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Abstract: High resolution carbon-13, fluorine-19, and proton NMR measurements in solutions of the monosubstituted
bullvalenes, @HgX with X = F, CN, and COOH, as function of temperature are reported. The spectra at low
temperatures exhibit signals due to more than one isomer (three ferFXand two for X= CN, COOH). On

heating the peaks broaden due to bond shift (Cope) rearrangement involving the various isomers. Detailed analysis
of the line shapes shows that in all cases interconversion between the four possible isomers must be assumed, even
though the concentration of some of them is too weak to be observed. For fluorobullvalene a complete analysis of
the interconversion kinetics and equilibria is presented. For cyanobullvalene and bullvalenecarboxylic acid only a
semiquantitative analysis of the results was made.

Introduction solution usually several interconverting isomers coexist, and the
. rearrangement process becomes correspondingly more complex,
The study of the degenerate Cope rearrangement in bullvaleng,oving a number of independent rate constants. Such
and bullvalene derivatives in solution was the subject of complex dynamic schemes were considered by the earlier
numerous studies in particular in the 1960s and 1970s. \yorkers3-7 but a detailed quantitative analysis was so far not
Particularly useful for these studies has been high resolution -5rried out. In the solid state several situations may be
1 1 i i i i L ) L
NMR of *H and *3C, which provided information on the  gnyisioned. For example the crystals may be ordered, consisting
equilibria and interconversion kinetics between the different s only oné or of a stoichiometric mixture of several isomers.
isomers. Thesg studies also promoted much work on the r9|at'°nAIternatively the crystal may contain one or several isomers
between chemical rearrangement processes and Graph Fheoryt in an orientationally disordered state and not necessarily in
More recently it was found by carbon-13 and deuterium NMR 5 gigichiometric ratio. It may seem that Cope rearrangement
that buJIl\gaIene also undergoes Cope rearrangement in the solidyt s pstituted bullvalenes in ordered crystals will be strongly
phase:™** For the rearrangement reaction to preserve the crystal indered by the requirement that the orientation of the substitu-
order the process, in this case, must be coupled with anen myst be fixed in the crystal, while in disordered crystals
appropriate reorientation thqt restores the molequles to th‘?'rrearrangement may be fast and coupled with rapid molecular
original orientation in the lattice. When one considers substi- (agrientation. So far no dynamic studies on substituted
tuted bullvalenes the problem becomes more complicated. Inpyjjyalenes in the solid state were carried out, and in fact very

little is known on the crystal structure of such compounds. An
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Figure 1. The isomerization cycle of monosubstituted bullvalenes. The
substituent is labeled by X and the isomers are labeled according to
the substitution site (see insert at the bottom left part of the figure).
The lettersa or sindicate whether the interconversion involves cleavage
of a cyclopropane-ring bond which lies opposite or adjacent to the
substituted wing, respectively. There are two equivaddppe reactions
leading to the same isomer, one inside the cycle and one outside, leadin
to further branching of the permutation scheme.

Figure 2. Proton decoupled fluorine-19 NMR spectrba 3 wt %
solution of fluorobullvalene in CECIl, (bottom three traces) and in
CDCl; (top trace) at the indicated temperatures. The ppm scale is
relative to CFJ (takingd(CeFs) = —163 ppm). The arrow at165.35

ppm indicates the chemical shift of isomer 1. The signals of isomers
2 and 3 are inserted at higher gain, as indicated on the same chemical
Lhift scale. The signal of isomer 4 is also inserted but on a chemical
shift scale expanded by22.2 relative to that given in the bottom, in

ossible isomers labeled 1. 2. 3. or 4 depending on the order to emphasize the shift and nonmonotonic broadening of the line,
P o P g at the first onset of broadening. TA¥ /2 pulse width was 1%&s,

substitution site. Their interconversion can be expressed in 4. the proton decoupling field strength corresponded to 2.5 kHz.
terms of the cycle of seven Cope rearrangement steps shown in

Figure 121617 Thus isomer 4 (see insert in Figure 1 for the measured on a Bruker AMX400 spectrometer (9.4 T). Most measure-
labeling system used) can only interconvert to isomer 1 by ments on fluoro- and cyanobullvalene were performed in deuterated
cleavage of one of the cyclopropane-ring bonds. There are threemethylene chloride solutions, some were made in GPId for higher
equivalent pathways, two of which are shown within the cycle, temperatures deuterated dimethyl sulfoxide (DMSO) was used. Bull-
one more points out of the cycle. Isomer 1 can revert to 4 by valenecarboxylic acid was measured in 1:1 mixtures of@CDs-
cleavage of the cyclopropane bond opposite the wing carrying
the substituent (labeled for anti) or interconvert to 3 by
cleavage of one of the bonds adjacent to the substituted wing
(labeleds for syn). The secongd-cleavage also leads to isomer A. Fluorobullvalene. The rearrangement processes of

3 as indicated by the outgoing arrow. Similarly, 3 can revert fluorobullvalene in solution were studied many years ago by
to 1 bys-cleavage or interconvert to 2 laycleavage. The latter ~ Oth et al.3 using proton and fluorine NMR. They found that
can either revert to 3 by aa-cleavage or interconvert to a this compound exists in solutions, predominantly as isomer 4
degenerated form of isomer 2 bycleavage, etc. The important ~ at equilibrium with small amounts of isomers 2 and 3. Since
point to notice is that the Cope rearrangement allows only certainthe interconversion between these species must involve isomer
specific transformations; direct interconversion of, for example, 1, they concluded that the latter also exists in the solution but
4 and 3 or 1 and 2 are not allowed. In solution the two at quantities too small to detect directly by NMR. We have
s-cleavages are equally probable, but in general they have areinvestigated this system using fluorine-19 and carbon-13
different probability than ama-cleavage. These considerations NMR, confirming the earlier conclusions of Oth et al. and
must be taken into account when analyzing the dynamic NMR deriving accurate values for the equilibrium concentrations of

Results and Discussion

spectra discussed below. the various isomers and the kinetic parameters for their
. . interconversion rate constants.
Experimental Section Al. F NMR. Proton decoupled® NMR spectra of a 3
The substituted bullvalenes were kindly provided by Professor G. Wt % solution of fluorobullvalene in deuterated methylene
Schrader from the University of Karlsruhe. chloride are shown in Figure 2. At30 °C three peaks are

Carbon-13 and proton high resolution NMR spectra were recorded observed at-150.05,—94.26, and—87.33 ppm with relative
on a Bruker AM500 spectrometer (11.74 T). Fluorine-19 spectra were intensities of 0.870, 0.096, and 0.034. We identify these peaks
(16) Klose, H.- Gather, H.Chem Ber, 1969 102, 2230, W|th_ those c_JIue to isomers 4, 2_, and 3, respectlvely._ This
(17) Paquette, L. A.; Malpass, J. R.; Krow, G. R.; Barton, T.2Am assignment is based on the relative abundance of the isomers,
Chem Soc 1969 91, 5296. as determined from the carbon-13 spectra, to be described below.
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— w4, both of which are unknown, although from the upfield

] shift of line 4 with temperature we can deduce the< d4
(algebraically). We have recorded a low temperatu85°C)
fluorine-19 spectrum of fluorobullvalene under conditions of
excessive averaging and in fact observed a very small peak at
—165.35 with about 0.2% intensity relative to that of line 4.
Upon heating to above 40 °C it immediately broadened beyond
detection. For the rest of the analysis we therefore identify this
peak with the fluorine resonance of isomer 1. Its relative
intensity at—3 °C (where the line width of the peak due to
isomer 4 passes through a local maximum (see (Figure 3)) was
determined by eq 2, using the now known;(— wa) value.

1 For the rest of the temperature ranBewas determined together
o 1 with the relevant rate constants by best fitting the overall results
with simulated dynamic spectra. These spectra were calculated
from the general time domain solution of the BlediicConnell

° ] equations for the transverse magnetizatidift) of the inter-
changing spins

NMR Measurements in Solutions of Balenes
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M(t) = C{expK — (R+iQ)]t}P (3)

HereC is a constant (which depends on the concentration of
the solution, the temperature and certain physical constant),

——
t/°C

Figure 3. The line width (at half maximum height) of the fluorine-19
NMR signal, due to isomer 4, of fluorobullvalene in the same solution is a column vector comprising the fractional populatiéh®f
as used for Figure 2, as a function of temperature. the interchanging isomerR andQ2 are diagonal matrices with

As the temperature is raised, a gradual line broadening sets inelements, I%(i) and w;, respectively, anK is the exchange
due to interconversion between the various isomers. Closematrix. For the'F spectraK is given by the following 4x 4
examination of the spectra shows that the first peak to broadenmatrix
is that of isomer 4, but its broadening is not monotonic with
increasing temperature. The peak first broadens up to a
maximum value of~15 Hz (full width at half maximum k= [ KT ke kg @
intensity), and then it narrows slightly, followed by a sharp o Ksq —ki3 — ko3 Ksp
increase in the line width. At the same time there is a small Kog
but distinct shift of the line to high field (see inserts in Figure
2). A plot of the line width of isomer 4 as a function of wherek; is the rate constant for the interconversion of species
temperature is shown in Figure 3. Within the framework of jtoi, as indicated in Scheme 1 wikiyk; = Pi/P;. This scheme
the Cope rearrangement cycle of Figure 1, this nonmonotonic also shows the labeling system used in this paper. For each
line broadening can only be explained in terms of interconver- isomer the substituted carbon is enclosed in a square. The rate
sion between the dominant signal of isomer 4 with a very weak constants,kj, and the fractional population$;, were first
(unobservable) signal of isomer 1. Under such conditions, the estimated using approximate equations for the slow exchange
line width of the dominant signal (4) is given ¥y regime and from the relative peak intensities, in this limit. This

1 1 1 (0, — w4)2k41 was followed by best fit_ting _the_whole spectra to eq 3. The

= — =P, > final results are summarized in Figure 4. They include a global
T(4) T4 T4 Ky T (01 — @) fit to the 19 as well as thé3C experiments, described in the

wherew; is the chemical shift of speciégin rad s2), k; is the

next section. A summary of the magnetic, kinetic, and
rate constant for the transformation of isomeés isomeri, and thermodynamic parameters derived from these results is given
Pi is the fractional population of isomérand we assumed that

in Tables 1 and 2.
P < P4~ 1. The maximum ofA(1/T(4)) occurs wherk,; ~ A2. Carbon-13 NMR. Additional kinetic information and
w1 — w4| and its value &

confirmation of the'®F results were obtained from natural
abundancé3C spectra of the fluorobullvalene solutions. The
spectrum ba 3 wt %solution in deuterated methylene chloride
at —55 °C is shown in Figure 5. The labeling of the peaks is

_k14 k41

—Ra2

1)

Aﬁ(maxh Ploy— o, @

These relations give information on the productefand |w;

(18) Sandstim, J. Dynamic NMR Spectroscopy; Academic Press:
London, 1982; Chapter 6.

as in the diagram above with the superscript indicating the
isomer. The spectrum consists of three sets of lines, with
approximate intensities, 1.0; 0.065; 0.018. The weaker sets are
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Table 1. 3C Chemical Shifts (Relative to TMS) and SpiBpin Coupling Constants (Absolute Values) for the Various Isomers of
Fluorobullvalene, Measured in GOI, at —55 °C

isomer 1 isomer 2 isomer 3 isomer 4
oi(ppm) i (ppm)  Je—r(Hz)  g-w(Hz)  di(ppm) Jo-r(Hz) e-nu(Hz) Gi(ppm) Jo-r(Hz) g-n (H2)
1AB 21.26 18.54 166.6 19.07 (@)
20.10 169.0
1C (70y 22.43 40.3 166.4 19.35 9.2 (a)
2AB 125.60 126.15 158.8 128.22 160
123.80 15.8 160.8
2C 123y 155.17 246.6 101.12 211 (@)
3AB 127.08 127.91 164.9 124.47 157.9
131.61 35.7 166.1
3C (125¥% 101.60 134 162.8 158.40 270.1
4 31.9 26.63 10.1 133.8 34.04 29.9 134 91.11 161.4
aNot determined? Estimated values used in the simulation.
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E ] PPM
) r ] Figure 5. A proton decoupled carbon-13 NMR spectrufrac8 wt %
10 3 solution of fluorobullvalene in CECI, at —55 °C. Regions in the
spectrum with weak peaks are inserted at a five-fold gain. The peak
T O N R R BT S assignments are explained in the text. Note the doubling of some of

the peaks due to spirspin coupling with thé®F nuclei. Sixty degree

24 2.8 3.2 3.6 40 C - ¢
10° carbon-13 pulses of gs width were used with a proton decoupling
_T‘/K field strength corresponding to a 3.6 kHz.

Figure 4. Semilogarithmic plots of the fractional populations of the

; PERT .~ the solution was confirmed by the behavior of the dynamic
four fluorobullvalene isomers (top) and of the various interconversion

X . spectra. The chemical shift values of isomer 1 used in the
rate constantsk; (bottom) as function of the reciprocal absolute ! . . . A
temperature, obtained from the fitting of tFE and3C spectra in the simulation Of, the dynamic spectra are |ncluded.|n Table 1. Some
various solutions. Open circles are experimental results obtained from of thes_e assignments must, however, be considered as tentative.
19F spectra, closed circles frofiC spectra. In Figure 6 are show#C spectra of the same solution as in
Figure 5 but recorded at higher temperatures, up t6@G2as
replotted at a five-fold gain on the same chemical shift scale. well as a spectrum in a DMSO solution (3 wt %) at 87. It
The strong peaks in the spectrum are readily identified with may be seen that the peaks undergo typical line broadening as
isomer 4. Note that except for carbof dll signals of this expected from the effect of dynamic processes. Some of the
isomer are doublets, due to spigpin coupling with the fluorine lines due to isomer 4 exhibit a nonmonotonous behavior:
nucleus. Peak“is considerably weaker than expected stoi- broadening, followed by narrowing, and then broadening again,
chiometrically, apparently due to the weaker NOE experienced similar to that observed for th&F spectrum of this isomer.
by the bridgehead carbon atom. The weaker peaks in the We have performed a complete quantitative kinetic analysis of
carbon-13 spectrum are due to isomers 2 and 3. An unambigu-such temperature dependent spectra, including in particular, best
ous assignment of these peaks could be made on the basis dfitting of the line shapes due to the less abundant isomers 2
the proton spectrum, the carbon-13 (proton undecoupled)and 3. The peaks due to these isomers are sensitive to the same
spectrum, two dimensio®*C—1H correlation, carbon-13 2D-  rearrangement processes already discussed in connection with
exchange spectroscopy and best fit to the dynamic 1D spectrathe 1°F spectra and in addition also kg,, the rate constant for
A summary of the magnetic parameters so obtained is given in the degenerate interconversion of isomer 2 (top part of Figure
Table 1. 1). When the appropriate statistics are considered, the exchange
When all peaks of isomers 2, 3, and 4 were identified, a matrix for the carbon-13 spectrum acquires the form shown in
number of extremely weak unassigned peaks still remained. FourTable 3. For the simulation of tH€C spectra two subspectra
of these (at 20.63, 30.52, 127.37, and 128.11 ppm) were ascribedvere superposed corresponding, respectively, to the molecules
to unsubstituted bullvalene, while similarly weak peaks (of the with the 1°F in the o and 8 states and assuming that all the
order of 107 relative to those of isomer 4) were ascribed to 1Jc—¢'s have the same sign. The results for both e and
isomer 1. As in the case of tH&8F resonance its presence in 13C spectra became insensitive to isomer 1 above room
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Figure 7. A schematic free energy diagram (at 300 K) relating the

ground and transition states of the various fluorobullvalene isomers.

2 1 The vertical scale is calculated from the thermodynamic and kinetic
L parameters of Table 2, taking isomer 4 as reference.

3 Within our experimental accuracy we have not detected any
solvent effect on thég;'s and theK’s on going from the low

. temperature solvents (GDI,, CDCh) to that used at higher
o3 4 | temperatures (DMSO).

L Li
L | | | | | L A final comment concerning the fitting procedure relates to
140 120 100 30 60 40 20 the npnstoichiometric peak intensities,.in particulalr those of the
ppm fluorine bonded carbons, due to differences in the NOE
Figure 6. Proton decoupled carbon-13 spectra of fluorobullvalene €fficiency. The situation is similgr to tha_t as in a noneqUi”briL_lm
solutions as function of temperature. The bottom three spectra are forSystem?® and was accounted for in the simulation by substituting

the same solution as in Figure 5. The top trace isaf8 wt %solution the vectorP in eq 3 by the vectof whose components are
in DMSO. Only the lines due to the dominant isomer 4 are indicated. proportional to the observed peak intensities (at low tempera-
Experimental conditions are as in Figure 5. tures) rather than to their expected stoichiometric intensities.
Table 2. Summary of Kinetic and Thermodynamic Parameters for The overall results of Figure 4 and of Table 2 can also be
the Various Fluorobullvalene Isomers expressed in terms of a free energy potential diagram. Using
A. Kinetic Parameters; = A exp(~E«/RT) = Eyring’s absolute rate theory, we write the free energy of the
(ksT/h) exp(—AG*RT) transition states involved in the— i transformation by
A(x1071 AG* (300 K AS
((s*l) ) (kcaIE%orl) (kcal(morl)) (eu) kij = Kk'%Te_AG*/RTZ Kk';hTe_AH*/RTeAS*/R @)
K14 4.4 11.9 13.5 -7.3 L. . . .
kia 2.2 12.4 14.4 -87 where we took the transmission coefficientas unity. Using
ka2 102.5 13.3 13.0 -1.0 the AG and AG* values calculated from the equilibrium and
ko2 121 13.0 13.9 —53 rate constants of Figure 4 the potential free energy diagram (at
ke 5.2 14.2 15.7 —6.9 300 K) shown in Figure 7 is obtained. It shows quantitatively
B. Thermodynamic Parameteté = [B]/[A] = the relations between the various ground and transition states
exp(—AG/RT) = exp(—AH/RT) expAS'R) involved in the tautomeric cycle of Figure 1.
AG (300 K) AH AS B. Cyanobullvalene. The 13C NMR spectrum of cyano-
[BIA] (kcal mol™) (kcal mol™®) (eu) bullvalene in solution was studied earlier by Zwéz.He
[11/[4] 3.41 1.26 -7.2 identified two isomers of this compound with the dominant one
[3)/[1] —2.21 1.78 13.3 being isomer 3 and the minor being isomer 2. At low
[2113] —0.46 —0.52 —0.21 temperatures well resolved NMR spectra of both isomers are

observed, while on heating to above0 °C, line broadening
temperature. At higher temperatures we therefore suppressediue to the Cope rearrangement sets in. As for fluorobullvalene
isomer 1 and used contracted exchange matrices. Equation &4 complete interpretation of these dynamic spectra is quite
for the fluorine spectrum then becomes complicated and must involve isomers whose concentrations
are too low to observe.

—Kas ki B1. The Low Temperature H and 13C NMR Spectra.
K=lks —Kizg= ko3 Ky (5) A proton 500 MHz NMR spectrum of cyanobullvalene in €D
Kas —Ksp Cl, at —30°C, with its peak assignment, is shown in the upper

o o trace of Figure 8. Only the strong peaks due to isomer 3 are
while instead of the exchange matrix in Table 3, the one shown jgentified. Those due to isomer 2 were too weak and too close
in Table 4 was used. In these matricks are the direct g the peaks of isomer 3 for an unequivocal identification. The

interconversion rate constants between isomers 4 and 3. It isassignment of the isomer 3 peaks is based on multipte!H
related to thek;’s involving isomer 1 by the relation

(19) Ernst, R. R.; Bodenhousen, G.; Wokaun, A. Principles of Nuclear
Ks1 Magnetic Resonance in One and Two Dimensions; Clarendon Press:
Ksy = kmm (6) Oxford, 1987; p 209.
41 31 (20) Zwez, T. Ph.D. Dissertation, Karlsruhe University, 1988.
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Table 3. The Full Exchange Matrix for the Carbon-13 Nuclei in the Four Isomers of Fluorobullvalene
14 24 3¢ 1AB? 2AB?! 3AB? 2Ct 3Ct 4t 1AB3 2AB3 3AB3

14 - k14 k41 k41
24 - k14 k41 I<41
3 —kia  Ka Kaz

1AB! 2 —kar—ks1 L,

1 2 —Kyy— 1 1
2AB 3K ker—kar Skis Skis

12 —Kag— 1 1
3AB §k14 ekt §k13 5Kz

2Ct 1 —Ka1—Ka1
3Ct 1 k —ka1—ks1
14
41 1 K —kin—ka 1
14
1AB3 1 k ka1 —kiz—kz3
31
2AB3 1 Ksy 1 k —kiz—ka3

3 1 1 ko
3AB > Ksy > Ksy kiz—kes
1C ka1

2C8 ka1

4 1
2 31
1AB? ko3

2AB? ka3

3AB2 ko3

1
3¢

4

44
c
3C
2¢C?

homonuclear decoupling experiments. The resulting chemical 3 and 2.
shifts and spir-spin coupling constants are summarized in Table K
SA. isomer 3== isomer 2

A 13C NMR spectrum of the same solution as above; 40 ka2
°C, is shown in the bottom trace of Figure 9. The spectrum However, this process alone cannot account quantitatively for
exhibits two sets of lines at a ratio of13:1, corresponding,  the observed evolution of the spectrum. Inspection of Table 3
respectively, to isomers 3 and 2. The assignment shown in theshows that this mechanism alone leads to pairwise coalescence
figure is based omH—13C correlation and 2D exchange f groups of carbon signals, for exampléy and 3B 1C?
spectroscopy. The chemica_ll shifts atid_n's, derived from and 4; in addition to the pair<N® and CN% 3C? and X2,
these spectra, are summarized in Table 5B. The results are,qqirary to observation. Thus, although the interconversion of
consistent with those of Zwe?. isomers 3 and 2 certainly takes place, as we have in fact

B2. The Carbon-13 Dynamic Spectra of Cyanobullvalene. . " .
On heating the solution of cyanobullvalene to abevgd °C confirmed by 2_D exchange spectroscopy, additional mechanisms
must be considered.

all lines in the spectrum gradually broadened (see examples of
spectra in Figure 9). However, while the peaks due to the cyano  To proceed it is natural to invoke the degenerate intercon-
carbons (CN and CN) and the carbons directly attached to version of isomer 2

the cyano group (3€and 2C) rapidly coallesce (pairwise), the «

other peaks broadened and eventually converge with the base isomer 2== isomer 2

line noise (see top spectrum at 123 in DMSO-dg). Quali- kez

tatively, this behavior reflects the interconversion of isomers When this is included in the simulation, all lines, except those
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Table 3 (Continued)

1C3 2C3 43 1AB?2 2AB? 3AB2 12 3C2 42 44 1 3C3 2C?
kis
kis
kis
ka2
ka2
ka2
—k1z—kz3 ka2
—kiz—Ko3 ks2
—kiz—ka3 ka2
—kao—kz2 1, ka2
2 22
1
_k32_2k22 2 Ko
1 1 K
2 Kz 2 Ko kez~kez
k23 —kao—koz2 ka2
ko3 ka2 —kao—ka2
k23 1 k —kao—ka2
2 22
- k14 k41
Kia —kar—ks1  kiz
ka1 —kiz—koz ka2
ka3 —ks2

associated with the groug — CN indeed coalesce (see the
entriesky, in Table 3). However, as it turned out, this addition A 1
was still not sufficient for quantitatively reproducing the TA3)
experimental line width. Additional species, not observed in

the NMR spectrum, in particular isomer 1 and possibly also From Table 5B w, — w3| is 253 and 166 for the 22, 3C3
isomer 4, must be assumed to be present in the solution andandCN?, CN® pairs, which, withP, = 0.05 leads to a calculated
participate in the rearrangement process. This can readily bemaximum broadening of2.0 and 1.3 Hz, respectively. While
seen by the following considerations. In Figure 10 are plotted for CN2 the experimental maximum broadening indeed does not
the (full) line width (at half maximum intensity) of the observed exceed a few Hz, for@? it is almost 40 Hz, far more than the
peaks in the temperature regie#0 °C to +20°C. The curves expected 2 Hz. The only way such an extra broadening can be
labeled &2 andCNE correspond to the indicated carbons below induced is via exchange with an additional species, which
their coalescence temperatures and to the combi@3(PG? although may be too weak to observe, has a very large chemical
andCN®/CN? signals above these temperatures. The widths of shift to cause the observed broadening. The only species that
these peaks are independenkgf while the rearrangement (3)  can cause this effect is isomer 1 and perhaps also isomer 4. A
= (2) alone should result in broadening, coalescence, andquantitative analysis of the line shape would require the
narrowing behavior given by an equation similar to eq 1, with knowledge of the concentration and chemical shifts of these
the indices 1,4 substituted by 2,3. The expected maximum species. In the absence of this information we will limit
broadening is then given by ourselves to a semiqualitative analysis.

(max)= 2P, — oy ®)
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Figure 8. Top: Proton NMR spectrafoa 3 wt % solution of CN? 3 1
cyanobullvalene in CECl; at —30 °C. Bottom: a 1.5 wt % solution -40 J | [y
of bullvalenecarboxylic acid in a 1:1 mixture of GDD/CD,CI, at —38 [N BT A W NS N W
°C. Only the peaks due to the dominant isomer 3 are assigned. Fifty 140 120 40 20
degree pulses of fis width were used. ppm

e M

—

R

3
2AB3 2AB AB3

2c3

[

I

Table 5. *H and3C Magnetic Parameters for Cyanobullvalene Figure 9. Proton decoupled carbon-13 NMR spectra of cyanobull-
(in CD,Cl, at —30 °C) and Bullvalenecarboxylic Acid (in 1:1 valene at different temperatures in the same solution as in Figure 8.

CD,Cl,/CD;0OD Mixture at—38 °C) Only signals due to the dominant isomer 3 are labeled. The weaker
signals are due to isomer 2. Their assignment is included in Table

A. Proton Chemical Shifts and SpitSpin Coupling 5B. Experimental conditions as in Figure 5.
Constants for Isomers 3

di, (ppm) %Ji, (Hz) L L IAB;
L il s |
H-atom CN COOH H-H pair CN COOH 70 - oAB43A T

1AB 2.56 2.48 1AB- 1C 8.4 8.1 i 1c° -
1C 241 2.43 1AB- 2AB o O
2AB 5.97 5.92 2AB-3AB 113 10.8 60 k- 1AB,3C%4 ’10_ 4
2C 6.72 7.17 3AB- 4 8.3 8.7

3AB 5.83 5.80 1G-2C 8.4 8.0 . ;
4 2.57 3.17

B. Carbon-13 Chemical Shifts aidt_n
Spin—Spin Coupling Constants for Isomers 3 and 2 s

cyanobullvalene bullvalenecarboxylic acid a0 -

isomer 3 isomer 2 isomer 3 isomer 2

Oi, i, o,  Yo-n, O, No-n,

(ppm) Jow (ppm) Ye—n (ppm) (Hz) (ppm) (Hz) 30
1AB 23.43 169 19.76 166 23.17 167 19.97 167
1C 2150 171 2233 160 21.68 169 18.66 170 -
2AB 128.69 161 128.39 159 128104163 126.12 159
3AB 126.25 166 126.06 164 128M4160° 128.78 156 20 -
2C 14462 161 111.56 140.08 160 129.92
3C  111.24 14356 168 130.47 137.82 159
4 32.74 134 3056 136 29.27 134 3093 135
Xa  120.41 120.20 169.07 170.09

AHzZ

10 -

aCN carbon for cyanobullvalene and COOH carbon for bullvalene
carboxylic acid? The assignment of 2AB and 3AB is tentative and i
may be reversed. 0

First, we may assume that at low temperatutes—10 °C)
where peaks due to isomer 2 can still be discerned, their width

t/°C
is solely due to the (23= (2) and (2)== (3) interconversion, Figure 10. Full line widths at half maximum intensity of tHéC peaks

of isomer 2 (filled-in symbols) and isomer 3 (empty symbols) in a 3

involving the rate constantk,, and k . Under these ; . )
g B2 23 (ao) wt % solution of cyanobullvalene in GBI, as function of temperature.

conditionsks, can be estimated from the width of th€2and
CN? peaks before they coalesce 1 1
Ko~ = — = —
Ky ~ Ti— - (forthe peaks &%, CN) ©) T 7
2 2 Finally to estimate the rearrangement €3)(1), we note that
while ka2, can be obtained from the width of the other peaks of the broadening of theG peak, even before coalescence with
isomer 2, by subtracting the contribution k¥, (see filled-in 2C? is more than expected from the rate of the €3) (2)
symbols in Figure 10), interconversion. If we assume that this extra broadening is due

ks, (for peaks BB 3C? 4% 1C?) (10)
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103 B Figure 12. Proton decoupled carbon-13 NMR spectra of bullvalene
?/ K carboxylic acid at different temperatures in the same solution as in the
bottom part of Figure 8. Only signals due to isomer 3 are labeled.
Figure 11. Arrhenius plots of various interconversion rate constants, The weaker peaks are due to isomer 2. Their assignment is included
kjj, of the CyanObu||va|ene isomel’S, as estimated from the initial in Table 5B. Experimenta' conditions are as in Figure 5.
broadenings in Figure 10.
Table 6. Kinetic Parameters for the Cope Rearrangement

to exchange with the unobservable isomer 1 we can estimateProcesses in Cyanobullvalene and Bullvalenecarboxylic Acid

ki3 from cyanobullvalene bullvalenecarboxylic acid
1 1 3 ki Ea ki
k3= T, k,; (for peaks &°) (11) (—33°C)(s)  (kcal mol™) (=33°C) (s
2 Iz kes 0.49 15.6 1.4
: - _ [ 15.0 13.6 9.1
The kj’s derived from eqs 911 (with kos = ksz (P./P3) are e o2 ioe 237

plotted in Figure 11, and the corresponding kinetic parameters
are summarized in Table 6. ) o )
It may be noted that some of the curves in Figure 10 exhibit Sémiquantitative analysis of cyanobullvalene and bullvalenecar-
a second step of broadening at around@Q(see the plots for ~ Poxylic acid. These monosubstituted bullvalenes can exist as
2C3 and 3. This is most likely due to the setting in of fou.r different isomers which interconvert via a thermglly
exchange with isomer 4 which can only be formed from isomer activated bond shift (Cope) rearrangement. In all cases signals

1 (see (Figure 1). We have, however, not pursued the analysisdue to more than one isomer were detected; three (and possibly
further. four) in fluorobullvalene and two in the cyano and carboxylic

C. Bullvalenecarboxylic Acid. This compound behaves acid Qerivatives. Yet, the a'malysis. shows that. essentially all
similar to cyanobullvalene. In solution it exists predominantly four ISOmers are mvolvgd in the interconversion dynamics.
as isomer 3 and a small amount of isomer 2, VPs ~0.17 Specu_es,_wn_h_ concentrations too Iov_v to be de_tecte_d by NMR,
(at—38°C). The proton NMR spectrum in GDI,/CD0D at can still S|gn|f|.cqntly affect the dynamic spectra if their chemlcgl
—38°C is shown in the bottom part of Figure 8, and sof#@ shifts are sufﬂqently large. A very detailed line shape gnaly3|s,
spectra as a function of temperature are shown in Figure 12.Preferably at different magnetic fields, may even provide good

The magnetic parameters derived from these spectra are include@‘c‘_m‘r_1ates for the equi_librium concentrations of su_ch rare species.
in Table 5. On heating, line broadening sets in with feature tis important to real!ze th‘.'ﬂ th.eselundetected Isomers are not
closely resembling those observed in cyanobullvalene. In tr'ansmon state species with life times of thg order of bond
particular the carbon signals of the C-COOH moiety coalesce vibrations. Suph states W(.)u'd be too short-lived to affect the
pairwise and then remain sharp. Because of the lower solubility NMR frequencies and its line shape. -
of bullvalenecarboxylic acid and hence the low signal intensity A comment about the accura.cy.of the results in Figures 4
of the peaks due to isomer 2, no quantitative analysis was and 11 and_ In Ta_lb_les 2 and 6. is in order. These results are
attempted in this case. Estimateskef kx, andkis at —33°C base_d_on visual _flttlng of experlment_al and c_:alculated spectra,
are, however, included in Table 6. and it is not straightforward to quar}tlfy the fit. In general the
results for fluorobullvalene are considerably more accurate than
for the two other compounds because the concentrations of three
of the isomers could be directly determined from their peak
We have presented a detailed kinetic analysis of the dynamicintensity and a very good estimate of the concentration of the
high resolution solution spectra of fluorobullvalene and a fourth isomer could be made. We estimate that the kinetic

Summary
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parameters in Table 2A are accurate #10%, while the ones are much higher. Thus, while the nature of the substituent
fractional population folP; to P4 in Figure 4 are better than is reflected in the distribution of the isomeric species in
+5%; those folP; may however be off by as much as a factor substituted bullvalenes, the energetics of the interconversion
2. For the cyanobullvalene and bullvalenecarboxylic acid the between different isomers in solution is very little affected by
rate constants involving the conversion of isomers 2 angds3 ( the substitution. As it turns out the situation in the solid 3tdfe
andks) and the interconversion of isomer &4) are probably is quite different.
accurate to+20% in the temperature range where they were
directly determined (arouné35 to —20°C, see Table 6), but Acknowledgment. We wish to dedicate this series of papers
those involving isomer lkis, are much less certain. to Professor Gerhard Sciufer on his recent retirement from
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