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¢ with the mean lifetime between jumps (k;™). Taking /=S A
and k; = 0.2 s™ at room temperature gives D = 4 X 107! m?s7,
This result is comparable with that obtained for some other
compounds with similar molecular sizes.?>** For example, for
naphthalene at room temperature D = 2.5 X 1002 m?s™!. The
high activation energy determined by Maciel and co-workers’ for
the tautomeric shift reaction must therefore be ascribed to the
self-diffusion process associated with the hydrogen shift (Table
II).

Rotor-synchronized two-dimensional MAS exchange spec-
troscopy may prove useful in other solid systems where coupling
between translational diffusion, chemical exchange, and molecular

(23) Sherwood, J. N. Mol. Cryst. Lig. Cryst. 1969, 9, 37.
(24) Resing, H. A. Mol. Cryst. Lig. Cryst. 1969, 9, 101.

reorientation are involved. When the two-dimensional method
is applicable, the difficulties associated with single-crystal work
can be circumvented. In the following paper,!” we describe similar
investigations on solid bullvalene for which the tautomeric bond
shift reaction (the Cope rearrangement) in the solid state is coupled
to a molecular reorientation process. In this case, the mixing time
dependence of the cross-peak intensities has been used to estimate
the reaction rates and to test mechanistic proposals.
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Abstract: Carbon-13 MAS NMR measurements are reported for solid bullvalene between —40 and +85 °C. One-dimensional
spectra recorded above —10 °C exhibit, as a function of increasing temperature, dynamic line broadening, followed by coalescence
and, eventually, narrowing. Analysis of the line widths in the slow exchange regime indicates the presence of two independent
dynamic processes: symmetric threefold jumps and bond shift tautomerism (the Cope rearrangement). Two-dimensional exchange
experiments with rotor-synchronized mixing times are presented in the temperature range —20 to ~10 °C with mixing times
of 4~500 ms. These experiments were carried out at a slow spinning rate for which auto cross peaks between the olefinic carbon
atoms as well as hetero cross peaks between the latter and the aliphatic carbons are observed. The results of these experiments
are consistent with the occurrence of the two processes determined by the one-dimensional experiments and by earlier deuterium
measurements and confirm that the Cope rearrangement proceeds in concert with a molecular reorientation process that preserves
the crystal ordering. The estimated activation energies for the threefold jumps and the concerted Cope rearrangement,/reorientation
are found to be approximately 21 and 15 kcal mol™, respectively.

Introduction

Bullvalene provides a unique example of the Cope rearrange-
ment reaction. Due to the high symmetry of the molecule, more
than one million (10!/3) degenerate tautomeric isomers inter-
convert by this process.! Extensive measurements of the kinetics

of the reaction in solution have been performed?~ since the first
synthesis of bullvalene in 1963.7 For many years it was thought
that the Cope rearrangement could not take place in solid bull-
valene since the process would perturb the crystal structure, known
from X-ray and neutron diffraction to be highly ordered.?® A
sharp dispersion in the proton NMR second moment that occurs
in solid bullvalene at around room temperature!? was, therefore,
interpreted in terms of the onset of symmetric threefold jumps
of the molecules, a process that does not affect the crystal order.
In 1985, however, Meier and Earl!! showed, using carbon-13 magic

. Y Permanent address: The Weizmann Institute of Science, Rehovot 76100,
srael.

angle spinning (MAS) NMR, that the observed dispersion must
be due at least in part to the Cope rearrangement. They found
that the resolved resonances observed for the aliphatic and olefinic
carbon nuclei at low temperatures (—60 °C) coalesce and merge
to a single line above room temperature. This effect can only be
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(5) Huang, Y.; Macura, S.; Ernst, R. R. J. Am. Chem. Soc. 1981, 103,
5327.

(6) (a) Poupko, R.; Zimmermann, H.; Luz, Z. J. Am. Chem. Soc. 1984,
106, 5391. (b) Boeffel, C.; Poupko, R.; Zimmermann, H.; Luz, Z. J. Magn.
Reson. 1989, 85, 329,
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Figure 1. Schematic representations of (a) the concerted Cope rear-
rangement/reorientation process and (b) the symmetric threefold jumps
that occur in solid bullvalene. In (a), the upper-left edge of the triangle
represents the bond shift step and the right arm the concomitant reori-
entation, which restores the molecule to its original orientation. The
pathway of four of the carbon atoms for this particular sequence of
bondshift/reorientation is indicated. In (b) the C;-axis about which the
threefold jumps take place is shown. Also indicated is the numbering
convention used in the present work: the three-membered ring carbons
1, the olefinic carbons 2 and 3, and the bridgehead carbon 4. Carbons
1, 2, and 3 are further classified according to the wings A, B, and C to
which they belong. Wing A lies in the plane defined by the molecular
fixed coordinates 1 and 3 while wings B and C are rotated by respectively
£120° about the molecular 3-axis.

explained in terms of the Cope rearrangement, which interchanges
all the carbon species in the molecule. To account for the observed
high order of bullvalene crystals, Meier and Earl proposed!! that
this tautomeric bond shift reaction involves a concomitant re-
orientation which restores the molecule to its original orientation
(see Figure 1a). However, no quantitative analysis was given
which would confirm the mechanism or provide rate constants
for the reaction, nor was the question of the occurrence of the
threefold jump process resolved.

The problem was recently addressed again using deuterium
NMR of a single crystal of bullvalene-d,o.!> The results of this
work confirmed the proposed concerted mechanism and allowed
the determination of the rate constant of the rearrangement over
a wide temperature range. It was also found that the molecules
do indeed undergo symmetric threefold jumps independent from
the concerted reaction and with different kinetic parameters. In
the present work, we study the solid bullvalene system using a
completely different approach, employing carbon-13 MAS ex-
periments on powder samples in one and two dimensions. The
one-dimensional experiments employed were conventional cross
polarization (CP) MAS measurements'? performed at a spinning
rate, wg, slow relative to the chemical shift anisotropy, w; Ag, so
that information about pure reorientation processes was retained
in the spectrum. Although a complete analysis over the full
temperature range in terms of the two dynamic processes described
above can in principle be performed,'# we limit ourselves here to
the slow exchange regime where suitable equations can be used
to obtain approximate values for the rate parameters. The two-
dimensional experiments consisted of the rotor-synchronized
modification!%!¢ of the conventional two-dimensional exchange
experiment.!” As for the one-dimensional case, when the sample
spinning frequency is smaller than the chemical shift anisotropy,

(12) Schlick, S.; Luz, Z.; Poupko, R.; Zimmermann, H. J, Am. Chem.
Soc., submitted for publication,
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Veeman, W. S. Macromolecules 1988, 15, 1045. (c) Kentgens, A. P. M.; de
Boer, E.; Veeman, W. S. J. Chem. Phys. 1987, 87, 6859.
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information about molecular reorientation can be retrieved from
the results, thus providing a more complete picture of the reaction
pathway. A detailed description of this two-dimensional rotor-
synchronized MAS exchange experiment with the relevant theory
applicable to exchange between different carbon atoms may be
found in the preceding paper (hereafter referred to as paper 1).!8
In that paper, we investigated the mechanism of the self-diffusion
in tropolone using the cross-peak pattern observed at long mixing
times, while, in the present work, we demonstrate the feasibility
of the method for the study of both kinetic parameters and
mechanisms from a series of such experiments on bullvalene
recorded as a function of the mixing time.

Experimental Section

Bullvalene in powder form was kindly provided by Prof. G. Schroder
of Karisruhe University. In order to shorten the long spin-lattice re-
laxation times in the solid the sample used for the two-dimensional ex-
periments was exposed to a 750-kGy dose of electron irradiation and kept
at 4 °C between measurements. Even then recycle times of 30 s were
required for measurements below 0 °C. For the one-dimensional ex-
periments a nonirradiated sample was used with recycle times ranging
from 30 s at 85 °C to 100 s at =20 °C.

Carbon-13 CPMAS spectra were recorded on a Bruker MSL 300
spectrometer at 75.47 MHz. The dry nitrogen gas used to spin the rotor
also served for cooling or heating the sample to the desired temperature.
The gas temperature was monitored by a thermocouple just outside the
rotor system to an estimated accuracy of 2 °C in the region 0—40 °C.
Outside this temperature range the error may be somewhat larger. The
two-dimensional spectra were acquired using the pulse sequence discussed
in paper 1 and processed according to the method of Hagemeyer et al.l’
in order to obtain pure absorptive spectra. The experimental details are
given in the relevant figure captions.

One-Dimensional CPMAS Spectra

The one-dimensional CPMAS measurements of Meier and Earl
were extended in order to better define the temperature range over
which the dynamic line broadening occurs and to acquire sufficient
data to allow an estimate of the rate parameters. Examples
recorded at spinning frequencies around 4 kHz over the tem-
perature range —20 to +85 °C are shown in Figure 2. The
spectrum at the lowest temperature shows well-resolved peaks due
to the aliphatic carbons 1 and 4 at respectively 22 and 31 ppm
(relative to TMS) and a further peak at 128 ppm due to the
unresolved olefinic carbons 2 and 3 flanked by spinning sidebands.
The spectrum remains unchanged on further cooling below 20
°C but as may be seen in the figure it undergoes noticeable
changes on heating.

Above —20 °C the peaks in the spectrum broaden and eventually
merge into a single narrow line reflecting the effect of the Cope
rearrangement (Figure 1a). Closer examination of spectra taken
at small temperature intervals (not all shown in Figure 2) indicate,
however, that the initial broadening of the different lines is not
the same. This suggests the occurrence of another process, which
can be identified as the symmetric threefold jumps (Figure 1b)
known to occur in solid bullvalene from deuterium NMR mea-
surements.!2 In Figure 3 the measured half-width at half-max-
imum intensity, A = 1/T,, of the different center bands is plotted
in the temperature region for which the lines are at least partially
resolved. To obtain these data above 0 °C the measurements were
made on traces recorded without exponential broadening, allowing
measurements to be made up to +15 °C. Also plotted in Figure
3 is the half-width of the coalesced peak in the high-temperature
region of the measurements. All the results in this figure are
corrected to a common exponential broadening factor of 80 Hz.

Below —20 °C line line widths are essentially constant although
they are different for different carbon atoms. The relatively large
value for the olefinic peak can be at least partly ascribed to the
small isotropic chemical shift difference between carbons 2 and
3. Above -20 °C, the initial broadening of the peaks due to the
aliphatic carbon 1 and the olefinic carbons is similar, whereas that
of carbon 4, the bridgehead carbon, is much less. If the broadening

(18) Titman, J. J.; Lugz, Z.; Spiess, H. W. J. Am. Chem. Soc., preceeding
paper in this issue.
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Figure 2. Carbon-13 CPMAS NMR spectra of solid bullvalene at dif-
ferent temperatures as indicated: spinning rate 4 kHz, CP contact time
800 us, recycle delay varying from 100 s at =20 °C to 30 s at +85 °C.
The number of coadded signals ranged from 64 to 1000 with larger
numbers used for the broader spectra around +30 °C. The time domain
data were muitiplied by an exponential filter before Fourier transfor-
mation with 80-Hz line broadening except for the spectra around +30
°C, which were broadened by 200-400 Hz.

were solely due to the Cope rearrangement, the initial effect would
be nearly the same for all the peaks, while, if it were solely due
to the threefold jump process, carbon 4 would be unaffected. We
thus identify the broadening of the carbon 4 peak with the effect
of the Cope rearrangement and the broadening of the other peaks
to the total effect of this and the threefold jump process.

To derive approximate values for the two rate constants from
the initial line broadening we can use the equations for dynamic
MAS spectra in the slow exchange limit defined by

W<wg Swlde or W < wgwdc 1)

where W is the overall rate of the reactions, wy the spinning
frequency, wi Ac the chemical shift anisotropy, and w éc the
isotropic chemical shift difference between exchanging carbon
atoms. Under these conditions, the exchange-broadened line width
is given by

A=1/T,°+W 2)
where 1/T,® is an exchange-independent line width. In this limit
A(4) = 1/T%4) + k¢ (3)

for carbon 4 and
A(2,3) = 1/T,°2,3) + (1 = %)kc + &y 4)

for the olefinic carbons where k¢ and k; are the rate constants
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Figure 3. Half-width at half-height, A = 1/7,, of the resolved center
bands for carbons 1, 2, 3, and 4 in the CPMAS NMR spectra of bull-
valene in the slow exchange regime (<20 °C) and of the coalesced peak
in the fast exchange regime (>60 °C), plotted as a function of the
reciprocal absolute temperature. All line widths include a common
exponential line broadening factor of 80 Hz.
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Figure 4. Arrhenius plots of the estimated rate constants for the Cope
rearrangement and the threefold jump process in solid bullvalene. The
results were derived from the initial broadening (see Figure 3) of the
center bands due to carbon 4 and the olefinic carbons 2 and 3 using the
slow exchange approximation.

for the Cope rearrangement and the threefold jumps, respectively.
The factor 2/, in eq 4 accounts for the average probability that
an olefinic carbon atom is not affected by the Cope rearrangement
(see below). A similar equation may also be written for carbon
1 but because of its smaller chemical shift anisotropy this has a
narrower range of validity. Using egs 3 and 4 and the experimental
line widths of carbons 2, 3, and 4 in the slow exchange regime,
we can estimate values for kc and k;. In practice 1/T,° was taken
as the average low-temperature limiting value: 960 s™ for the
olefinic carbon atoms and 390 s™! for carbon 4 (see Figure 3). The
results for k¢ and k; obtained in this fashion are plotted in Figure
4 against reciprocal absolute temperature, yielding activation
energies of 15 and 21 kcal mol™ for the Cope rearrangement and
the threefold jumps, respectively.

Rotor Synchronized Two-Dimensional Exchange Experiments

The one-dimensional MAS spectra of bullvalene in the slow
exchange regime are not very sensitive to the mechanistic pathway
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Figure §. Carbon-13 two-dimensional MAS exchange spectrum of
bullvalene obtained with a rotor-synchronized mixing time of 60 ms at
=20 °C and rotor spinning frequency of 2.8 kHz. The carbon and proton
/2 pulse lengths were 3.8 us. The CP contact time was 800 us and the
recycle delay was 30 s. The spectral width in both dimensions was 22.7
kHz. Data were acquired for 11.2 ms in ¢, and the maximum value of
t; was 2.8 ms. A one-dimensional spectrum recorded under the same
conditions is shown parallel to f>.

of two reactions. More detailed information can be obtained by
using a two-dimensional exchange experiment under conditions
of slow MAS (wg < wi Ag) with a rotor-synchronized mixing time.
As indicated before a detailed description of the method is included
in paper 1 and will not be repeated here. An example of such
a spectrum for bullvalene recorded at —10 °C and with a spinning
frequency of 2.8 kHz is shown in Figure 5 along with the cor-
responding one-dimensional spectrum. Essentially all the diagonal
peaks are linked to each other by exchange cross peaks, indicating
the effect of the Cope rearrangement, which interchanges all
carbon atoms in the molecule. Whether the molecules inde-
pendently undergo the threefold jumps can only be determined
by a quantitative analysis of the peak intensities as a function of
mixing time. Note that, at the chosen spinning frequency, there
are no observable sidebands for the aliphatic carbons 1 and 4,
whereas two pairs of spinning sidebands are seen for the olefinic
carbons 2 and 3. For the discussion below it is convenient to
classify the observed peaks into four catagories: (1) the diagonal
peaks due to the aliphatic carbons 1 and 4, (2) the diagonal peaks
(both center bands and sidebands) due to the olefinic carbons 2
and 3, (3) the hetero cross peaks linking the aliphatic carbons 1
and 4 with each other and with the sidebands of the olefinic
carbons, and (4) exchange cross peaks linking the different
sidebands of the olefinic carbon resonances. The peaks in group
3 predominantly reflect the Cope rearrangement and their in-
tensites contain information about the nature of the concerted
reorientation, while those in group 4 reflect both the threefold
jump process and the Cope rearrangement because both contribute
to the reorientation of the olefinic carbon atoms.

The relative intensities of the peaks depend on a number of
parameters including the chemical shift tensors of the exchanging
nuclei, the exact kinetic pathways of the reactions, their rate
constants, and the mixing time used to record the spectrum. Thus,
by a comparison of the experimental evolution of the intensities
as a function of mixing time with model calculations, the kinetic
parameters and the mechanisms of the reactions can be deter-
mined. Rather than analyze the whole set of peaks individually,
we discuss the total intensities for each of the four groups classified
above. A set of results obtained at —10 °C and a spinning fre-
quency of 2.8 kHz is plotted in Figure 6 as a function of the mixing
time in the range 4-150 ms. Note, in particular, the marked
nonmonotonic behavior of the curve for group 4. In the following
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Figure 6. Relative intensities normalized to a total of unity of groups of
peaks in the two-dimensional exchange NMR experiment at =10 °C as
a function of the mixing time, 7, in the range 4150 ms: (1) the
diagonal peaks due to carbons 1 and 4, (2) the diagonal center band and
sideband peaks of carbons 2 and 3, (3) the exchange cross peaks linking
carbons 1 and 4 with each other and with the sidebands of carbons 2 and
3, and (4) the cross peaks linking different sidebands of carbons 2 and
3. The points are experimental data and the lines are drawn to guide the
eye. All the two-dimensional datasets recorded to produce this figure
were acquired in the same total time of 13 h and processed in an identical
fashion. The parameters are the same as for Figure 5 except for the
temperature and that the maximum value of ¢, was 2.1 ms.

sections, the basic equations necessary for the calculation of in-
tensities as a function of mixing time are described with specific
reference to the case of bullvalene and the results of such cal-
culations are then compared with the experimental data of Figure
6. Before doing so, two points need to be considered. The first
concerns the cross-polarization efficiency. If this is not the same
for all the carbon atoms in the system, the calculations become
complicated by the necessity to use nonstoichiometric initial
magnetizations. For the present work, we found this not to be
necessary, since the relative integrated intensities of the carbon
resonances in the one-dimensional spectra of bullvalene obtained
by CPMAS were very close to their expected stoichiometric ratios.
In addition, the two-dimensional spectra appear to be symmetric
about the main diagonal. Both these observations indicate that
the cross-polarization efficiency for all the carbon atoms is similar.
The second point concerns the possible contribution of spin dif-
fusion to the cross-peak intensities. This is known to occur in
molecular crystals but normally requires a time scale of several
seconds or longer.!® In contrast, the main dynamic effects in our
experiments occur in less than one-tenth of a second and we can
safely neglect spin diffusion effects in our analysis.

Calculation of Intensities of Two-Dimensional MAS Exchange
Spectra as a Function of Mixing Time

As shown in paper 1, the time domain signal of a two-dimen-
sional rotor-synchronized MAS exchange experiment, S(¢,,¢5;7),
consists of the weighted sum

S(tytTm) = ZPi,j(Tm)Sl,j(tlth) %)
ij

where P; () is the fractional population of those nuclei that at
the beginning of the mixing time were in site / and at the end in
site j, while S;(¢,,%,) is the contribution of these nuclei to the total
time domain signal. Fourier transformation of S(¢,,t,;7,,) with
respect to both ¢, and ¢, yields the spectrum

S(w,wy7m) = ZPi,j(Tm)Sivj(whwz) 6)
iy

consisting of a weighted superposition of the two-dimensional
subspectra S; (w;,w,). The simulation of two-dimensional ex-

(19) Vanderhart, D. L. J. Magn. Reson. 1987, 72, 13.
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Table I. Principal Components of the Chemical Shift Tensors of
Bullvalene?

carbon g, PPM® 0y, PPM° 0y, PPM° o, ppm°
1 22 35 -7 -28
4 31
2,3 128 95 0 -95

9 Determined from spinning sideband intensities in MAS spectra by
using a Herzfeld-Berger analysis.?? ®Relative to TMS. °Relative to
the corresponding oy,,. ¢No sidebands observed at wg/27 = | kHz

change spectra thus requires the calculation of first the 7? sub-
spectra, which arise from exchange between the 7 distinct sites
in the molecule, and second the corresponding fractional popu-
lations. For bullvalene, C,oH,q, neglecting translational diffusion,
there are 10 distinct sites between which the carbon atoms of a
single molecule can switch, all having the same normalized
equilibrium population, P° = 1/10. To obtain the P, (r,,)’s for
the bullvalene carbon atoms we need to solve the coup{ed kinetic
equations!?

dP(¢)/dt = (kcKc + KK)P() (M

where P(?) is a vector, the components of which are the populations
of the 10 sites, K. is the kinetic matrix for the Cope rearrangement,
K is the kinetic matrix for the threefold jumps, and k¢ and k;
are the corresponding rate constants. In the notation of Figure
1b, with the lines and rows indicated in the order 1A, IB, ...4,
the kinetic matrices are

(L1000 0 0 0 % % % Y
0 .10 0 0 0 ¥ % %',
0.0 <10 0 0 % % % 4
0 0 0 Y Y Yy Y0
K. o0 00 % e Uy e Y Yo O
CTdo 0o 0 U U T o0
2/9 2/9 2/9 1/9 1/9 1/9 10 0 0
% Yo U My Uy My 0 =10 0
% Y YU Yy s g 0 0 -1 0
Y5 0 0 0 0 0 0 -l
(. -
and
(4 ', %0 0 0 0 0 0 0
Y 1 '50 0 0 0 0 0 0
Yo Y =1 0 0 0 0 0 0 O
0 0 0 -1 1 1/2 0 0 0 0
0 00 Y% -1 Y% 0 0 0 0
K=1lo 0 o ‘/2 Y 20 0 0 o0 ®
000 0 0 0 -11'%1Yo
0 00 0 0 0 'f-1Y%0
000 0 0 0 ' -0
0 00 0 0 0 0 0 0 O
L -

Note that in writing K¢ it is assumed that the three bonds in the
three-membered ring are equally likely to break during the bond
shift process and that the reorientation that follows the rear-
rangement brings the new bridgehead carbon to the original site
of carbon 4 and the newly formed three-membered ring to the
original positions of the three carbons 1 with equal probability
for all three symmetry-related orientations. Solution of eq 7 with
the initial equilibrium populations gives

Pi(tm) = (1/10)exp[(kcKc + kiK)) Tl %)
which can be solved numerically for any k¢ and k;.

Neglecting relaxation effects, the subspectra S, (w;,w,) in eq
6 are given by

Si,j(wl,wz) =
2 8(w; ~ wi Ak, = Mwg) 8(w; = wi A/, ~ Nwg) Iy n (10)
MN

where I’/  is the intensity of the exchange cross peak located
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Figure 7. Calculated intensities for the four groups of peaks as defined
in the text and in Figure 6 as a function of mixing time for (a) &, = 80
sLkc =05, (b) k; =057, kc = 12057, and (¢) k; = 80 57!, k¢ =
120 s™. The experimental points of Figure 6 (with the same symbols)
are also included in part ¢ of this figure.

at the frequency coordinates (w, = wy o'y + My, w; = w oy,
+ Nwg). Formulas for the I'J,, »’s are given in paper 1. Their
calculation requires a detailed knowledge of the magnitudes and
orientations of the chemical shift tensors of the different carbon
atoms in a molecular-fixed coordinate system. The principal
components of these tensors were estimated by using a Herz-
feld~Berger analysis® from one-dimensional spectra recorded at

(20) Herzfeld, J.; Berger, A. E. J. Chem. Phys. 1980, 73, 6021.
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Table II. Classification of the 100 Two-Dimensional Subspectra S, (w,w;) of Bullvalene

no. of equivalent

class initial and final sites representative subspectrum  peak intensities peak frequencies subspectra

A’ i=1A, 1B, 1C S,.,(w,,wz) Il'loyo =1 w, = wLO'i”l 9
j = 1A, 1B, 1C wy = wl_cri,o’

A" 1=4 Sia(wi,w)) o0 =1 W) = WL, 1
j=4 wy = wl_crm‘

Are i=1A,1B, 1C S.4(wy,w3) Mo =1 W = WO, 3+3
f =4 Wy = WOyt

: i=1A,1B,IC S1aa(w,w3) 1Ay W = WO 18 + 18
j = 2A 2B 2C 3A 3B 3C wy = wl_a;wz + ka

Bre i=4 Syaalw1w2) Aoy =118 W = w0y 6+6
j= 2A, 2B, 2C, 3A, 3B, 3C Wy = WO + Nug

B i = 2A, 3A; 2B, 3B; 2C, 3C Sa2a(w.wz) Ay = [12A w; = WO + Nwg 12
J = 2A, 3A; 2B, 3B; 2C, 3C Wy = WOt + Nwg

(o i = 2A, 3A; 2B, 3B; 3C, 3C Sa 28{w1,w2) PABL W) = WOt + Mwg 12412
j = 2B 3B 2C 3C 3A 3A wy = wl_amz + NQ)R

9The classes A, B/, B”, and C each consist of two subspectra related to each other by a reflection along the main diagonal. Only one of the
subspectra is indicated in the table; the second can be obtained by interchanging w, and w,.

low spinning frequencies. The results of this analysis are shown
in Table I. No spinning sidebands were observed for carbon 4
even at as low a spinning rate as | kHz, indicating that its overall
chemical shift anisotropy is less than 25 ppm. Since the spinning
frequency used for our two-dimensional measurements was 2.8
kHz, no sidebands were observed for either of the aliphatic carbon
atoms and their shift anisotropies can be completely neglected.
The Herzfeld-Berger analysis does not provide information about
the orientation of the principal directions of the chemical shift
tensors in the molecular frame and so we shall make the following
assumptions. First, we assume that carbons 2 and 3 in each wing
of the bullvalene molecule are completely magnetically equivalent
with identical directions and magnitudes of all three principal
components of their chemical shift tensors. Second, in analogy
with literature data,?! we assume that the intermediate component
of the principal axes system (PAS), g,,, lies along the double bond
direction associated with the corresponding carbon atom and the
most shielded component, o, is oriented perpendicular to the plane
of the wing. The third principal component, ¢,,, must then lie
in the plane of the wing perpendicular to the double bond. For
a molecule-fixed frame (MF) we choose a coordinate system 1,
2, 3 with the 3-axis along the molecular C; symmetry axis, the
1-axis in the plane of wing A perpendicular to 3, and the 2-axis
perpendicular to both, completing a right-handed system. From
the molecular structure of bullvalene® an average value of § =
14.2° for the angle between the molecular C; axis and the double
bond direction can be calculated. Assuming perfect C; symmetry,
the elements 4, ,, (n, m = 1, 2, 3) of the chemical shift tensors
in the molecule-fixed frame are then related to the principal
components by the rotation

a(MF) = R(8,6)s(PAS)R™(6,¢) (1
where
o, 0 0
oPAS) = |0 o, O (12)
0 0 o,
and
cosBcosd sinp -sinBcosd
9,0) —cos9sind cos¢ sinBsind (13)
sin 6 0 cos 6

with ¢ = 0°, 120°, and 240° for the olefinic carbons in respectively
wings A, B, and C. With these results for the chemical shift
tensors, all the required cross-peak intensities can be calculated
by using egs 6-10 of paper 1.

As indicated above, there are n* = 100 subspectra for bullvalene.
However, only 55 = n(n + 1)/2 of these are independent because
the subspectrum S (w,,w,) is related to S, ,(w;,w,) by a reflection

(21) Veeman, W. S. Prog. Nucl. Magn. Reson. Spectrosc. 1984, 16, 193.

Table III. Calculated Cross-Peak Intensities for the Subspectra of
Classes B and C

N
M -2 -1 0 1 2
Cross-Peak Intensities, 24 y = [42A) = PA2A,
in Subspectra of Class B

0.09 0.24 0.31 0.24 0.09
Cross-Peak Intensities, A28, for Subspectra of Class C
-2 0.0 0.0 0.030 0.035 0.015
-1 0.0 0.054 0.074 0.063 0.036

0 0.03 0.074 0.061 0.072 0.031
1 0.035 0.063 0.072 0.052 0.0
2 0.015 0.036 0.031 0.0 0.0

in the main diagonal of the two-dimensional plane S, (w;,w;) =
S;(wz,w,). The number of subspectra that need to be calculated
is further reduced by neglect of the chemical shift anisotropy of
the aliphatic carbons 1 and 4, the assumption of complete magnetic
equivalence of carbons 2 and 3 in each wing of the molecule, and
the overall threefold symmetry of bullvalene. These symmetry
relations and assumptions reduce the set of subspectra to a
manageable seven distinct ones. They are listed in Table II where
their properties are summarized. Examination of this table shows
that in practice only two sets of peak intensities need actually be
Computed namely, Sl ZA(wl,wZ) and S2A 25((‘)1,(‘)2) All other
subspectra either consist of a single line at the isotropic shift with
unit intensity or are equivalent to one of these two (except for
a shift in the frequency coordinates). Note that the peak intensities
associated with S, 5, (w,,w,) are identical with the corresponding
Herzfeld-Berger intensities. Since at most two sidebands are
observed on each side of the olefinic center band, we need only
calculate five intensities of the type I 424 and 15 of the type
Lyn*A% (N, M = -2,-1,0, 1, 2). The numerical values obtained
by using the parameters dlscussed for bullvalence are summarized
in Table III. By a combination of these results with those for
the P, (1,,)’s of eq 9 the whole two-dimensional spectrum can be
simulated as a function of the mixing time.

Comparison of Experimental and Calculated Peak Intensities

A conspicuous feature of the experimental results plotted in
Figure 6 is the nonmonotonous dependence on the mixing time
of the cross-peak intensities of group 4. Such a behavior reflects
the occurrence of two independent processes, the Cope rear-
rangement, and the threefold jumps. These cross peaks that link
the different spinning sidebands of the olefinic carbons are clearly
most sensitive to the relative rates of the two processes. While
the threefold jumps can only create such cross peaks, the Cope
rearrangement can also reduce them by “sharing” their intensities
with the other cross peaks (group 3). To illustrate this effect, we
show in Figure 7 plots of the calculated intensities of the four
groups of peaks for three situations: (a) pure threefold jumps with
k; = 8057, (b) pure Cope rearrangement/reorientation with k¢
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= 12057}, and (c) the combination of (a) and (b). Clearly in (a)
only groups 2 and 4 are affected; peaks in groups 1 and 3 are not
affected by the jump process because of our neglect of the shift
anisotropy of the aliphatic carbons. In (b) all the peaks are
affected because the Cope rearrangement intermixes all carbon
atoms in the molecule. However, when both the threefold jumps
and the Cope rearrangement take place simultaneously marked
nonmonotonous behavior can occur as demonstrated in part c.

The rate constants k; and k¢ used to calculate the plots in Figure
7c were chosen so as to mimic the behavior of the experimental
results, which are also included in this part of the figure with the
same set of symbols as for Figure 6. Note that the major features
of the four curves occur in the first 30 ms of the plots and that
only when both the effect of the threefold jump and the Cope
rearrangement are included does the theory resemble the ex-
perimental data in this region. In fact the rate constants used
for the calculations also fall close to those estimated from the
one-dimensional spectra in Figure 4. The fit could no doubt be
improved by varying k; and k¢ and by including corrections to
account for possible small differences in the cross-polarization
efficiency of the different carbon atoms, longitudinal relaxation
during the mixing time, and even slow spin diffusion. In view of
the uncertainty associated with the peak volume integration we
have not pursued a more extensive analysis. We feel, however,
that the quality of the fit obtained with the approximate rate
constants and without further refinement is quite satisfactory.

Since the activation energy of the threefold jumps is higher than
for the Cope rearrangement (Figure 4), the ratio k;/kc decreases
with decreasing temperature and the competing effect of the two
processes becomes less pronounced. This was clearly observed
in results obtained at —20 °C, where the maximum in the total
intensity of the group 4 peaks with respect to the mixing time

became flatter. On the other hand, above —10 °C, exchange
broadening sets in, rendering the recording of such two-dimensional
spectra impossible.

Summary and Conclusions

The results reported here on the dynamic processes in solid
bullvalene are in good agreement with the earlier deuterium NMR
study of a single crystal.'? In particular, both the deuterium and
carbon-13 studies indicate the occurrence of two independent
dynamic processes: the symmetric threefold jumps and a concerted
Cope rearrangement/reorientation process. Both deuterium and
carbon-13 NMR studies have been used extensively to investigate
dynamic processes in solids. The former approach has the dis-
advantage that it requires specific chemical labeling of the com-
pound of interest because of the low natural abundance of deu-
terium. The sensitivity of natural abundance carbon-13 NMR
spectroscopy is normally acceptable but static samples give com-
plicated spectra due to the overlap of signals from different carbon
atoms. The low spinning rate carbon-13 MAS experiment em-
ployed here for the case of bullvalene provides increased spectral
resolution, while the surviving sidebands contain information about
the chemical shift anisotropy and thus about reorientation pro-
cesses, Specific chemical labeling is unnecessary. When applicable
this approach should be the method of choice for studying dynamic
processes in solids.
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Abstract: Deprotonation of the alkyne methyl group in Tp’(CO)(I)W(PhC=CCH,) [Tp’ = hydridotris(3,5-dimethyl-
pyrazolyl)borate] produces a nucleophilic propargyl synthon. Reaction of the complex anion with Mel or PhCH,Br yields
an elaborated alkyne and avoids the propargyl/allenyl regiochemical control problem. Deprotonation of Tp’(CO)(I)W-
(PhC=CCH,Me) followed by benzylation produces a single diastereomer as determined by 'H NMR, while methylation of
the anion formed from Tp’(CO)(I)W (PhC==CCH,Bz) yields the opposite diastereomer. Pivaldehyde or benzaldehyde adds
to the coordinated 7?-propargyl carbanion, Li[Tp'(CO)(I) W(#*-PhC=C=CHMe)}, to form alcohol products. Conversion
to a coordinated enyne was achieved for the benzaldehyde adduct by first forming the mesyl derivative and then eliminating

HOSO,Me to yield Tp'(CO)(I)W(PhC=CCMe=CHPh).

Introduction

Alkynes are versatile organic building blocks.! Although
alkynes are of demonstrated value in organic synthesis, regiocontrol
of electrophilic addition to propargyl carbanion equivalents has
been difficult to achieve with classical metalated propargyl
reagents (eq 1).2

RC=CCH, —=+ RC=C-CH, «» RC=C=CH, (1)

In 1968, Corey and Kirst reported a method for propargylating
an alkyl halide by reacting the halide with lithio-1-trimethyl-
silylpropyne.>  Alkylation occurred almost exclusively at the
propargyl site to yield alkyne products as the trimethylsilyl group
limited alkylation at the alkyne carbon. Thus allene products were
avoided; the trimethylsilyl protecting group was easily removed.

Nicolas has achieved regiocontrol of nucleophilic addition to
a cationic propargyl synthon through coordination of an alkyne

(1) Viehe, H. G., Ed. Chemistry of Acetylenes; Marcel Dekker: New
York, 1969.

(2) Klein, J. In The Chemistry of the Carbon-Carbon Triple Bond, Part
L; Patai, S., Ed.; John Wiley & Sons: New York, 1978; pp 343~379,

(3) (a) Corey, E. J,; Kirst, H. A. Tetrahedron Lett. 1968, 48, 5041. (b)
Corey, E. J,; Kirst, H. A,; Katzencllenbogen, J. A. J. Am. Chem. Soc. 1970,
92, 6314. (c) lreland, R. E.; Dawson, M. 1,; Lipinski, C. A. Tetrahedron Lett.
1970, 26, 2247,
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