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Abstract: Phosphorus-31 NMR measurements are reported on saf(ixionoglymej in the temperature
range—90 to+70 °C, under both, nonspinning and magic angle spinning (MAS) conditions. At low temperatures
(<—30 °C) the spectra correspond to a static situation, exhibiting a superposition of three subspectra due to
the apical, equatorial, and basal phosphorus atoms in;tbage. Analysis of these spectra provided information

on the principal values of the chemical shift tensors of the various P atoms in their respective principal axis
systems. Their orientations in the molecular frame were obtained from quantum mechanical calculations. In
the temperature range30 to +70 °C the spectra exhibit dynamic effects, which at high temperatures result

in a line shape corresponding to a single average axially symmetric chemical shift tensor. This is interpreted
in terms of a bond shift rearrangement similar to the Cope rearrangement process in bullvalene. Analysis of
the results yields approximate kinetic parameters for the reaction. At room-temperature the rate constant is
about 16 s1, and the activation energy lies between 7 and 12 kcal/mol. Due to the amorphous nature of the
sample used and the incomplete fit of the experimental and simulated spectra, the possibility of a heterogeneous
reaction with a distribution of rates and an independent 3-fold jumps process, cannot be ruled out.

Introduction (a) (b)
Several derivatives of the 3R; family of compounds are

known, including (MgSi)sP;, HsP; and LigP7.! In these com- .
pounds the Pmoiety forms a cage-like structure (see Figure
1) with the R groups linked to the equatorial P-atomgPLis
known to exist in a number of solid modifications, one of which
is a solvent-free, highly coordinated, substance with an ionic
structure? However, it mostly appears in the form of solvates

with three bldentate_s_owent mOIGCU!eS pegH:i unit. The . Figure 1. Structural formulas of the/tage. (a) Schematic representa-
solvates ufsual,ly preCIpltate from solution as amorphous SOIIdS'tion of the Li-bidentate solvate structures as determined by X-ray
An exception is LiP/(tmeda} (tmeda= tetramethylethylene-  ¢ystallography for the tmeda complex. (b) Labeling convention used
diamine) which was obtained in a crystalline form and could for the P atoms in thecage. (c) PAS's for the apical (A), equatorial
thus be studied by X-ray crystallographits molecular structure  (E), and basal (B) P atoms in wing 1 (consisting of the A, 1E, and 1B
is shown schematically in Figure la. The-dadge hasCs, atoms) of the Rcage.
symmetry, and the three tiions are each coordinated to two
negatively charged equatorial P-atoms. The lithium ions occupy
sites with pseudotetrahedral symmetry where two other bonds .
are shared with the bidentate ligand (solvent) molecule. Other ~7» ~103, and—162 ppm (relative to 85% #PQy). They
compounds having related structures are theimers, SgPi4 correspond to, respectively, the §p|cal (A), equatgrlal (E), and
and BaP,,34 basal (B)_phosphorus atoms (F|gu_re _1b). _The fine structure
Baudler and co-workes,” using®'P NMR have extensively observed in the spectrum was quantitatively interpreted in terms

studied the structure and dynamics ofin solution. At low of all possible!Jeps and*Jee's in the R-cage! Some extra line
TThe Weizmann Institute of Science broadening of the equatorial phosphorus signals was shown (by

temperatures<{—30 °C) the spectrum consists of three spin
spin multiplets with relative intensities 1:3:3, centered around

# University of Arkansas. 6L_i isotopic s_ubstitution)_ to results from interactions with the

8 Max-Planck-Institut fu Medizinische Forschung. “Li nuclei, which are partially self-decoupled by the quadrupolar

(1) (a) Baudler, M.Angew. Chem., Int. Ed. Engl982 21, 492. (b) relaxation of the latter.
Baudler, M.; Glinka, K.Chem. Re. 1993 93, 1623. Ab —30°C. th t duallv broad d t

(2) Honle, W.; Schnering, H. G. v.; Schmidpeter, A.; BurgetAGgew. ove  the _spec rum gra_ ually _roa ens an _even u-
Chem., Int. Ed. Engl1984 23, 817. ally (at above 5C°C) it coalesces into a single narrow line at
42(()3) Dahlmann, W.; Schnering, H. G. Maturwissenschafteh972 59, the weighted average frequency of the separate bands. This

(4) Dahlmann, W.: Schnering, H. G. Naturwissenschafte£973 60, observayop was mterpret%m tgrms of a bond shift rearrange-
429, ment within the P-cage, similar to the well-known Cope

(5) Baudler, M.; Ternberger, W. F.; Hahn,Z.Naturforsch 1979 34b, rearrangement in bullvalene (see Figure®2Jhe highly

16?% Baudler. M.: Hahn. 2. Naturforsch 1990 45h 1279 degenerate rearrangement reaction leads to complete averaging

(7) Baudler, M.: Pontzen, T.; Hahn, J.; Terberger, W. F.: Fabezw.  Of the chemical shifts of all atoms in the-Page and hence to
Naturforsch 198Q 35b, 517. a single NMR line. The reaction mechanism was subsequently
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Figure 2. The bond shift (Cope) rearrangement in&) and bullvalene -30 5x10°
(b).
' . . -60
also confirmed by 2D-exchange NMRThis reaction was the 0

first demonstration of a Cope-like rearrangement in an inorganic -
compound and so far is apparently also the only one. No full 200 0 -200 -400 -600 200 0 -200 -400 -600

line shape analysis of the dynamic spectra in solution has been pm

presented. However, the activation energy of the reaction wasFigure 3. Left: Experimental®P MAS NMR spectra of LdPr-
estimate8l to lie between 10 and 15 kcal/mol and from the (monoglymej as a function of the temperature, as indicated. Spinning

published spectra, the rate at room temperature can be estimatetiequency: 13.0 kHz. The spectra were obtained by sinf@epulses
to be~10* 5L, (4 us) with a recycle delay of 2 min. The number of scans ranged
from 4, at low temperatures, to 16 at high temperatures. The asterisk

For bullvalene and many of its monosubstituted derivatives indicates an impurity peak. The frequency scale in this and all others

it was found, somewha; unexpeqtedly, that the Colpe rearrangg-np spectra is relative to 85%sH0,. Right: Simulated dynamic MAS
ment also takes place in the solid state "?m,d that it proceeds Ir'spectra for the indicated rate constants of the bond shift rearrangement.
away that preserves the crystal orfief® This is brought about  The simulations were done using the Floguet formalism with the
by a concomitant reorientation of the molecule which ensures chemical shift parameters given in Table 1. For each P atom, 13 Floquet
that it ends up in the proper orientation in the crystal lattice. states were used, requiring the diagonalization of a @1l matrix for

In the present work we address the question of whether theeach crystallite orientation. A total of 538 orientations were used.
bond shift rearrangement process, which was detected in Different line width parameters were used for the three types of P-atoms,
believed that in solution the rearrangement involves free temperatures to 240 at_ high temperature for the apical atom, from 1000
(unbound) Panions? In solid LisP; the P-cages are coordinated to 300 for the equatorial and from 900 to 280 for the basal atoms.

to Liions, and it may appear that in this form the rearrangement ., ainers in a glovebox saturated with nitrogen gas. For MAS
reaction might be hindered. Here we show that this is definitely experiments 4 mm spinners (containing5 mg material) were used
not the case and that, in fact, the reaction in the solid phase iswith boron nitride caps. For the nonspinning NMR experiments 5 mm
even faster than it is in solution. For our measurements we useglass tubes were used, which were fire-sealed under vacuum while
the solvate LiP;(monoglymej (monoglyme= CHz;OCH,CHy- keeping the LjP; at liquid nitrogen temperature. Experiments were
OCHg), which is commercially available in a noncrystalline, carried out up to+70 °C. Above this temperature the sample
amorphous solid form. ThéP NMR spectra of this solid disintegrated, as manifested by its blackening and the fact that the NMR
showed conspicuous dynamic effects that indicated unequivo-SPECtra became irreproducible.

: : The NMR measurements were performed on a Bruker DSX300
lly th rren f bond shift rearrangement in . : ’
cally the occurrence of bond shift rearrangement in thedge Spectrometer operating at3P frequency of 121.5 MHz. Somfi

measurements were also carried out on this instrument at a frequency

of 116.6 MHz. Additional experimental details are given in the relevant
LisPz(monoglyme) was obtained commercially from ACROS OR-  figure captions.

GANICS and used without further treatment. Samples for NMR

measurements were prepared by packing the material into suitableResults and Discussion

o

Experimental Section

(8) (a) Schrder, G.; Oth, J. F. MAngew. Chem1967, 458 79. (b) The Low-Temperature Spectra and the Principal Values
Oth, J. F. M.; Millen, K.; Gilles, J. M.; Schider, G.Helv. Chim. Acta of the 3P Chemical Shift Tensors.In Figures 3 and 4 are
i\gg‘l&zrﬁ‘%ﬁ(ﬂ(g{;gﬁ%“gbgg Zimmermann, H.;"Mar, K.; Luz, Z. J. shown, respectively?!P NMR spectra of spinning (MAS) and

(9) Meier, B. H.; Earl, W. L.J. Am. Chem. Sod.985 107, 5553. nonspinning LiP,(monoglyme3 samples as a function of the

(10) Schlick, S.; Luz, Z.; Poupko, R.; Zimmermann, H.Am. Chem. temperature. Both sets of spectra exhibit pronounced changes
So0c.1992 114 4315 i i

(11) Titmann. J. J: Luz, Z.: Spiess, H. . Am. Chem. Sod992 with temperature, which clearly reflect the onset of one or
114 3765, several dynamic processes. To analyze these effects we need

(12) Luz, Z.; Poupko, R.; Alexander, $. Chem. Phys1993 99, 7544. first to understand the low-temperature spectra, where presum-
" (Ilsl’:)hMUIIlegréi.;SFalez%%rlen, U.; Zimmermann, H.; Poupko, R.; Luz, Z.  aply the motion does not affect the spectral line shape.

ol. Phys , . . . - . .

(14) (a) Miller, K. Zimmermann, H.: Krieger, C.: Poupko, R.. Luz, Z. The main te.rms in th_élp spin Hamiltonian are thqse due. to
J. Am. Chem. Sod.996 118 8006. (b) Poupko, R.; Mler, K.; Krieger, the (anisotropic) chemical shifts (CS), the dipolar interactions
C.; Zimmermann, H.; Luz, ZJ. Am. Chem. Socl99§ 118 8015. (c) and the scalar couplings. In the Roiety the latter are of the
?(')'(‘l"elr%g'-éspo“pko’ R.; Zimmermann, H.; Luz, 2. Phys. Chem1996 order of 400 Hz or ledsand can be neglected in comparison

(15) Luz, Z.: Olivier, L.; Poupko, R.; Miter, K.; Krieger, C.; Zimmer- with the line width in solid-state spectra. The dipolar interactions

mann, H.J. Am. Chem. Sod 99§ 120, 5526. between neighboring P nuclei in the €&ge (with internuclear
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Figure 5. Left: 3P MAS NMR spectra of LiP,(monoglyme) at a
spinning frequency of 12.5 kHz. The bottom two spectra are experi-

-60 0 mental at very low temperature as indicated. The letters A, E and B

PR MY ERP E PR/ W B Y B B I mark the central peaks of the apical, equatorial and basal spinning

200 0 -200 -400 -600 2000 0 -200 -400 -600 sideband manifolds. Note the fine structure of the E-peaks due to
ppm interactions with the Li nuclei. The top trace is a simulated spectrum

. e . o ¢ . calculated using the chemical shift parameters of Table 1 and the low-
Figure 4. Left: Experimental™P NMR spe(_:tra of a nonspinning temperature line width as indicated in the caption of Figure 3. Right:
povx_/de_r sample of lsPz(monoglyme) as a functhn of the temperature, 31p NMR spectra of a nonspinning sample offi{monoglyme). The
?S” |nd|c(;att)ed'.: Th_e spectrfa were rec;;rdedl using szhor_tp(eil)_rJ]pulsesb bottom spectrum is experimental for the indicated temperature. The
ollowed by Fourier transformation. Recycle time, 2 min. The number upper traces were simulated using the chemical shift parameters

of scans ranged from 60, at high and low temperatures, to 150, in the o¢ 116 1 | hut for two different signs of the chemical shift anisotropy
intermediate ranges. Right: Simulated dynamic powder spectra for of the apical P-atom, as indicated

different rate constants of the bond shift rearrangement, as indicated.

The calculations were done using the magnetic parameters as described . . .
in the caption of Figure 3 g d P nucleil® We have not analyzed this structure quantitatively.

Instead, we accounted for it by introducing an effective
distances of about 2.15 A) are of the order of 2 kHz. They are additional broadening to the lines associated with the equatorial

smaller for not directly bonded P atoms in the cage and ato_r_ns.h . ice is th h
considerably smaller for atoms in different molecules. Even (ify The sk?ccr)lnd point to notice Is t F extra hump atharoPL:nd
though the multiple dipolar interactions within thegage may 04 PPM, which does not seem to belong to any of the three

sum up to as much as 5 kHz, to a good approximation, they spinning sideband manifolds. It is particularly noticeable at
too may be neglected in comparison with the overall spectral Ngher temperatures where thegaks broaden while this one

width. This is particularly true in the MAS experiments, where 2PP€ars to gain in relative intensity (see Figure 3). We ascribe

the dipolar interactions are partially (although not compléggly It {0 an unidentified impurity.

averaged out by the spinning. On the other hand, the chemical _ (ii)) Finally, we notice that in the spectrum shown in Figure
shift anisotropy of théP nuclei in B are of the order of 28 5, only two very weak sidebands are observed for the apical

75 kHz and are clearly the dominant terms in the phosphorus &0M: at~146 and+60 ppm (the latter closely overlapping with

spin Hamiltonian. We therefore keep only the latter interactions 1€ impurity peak). This indicates that the CS anisotropy
in the quantitative analysis of the dynamic spectra. associated with this atom is considerably smaller than for the

To obtain the principal values of the chemical shift tensors €duatorial and the basal atoms. Also, because the apical atom
of the various phosphorus atoms in thesR: sample we sits on the molecula€3; symmetry axis, its CS tensor should

analyzed the low-temperature MAS spectra, using the Herzfeld be axially symmetric. Since, however, its two spinning sidebands

Berger theory” In Figure 5 are shown two such spectra recorded have nearly the same intensity, it is not possible to determine
at —88 and—60 °C with a spinning frequency of 12.5 kHz. the sign of its CS anisotropy. This was subsequently determined

This spinning rate is close to the highest attainable value on TOM the line shape of the low-temperature spectrum of the
our spectrometer. Under this restriction it provides the best NONSPinning, sample (see below). o
resolution with minimum overlap of sidebands from different _ 1€ overall results of the analysis are summarized in Table
manifolds. The center bands of the three types of phosphorust? With 011> 022 > d33 (from less to more shielding). By and
atoms, apical (A), equatorial (B), and basal (C), are indicated large, the CS tensors so obtained are of the order of those

_ cate : AR ”n :
on the bottom trace. From these the associated spinningd€termined in similar compound¥.?* A simulated MAS
sidebands can readily be identified. spectrum calculated using these parameters is shown on the top

Three points related to these spectra need be emphasized€ft-hand side of Figure 5. Considering the points mentioned
(i) It may be noticed that the lines due to the equatorial atoms, above the fit between the experimental and simulated spectra

which are closest to the lithium cations, exhibit an asymmetric 1S quite satisfactory. - ,

multiplet; a triplet at—88 °C, which broadens into a doubletat _ On the right-hand side of Figure 5 are shown the correspond-
—60 °C. We ascribe this structure to the residual dipolar (and "9 SPectra for a nonspinning sample. At the bottom is shown
scalar) interactions with the neighboring quadrupélanuclei, an experimental spectrum recorded-#0°C and two simulated

which are not averaged out by the magic angle spinning. Similar (1) (a) Harris, R. K.; Olivieri, A. CProg. Nucl. Magn. Reson. Spectrosc.

spectra have been observed beforef@r coupled tol = 3/, 1992 24, 435. (b) Alarcon, S. H.; Olivieri, A. C.; Crass, S. A.; Harris, R.
K.; Zuriaga, M. J.; Monti, G. AJ. Magn. Reson1995 116A 244.
(16) Jeschke, G.; Hoffhauer, W.; Jansen,@lem. Eur. J1998 4, 1755. (19) Spiess, H. W.; Grosescu, R.; HaeberlenQbdem. Phys1974 6,

(17) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6029. 226.
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Table 1. CS Tensors of the Various Phosphorus Atoms igPL?
1A. Principal Values in Their Respective PAS’s

basal equatorial apical
6iso 611 622 633 6iso 611 622 633 6iso 611 (522 (333
exptP —167 276 56 —332 -119 244 2 —246 —43 126 —63 —63
calcd(1y —163 259 122 —380 —116 236 —26 -211 -7 18 -9 -9
calcd(2y —166 295 78 —373 —120 239 —52 —188 -35 58 -29 -29
1B. Euler Angles Which Transform the Various PAS’s to the®MF
basal equatorial apical

a B Y a B Y o B Y

simulated 0 0 y 0 —56 y 0 0 0

calcd(1y 0 2 y 0 —52 y 0 0 0

calcd(2y 0 1 y 0 —61 y 0 0 0

@ The subscripts 11, 22, 33, serve to label the principal values of the CS tensors according to the ordee > 033 (With 011 + 022 + d33=0);
they do not necessarily form a right-handed coordinate system. For their orientation in the MF see p&xd@imental values derived from the
MAS spectra of LiP,(monoglyme). ¢ Calculated values for unsolvatedsPj. ¢ Calculated values for the solvatesPj(glycol)s. € o, 3, y are Euler
angles which transform the CS tensors from their respective PASIS, @, to the MFX, y, z In this frame,z is parallel to theC; symmetry axis,

y is perpendicular to the plane of wing 1, defined by the atoms, 1B, 1E, Axéed in the plane of this wing. The PAS axes for the B and E atoms
were chosen so that lies in the plane of théth wing, b’ perpendicular to this wing, and perpendicular to both axes. For the apical atan,
andc coincide with thex, y, z, system. The setsl, b, ¢/, as well asx, y, z form right-handed coordinate systenysequals 0, 24C°, and 120 for

the B and E atoms in wings 1, 2, and 3, respective{alues used in the line shape simulations.

traces shown above it. They were calculated using the (experi-by the experiments, but adopt the directions provided by the
mental) CS parameters from Table 1A, but for two alternative theory.

signs for the anisotropy of the apical atom]26, 63, 63 (top) For the calculations we used the IGLO metB&&E They were
and 126,—63, —63 (middle). As mentioned above this sign carried out at the Hartred=ock level using a basis set of roughly
could not be determined from the MAS spectrum at low triple-{ quality, supplemented with polarization functioits.
temperatures. Comparison of the simulated powder spectra withSeveral model compounds were studied, but we shall report on
the experimental one confirms unequivocally the sign chosen just two: (1) free (nonsolvated) 4, and, to check on the effect

in Table 1. The general agreement of the experimental andof the ligands, (2) LiP; coordinated to three glycol (1,2-
simulated powder line shapes is, however, not as satisfactorydihydroxyethane) molecules. The structure of the model com-
as for the MAS spectra. In particular the high-field shoulders pounds was first optimized at the DFT level, with a 6-31G*
(at —360 and—500 ppm) and the center cusp (aL00 ppm) basis set (using B3LYP as implemented in the GAUSSIAN 94
in the simulated trace are not as pronounced in the experimentalpackage of programs$:23 A constraint toCs, symmetry was
spectrum. Also, the low-field edge is somewhat shifted to the applied throughout the optimizations, with the Li and ligand
right in the simulation compared to the experiment. The former molecules as in structure (a) of Figure 1. The structural
effects are most likely due to the neglect of P dipolar and parameters so obtained are in good agreement with those
scalar interactions. When these interactions were included in determined experimentally for 4#;(tmeda} by X-ray crystal-

the simulation the fit of the high-field part of the spectrum lography? The P-P distances in the former are about 0.05 A
considerably improved, but the shift in the low-field edge larger than in the latter. Similar results were also obtained by
remained. We ascribe this disagreement to the uncertairt9 (  Béhm and Gleite* who used the semiempirical MINDO/3
ppm) in the experimentally determined principal values of the program to calculate the;Rtructure.

basal and equatorial CS tensors (Table 1A). The uncertainty The results of the calculations of the CS tensors for the two
for the apical atom is probably larger, but it affects less the model compounds are included in Table 1. The principal values
overall width of the spectrum. for the various atoms, in their respective PAS’s, are given in

The Orientation of the Principal Components of the CS ~ Part 1A of the Table, while the Euler angle relating the PAS's
Tensors.The results of the previous section provide the values With the MF are given in 1B. In general the agreement between
of the CS tensor components in their respective principal axis the experimental principal values and those calculated for both
system (PAS). For a complete analysis of the dynamic line models, although far from pe_:rfect, is quite sufficient fo_r our
shapes we also need to know the orientations of the PAS’s in PUrpose. In particular, the differences between the principal
a common molecular frame (MF). In principle this can be values_ for each atom are large enough to _allow unequivocal
obtained by measurements of single crystals, but these have nofatching of the experimental components with the correspond-
been available to us. Instead, we resorted to quantum mechanicald calculated ones, as given in Table 1A. The differences
calculations. The idea being that for the simulation of the between the two sets of calculations, for the bas_al _and equatorial
dynamic spectra we shall use the principal values as determined?0ms, are of the same order as their deviation from the

experimental values. Although in some cases, these deviations

(20) (a) Gibby, M. G.; Pines, A.; Rhim, W.-K.; Waugh, J.5.Chem. are as large as 60 ppm, they are small compared to the overall
Phys 1972 56, 991. (b) Zumbulyadis, N.; Dailey, B. Ehem. Phys. Lett CS anisotropy. On the other hand, the results for the Euler angles
18;3 Sg" igg: 8 Eg’:ﬁg RH.';KI._;lE:/r\]IQiJIi((;,SF".; ff“v‘e’éoGd: D- ?hﬁogmﬁ? ;. of the two models (Table 1B) are quite similar, deviating by
D.; J. Chem. Soc., Dalton Tran&989h 809. (¢) Bjorholm, T; Jakobsen, ~ ONly & few degrees from each other. For that reason (and also

H. J.J. Magn. Resorl989 84, 204. (f) Hoffbauer, W.; Wefing, S.; Kkters, for lack of alternative methods to determine them) we adopt
G.; Frick, F.; Jansen, MSolid State Nucl. Magn. Resot999 14, 211.
(21) Karaghiosoff, K. IrEncyclopedia of Nuclear Magnetic Resonance (22) Schindler, M.; Kutzelnigg, WJ. Chem. Phys1982 76, 1919.
Grant, D. M., Harris, R. K., Eds.; John Wiley: New York, 1996; Vol. 6, p (23) Kutzelnigg, W.; Fleischer, U.; Schindler,.MIMR 199Q 23, 165.

3612. (24) Bthm, M. C.; Gleiter, RZ. Naturforsch 198Q 36b, 498.
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30 /”"\,/ ‘ \/\ Figure 7. A schematic diagram representing the nine pathways of the
A pot Adl Nt br sy, combined bond shift rearrangememeorientation in solid LiP;. The

_ - first stage corresponds to the three possible bond shift channels for
each R-cage. In the second stage the rearranged molecules rotate so
‘ b\ as to end up in their original orientation in the lattice. Each molecule
" has three ways to do so, resulting in nine different permutations of the
— T, seven P-atoms in the;f2age. This is evident by comparing the final
0 0 100 positions of P-atoms originally marked by a squar® and by an
asterisk (*).
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Figure 6. 7Li NMR spectra of a nonspinning sample of ;B}-

(monoglyme) as a function of the temperature as mdncateo!. For each pectra it appears that there are more than one type of lithium
temperature, the upper trace was recorded at a 15-fold gain compare

to the bottom one. The spectra were obtained by single pulsei§2.1  SPECies in the sample. We have not attempted to sort them out.
excitation with a recycle time of 30 s. The frequency scale is relative Although some minor changes may be observed in the structure
to an aqueous solution of LINO of the satellites in the high temperature spectra compared to

the low temperature ones, the main features of the spectra remain
the calculated orientations of the PAS's (see Figure 1c) for our essentially unchanged upon increasing of the temperature. We
dynamic line shape simulations. For the basal atoms the mosttake it to indicate that the Li ions do not take part in any dynamic
shielded componendgs, is essentially parallel to the molecular  process. In our kinetic analysis we shall therefore assume that
Cs axis, while the least shielded componed;, lies in the only the P anions are dynamic, while the lithium ions and ligand
symmetry plane containing the particular atom. The correspond-molecules remain immobile and form a rigid belt around the
ing Euler angles (for their definitions see footnote to Table 1B) P;-cages.

are therefore, 0, Oy, wherey is 0, 240 and 120 for atoms Referring to the high temperature traces in Figures 3 and 4,
1B, 2B, and 3B, respectively. For the equatorial atoms,is we note that the MAS spectrum consists of a single sideband
perpendicular to the symmetry plane, whilg lies within this manifold, while that of the nonspinning sample appears as a
plane and, depending on the model, is tilted by 62 52" to single, axially symmetric powder pattern. Such spectra can only

the C3 axis. In our calculations we used an average value of
56°. The Euler angles for the equatorial atoms are accordingly
0, —56°, y, where they’s for 1E, 2E, and 3E are as above for
the corresponding B atoms. Dynamic line shapes calculated with
pB(equatorial}= —61° or —52° were essentially indistinguishable
from those calculated witg = —56°. For the apical atom the
PAS is determined by symmetry. The calculated values of the ; - . -
CS anisotropy for this atormhd = d11 — ds, are significantly solution and _perhaps in certaln_amorpho_us solld_s. However, for
smaller than the experimental one. But then, one has to keep inf€asons putllned below we belle\./e. that in og@ﬂ;lcqmpound
mind that the smaller anisotropies are more sensitive to thethe reaction proceeds, while retaining the orientation of the P

assumptions made in the calculations and the experimentalC@3€: One can imagine several kinetic pathways that will lead
analysis is more susceptible to errors in the measurements of® this situation. We shall assume a model, similar to that shown

the sideband intensities. to occur for the Cope rearrangement in bullvalene and many of

Simulation of the Dynamic Spectra. To simulate the  Its derivativesi** According to this model the rearrangement
dynamic spectra (Figures 3 and 4) we need to assume a suitabl@'0C€€ds in concert with an overall reorientation of the#ye,
dynamic model. Two processes come to mind for soligPki in such a way that it ends up in exactly the same orientation as
3-fold jumps about the€; symmetry axis of the Pcage, and it had originally. There are nine pathways for this to occur, as
bond shift rearrangement (or both). Before discussing the effect Shown schematically in Figure 7. The first stage shows the three
of these processes on tHi® NMR spectrum in some detail we ~ different chemical channels, ending in a rearranged, but
need to check whether the Li ions remain static or participate “inverted” P,-cage. Each of these intermediate states can then
in the dynamic processes that take place in the system. To that'physically” reorient in three different ways so as to end up in
end we recorded th&ti NMR spectrum of the compound over  the same orientation as the molecule had originally. As may be
the temperature range where dynamic effects were observed irseen in the figure, each of the nine pathways ends up in a
the phosphorus spectrum. The results, for a nonspinning sampledifferent permutation of the P-atoms and therefore must be
are shown in Figure 6. The center peak, corresponding to theassociated with a different exchange matrix. In setting up the
1/, < =1, transition, and, at a higher gain, also thé/, < overall exchange matrix we shall assume that all pathways are
+1/, satellites, are clearly observed. From the shape of the equally probable.

result from a chemical process that interchanges all atoms in
the P-cage. It must therefore involve the bond shift rearrange-
ment (Figure 2a), with or without an independent 3-fold jumps
process. In principle several mechanisms can be visualized for
the rearrangement reaction in the solid state. In particular it could
proceed without preserving the orientation of thecRge, as in
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Support for this orientation-preserving mechanism (not neces-
sarily with equal rates for all pathways) comes from the
following consideration. The isotropic CS of the high-temper-
ature average spectrum-122 ppm) is very close to that
calculated by averaging the low-temperature isotropic CS’s of
the seven atoms in thefeage (128 ppm). This is as expected
for any rearrangement involving all the atoms in Phe small
difference between the calculated and experimental values can
be attributed to a temperature effect on the CS. However, we
also find that the CS anisotropfsd = 6, — o, of the average
high-temperature spectrum--250 ppm) is very close to that
calculated by averaging the full CS tensors (expressed in the
MF) over all the phosphorus atoms in thedage (232 ppm).
If the orientation were not preserved during the rearrangement,
further averaging of the CS anisotropy would occur, resulting
in a significantly reduced\d. (Actually the sameAo value
would also be obtained if thesfage would end up in an
inverted orientation).

Assuming that all nine pathways in Figure 7 have equal
probabilities leads to the following exchange matrix:

ke=o Ke =3.2¢10° 57
ky/s!
_/\M\ 10° %’\/\&
) VAN
//A
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Figure 8. Simulated®P dynamic MAS spectra of the;feage in the
presence of 3-fold jumps. In the left column it is assumed that no
concomitant Cope rearrangement takes place. The spectra on the right
were calculated on the assumption that a Cope rearrangement at a rate
of 3.2 x 10* st takes place in concert with 3-fold jumps at the indicated
rates. The calculations were done as described in the caption of

:

|

0
-
l 1
200

0 200 O

90 0 2 2 2 3 Figure 3.
0 90 2 2 2 3 justified in their simulation, we concentrate our discussion on
40 0 92 2 2 3 the former. These simulated spectra reproduce well the main
K. =k, x 9 2 2 2 -81 1 O features of the experimental results, in particular the initial
2 2 2 1 -81 O broadening and the high-temperature coalescence into a single
2 2 2 1 1 -80 sideband manifold. However, in details the fit in the intermediate
3 3 3 0 0O 0 -9 dynamic regime is far from perfect. We were unable to improve

the fit by modifying the exchange matrix, for example, by

including 3-fold jumps, by assigning different rate constant for
wherek is the rate constant for the reaction. In this matrix, the the different pathways, or even by assuming a completely
labeling of the rows and columns is in the order, 1B, 2B, 3B, different mechanism for the bond shift rearrangement (see
1E, 2E, 3E, and A. For the simulation of the dynamic MAS below). The disagreement between the experimental and various
spectra we employed the formalism developed by Schmidt and sets of simulated spectra may partly be of experimental origin;
Vega® using the framework of the Floquet theory, as described the spectra span a very wide frequency rang&20 kHz), and
in detail for the case of bullvalene in ref 12. For the calculations they are not easily phased or subjected to baseline correction.
we used the CS parameters of Table 1 and other parameters\lso, temperature gradients over the sample may cause lineshape
which are given in the caption of Figure 3. Examples of distortions. Also, for the exchanged broadened spectra the signal-
simulated spectra, so obtained, are shown on the right-hand sideo-noise ratio is quite poor, and there may be additional impurity
of that figure. On the right-hand side of Figure 4 are shown the peaks that may become conspicuous in this regime. We feel,
corresponding simulated dynamic powder spectra for the however, that the disagreement also reflects real effects.

nonspinning sample. These spectra were calculated by solving,

for given orientations of the magnetic field in the M, @),
the corresponding BloehMcConnell equations and summing
the resulting line shapes over 3722and ¢ values, using
Conroy’s algorithn? In these equations the same kinetic matrix

First, since our sample is amorphous, we cannot rule out a
heterogeneous situation, with a spatial distribution of mecha-
nisms and rate constants. Even for a homogeneous situation the
local symmetry around the;Rage is not perfecthCs,. The
probability of the nine pathways may therefore not be exactly

as described above was used and the NMR transitions frequenthe same, as assumed in the simulations. We have, in fact,

cies were calculated from the expression

o' (0,9) = w [0}, 1/,(3 cod 6 — 1) +
Y (O — Oy,)SiN 6 cos Zp

+ 0, sin’ 0 sin 2p + (3}, cosg + Oy, sin ¢)sin2)

wherex, vy, z are the coordinate axes in the MF, as defined in
the footnote of Table 1B. The CS tensors in this frame were

obtained from the corresponding ones in their respective PAS’s

(Table 1A) using the Euler angles given in Table 1B.

simulated spectra with different weights for the different
pathways and observed corresponding effects on the line shapes.
However, the number of alternatives is so vast that it is quite
hopeless to obtain a unigue model by scanning all the alterna-
tives. We also considered a mechanism in which the first bond
shift is concertedly followed by a second rearrangement of one
of the newly formed bonds between the basal atoms. This
process requires only a small physical reorientation of the P
cage. However, the resulting line shapes did also not improve
the fit with the experimental results. Finally we considered the
effect of 3-fold jumps on the spectrum. As discussed above,
this process alone cannot account for the observed changes in

The simulated spectra displayed in Figures 3 and 4, were ihe gpectra. Since this process preserves the identity of the three

chosen so as to closely resemble the corresponding experiment

Qlypes of P-atoms in thesRtage, it will end up (in the fast-

traces. Since the MAS spectra appear to be more sensitive (0gychange regime) in an average spectrum consisting of three

(25) Schmidt, A.; Vega, SJ. Chem. Phys1987, 87, 6895.
(26) Conroy. H.J. Chem. Physl967, 47, 5307.

dynamic MAS spectra calculated for this model is shown on
the left-hand side of Figure 8. The exchange matrix used for
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Figure 9. A plot of the estimated rate constants for the bond shift
rearrangement in solid §Pz(monoglyme;) (from the present work) and

J. Am. Chem. Soc., Vol. 122, No. 5, 20@®5

activation energy ranging between 7 and 12 kcal/mol can be
estimated, withkc at room temperature of about 5671, In
Figure 9 are also plotted rate constants for the bond shift
rearrangement in a THF solution, which we computed from
spectra published by Baudler et®alsing the exchange matrix

THE _  THF _ 1 32 3
KM=k x 3 2 20

1 0 -3
where the rows and columns are labeled in the order, B, E, and
A. The estimated activation energy in this solvent(15 kcal/
mol) overlaps the estimated range for the solid sample. (The
calculated* activation energy for the free;Rrianion is 14.1
kcal/mol). However, the actual rate at room temperature is
definitely higher in the solid, by more than a factor of 5, than
it is in solution. In fact, the effect is even bigger, if we recall
that the rate of each bond shift channel in the solid actually
corresponds tolg.

Summary and Conclusions

We have investigated ti#éP NMR spectrum of a solid sample
of LisP;(monoglymej in the temperature range90—70 °C.
In the range—30—70 °C the spectra exhibit conspicuous

in a THF solution (calculated from spectra published in ref 5) as a dynamic effects that were interpreted in terms of the bond shift
function of the inverse absolute temperature. The bars indicate the rangerearrangement of the;Rage, in analogy with the well-known

of “acceptable” fit between the simulated and experimental spectra. Cope rearrangement in bullvalene. Although our sample was
The dashed lines serve to aid to distinguish between the solid Stateamorphous, it appears that the process proceeds while retaining

and solution results.

these simulations is shown below, where the labeling of the

rows and columns is as for the rearrangement matrixkaimsl
the rate constant for the 3-fold jumps process.

-21 1 0 0 O c}
1 -21 0 0 0 O
Jt 1 —20 0 0 o0
Ky=kx50 0 0 —21 1 0
0 0 0 1 -21 0
00 0 1 1 -20
0 0 00 0 O d

We cannot, however, rule out the possibility that 3-fold jumps

the orientation of the Pcage. The solvated Li ions seem to
form a rigid framework, which holds the;f8ages inside fixed
pores. During the rearrangement process the&dges pass
through an intermediate “soft” stage, which allows them to
reorient and acquire their original orientation in the pores. It is
interesting to note that the rate of this process is faster in the
solid state than it is in solutién(10° as compared with 1.5

10* s1 at room temperature). Perhaps, the rigid lattice of the
solvated Li network provides large enough pores that facilitate
the rearrangement, while at the same time the electrostatic
potential provided by the Li belt forces the Rcages to retain
their orientations. In solution, on the other hand, there is
apparently strong interaction between the dion and the
solvent molecules, resulting in a higher hindrance for the
rearrangement process. In the analogous case of bullvalene the
kinetic parameters for the Cope rearrangement in the solid and

occur simultaneously and independently of the bond shift in solution were found to be essentially the same. This may be

process. We therefore attempted to match the experimental
spectra with a model, in which both processes occur simulta-

neously, by setting up an exchange matrix of the form

K =kK;+ kcKc

[rationalized by the fact that bullvalene is a neutral molecule
and therefore less affected by electrostatic interactions.
Although there seems to be no doubt about the identification
of the bond shift rearrangement as the major cause for the line
broadening effects in th&P NMR spectra of solid lP;, we
were unable to fit them quantitatively to simulated dynamic line

One set of such simulated spectra is shown on the right-handShapeS- This is partly due to experimental artifacts and perhaps

side of Figure 8. In this simulatiokc was fixed at 3.2x 10*

partly also to the neglect of the dipolar interaction in the

s 1andk; was varied as indicated in the figure. There are clear simulations. However, the discrepancy may also reflect real

effects on the calculated line shapes, but again, the number oféffects. For example due to the lack@f symmetry at the site
combinations is huge, and the spectrum quality is insufficient Of the F-cage, the different pathways of the reaction (Figure

to ascertain or to rule out a concomitant jump process.

7) may have different rates. This was, in fact, found to be the

We thus end up with only one confirmed dynamic process, ¢ase in solid bullvalen® Also, due to the amorphous nature
that is, that of the bond shift rearrangement. Assuming it to be Of our sample, there may be a spatial distribution of rate

the only one responsible for tiéP NMR line broadening in

constants and pathways for the rearrangement reaction, which

solid LisP;, an estimate of its rates as a function of the Wwould .un(.jermine our attempts to quantitatively analyze the
temperature was obtained by “eye fitting” the experimental dynamic line shapes. It would therefore be advantageous to
spectra with a series of simulated ones. While this method is xtend the study to solvated 38y compounds that can be
certainly not satisfactory for accurate determination of the rates, obtained in a crystalline form, for examplesBj(tmeday.?

it does provide for each spectrum a range of “acceptable” rates.

Acknowledgment. This work was supported by the G.I.F

These ranges are plotted as bars in Figure 9. From these result§German-Israeli Foundation) Grant No. 1558-218.05/97, by the



896 J. Am. Chem. Soc., Vol. 122, No. 5, 2000 Sen et al.

G.M.J. Schmidt Minerva Center for Supramolecular Architecture program used to simulate the powder line shapes with the dipolar
and by the U.S. National Science Foundation under Grant No. interaction included.
CHE-9707202. We thank Elena Vinogradov for providing the JA992452L



