a different rate in one ring (k1

d) than in the other
two (k2,3

d ). The kinetic parameters for these processes are E1
a =

18.7 kJ/mol, E2,3
a = 58.0 kJ/mol, k1

d(17◦C) = k2,3
d (17◦C) = 104 s−1.

No indications for independent threefold molecular jumps of the P7

cage were found. C© 2001 Elsevier Science
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1. INTRODUCTION

In a recent publication Senet al. (1) have described and ana
lyzed the magic angle spinning (MAS)31P NMR spectra of solid
Li3P7(monoglyme)3 (henceforth we refer to the quoted paper
I and to the compound as Li3P7(mg)3). The results revealed
the presence of an interesting rearrangement process, b
mechanism could not be fully analyzed because of poor spe
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resolution. In the present work we revisit this system using
highly improved experimental setup, which provided much b
ter resolved spectra that could quantitatively be analyzed. T
analysis yielded a complete description of the pathway of
rearrangement reaction.

The Li3P7(mg)3 compound belongs to the homologous seri
(2) of salts containing the P7-cage trianion, shown in the dia
grams of Fig. 1. This cage consists of seven phosphorus at
linked together into a basket shape of nearly C3v symmetry, with
one apical (A), three negatively charged equatorial (E), and th
basal (B) atoms. The negative charges on the E atoms are c
pensated by three Li+ cations, which are ligated by the bidenta
ligand, monoglyme (CH3–OCH2CH2O–CH3). The compound
is sensitive to air and humidity and is soluble in a number
organic solvents, but does not crystallize well from solutions
was, in fact, claimed to be “X-ray amorphous” (3) and therefore
no direct structural information on Li3P7(mg)3 is available. On
the other hand, the NMR results, to be described below, indic
that Li3P7(mg)3 forms a well-ordered solid with, at most ver
little, structural dispersity. We therefore assume that its struct
is similar to that of the Li3P7(tmeda)3 homologue (tmeda=
tetramethylethylenediamine), whose structure has been de
mined by X-ray (4). On this basis, we assume that the Li catio
are each coordinated, pseudo tetrahedrally, to two E phosph
atoms and two oxygens of a monoglyme ligand. They are
cated, approximately, on the bisectors of the equatorial trian
and form a “belt” around the P7 cage, as shown schematicall
in Fig. 1A. These assumptions have no consequences on
conclusions derived below. The31P MAS spectra, reported in I,
exhibit, at low temperatures, three sets of spinning sideband (
manifolds. On the basis of earlier solution studies (5–7) they
were identified as being due to the apical (centered at−43 ppm
relative to 85% H3PO4), equatorial (−119 ppm), and basal
(−167 ppm) phosphorus atoms. The equatorial signals exhib
a nonsymmetric triplet structure which was interpreted in I as d
to the residual dipolar splitting (8) between the phosphorus E
atoms and the quadrupolar Li nuclei.

Above about−40◦C line broadening was found to sets in (1),
leading to coalescence and eventually, above room tempera
7 1090-7807/01 $35.00
C© 2001 Elsevier Science
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FIG. 1. Structure and labeling of the P7 cage in solid Li3P7(mg)3. (A) Structure showing the positions of the Li+ ions. The loops represent the bidenta
monoglyme ligands and the− signs represent the negative charges on the equatorial phosphorus atoms. (B) The labeling of the phosphorus sites in the P7 cage. A,
E, and B stand for apical, equatorial, and basal atoms and the numbers label the three wings of the cage. (C) The orientations of the principal axes sysms (PAS)

of the anisotropic chemical-shift tensors of atoms 1B, 1E, and A. The orientations associated withδA

11 andδB
33 are parallel to the pseudo C3 axis of the P7 cage,δE

33◦ B E e wing defined by the atoms 1B, 1E, and A. The PAS of the other E and B atoms
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is tilted 56 from this axis, and the componentsδ11 andδ22 lie in the plane of th
are obtained from those of 1E and 1B by appropriate threefold rotation.

to a single ssb manifold. This effect is clearly due to a bond-s
rearrangement similar to the well-known Cope rearrangeme
bullvalene (9–11).

For the P7 cage the process involves the displacem
of electrons from two of the negatively charged equato
atoms to the nearby basal atoms (while in bullvalene a sim
displacement of electrons occurs, but involving double bon
See Scheme A. The bond-shift process in the P7 cage was
extensively studied in solutions of Li3P7(mg)3 by Baudleret al.
(5–7) and in I it was first shown to occur also in the solid sta
The quality of the MAS spectra in the latter work was, howev
not sufficient for a comprehensive analysis of the lineshape
terms of the detailed pathways of the bond-shift process. A
under the experimental conditions of I (relatively low spinni
rate) the lineshapes were not very sensitive to the assu
mechanism of the rearrangement process. Dynamic sp
were simulated for a wide range of pathways but none fi
satisfactorily the experimental results. For lack of alterna
conclusions a concerted single bond-shift/reorientation me
anism, analogous to that found in solid bullvalene (10–12) was
finally adopted and kinetic parameters for this mechanism w
estimated from the dynamic lineshapes (1).

In the present work we reinvestigate the Li3P7(mg)3 system
by 31P MAS NMR under significantly improved experiment
conditions. In particular, we use a higher magnetic field, c
SCHEME A. Bond-shift rearrangement in the P7 cage (A) and in bullva-
lene (B).
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responding to a31P Larmor frequency of 162 MHz, and app
a considerably faster spinning of almost 30 kHz (compare
121 MHz and 13 kHz, respectively, in I). These improved c
ditions resulted not only in a better signal sensitivity, but als
well-featured dynamic lineshapes that could readily be use
discriminate between different dynamic pathways. We have
performed 2D exchange experiments, the results of which a
full agreement with those derived from fitting the dynamic
spectra. The main conclusion of I, i.e., that the process res
sible for the dynamic line broadening of the31P NMR spectra
involves a bond-shift rearrangement, still holds. However,
details of the reaction pathway turned out to be quite differ
Rather than a single bond-shift in concert with molecular re
entation, as suggested in I, analysis of the results shows th
solid Li3P7(mg)3 the reaction pathway involves two consec
tive bond-shifts, with an inverted P7 cage as intermediate. Th
two-step bond-shift process corresponds to a cyclic permuta
of the phosphorus atoms within one of the five-member ri
(five rings) of the P7 cage. The NMR spectra indicate that t
symmetry of the P7 cage in solid Li3P7(mg)3 is almost, but not
perfectly, C3v, as also found by X-ray for the P7 cage in the
homologous Li3P7(tmeda)3 compound. The lack of perfect C3v

symmetry is reflected in the presence of different permuta
rates for the different five rings in the P7 cage.

2. EXPERIMENTAL

Li3P7(mg)3 was obtained from ACROS ORGANICS and w
used without further treatment. This sample came from a m
purer batch than used in I. In particular its31P MAS NMR
spectrum did not show the vexing impurity peak at 64 ppm
served in the previous work (1). The samples for the MAS NMR

measurements were prepared by packing the compound into
2.5-mm rotors in a glovebox flushed with dry argon. The rotors
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Table 1. Also included in the table are the exchange independent
A 31P MAS N

were sealed with ceramic caps and kept under argon before
The NMR measurements were performed on a Bruker AMX4
spectrometer operating at a31P frequency of 162 MHz. The tem
perature calibration was done for a number of spinning rates
ing the207Pb chemical shift in a reference Pb(NO3)2 sample (13).
However, for technical reasons, the calibration was carried
only several weeks after the measurements. This delay may
caused a relatively large systematic (constant) error in the
ported temperatures, of up to±(5–10)◦C. This uncertainty does
not affect any of the conclusions related to the mechanistic a
ysis of the results and only slightly affects the derived activat
parameters. The simulations of the dynamic MAS NMR lin
shapes were performed using the Floquet method (14, 15) as ex-
plained in I. A total of 13 Floquet states for each phosphorus a
were included in the calculations, resulting in 91× 91 Floquet
matrices, from which the dynamic lineshapes were compute

3. RESULTS AND DISCUSSION

3.1. The Low-Temperature Spectrum

Most MAS measurements reported in the present paper w
run at a spinning rate of almost 30 kHz. However, becaus
frictional heating, it was not possible to cool the sample be
about−60◦C at this spinning rate, so that at lower temperatu
slower spinning had to be used. Such a spectrum is shown i
top trace of Fig. 2. It was recorded at−70◦C with a spinning rate
of 16.4 kHz. At this temperature range there is essentially no

FIG. 2. Experimental31P MAS NMR spectra of solid Li3P7(mg)3. Top:
Recorded at−70◦C (spinning rate, 16.4 kHz; number of scans, 4; recycle tim
240 s; line broadening parameter, 50 Hz). Bottom: Recorded at−60◦C (spin-

ning rate, 29.45 kHz; number of scans, 8; recycle time, 90 s; line broaden
parameter, 50 Hz). The assignments of the center bands are indicated o
bottom trace.
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change broadening and, for the particular spinning rate cho
there is no overlap between the various ssb. The center ba
as well as the first and, for most peaks also, higher order
are observed. They were identified as such by recording a
tional spectra at slightly different spinning rates. The bands
to the apical (A), equatorial (E), and basal (B) atoms are w
resolved and can readily be identified. For the apical ato
only weak first order (and no higher order) ssb are observ
because of their relatively small chemical shift anisotropy. E
dently, while peak A is a relatively sharp singlet, the equato
band consists of a1 : 1 : 1, nearly equally spaced (∼1.1 kHz)
triplet and the basal signal exhibits an unresolved 1 : 2 doub
Similar although less resolved splittings were also observe
I. There, the splitting was ascribed to the residual dipolar
teraction between the phosphorus (I = 1

2) and the quadrupola
6Li/ 7Li nuclei (S = 3

2). This interpretation does not seem
hold, however. An estimate of the expected splitting,1, due to
this effect can be calculated from the expression (8)

1 ∼ χD/νS, [1]

whereχ is the quadrupolar coupling constant of theS spins,
D is the dipolar interaction, andνS is the Larmor frequency
of the S spins. Considering the equatorial atoms and inser
reasonable values for the various parameters (χ (Li) ∼ 50 kHz,1

D(Li-P)∼ 2 kHz) yields1∼1 Hz, which is much too small to
account for the observed splitting. Also, if the splitting we
indeed of such a second-order dipolar origin, it should h
been smaller in the present spectrum, which was recor
at a higher magnetic field than in I. In fact, the splitting
somewhat larger. The observed splitting is also not consis
(much too large) to be ascribed to scalar couplings betw
the phosphorus nuclei in the P7 cage. These interactions we
measured in solution (6) and found to be∼400 Hz and less.

We are thus led to conclude that the splittings of the E a
B bands reflect the inequivalence of the three equatorial
three basal phosphorus atoms and are due to slight differe
between their isotropic chemical shifts. This implies that the7

cage lacks perfect C3v (or even C2v) symmetry. At the same time
the well-resolved triplet structure of the E band indicates t
the system (even though perhaps not crystalline) is ordered
that all cages have essentially the same packing environm
with at most very little structural dispersity. The structure of t
basal signal (1 : 2 doublet) can be explained in terms of one se
arate and two, almost overlapping, peaks. As another exam
we show in the bottom trace of Fig. 2 a spectrum measured
−60◦C and a spinning frequency of 29.45 kHz. It may be se
that some exchange broadening has already set in at this tem
ture, but the peaks are still well resolved. These and several o
low-temperature spectra were subject to a Herzfeld–Berger
analysis (16), yielding the chemical shift tensors summarized
ing
n thelinewidths of the various peaks, obtained by best fitting the re-
sults to calculated spectra. The anisotropic parts of the chemical
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TABLE 1
Chemical Shift Tensors and Linewidth Parameters for the Phosphorus Nuclei in Solid Li3P7(mg) a

3

A 1E 2E 3E 1B 2B 3B

δiso
b −45 −110/−108 −117/−119 −124.5/−123 −168/−166 −161/−159 −169/−174

δ11 126 249 249 249 255 255 255
δ22 −63 −21 −21 −21 45 45 45
δ33 −63 −228 −228 −228 −300 −300 −300
1 1

2

c 320 320 320 320 370 370 370

a The isotropic chemical shifts are in ppm relative to 85% H3PO4. Theδi i are the principal values of the anisotropic chemical shift tensors in the correspo
principal axis system, so thatδ11+ δ22+ δ33 = 0. The principal directions for 1E, 1B, and A are shown in Fig. 1C. Those for the other E and B atoms are
to the latter by appropriate threefold rotations.

b The double entries indicate the range of the isotropic chemical shifts used to optimize the fit of the dynamic data. The left and right entries correspd to the
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−70 and−4◦C spectra, respectively. Within this rangeδiso was changed linearl
c Half width at half maximum height, in Hz, as obtained by fitting the low-

shift tensors are essentially identical to those calculated in I,
here we have also identified the isotropic chemical shift of
different E and B atoms. The determination and assignmen
the isotropic chemical shifts of the three B atoms are based
the analysis of the dynamic spectra, to be described in the
section. For this analysis we needed the principal directions
the anisotropic chemical shift tensors. These we have ado
from I, where they were obtained from quantum mechani
calculations. They are reproduced in Fig. 1C.

3.2. The Dynamic Spectra—Failure of the Single
Bond-Shift Mechanism

On the left hand side of Fig. 3 are shown experimental d
namic MAS spectra of Li3P7(mg)3 (spinning rate, 29.45 kHz)
over the temperature range−39 to+77◦C. Over this tempera-
ture range the spectral peaks first broaden, then coalesce i
single ssb manifold and eventually sharpen again. This beha
can only be explained in terms of a bond-shift rearrangem
mechanism that leads to complete scrambling of all sites in
P7 cage. Since, however, Li3P7(mg)3 is ordered, the reaction
must be such that the orientation of the cage before and a
the bond shift remains the same. To meet this requiremen
was assumed in I, in analogy with the situation in solid bullv
lene (10–12, 17), that the rearrangement involves two concert
steps: a chemical rearrangement and an overall molecula
orientation that restores the P7 cage to its original orientation
The process can be described as in Scheme B1. The first
in this scheme represents the chemical rearrangement, w
SCHEME B1. Single bond-shift/reorientation mechanism. Molecula
structure representation.
with the temperature. Above this range no further adjustment inδiso was made.
emperature spectra.

ut
e
of
on
ext
for
ted
al

y-

to a
ior
nt
he

fter
t it
-
d
re-

tep
ichFIG. 3. Dynamic 31P MAS NMR spectra of solid Li3P7(mg)3 (spinning

frequency, 29.45 kHz). Left column: Experimental spectra recorded at the i
cated temperatures. Recycle time, 90 s (except for the−39◦C trace for which
it was 240 s). The number of scans was 16 for the dynamically broade
traces (5 to 52◦C) and 4 or 8 for, respectively, the low- and high-temperatu
spectra (−39,−13, and 77◦C). The line-broadening parameter was 20 H
Center column: Simulated dynamic spectra for the double bone-shift m
anism, assumingk1

d = k2
d = k3

d = 1
3kd (Eq. [8]), calculated using the pa

rameters of Table 1 (and Fig. 1) and the indicated rate constants. Right
r
umn: As in the center column for the single bond-shift/reorientation mechanism
(Eq. [3]). The ratesk correspond tokd for the second column and toks for the
third one.
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A 31P MAS N1B 2B 3B
1E 2E 3E

A

 bond-shift−−−−−−−→
 2B

1B 2E 3B
1E A 3E


reorient.−−−−−−→

1E 3E A
1B 3B 2E

2B


SCHEME B2. Single bond-shift/reorientation mechanism. 3× 3 chart repr-

esentation.

consists of the cleavage of one of thei B– j B bonds (1B–3B in
the example depicted in Scheme B1) and the formation of
correspondingi E–j E bond (1E–3E). Here the coefficientsi and
j label the “wings” of the P7 cage. In concert with the rear
rangement the P7 cage reorients into its original orientation i
the lattice as shown by the second step of Scheme B1. To fa
tate the discussion we rewrite this scheme in a more concise
easy to follow way. Accordingly we represent the P7 cages by
3× 3 charts, so that the above scheme acquires the form sh
in Scheme B2. In each chart the apical atom appears alone i
row, next are the equatorial atoms, and then the basal ones
comparison with the molecular structure a clockwise rotat
about a C3 axis pointing upward is assumed. As in Scheme B
the first step represents the bond-shift rearrangement, obta
by shifting “upward” the string of atoms comprising the win
that remains intact (does not participate in the bond shift)—in
present case this is the center column A–2E–2B. The second
represents the realignment of the cage to its original orienta
in the lattice. In this chart representation the second stage (r
entation) requires the interchange of atoms of two of the wing
order to keep the sense of rotation as in the structural formu
Note that in these schemes the symbols of the original struc
or chart (the leftmost in each scheme) have double meani
they label both the molecular site and the atom in the site.
example, A is the symbol of the apical site, as well as of the a
in this site. In the other charts the sites are not indicated and
symbols apply to the (original) names of the atoms. Thus, in
right chart of Scheme B2, the atom originally named A is now
site 3B, etc. Comparing the positions of the various atoms in
first and last charts of Schemes B1 and B2 yields the follow
exchange matrix

R= kK = k



−1 0 0 0 0 1 0
0 −1 0 0 1 0 0
0 0 −1 0 0 0 1
0 0 1 −1 0 0 0
0 1 0 0 −1 0 0
0 0 0 1 0 −1 0
1 0 0 0 0 0 −1


. [2]
In this matrix the rows and columns are labeled according to
order, A, 1E, 2E, 3E, 1B, 2B, 3B;k is the rate constant for the
MR STUDY 231
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reaction; andK is the exchange probability matrix with Ki j the
probability that if a rearrangement takes place it will result in
transition from sitej to sitei .

The exchange matrix, Eq. [2], represents one out of nine p
sible bond-shift/reorientation pathways. This is so because
bond shift may involve each of the three pairs iB–jB/iE–jE o
bond cleavage/formation, and each rearrangement may en
in three different final orientations of the cage in the lattice.
the example above where the bond shift involves the 1B–3B/1
3E pair, two more final orientations of the P7 cage are possible
(obtained by threefold rotations of the end result in the abo
scheme), namely,

 A 1E 3E
2E 1B 3B

2B

 and

3E A 1E
3B 2E 1B

2B

 .
The other six end results, for a single bond-shift/reorientati
process, are

1B 2B 3B
1E 2E 3E

A

 bond-shift−−−−−−−→
 3B

1B 2B 3E
1E 2E A


reorient.−−−−−−→

1E A 2E
1B 3E 2B

3B



or

2E 1E A
2B 1B 3E

3B

 or

 A 2E 1E
3E 2B 1B

3B



for the 1B–2B/1E–2E rearrangement, and

1B 2B 3B
1E 2E 3E

A

 bond-shift−−−−−−−→
 1B

1E 2B 3B
A 2E 3E


reorient.−−−−−−→

 A 3E 2E
1E 3B 2B

1B



or

2E A 3E
2B 1E 3B

1B

 or

3E 2E A
3B 2B 1E

1B



for the 2B–3B/2E–3E rearrangement, where the charts separ
by “or” are related to each other by threefold rotations. In I it w
theassumed that all nine pathways have equal probabilities (iden-
tical rates constants), resulting in an overall exchange matrix of
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the form,

Rs = ksKs = ks
1

9



−9 0 0 0 3 3 3
0 −8 1 1 2 2 2
0 1 −8 1 2 2 2
0 1 1 −8 2 2 2
3 2 2 2 −9 0 0
3 2 2 2 0 −9 0
3 2 2 2 0 0 −9


,

[3]

whereks = 9k and the subscripts stands for single bond-shif
rearrangement. Repeated exchanges of this type eventually
erate all the 7!= 5040 possible permutations of the phospho
atoms in the P7 cage. In the fast exchange limit this rende
all the phosphorus atoms magnetically equivalent, resulting
single ssb manifold in the MAS spectrum.

Using Eq. [3] we have simulated the spectra shown in the r
column of Fig. 3. Although, in general, these spectra reprod
the main features of the experimental results, especially the
lescence into a single ssb manifold, in details they do not ma
the experimental lineshapes. In particular, the calculated r
tive broadening of the E and B bands deviate considerably f
that observed in the experiment. Clearly a different pathway
several pathways) must be assumed for a faithful simulatio
the experiments.

To aid in the search for alternative pathways we ha
performed a rotor-synchronized 2D MAS exchange experim
(18) on the Li3P7(mg)3 sample at−35◦C with a mixing time of
τ = 2 ms and a spinning rate of 25 kHz. The result is displaye
a magnitude spectrum on the right-hand side of Fig. 4. At−35◦C
there is already some line broadening and the fine structur
the E and B bands is partially blurred. We therefore confine
discussion to exchange between the main groups of nuclei in
P7 cage, i.e., the A, E, and B phosphorus atoms, disregarding
fine structure and the ssb. Referring to Fig. 4 we readily no
cross peaks linking the E/B and A/E pairs, but no such cr
peaks between A and B. This result is completely inconsis
with any single bond-shift mechanism. To see why, we contr
the (7× 7) exchange matrix forRs (Eq. [3]) by grouping
together sites belonging to the same type of atoms. The res

R∗s = ksK ∗s = ks


−1 0 1

3

0 − 2
3

2
3

1 2
3 −1

 , [4]

where the columns and rows are now labeled in the order A, E
To compare with the experimental 2D spectrum (right-ha
side of Fig. 4) we recall that for short mixing times (ksτ < 1)
the intensities of thei, j cross peaks are proportional toRi j Po

j ,
wherePo

j is the fractional equilibrium population of sitej (in

our case 1/7, 3/7, and 3/7, for the A, E, and B types of atoms
respectively). This matrix thus predicts that in a 2D exchan
T AL.
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FIG. 4. Two-dimensional31P (magnitude) MAS exchange spectra of soli
Li3P7(mg)3 at a spinning rate of 25 kHz. Only the center bands and correspo
ing 1D projections are shown. Right: Experimental spectrum recorded at−35◦C
with a mixing time ofτ = 2 ms, 64t1 increments, spaced 10µs apart, with a
minimum phase cycle of 8 scans per increment, and a recycle time of 6
The number of acquisition points int2 was 1024 with a dwell time of 2.5µs.
The dashed lines indicate the connectivity of the cross peaks. Left, simul
spectrum for the double bond-shift mechanism, Eq. [8], withkdτ = 1.

experiment cross peaks linking the pairs A/B and E/B wou
appear, but, to first order in the mixing time, no such cro
peaks are expected between A and E. This is, in fact, the t
of 2D spectrum obtained by Baudleret al.(7) for the bond-shift
rearrangement in a THF solution of Li3P7(mg)3. The experi-
mental 2D spectrum in Fig. 4 is, however, quite different. W
therefore rule out single bond-shift pathways as the mechani
responsible for the dynamic lineshapes in solid Li3P7(mg)3.

3.3. The Double Bond-Shift Mechanism

We thus seek an alternative mechanism to the bo
shift/reorientation pathway, which will be consistent with th
2D exchange result and reproduce well the experimental
spectra. Such a mechanism turns out to be a process invol
a sequence of two consecutive bond shifts. The first step
bond-shift resulting in an inverted P7 cage, as in Schemes B1
B2 above. It is then immediately followed by a second bo
shift, rather than a reorientation step, that further permutes
atoms in the cage and at the same time restores it to its o
nal orientation in the lattice. As for the single bond shift, the
are several pathways for the double bond-shift mechanism. O
such pathway is shown in Scheme C1. In this scheme, the
,
ge

SCHEME C1. Double bond-shift mechanism. Molecular structure repre-
sentation.
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1B 2B 3B
1E 2E 3E

A

 bond-shift−−−−−−−→
 2B

1B 2E 3B
1E A 3E


bond-shift−−−−−−−→

2B 2E 3B
1B A 3E

1E


SCHEME C2. Double bond-shift mechanism 3× 3 chart representation.

and second bond shifts are, respectively, of the type 3B–1B/
1E and A–3E/2E–3B, where the symbols refer to the nam
of the atoms. In terms of the chart representation this path
acquires the form shown in Scheme C2. In this scheme, the
bond shift is represented by “pushing up” the center colum
while the second bond shift corresponds to “pushing down”
left column. In a similar way one can imagine a rearrangem
involving pushing up the center column, followed by pushi
down the right column. Clearly, pushing up and down the sa
column do not result in rearrangement, so that for each upw
shift there are two downward shifts, i.e., all together six disti
double bond-shift pathways.

A convenient way to enumerate these pathways is in te
of the corresponding permutation diagrams. Inspection of
double bond-shift Schemes C1 and C2 shows that they co
spond to a cyclic permutation of the phosphorus atoms aro
one of the five rings of the P7 cage, while the two remaining
atoms remain in their original molecular sites. For the exam
in Schemes C1 and C2, the permutation can be described as19)

(1B, 1E, A, 2E, 2B)(3B)(3E).

There is, of course, also the pathway corresponding to the rev
permutation (pushing up the left column and down the cen
one),

(1B, 2B, 2E, A, 1E)(3B)(3E).

By the principle of microscopic reversibility (20), these two
pathways must have identical rates. We therefore lump th
together into a single, symmetric, exchange matrix,

R3
d = k3

d K 3
d = k3

d

1

2



−2 1 1 0 0 0 0
1 −2 0 0 1 0 0
1 0 −2 0 0 1 0
0 0 0 0 0 0 0
0 1 0 0 −2 1 0
0 0 1 0 1 −2 0
0 0 0 0 0 0 0


, [5]
wherek3
d is the rate for any one of the two permutations. Th

subscript refers to “double bond shift” and the superscript to t
wing in the P7 cage that remains unaltered during this proce
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In principle, one could imagine that the rearrangement is acco
panied by a concomitant, or independent, threefold molecu
reorientation, as found in bullvalene (12,17). However, as will
be shown in the next section, such reorientations do not seem
occur, at least not at rates sufficiently fast to affect the dynam
lineshapes, and we therefore do not include them in the analy
The four other double bond-shift pathways can readily be wr
ten down as the cyclic permutations of the phosphorus atom
the two other five rings, and their inverses,

(3B, 3E, A, 1E, 1B)(2B)(2E)

(3B, 1B, 1E, A, 3E)(2B)(2E)

and

(2B, 2E, A, 3E, 3B)(1B)(1E)

(2B, 3B, 3E, A, 2E)(1B)(1E).

The resulting exchange matrices for these two additional pa
of permutations then become

R2
d = k2

d K 2
d = k2

d

1

2



−2 1 0 1 0 0 0
1 −2 0 0 1 0 0
0 0 0 0 0 0 0
1 0 0 −2 0 0 1
0 1 0 0 −2 0 1
0 0 0 0 0 0 0
0 0 0 1 1 0 −2


[6]

and

R1
d = k1

d K 1
d = k1

d

1

2



−2 0 1 1 0 0 0
0 0 0 0 0 0 0
1 0 −2 0 0 1 0
1 0 0 −2 0 0 1
0 0 0 0 0 0 0
0 0 1 0 0 −2 1
0 0 0 1 0 1 −2


. [7]

If we now assume that all pathways have the same rates,k1
d =

k2
d = k3

d, the following overall exchange matrix is obtained,

Rd = R1
d + R2

d + R3
d = kd Kd

= kd
1

6



−6 2 2 2 0 0 0
2 −4 0 0 2 0 0
2 0 −4 0 0 2 0
2 0 0 −4 0 0 2
0 2 0 0 −4 1 1

 , [8]
e
he
ss.

 0 0 2 0 1 −4 1
0 0 0 2 1 1 −4


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wherekd = 3ki
d (i = 1−3) is now the rate that any one of the s

possible permutations take place andKd = 1
3(K 1

d + K 2
d + K 3

d).
To facilitate the comparison with the 2D exchange spectr
we contract this exchange matrix, by grouping together s
belonging to the same type of phosphorus atoms. The resu

R∗d = kd K ∗d = kd


−1 1

3 0

1 − 2
3

1
3

0 1
3 − 1

3

 , [9]

where, as for theR∗s matrix, the rows and columns are labele
in the order A, E, B. For short mixing times, this exchange m
trix predicts cross peaks within the pairs A/E and E/B, but
such peaks between A and B. This is exactly the pattern of c
peaks observed experimentally in the 2D exchange spectru
Fig. 4. On the left hand side of the figure is shown a simula
2D spectrum calculated using Eq. [8] forkdτ = 1, showing a
pattern very similar to the experimental one on the right. T
strongly suggests that double bond shift is indeed the me
nism responsible for the dynamic line broadening observe
the MAS spectra of solid Li3P7(mg)3. To check whether this
mechanism indeed yields simulated 1D spectra that are co
tent with the experimental results, we first assumed that all th
pairs of permutations have equal rates,k1

d = k2
d = k3

d = kd,

and accordingly used Eq. [8] for the simulations. Results so
tained for differentkd values are shown in the middle colum
of Fig. 3. The fit with the experimental spectra (left column)
now much improved in comparison with the single bond-sh
mechanism (right column). In particular, we note that the r
ative broadening of the E and B bands is quite similar to t
observed experimentally. In fact, the similarity between the c
culated and experimental spectra is satisfactory enough to d
good estimates for the kinetic parameters of the reaction.
forming such an analysis yields the following average Arrhen
parameters,Ea∼ 50 kJ/mol andkd(17◦C)∼ 2× 104 s−1. How-
ever, thekd vs 1/T plot, so obtained, is not a straight line b
rather curved, with slopes ranging from 30 kJ/mol at low te
peratures to 70 kJ/mol at high temperatures. This and the
that the low-temperature spectra are not perfectly reprodu
by the simulations indicate that the situation is somewhat m
complicated. We discuss this issue in the next section.

3.4. The Effect of the Cage Asymmetry

Close inspection of the spectra in Fig. 3, particularly, at l
temperatures where the triplet structure of the E band is still
tially resolved, reveals delicate differences between the exp
mental (left column) and simulated (middle column) lineshap
It may be seen that in the experimental spectra the three E
do not broaden to the same extent as they do in the simula

We recall that the exchange matrixRd (Eq. [8]), used in the
simulation, represents the sum of three pairs of processes w
equal rates, each involving a cyclic permutation of atoms with
T AL.
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one of the three five-rings in the P7 cage. For a particular five-
ring permutation,Ri

d, two atoms, iE and iB, are not involved in
the exchange and therefore their NMR peaks remain unaffe
by the rearrangement process. Referring to the low-tempera
spectra in Figs. 2 and 3, we note that while the lines labeled
and 3E start to broaden already at−60◦C, line 1E remains sharp
up to well above−10◦C. This clearly indicates that the three pro
cesses represented byR1

d, R2
d, andR3

d, Eqs. [5]–[7], do not have
the same rate parameters, as assumed in the simulations o
center column of Fig. 3. This is perhaps not surprising in vi
of the fact that the P7 cage in solid Li3P7(mg)3 lacks exact three-
fold symmetry, as we have seen in the low-temperature spe
(Fig. 2). From the experimental spectra it is thus clear that at
temperatures (<∼10◦C) k2

d andk3
d, which lead to broadening o

the 1E line, are considerably smaller thank1
d, which does not

affect the width of this peak, but does affect the 2E and 3E lin
For the final simulations of the spectra we have therefore u

the exchange matrix

Rd = k1
d K 1

d + k2
d K 2

d + k3
d K 3

d [10]

with, in general, different rate constants for the different perm
tations. Since, however, the broadening of the 2E and 3E li
appears to be quite similar, and to simplify the fitting procedu
we assumed thatk2

d = k3
d and tookk1

d andk23
d (=k2

d=k3
d) as ad-

justable parameters in the fitting procedure. In Fig. 5 are sho
experimental spectra on a more finely spaced temperature s
than in Fig. 3, together with our best fit simulations to Eq. [10
The fit is now considerably improved and particularly repr
duces well the dynamic lineshape of the E band. These res
confirm that at low temperatures the dominant process is ind
R1

d, while at higher temperatures the two other processes
over. The results also show that, at least at low temperatu
no threefold molecular jumps take place. Otherwise the 1E
would also broaden. Such threefold jumps are quite common
globular molecules with C3v symmetry like bullvalene (12) and
certain phosphorus cage compounds (21), but apparently they
do not occur in Li3P7(mg)3. An overall analysis of the exper
imental spectra, using Eq. [10] and the parameters of Tabl
yielded the Arrhenius plots shown in Fig. 6. The kinetic p
rameters derived from these results are summarized in Tab
Note that to optimize the fit, in particular at low temperature
we had to introduce some temperature dependence inδiso, as
indicated in Table 1. These are very small shifts and chemic
not unrealistic.

Admittedly, the fit of the 1D dynamic spectra in Fig. 5
still not perfect. For example, the temperature range−20 to
−40◦C the relative intensities of the B and E peaks differ in t
experimental and simulated spectra. We were unable to imp
the fit using the parameters of Table 1. It is possible that t
disagreement is due to an error in the orientation of the princ
ith
in

directions of the chemical shift tensors of the E and B nuclei.
These were determined in I by quantum mechanical calculations
and we have no way to assess their accuracy. Also the assignment
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FIG. 5. More detailed dynamic31P MAS NMR spectra of solid Li3P7(mg)3. First and third columns: Experimental spectra as a function of the indica
◦
temperatures. The experimental details are as in the caption to Fig. 3, except that the−70 C spectrum was recorded at a spinning rate of 16.4 kHz with a recycle

by
ns.
at

nent
of

e E
time of 240 s. Second and fourth columns: Simulated spectra for the doub
(Eqs. [10] and [5]–[7]).

1
FIG. 6. Arrhenius plots of the double bond-shift processes,kd and
k2,3

d (=k2
d = k3

d) in solid Li3P7(mg)3, as derived from dynamic MAS spectra
of the type shown in Fig. 5.
le bond-shift mechanism, assumingk1
d 6= k2

d = k3
d = k2,3

d and the indicatedki
d values

of the B peaks (Table 1) is somewhat uncertain. It was done
fitting the low temperature dynamic spectra to the simulatio
This fitting showed that the 1B peak (which remains sharp
low temperatures) must be part of the more intense compo
of the B doublet (see Fig. 2), but the exact chemical shifts
the B lines is certainly not as accurately determined as for th
lines.

TABLE 2
Kinetic Data for the Bond-Shift Rearrangement in Solid

Li3P7(mg)3 and in Solutiona

k(17◦C)/s−1 Ea/kjmol−1

k1
d 104 18.7

k2,3
d 104 58.0

ks(solution) 0.7× 104 46− 63

a 1 2,3 2 3
The results forkd andkd (=kd = kd) in the solid state are from
the present work. The results fork(solution) were derived from data
given in Baudleret al.(5) using the exchange matrix shown in Eq. [4].
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4. SUMMARY AND CONCLUSIONS

We have studied the31P MAS NMR spectrum of solid
Li3P7(mg)3 over a wide temperature range. The results prov
detailed information regarding the structural and dynamic pr
erties of the P7 cage in this solid. The low-temperature NM
spectra are consistent with the P7-cage structure shown in Fig. 1
with a small distortion from perfect C3v symmetry. The distor-
tion is clearly reflected in the triplet splitting of the E sign
and the unresolved structure of the B band. This result is c
sistent with the X-ray structure of the homologous compou
Li3P7(tmeda)3, where the P7 cage was found to have nearly, b
not perfect C3v symmetry (4).

The MAS NMR spectra are strongly temperature depend
reflecting the bond-shift rearrangement of the P7 cage. In I, an
attempt was made to quantitatively analyze such dynamic N
spectra in terms of a concerted process (Scheme B), invol
chemical bond shift and an overall molecular reorientation t
ensures the preservation of the lattice order—a bond shift a
would result in an inverted cage and thus in a disordered lattic
concerted bond-shift/reorientation mechanism was proven to
cur in the analogous situation of the Cope rearrangement in s
bullvalene (11, 12, 17). However, for the case of Li3P7(mg)3 such
a dynamic model did not give a satisfactory fit to the experim
tal spectra. Instead, we have now shown that the rearrange
in solid Li3P7(mg)3 proceeds by a quite different route, involv
ing a double bond shift (Scheme C). The reason for the diffe
pathways in the two systems most likely lies in the fact th
the bullvalene molecule is neutral and as the bond-shift re
tion proceeds a “soft” transition intermediate is obtained t
can readily slip to the desired orientation in the lattice. On
other hand, the P7 cage with its negatively charged equator
atoms is held by a belt of positively charged Li cations, wh
are fixed in the lattice. As the bond shift takes place, ne
tive charges move from two equatorial to the neighboring ba
atoms, interchanging their chemical nature. The cage is now
verted and still held by the same Li+ belt. It is therefore under
strain, but cannot easily reorient. Instead, it undergoes a se
bond shift that restores its proper orientation in the lattice a
relieves the strain. The second rearrangement can involve
of the three bonds of the newly formed basal P-P-P trian
If it happens to be the same bond as the one just formed
net permutation of atoms takes place. However, a reverse b
shift involving one of the other two bonds does result in a p
mutation. Hence, assuming statistical likelihood for the th
alternatives, the rate of formation of the intermediate specie
the first bond shift is, in fact, a factor of 1.5 faster than given
Table 2.

As we have seen, the double bond-shift process actu
amounts to a cyclic permutation of the phosphorus atoms aro
the five rings of the P7 cage, i.e., in a very small displace

ment of the cage atoms, of the order of a P–P bond length. T
situation is similar to that found for the analogous rearrangem
in some monosubstituted bullvalenes (22–24) as, for example,
T AL.
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fluoro- or cyano-bullvalene. These compounds too were fo
to undergo Cope rearrangement in the solid state by a m
ple bond-shift mechanism, depending on the substitution s
that ensured the preservation of the crystal order. Exception
this rule are bromo-, iodo-, and possibly chlorobullvalene (2
which form disordered crystals. In these cases orientationa
der need not be preserved and single bond-shift pathways
allowed, and indeed were found to occur.

The deviation of the P7- cage structure from perfect C3v sym-
metry in the solid state is also reflected in its fluxional propert
In particular, we found that the rates of the cyclic permutatio
are not equal for the three five-rings. As it turned out there is
five-ring that, at low temperatures, is more labile than its t
neighbors. It is interesting to mention that even for unsubstitu
bullvalene, different rates for the different single bond-shift pa
ways were found in the solid state (17), apparently caused by th
nonsymmetric environment in the crystal. Finally, we menti
the somewhat surprising result that, over the entire tempera
range studied, the rearrangement rate in the solid is faster
in solution (see Table 2).

The detailed structural and dynamic information obtained
the Li3P7(mg)3 system in the present work demonstrates
power of 1D and 2D dynamic31P MAS NMR in the study of
solids. It also demonstrates the wealth of motional processes
may take place in what we often think to be rigid solids.
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