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The 3'P MAS NMR spectrum of solid Li;P;(monoglyme); has
been reinvestigated over a wide temperature range (—70 to 4+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% H;PO,) due to the apical atom (A) of the P;-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 P; cage having nearly, but not
perfect, C;, 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 P; 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 P;-cage. The quantitative
analysis of the dynamic lineshapes shows that this cyclic permuta-
tion proceeds at a different rate in one ring (k!) than in the other
two (ki*). The kinetic parameters for these processes are E! =
18.7 kJ/mol, E2* = 58.0 kJ/mol, k}(17°C) = k*(17°C) = 10*s~.
No indications for independent threefold molecular jumps of the P,

cage were found. © 2001 Elsevier Science

1. INTRODUCTION

resolution. In the present work we revisit this system using &
highly improved experimental setup, which provided much bet-
ter resolved spectra that could quantitatively be analyzed. Thi
analysis yielded a complete description of the pathway of the
rearrangement reaction.

The LizP7(mg); compound belongs to the homologous series
(2) of salts containing the Fcage trianion, shown in the dia-
grams of Fig. 1. This cage consists of seven phosphorus aton
linked together into a basket shape of neardy §ymmetry, with
one apical (A), three negatively charged equatorial (E), and thre
basal (B) atoms. The negative charges on the E atoms are col
pensated by three tications, which are ligated by the bidentate
ligand, monoglyme (Cg+-OCH,CH,O-CH;). The compound
is sensitive to air and humidity and is soluble in a number of
organic solvents, but does not crystallize well from solutions. It
was, in fact, claimed to be “X-ray amorphous§) énd therefore
no direct structural information on §f;(mg); is available. On
the other hand, the NMR results, to be described below, indicat
that LisP7(mg); forms a well-ordered solid with, at most very
little, structural dispersity. We therefore assume that its structur
is similar to that of the LjP;(tmeda} homologue (tmeda=
tetramethylethylenediamine), whose structure has been dete
mined by X-ray #). On this basis, we assume that the Li cations
are each coordinated, pseudo tetrahedrally, to two E phosphort
atoms and two oxygens of a monoglyme ligand. They are lo:
cated, approximately, on the bisectors of the equatorial triangl
and form a “belt” around the Fcage, as shown schematically
in Fig. 1A. These assumptions have no consequences on tt
conclusions derived below. TR&P MAS spectra, reported in I,
exhibit, atlow temperatures, three sets of spinning sideband (ss!
manifolds. On the basis of earlier solution studiBs7) they
were identified as being due to the apical (centered4s ppm
relative to 85% HP(Q,), equatorial £119 ppm), and basal

In a recent publication Sest al. (1) have described and ana-(—167 ppm) phosphorus atoms. The equatorial signals exhibite
lyzed the magic angle spinning (MAZP NMR spectra of solid anonsymmetric triplet structure which was interpreted in | as dug
LizP;(monoglyme} (henceforth we refer to the quoted paper a® the residual dipolar splitting3f between the phosphorus E
| and to the compound as 4R;(mg)s). The results revealed atoms and the quadrupolar Li nuclei.
the presence of an interesting rearrangement process, but itdbove about-40°C line broadening was found to sets i), (
mechanism could not be fully analyzed because of poor spectesding to coalescence and eventually, above room temperatul
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(A) ®)

FIG. 1. Structure and labeling of the;Rage in solid LiP7(mg)s. (A) Structure showing the positions of the*Lions. The loops represent the bidentate
monoglyme ligands and the signs represent the negative charges on the equatorial phosphorus atoms. (B) The labeling of the phosphorus siteade tide P
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 principabdiRasS3yste
of the anisotropic chemical-shift tensors of atoms 1B, 1E, and A. The orientations associatefj aittisZ; are parallel to the pseudg@xis of the P cage 85,
is tilted 56 from this axis, and the componem% andaZE2 lie in the plane of the wing defined by the atoms 1B, 1E, and A. The PAS of the other E and B ator
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-shiisponding to &'P Larmor frequency of 162 MHz, and apply
rearrangement similar to the well-known Cope rearrangementirtonsiderably faster spinning of almost 30 kHz (compared tt
bullvalene 8-11). 121 MHz and 13 kHz, respectively, in 1). These improved con-
For the B cage the process involves the displacemegittions resulted not only in a better signal sensitivity, but also ir
of electrons from two of the negatively charged equatoriglell-featured dynamic lineshapes that could readily be used t
atoms to the nearby basal atoms (while in bullvalene a simil@iscriminate between different dynamic pathways. We have als
displacement of electrons occurs, but involving double bondgkrformed 2D exchange experiments, the results of which are |
See Scheme A. The bond-shift process in thecRge was full agreement with those derived from fitting the dynamic 1D
extensively studied in solutions of4B;(mg)s by Baudleretal. spectra. The main conclusion of |, i.e., that the process respol
(5-7 and in | it was first shown to occur also in the solid statgible for the dynamic line broadening of thl® NMR spectra
The quality of the MAS spectra in the latter work was, howeveihvolves a bond-shift rearrangement, still holds. However, the
not sufficient for a comprehensive analysis of the lineshapesdetails of the reaction pathway turned out to be quite different
terms of the detailed pathways of the bond-shift process. Algither than a single bond-shift in concert with molecular reori
under the experimental conditions of | (relatively low spinningntation, as suggested in |, analysis of the results shows that
rate) the lineshapes were not very sensitive to the assumefld LisP;(mg); the reaction pathway involves two consecu-
mechanism of the rearrangement process. Dynamic spegia bond-shifts, with an inverted;Rage as intermediate. This
were simulated for a wide range of pathways but none fitte@o-step bond-shift process corresponds to a cyclic permutatic
satisfactorily the experimental results. For lack of alternativsf the phosphorus atoms within one of the five-member ring:
conclusions a concerted single bond-shift/reorientation megfive rings) of the P cage. The NMR spectra indicate that the
anism, analogous to that found in solid bullvale©6<12 was symmetry of the Pcage in solid LiP;(mg)s is almost, but not
finally adopted and kinetic parameters for this mechanism wejerfectly, G,, as also found by X-ray for the;Reage in the
estimated from the dynamic lineshapék ( homologous LiP;(tmeda} compound. The lack of perfectC

In the present work we reinvestigate theRi(mg) system symmetry is reflected in the presence of different permutatiot
by 3'P MAS NMR under significantly improved experimentatates for the different five rings in the, Bage.
conditions. In particular, we use a higher magnetic field, cor-

2. EXPERIMENTAL

A) (B)
- LizP7(mg); was obtained from ACROS ORGANICS and was
- — used without further treatment. This sample came from a muc
) I / purer batch than used in I. In particular t? MAS NMR
spectrum did not show the vexing impurity peak at 64 ppm ob:

served in the previous workt). The samples for the MAS NMR

SCHEME A. Bond-shift rearrangement in the Bage (A) and in bullva- Measurements were prepared by packing the compound in
lene (B). 2.5-mm rotors in a glovebox flushed with dry argon. The rotors
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were sealed with ceramic caps and kept under argon before wbamnge broadening and, for the particular spinning rate chosel
The NMR measurements were performed on a Bruker AMX4Q@Bere is no overlap between the various ssb. The center banc
spectrometer operating at¥ frequency of 162 MHz. The tem-as well as the first and, for most peaks also, higher order ss
perature calibration was done for a number of spinning rates ase observed. They were identified as such by recording add
ing the?°’Pb chemical shiftin a reference Pb(M)@sample 3). tional spectra at slightly different spinning rates. The bands du
However, for technical reasons, the calibration was carried datthe apical (A), equatorial (E), and basal (B) atoms are wel
only several weeks after the measurements. This delay may heagolved and can readily be identified. For the apical atoms
caused a relatively large systematic (constant) error in the oly weak first order (and no higher order) ssb are observec
ported temperatures, of up#(5—-10yC. This uncertainty does because of their relatively small chemical shift anisotropy. Evi-
not affect any of the conclusions related to the mechanistic andéntly, while peak A is a relatively sharp singlet, the equatorial
ysis of the results and only slightly affects the derived activatidrand consists of 4:1:1, nearly equally spaced~1.1 kHz)
parameters. The simulations of the dynamic MAS NMR lindriplet and the basal signal exhibits an unresolved 1: 2 double
shapes were performed using the Floquet methddl5 as ex- Similar although less resolved splittings were also observed i
plainedin|. Atotal of 13 Floquet states for each phosphorus atdmThere, the splitting was ascribed to the residual dipolar in-
were included in the calculations, resulting in @01 Floquet teraction between the phosphoruis=£ %) and the quadrupolar
matrices, from which the dynamic lineshapes were computed®Li/’Li nuclei (S = %) This interpretation does not seem to
hold, however. An estimate of the expected splittingdue to
3. RESULTS AND DISCUSSION this effect can be calculated from the expressi)n (

3.1. The Low-Temperature Spectrum A~ xD/vs, [1]

Most MAS measurements reported in the present paper were i ) .
run at a spinning rate of almost 30 kHz. However, because"(‘ﬂ'l“,erex |s.the qgadrupqlar couphpg constant of tspins,
frictional heating, it was not possible to cool the sample belo 'S the d_|polar mte_racFlon, ands is th? Larmor freqL_Jency_
about—60°C at this spinning rate, so that at lower temperatur&d the S spins. Considering the equatorial atoms and Inserting
slower spinning had to be used. Such a spectrum is shown in ffgsonable values for the various paramete(kij ~ 50 kHz;
top trace of Fig. 2. It was recorded-af0°C with a spinning rate D(Li-P) ~ 2 kHz) yieldsA ~1 Hz, which is much too small to

of 16.4 kHz. At this temperature range there is essentially no 8€count for the observed splitting. Also, if the splitting were
indeed of such a second-order dipolar origin, it should have

been smaller in the present spectrum, which was recorde
at a higher magnetic field than in I. In fact, the splitting is
somewhat larger. The observed splitting is also not consister
(much too large) to be ascribed to scalar couplings betwee
16.40 kHz the phosphorus nuclei in the, Bage. These interactions were
measured in solutioref and found to be-400 Hz and less.
We are thus led to conclude that the splittings of the E anc

B bands reflect the inequivalence of the three equatorial an
three basal phosphorus atoms and are due to slight differenc
A

E |B between their isotropic chemical shifts. This implies that the P
! cage lacks perfect£; (or even G,) symmetry. At the same time,

3 the well-resolved triplet structure of the E band indicates tha
the system (even though perhaps not crystalline) is ordered ar
29 45 kHz that all cages have essentially the same packing environme
with at most very little structural dispersity. The structure of the
basal signalX : 2 doublet) can be explained in terms of one sep-
arate and two, almost overlapping, peaks. As another examp|

we show in the bottom trace of Fig@ a spectrum measured at
100000 200 800 400 —60°C and a spinning frequency of 29.45 kHz. It may be seer
ppm that some exchange broadening has already setin atthistempe
ture, butthe peaks are still well resolved. These and several oth
FIG. 2. ExperimentaP'P MAS NMR spectra of solid ldP7(mg)s. Top:  |ow-temperature spectra were subject to a Herzfeld—Berger typ
Recorded at-70°C (spinning rate, 16.4 kHz; number of scans, 4; recycle tim%na|ysis 16), yielding the chemical shift tensors summarized in

240 s; line broadening parameter, 50 Hz). Bottom: Recordedb@t C (spin- . . .
ning rate, 29.45 kHz; number of scans, 8; recycle time, 90 s; line broadeni-rq ble 1. Alsoincluded in the table are the exchange independe

parameter, 50 Hz). The assignments of the center bands are indicated orl#@Widths of the various peaks, obtained by best fitting the re:
bottom trace. sults to calculated spectra. The anisotropic parts of the chemic:
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TABLE 1
Chemical Shift Tensors and Linewidth Parameters for the Phosphorus Nuclei in Solid Li; P;(mg),*
A 1E 2E 3E 1B 2B 3B

Siso? —45 —110/—108 —117/-119 —1245/-123 —168/—166 —161/—159 —169/-174
811 126 249 249 249 255 255 255
822 —63 -21 =21 -21 45 45 45
833 —63 —228 —228 —228 —300 —300 —300

A 3 ¢ 320 320 320 320 370 370 370

2 The isotropic chemical shifts are in ppm relative to 85%B)y. Thes;; are the principal values of the anisotropic chemical shift tensors in the correspondir
principal axis system, so th&t; + 822 + 333 = 0. The principal directions for 1E, 1B, and A are shown in Fig. 1C. Those for the other E and B atoms are relz
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 entried tmtrespon
—70 and—4°C spectra, respectively. Within this rangig was changed linearly with the temperature. Above this range no further adjustndggptias made.

¢ Half width at half maximum height, in Hz, as obtained by fitting the low-temperature spectra.

shift tensors are essentially identical to those calculated in |, but
here we have also identified the isotropic chemical shift of the o periviENTAL DOUBLE B-S SINGLE B-S/REOR.
different E and B atoms. The determination and assignment C

the isotropic chemical shifts of the three B atoms are based !

the analysis of the dynamic spectra, to be described in the ne 77

section. For this analysis we needed the principal directions f s iy

the anisotropic chemical shift tensors. These we have adopt /\\N
52
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from |, where they were obtained from quantum mechanici
calculations. They are reproduced in Fig. 1C.
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On the left hand side of Fig. 3 are shown experimental dy iw 3.0x10°
namic MAS spectra of LP;(mg); (spinning rate, 29.45 kHz) *
over the temperature range39 to+77°C. Over this tempera-
ture range the spectral peaks first broaden, then coalesce int
single ssb manifold and eventually sharpen again. This behav '
can only be explained in terms of a bond-shift rearrangeme
mechanism that leads to complete scrambling of all sites in tl oy

1.8x10°

1.2x10°

o

P; cage. Since, however, 4B;(mg); is ordered, the reaction A

must be such that the orientation of the cage before and af LM}U\ soxl0’

the bond shift remains the same. To meet this requirement A

was assumed in |, in analogy with the situation in solid bullva

lene (L0-12, 17, that the rearrangement involves two concerte L 2x10°

steps: a chemical rearrangement and an overall molecular

orientation that restores the Bage to its original orientation. 200 0 200 -400 200 0 -200 -400 200 0 -200 -400
The process can be described as in Scheme B1. The first s.. PPM

in this scheme represents the chemical rearrangement, whigh; 3. Dynamic3lP MAS NMR spectra of solid gP;(mg)s (spinning

frequency, 29.45 kHz). Left column: Experimental spectra recorded at the indi
cated temperatures. Recycle time, 90 s (except forB& C trace for which
2B IB B 3E, 1E it was 240 s). The number of scans was 16 for the dynamically broadene
V /B traces (5 to 52C) and 4 or 8 for, respectively, the low- and high-temperature
bond-shift 22 reorient, - spectra {39, —13,_ and 77C). The_ line-broadening parameter was 20 Hz.
2C 1E > - g Center column: Simulated dynamic spectra for the double bone-shift mech
anism, assuming} = k3 = k¢ = 1kq (Eq. [8]), calculated using the pa-
2B rameters of Table 1 (and Fig. 1) and the indicated rate constants. Right co
umn: As in the center column for the single bond-shift/reorientation mechanisn
SCHEME B1. Single bond-shift/reorientation mechanism. Molecula(Eq. [3]). The ratek correspond tdy for the second column and g for the
structure representation. third one.
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1B 2B 3B T 2B 7 reaction; ank is the exchange probability matrix with Kthe
1IE 2E 3 2" 1g 2 3B probability that if a rearrangement takes place it will result in a
A 1E A 3E transition from sitgj to sitei.
- - The exchange matrix, EqQ. [2], represents one out of nine pos
weorient | L1E 3E A sible bond-shift/reorientation pathways. This is so because th
—— | 1B 3B 2E bond shift may involve each of the three pairs iB—jB/iE—E of
i 2B | bond cleavage/formation, and each rearrangement may end 1

in three different final orientations of the cage in the lattice. In

SCHEME B2. Single bond-shift/reorientation mechanismx 3 chart repr- the exfample above Where_the b(_)nd shiftinvolves the 1B_?f B/1E
esentation. 3E pair, two more final orientations of the Page are possible

(obtained by threefold rotations of the end result in the above

consists of the cleavage of one of tti2-j B bonds (1B—3B in scheme), namely,

the example depicted in Scheme B1) and the formation of the

correspondingE—j E bond (1E-3E). Here the coefficiemtand A 1E 3E 3E A 1E
j label the “wings” of the P cage. In concert with the rear- 2E 1B 3B and 3B 2E 1B
rangement the Pcage reorients into its original orientation in 2B B

the lattice as shown by the second step of Scheme B1. To facili-
tate the discussion we rewrite this scheme in a more concise and
easy to follow way. Accordingly we represent thedages by The other six end results, for a single bond-shift/reorientatior
3 x 3 charts, so that the above scheme acquires the form shqwcess, are
in Scheme B2. In each chart the apical atom appears alone in the

row, next are the equatorial atoms, and then the basal ones. For

comparison with the molecular structure a clockwise rotation 1B 2B 3B, o | 3B ]
about a G axis pointing upward is assumed. As in Scheme B1, 1E 2E 3E|—— | 1B 2B 3E
the first step represents the bond-shift rearrangement, obtained A | 1IE 2E A |
by shifting “upward” the string of atoms comprising the wing "1E A 2E
thatremains intact (does not participate in the bond shift)}—in the reorient 1B 3E 2B
present case thisis the center column A—2E—2B. The second step 3B

represents the realignment of the cage to its original orientation = -
in the lattice. In this chart representation the second stage (reori- E 1E A A 2E 1E
entation) requires the interchange of atoms of two of the wings in

order to keep the sense of rotation as in the structural formulae. or 28 1B 3E or SE 2B 1B
Note that in these schemes the symbols of the original structure 3B 3B
or chart (the leftmost in each scheme) have double meanings;
they label both the molecular site and the atom in the site. Rt ihe 18—2B/1E—2E rearrangement, and
example, A is the symbol of the apical site, as well as of the atom

in this site. In the other charts the sites are not indicated and the

symbols apply to the (original) names of the atoms. Thus, in the 1B 2B 3B T 1B N
. L . . bond-shift
right chart of Scheme B2, the atom originally named A is now in 1E 2E 3E |———- | 1E 2B 3B
site 3B, etc. Comparing the positions of the various atoms in the A A 2E 3E
first and last charts of Schemes B1 and B2 yields the following - _
exchange matrix reorient A SE 2E
—— | 1IE 3B 2B
-1 0 0 0 0 1 O . 1B
8 _01 _01 8 cl) 8 g 2E A 3E 3E 2E A
R— KK — K O 0 1 -1 0 0 0 2] or 2B il; 3B or 3B ig 1E
0O 1 0 0 -1 0 O
0O 0 0O 1 o0 -10
1 0 0 O O O0-1 for the 2B—3B/2E—3E rearrangement, where the charts separat

by “or” are related to each other by threefold rotations. In | it was
In this matrix the rows and columns are labeled according to thesumed that all nine pathways have equal probabilities (ider
order, A, 1E, 2E, 3E, 1B, 2B, 3K is the rate constant for thetical rates constants), resulting in an overall exchange matrix c
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the form, A E B A E B
P w MM
o -8 1 1 2 2 2 . ‘ ‘ . -

Joor 812 202

RS = kSKS = ks§ 0 l 1 _8 2 2 2 .
3 2 2 2 -9 0 0
3 2 2 2 0 -90 ]
3 2 2 2 0 0-9 ﬁ

(3]

whereks = 9k and the subscripg stands for single bond-shift
rearrangement. Repeated exchanges of this type eventually g« = -5 -100 50 ppm
erate all the 7= 5040 possible permutations of the phosphorus

atoms in the P cage. In the fast exchange limit this renders FIG. 4. Two-dimensionaf'P (magnitude) MAS exchange spectra of solid

. . .. LiaP7(mg)s at a spinning rate of 25 kHz. Only the center bands and correspond
allthe phOSphOI‘US atoms magnetlca”y equwalem' resultlng ! ing 1D projections are shown. Right: Experimental spectrum recorde83C

Singl? ssb manifold in thef MAS spectrum. _ _ with a mixing time ofr = 2 ms, 64t; increments, spaced 1 apart, with a
Using Eq. [3] we have simulated the spectra shown in the righithimum phase cycle of 8 scans per increment, and a recycle time of 60

column of Fig. 3. Although, in general, these spectra reproduBee number of acquisition points ia was 1024 with a dwell time of .3 us.
the main features of the experimental results, especially the c&he dashed lines indicate the cqnnectivity ‘of the cross p_eaks. Left, simulate
lescence into a single ssb manifold, in details they do not mafiifcirum for the double bond-shift mechanism, Eq. [8], with = 1.
the experimental lineshapes. In particular, the calculated rela-
tive broadening of the E and B bands deviate considerably fréi§Periment cross peaks linking the pairs A/B and E/B woulc
that observed in the experiment. Clearly a different pathway @PP€ar, but, to first order in the mixing time, no such cros:
several pathways) must be assumed for a faithful simulationRffaks are expected between A and E. This is, in fact, the tyr
the experiments. of 2D spectrum obtained by Baudletal. (7) for the bond-shift

To aid in the search for alternative pathways we hav€arrangement in a THF solution ofgi;(mg)s. The experi-
performed a rotor-synchronized 2D MAS exchange experiméRgntal 2D spectrum in Fig. 4 is, however, quite different. We
(18) on the LgP7(mg); sample at-35°C with a mixing time of therefore rule out single bond-shift pathways as the mechanisn
t = 2ms and a spinning rate of 25 kHz. The result s displayed BsPonsible for the dynamic lineshapes in soligh(mg)s.
amagnitude spectrum on the right-hand side of Fig. 4-3%°C
there is already some line broadening and the fine structure of 3.3. The Double Bond-Shift Mechanism
the E and B bands is partially blurred. We therefore confine our
discussion to exchange between the main groups of nuclei in
P; cage, i.e., the A, E, and B phosphorus atoms, disregarding

fine structure and the ssb. Referring to Fig. 4 we readily notig ectra. Such a mechanism turns out to be a process involvir

cross peaks linking the E/B_and A/E. pairs, but no such crog sequence of two consecutive bond shifts. The first step is
peaks between A and B. This result is completely mconsste%

with any single bond-shift mechanism. To see why, we contr nd-shift resulting in an inverteg;Rage, as in Schemes B1,
the (7 x 7) exchange matrix foR, (Eq. [3]) by grouping above. It is then immediately followed by a second bonc

. . Fhift, rather than a reorientation step, that further permutes th
together sites belonging to the same type of atoms. The resuéggms in the cage and at the same time restores it to its orig

nal orientation in the lattice. As for the single bond shift, there

We thus seek an alternative mechanism to the bond
fift/reorientation pathway, which will be consistent with the
exchange result and reproduce well the experimental 1I

1
-1.0 3 are several pathways for the double bond-shift mechanism. Or
Ri=kKi=k| 0 -2 2 [, [4] such pathway is shown in Scheme C1. In this scheme, the fir:
1 2 -1
2B 1B B 2E, 2B

where the columns and rows are now labeled inthe order A, E, 1B V
To compare with the experimental 2D spectrum (right-han bond-shit 2E bond-shift
side of Fig. 4) we recall that for short mixing timdg,{ < 1) 2 1E - A 1B

the intensities of the, j cross peaks are proportional Ry PJ-°,
where Pj0 is the fractional equilibrium population of site(in
our case 17, 3/7, and 37, for the A, E, and B types of atoms, SCHEME C1. Double bond-shift mechanism. Molecular structure repre-
respectively). This matrix thus predicts that in a 2D exchangentation.

A 1E
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In principle, one could imagine that the rearrangement is accornr

1B 2B 3B bond-shift [ 2B panied by a concomitant, or independent, threefold molecula
1E 2E 3 |—— | 1B 2E 3B reorientation, as found in bullvalen&Z,17. However, as will

A | 1IE A 3E | be shown in the next section, such reorientations do not seem

- . occur, at least not at rates sufficiently fast to affect the dynami

2B 2E 3B . ; : )

bond-shift 1B A 3E lineshapes, and we therefore do notinclude them in the analysi

- 1E The four other double bond-shift pathways can readily be writ-

= - ten down as the cyclic permutations of the phosphorus atoms i

the two other five rings, and their inverses,
SCHEME C2. Double bond-shift mechanism>33 chart representation.

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

and second bond shifts are, respectively, of the type 3B—1B/3E—
(3B, 1B, 1E, A, 3E)(2B)(2E)

1E and A-3E/2E-3B, where the symbols refer to the names
of the atoms. In terms of the chart representation this pathway
acquires the form shown in Scheme C2. In this scheme, the fiasid
bond shift is represented by “pushing up” the center column,
:N?tile tlhe setl:ond k_)or_1|d shift correspor_1ds tq “pushing down” thet (2B, 2E, A, 3E, 3B)(1B)(LE)

eft column. In a similar way one can imagine a rearrangemen

involving pushing up the center column, followed by pushing (2B, 3B, 3E, A, 2E)(1B)(1E).

down the right column. Clearly, pushing up and down the same . ] N .
column do not result in rearrangement, so that for each upwarge resulting exchange matrices for these two additional pair
shift there are two downward shifts, i.e., all together six distin®f Permutations then become
double bond-shift pathways.

A convenient way to enumerate these pathways is in terms -2 1
of the corresponding permutation diagrams. Inspection of the -2
double bond-shift Schemes C1 and C2 shows that they corre-
spond to a cyclic permutation of the phosphorus atoms arouRg — k§K§ — kgl
one of the five rings of the FPcage, while the two remaining 2
atoms remain in their original molecular sites. For the example
in Schemes C1 and C2, the permutation can be describé&é)as (

o O R
S or o

[6]

Oo0oo0ooo oo
|
NS
co©O0ooo
PP ooo

O OOk O
OO PkFr oo
= O O

o
N O

(1B, 1E, A, 2E, 2B)(3B)(3E). and
Thereis, of course, also the pathway corresponding to the reverse )
permutation (pushing up the left column and down the center
one),

N Ok

1
1 lpel 1l
(1B, 2B, 2E, A, 1E)(3B)(3E). Ri=kiKg = ki3 [7]

[cNeNoNoNeNoNe)
|

R oOoOoOoOMNMNOOR

OO0 o0 ©Oo0ooo

P orooo

OO r o
O OO

By the principle of microscopic reversibility2(), these two
pathways must have identical rates. We therefore lump them

together into a single, symmetric, exchange matrix,
If we now assume that all pathways have the same rkjes,

k3 = k3, the following overall exchange matrix is obtained,

-2 1 1 0 0 O
1 -2 0 0 1 0 O
_pl 2 3 __
. .., |l t0-200 10 Ri = R} + RZ 4+ RS = kgKqg
R = kK3 =K3= 0O 0 0 O O 0 o0}, 9
2 -6 2 2 2 0 0 O
0 1 0 0-2110 2 -4 0 0 2 0 O
0O 0 1 0 1 -2 0 -
0 0 0 0 0 0 O 1l 2 6 40 0 20
=k=| 2 0 0 -4 0 0 2|, [g
. . 61 0 2 0 o0 -4 1 1
wherek] is the rate for any one of the two permutations. The
subscript refers to “double bond shift” and the superscript to the 8 8 g g i _f 14

wing in the B cage that remains unaltered during this process.
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whereky = 3k{i (i = 1—3)is now the rate that any one of the sixone of the three five-rings in the;Bage. For a particular five-
possible permutations take place aftg= %(K(} + K24 K3). ring permutationRy, two atoms, iE and iB, are not involved in
To facilitate the comparison with the 2D exchange spectruifie exchange and therefore their NMR peaks remain unaffecte
we contract this exchange matrix, by grouping together site¥ the rearrangement process. Referring to the low-temperatu

belonging to the same type of phosphorus atoms. The result§§€ectra in Figs. 2 and 3, we note that while the lines labeled 2|
and 3E start to broaden already-&880°C, line 1E remains sharp

up to well above-10°C. This clearly indicates that the three pro-

-1 % 0 2 3
cesses represented By, R3, andR3, Egs. [5]-[7], do not have
Ri=kiKi=ka| 1 -2 % |, [9] the same rate parameters, as assumed in the simulations of 1
o 1 _1 center column of Fig. 3. This is perhaps not surprising in view
3 3

of the fact that the Pcage in solid LiP;(mg); lacks exact three-

h for tha¥* matrix. th 4 col label fold symmetry, as we have seen in the low-temperature spect
where, as Tor &, matrix, the rows and columns are 1abele Fig. 2). From the experimental spectra it is thus clear that at lov
in the order A, E, B. For short mixing times, this exchange m

. . L . emperatures€~10°C) k3 andk3, which lead to broadening of
trix predicts cross peaks within the pairs A/E and E/B, but e 1E line, are considkgrablyk[émaller thgl which does not

such peaks between A and B. This is exactly the pattern of Crogg, .+ ine width of this peak, but does affect the 2E and 3E lines
peaks observed experimentally in the 2D exchange spectrum g or the final simulations of the spectra we have therefore use
Fig. 4. On the left hand side of the figure is shown a simulateaqe exchange matrix

2D spectrum calculated using Eq. [8] eyt = 1, showing a
pattern very similar to the experimental one on the right. This 11 22 3L3

strongly suggests that double bond shift is indeed the mecha- Ra = kiKg +kgKg +kgKg [10]
nism responsible for the dynamic line broadening observed in

the MAS spectra of solid kP;(mg). To check whether this with, in general, different rate constants for the different permu.
mechanism indeed yields simulated 1D spectra that are congigions. Since, however, the broadening of the 2E and 3E line
tent with the experimental results, we first assumed that all thraepears to be quite similar, and to simplify the fitting procedure
pairs of permutations have equal ratkl,= k3 = k3 = kg, We assumed tha} = k3 and tookk] andk3¥(=kj =k3) as ad-
and accordingly used Eq. [8] for the simulations. Results so gbstable parameters in the fitting procedure. In Fig. 5 are show
tained for differenty values are shown in the middle columrexperimental spectra on a more finely spaced temperature sc:
of Fig. 3. The fit with the experimental spectra (left column) ighan in Fig. 3, together with our best fit simulations to Eq. [10].
now much improved in comparison with the single bond-shifthe fit is now considerably improved and particularly repro-
mechanism (right column). In particular, we note that the retluces well the dynamic lineshape of the E band. These resul
ative broadening of the E and B bands is quite similar to tha@nfirm that at low temperatures the dominant process is indee
observed experimentally. In fact, the similarity between the caRj, while at higher temperatures the two other processes tak
culated and experimental spectra is satisfactory enough to degver. The results also show that, at least at low temperature
good estimates for the kinetic parameters of the reaction. Pag-threefold molecular jumps take place. Otherwise the 1E lin
forming such an analysis yields the following average Arrheniwgould also broaden. Such threefold jumps are quite common fc
parametersE, ~ 50 kJ/mol andkg(17°C) ~ 2 x 10* s71. How-  globular molecules with & symmetry like bullvalenel2) and
ever, thekq vs 1/ T plot, so obtained, is not a straight line butertain phosphorus cage compoung$), but apparently they
rather curved, with slopes ranging from 30 kJ/mol at low tenglo not occur in LiP;(mg)s. An overall analysis of the exper-
peratures to 70 kJ/mol at high temperatures. This and the fiapental spectra, using Eq. [10] and the parameters of Table :
that the low-temperature spectra are not perfectly reproduggelded the Arrhenius plots shown in Fig. 6. The kinetic pa-
by the simulations indicate that the situation is somewhat moigmneters derived from these results are summarized in Table
complicated. We discuss this issue in the next section. Note that to optimize the fit, in particular at low temperatures,
we had to introduce some temperature dependendégqirnas
indicated in Table 1. These are very small shifts and chemicall
not unrealistic.

Close inspection of the spectra in Fig. 3, particularly, at low Admittedly, the fit of the 1D dynamic spectra in Fig. 5 is
temperatures where the triplet structure of the E band is still patill not perfect. For example, the temperature rargtd to
tially resolved, reveals delicate differences between the experid0°C the relative intensities of the B and E peaks differ in the
mental (left column) and simulated (middle column) lineshapesxperimental and simulated spectra. We were unable to impro\
It may be seen that in the experimental spectra the three E liles fit using the parameters of Table 1. It is possible that thi
do not broaden to the same extent as they do in the simulatidisagreement is due to an error in the orientation of the principe
We recall that the exchange matiy (Eg. [8]), used in the directions of the chemical shift tensors of the E and B nuclei
simulation, represents the sum of three pairs of processes wiithese were determined in | by quantum mechanical calculatior
equal rates, each involving a cyclic permutation of atoms withamd we have no way to assess their accuracy. Also the assignm

3.4. The Effect of the Cage Asymmetry
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FIG. 5.

More detailed dynamié'P MAS NMR spectra of solid lsiP;(mg). First and third columns: Experimental spectra as a function of the indicatec

temperatures. The experimental details are as in the caption to Fig. 3, except th@dtiiespectrum was recorded at a spinning rate of 16.4 kHz with a recycle

time of 240 s. Second and fourth columns: Simulated spectra for the double bond-shift mechanism, dq?uﬂk@g: kg =

(Egs. [10] and [5]-[7])-

10
10°F
10*
‘o
=
10°F
10°E
1 1
3.0 3.5 40 45
193 K

FIG 6. Arrhenius plots of the double bond-shift processk§ and
kd ( ké kd) in solid LizP7(mg)s, as derived from dynamic MAS spectra
of the type shown in Fig. 5.

k§'3 and the indicate&ﬂd values

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

TABLE 2
Kinetic Data for the Bond-Shift Rearrangement in Solid
Li3;P;(mg); and in Solution?®

k(17°C)/st Ea/kjmol~1
kS 10t 18.7
kg® 10t 58.0
ks(solution) 07 x 10* 46— 63

aThe results fok} andk?3(=k3 = k3) in the solid state are from
the present work. The results fiofsolution) were derived from data
givenin Baudleetal.(5) using the exchange matrix shown in Eq. [4].
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4. SUMMARY AND CONCLUSIONS fluoro- or cyano-bullvalene. These compounds too were foun
to undergo Cope rearrangement in the solid state by a mult
We have studied thé'P MAS NMR spectrum of solid ple bond-shift mechanism, depending on the substitution site
LizP7(mg); over a wide temperature range. The results providgat ensured the preservation of the crystal order. Exceptions
detailed information regarding the structural and dynamic progis rule are bromo-, iodo-, and possibly chlorobullvalene (25)
erties of the P cage in this solid. The low-temperature NMRyhich form disordered crystals. In these cases orientational o
spectra are consistent with the-8age structure shown in Fig. 1,der need not be preserved and single bond-shift pathways a
with a small distortion from perfect£ symmetry. The distor- gjjowed, and indeed were found to occur.
tion is Clearly reflected in the tl’lplet Spllttlng of the E Signal The deviation of theP cage structure from perfecbg:sym_
and the unresolved structure of the B band. This result is cafietry in the solid state is also reflected in its fluxional properties
sistent with the X-ray structure of the homologous compoungh particular, we found that the rates of the cyclic permutations
LisP-(tmeday, where the Pcage was found to have nearly, bubyre not equal for the three five-rings. As it turned out there is on.
not perfect G, symmetry ¢). five-ring that, at low temperatures, is more labile than its twc
The MAS NMR spectra are strongly temperature dependeRbighbors. It is interesting to mention that even for unsubstitute
reflecting the bond-shift rearrangement of thecBge. In I, an py|lvalene, different rates for the different single bond-shift path-
attempt was made to quantitatively analyze such dynamic NMfys were found in the solid staten), apparently caused by the
spectra in terms of a concerted process (Scheme B), involviRgnsymmetric environment in the crystal. Finally, we mention
chemical bond shift and an overall molecular reorientation th@fe somewhat surprising result that, over the entire temperatu

ensures the preservation of the lattice order—a bond shift alaa@ge studied, the rearrangement rate in the solid is faster th:
wouldresultinaninverted cage and thusinadisordered latticejf\solution (see Table 2).

concerted bond-shift/reorientation mechanism was provento oCThe detailed structural and dynamic information obtained or

curinthe analogous situation of the Cope rearrangementin salig Li;P,(mg); system in the present work demonstrates the
bullvalene (1,12, 13. However, for the case of gP7(mg)s Such - power of 1D and 2D dynamig'P MAS NMR in the study of
adynamic model did not give a satisfactory fit to the experimeBplids. It also demonstrates the wealth of motional processes th

tal spectra. Instead, we have now shown that the rearrangemggy, take place in what we often think to be rigid solids.

in solid LizP;(mg)s proceeds by a quite different route, involv-

ing a double bond shift (Scheme C). The reason for the different ACKNOWLEDGMENTS
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