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Figure 2. 100.6-MHz *C NMR spectral expansions of C-7a of griseo-
fulvin (1) derived from sodium [1-1*C,!#0,]acetate (0.05 ppm/division).
The spin-echo experiment (5684 scans) has r = 0.109 s.

TableI. !*C NMR Data of Griseofulvin (1) Derived from Sodium
[1-13C,'*0, ] Acetate®

isotope
chemical AS16 5 180 ratio®
carbon shift, ppm (ppm X 100)® 150/180
4 196.8 4.2 68:32
3 192.4 4.0 75:25
2' 170.8 2.0 83:17
6 169.7 1.5 78:22
Ta 164.7 1.7 75:25
4 157.9 1. 71:29

¢ Fourier transform spectra were measured on a Bruker WH400
spectrometer at 100.6 MHz by using ca. 0.1 M solutions of 1 in
CDCl, with Me, Si internal standard. Assignments agree with
those reported in ref 5¢.  Signals for carbons bearing oxygens
were first expanded by using 32K data block/2000 Hz, 80-1200
scans, 16.4-s acquisition time, and 45° pulse angle, Subsequent
spin-echo expansions (vide infra) employed 32K data block/2000
Hz, 6 50-5700 scans, and 8.2-s acquisition time, ? 10 upfield
shift values are £0.1 (ppm Xx 100). ¢ Approximate values
obtained from relative peak heights of !*C-!*0 and '*C-'¢0
inverted signals in the spin-echo experiments.

to 1. The use of spin-echo Fourier transform (SEFT) techniques
for separation of '®0-induced isotope shifts from long-range
carbon—carbon couplings has already proved advantageous in other
biosynthetic work in our laboratories and should be widely ap-
plicable.
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The fluxional behavior of a large number of compounds in which
a cyclopentadienyl ring is bonded in monchapto fashion to a metal
has been studied.? In all cases where the pathway has been
determined, the metal migrates to the adjacent carbon atom of
the five-membered ring; that is, a 1,2 migration occurs. In no
case has an alternate pathway been detected, although the pos-
sibility of two or more concurrent processes was recognized at an
early stage.’

We recently prepared the first n'-cycloheptatrienyl derivative
of a transition metal, (OC)sRe(7-1!-C;H,) (1),* and showed that
it was fluxional by 1,2 migration of the metal. In further in-
vestigations, we have now prepared the ruthenium derivative
(n>-CsHs)Ru(CO),(7-9'-C;H,) (2).° Remarkably, this mono-
hapto compound displays two concurrent fluxional pathways, 1,2
and 1,4 migration.

Synthesis of 2 followed the same anion plus tropylium route
(reaction 1) used previously.* Infrared spectroscopy indicated

THF

N 5 — CgHg) RU(CO), [+ [ CoHy [ [ BF 4 | —————>
al(n sHs) RU(CO), [+ [Co 7 [[BF,4l 783G
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(5 ~ CgHg) Ru (CO)y — .M
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H
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nearly quantitative formation of 2, but isolated yields were 70%
or less due to the very high solubility in pentane from which it
was crystallized at -78 °C.%7

The fluxionality of 2 was studied by applying the spin saturation
transfer technique of Forsén and Hoffman® to the 3C NMR
spectrum!® at 279.0 K.!' Spectra acquired with saturation at

(1) Cotton, F. A. In “Dynamic Nuclear Magnetic Resonance
Spectroscopy”; Jackman, L, M., Cotton, F. A., Eds.; Academic Press: New
York, 1975; Chapter 10.

(2) A brief recent account of rearrangements in g-bonded cyclopolyenyl-
metal complexes (mainly cyclopentadienyl) is available: McKinney, M. A ;
Haworth, M. A. J. Chem. Educ. 1980, 57, 110,

(3) Bennett, M. J; Cotton, F. A.; Davison, A.; Faller, J. W,; Lippard, S.
J.; Morehouse, S. M. J. Am. Chem. Soc. 1966, 88, 4371. Among fluxional
organometallic molecules of all kinds, existence of more than one pathway has
been established only for (n5-CgHg)Cr(CO),, which exhibits two: Mann, B,
E.; J. Chem. Soc., Chem. Commun. 1977, 626.

(4) Heinekey, D. M.; Graham, W. A. G. J. Am. Chem. Soc. 1979, 101,
6115,

(5) Compound 2 is an orange crystalline solid, mp 47 °C. Anal. Caled
for C;(H;,RuO,: C, 53.67; H, 3.86. Found: C, 53.63; H, 3.86. Mass
spectrum (14 eV, 25 °C), M*, (M - CO)*, (M - 2C0O)*, C,H,* (base peak);
IR (cyclohexane, vco, cm™) 2015 (s), 1961 (s), 1958 (sh); '"H NMR (cyclo-
hexane-d,,, 20 °C) 6 5.40 (s, CsHj), 5.64 (m, H;,), 5.22 (m, H, ¢), 5.10 (m,
H,s), 4.02 (t, H;, 3J,.; = 7.8 Hz); olefinic proton resonances (cf. Figure 1
for numbering system) assigned by decoupling experiments. !)C NMR
(THF-ds, 20 °C) $ 202.7 (CO), 140.8 (Cy¢), 134.9 (Cy 4), 122.8 (C,), 89.9
(CsHg), 19.5 (C5); assignments derived from 'H NMR by selective decoupling.

(6) Compound 2 in solution slowly forms ditropyl and the ruthenium
dimer; it is slightly less stable thermally than 1. The ruthenium anion was
obtained by a published procedure.®

(7) The result for ruthenium may be contrasted with the analogous reaction
involving iron in which mainly [(’~CsHs)Fe(CQ),], was obtained with a very
low yield (4%) of a compound ultimately formulated as (»°-CsHs)Fe-
(CO)(n*-C;H;): Ciappenelli, D.; Rosenblum, M. J. Am. Chem. Soc. 1969,
91, 3673, 6876. In our hands, this reaction gives the iron dimer quantitatively.

(8) Blackmore, T.; Bruce, M. L.; Stone, F. G. A. J. Chem. Soc. A 1968,
2158.

(9) Forsén, S.; Hoffman, R. A. J. Chem. Phys. 1964, 40, 1189. A readable
account of the method is given by: Faller, J. W. In “Determination of Organic
Structures by Physical Methods”; Nachod, F. C., Zuckerman, J. J., Eds,;
Academic Press: New York, 1973; Vol. 5, Chapter 2.
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Figure 1. Olefinic region of the 1*C NMR spectra of (#°-CsHs)Ru-
(CO)y(7-9'-C;H;) (2), 100.6 MHz, 0.71 M in THF-dy, 279.0 K. Upper
spectrum: normal spectrum with intensities equal to M,(0); C; off scale
at 19.5 ppm; asterisks mark 2% ditropyl impurity. Middle spectrum:
taken with saturation at C;; intensities of ring carbons reduced, equal to
M,(«). Lower difference spectrum [M,(0) - M,(«)]: 300 scans with
saturation field off resonance minus 300 scans with saturation at C,,
followed by Fourier transformation.

C, showed decreases in the intensities of the other signals which
are most sensitively shown on the difference spectrum of Figure
1. Here, peak intensity is proportional to the decrease caused
by saturation transfer from C,. The difference spectrum values!?
at Cy4, C, 5, and C; 4 are 0.0466, 0.0064, and 0.00935, respectively.
Qualitatively,!? the intensity decrease is greatest at the 1,6 pos-

(10) A magnetically dilute nucleus is advantageous in these experiments
since nuclear Overhauser effects are eliminated. It is worth noting that the
more familiar line-shape analysis procedure is not applicable to 2; as the
temperature is increased, thermal decomposition becomes rapid before mi-
gration becomes fast enough to affect line shape.

(11) At this temperature intensity changes are small but easily interpreted
qualitatively because consecutive shifts can be ignored. Measurements have
been made at intervals to 304 K and the rate constants (k;, and k,,) derived
from them give good Eyring plots. Above 304 K thermal decomposition of
2 was significant.

(12) Values quoted, in the usual nomenclature, are {M,(0) — M,(«)}/M,(0)
for the equivalent pairs of nuclei. It is convenient to designate this quantity
S, which we term the relative saturation parameter.

(13) Qualitative discussion is simplified when the relaxation times of all
nuclei are similar as they are in 2. At 279.0 K, T\16 = 3.11, T\25 = 3.16, T,>*
=3.23s.

Communications to the Editor

itions, implying that 1,2 migration is an important process. The
intensity decrease at C, 5 could result from two consecutive 1,2
migrations, but if this were the only pathway, the decrease at C; 4
should be smaller still. Instead, the C;, decrease is greater, which
suggests that a 1,4 migration is occurring.

A more certain evaluation of the three possible migration
pathways and their rates (k,5, k3, k14) requires a solution of the
Bloch equations modified to take account of transfer of magne-
tization among the nuclei.® The results are as follows:!4 k;, =
1.7£04 %1025 k;=01£01X%X102s% k,=03%0.1
X 1072571,

The numerical results support the qualitative indication that
more than one pathway is operative. A 1,2 migration is the major
pathway, at a rate five or six times faster than that of the 1,4
migration. The rate of 1,3 migration is zero within the estimated
errors, and we shall take it to be zero or extremely small. The
conclusion, however, that there are two significant migration
pathways in 2 seems inescapable.

It is reasonable to regard these migrations as sigmatropic shifts!®
and to discuss them in terms of orbital symmetry concepts.!61?
We accordingly change to the alternative nomenclature under
which 1,2 and 1,4 migrations become sigmatropic [1,7] and [1,5]
shifts, respectively.

In substituted cycloheptatrienes, 7-XC;H,, the nature of X
determines which sigmatropic shifts are allowed.'®*  For the
simplest case, X = H, only a [1,5] shift is allowed; for X = CH;
or other group with an accessible p orbital, [1,7] or [1,6] shifts
are also allowed with inversion at X. The case of X = Sn(C¢Hs);
is especially interesting, since a [1,5] pathway was observed.!® The
main group metal tin thus behaved in the “ordinary” way, in the
sense of following hydrogen in its migratory behavior.

In contrast, the pathway in the case of X = Re(CO); (1) was
[1,7].4% How the [1,7] shift is achieved is not known. There
have been suggestions that d orbitals at accessible energies might
play a part,! but we are unaware of any theoretical considerations
of the problem.?!

The importance of the ruthenium derivative 2 is its demon-
stration that both [1,7] and [1,5] pathways are open to transi-
tion-metal migrating groups, in the sense that activation energies
for both processes may be similar and small. While the [1,5]
sigmatropic shift is readily accommodated under present symmetry
rules (an invariant metal ¢ orbital interacting with the triene),
the [1,7] shift remains, as it was in 1, a feature that poses in-
teresting problems.

For 2, the suggestion might be advanced that inversion at the
pseudotetrahedral ruthenium center is occurring in the [1,7]

(14) Estimation of error limits in these rate constants is difficult. The
limits shown are the calculated cumulative effects of the following errors in
the input parameters:'2 10% in S'<; 20% in $> and §*4; 10% in each of the
T, values. The k’s are defined as the rate of leaving one site in either direction.

(15) Since a sigmatropic reaction is rather precisely defined (ref 16, p 242;
ref 17, p 114), it may be appropriate to restate that it is an uncatalyzed,
intramolecular process involving a cyclic transition state in which an atom or
group is simultaneously joined to both termini of a = electron system. We
are concerned only with thermal processes.

(16) Gilchrest, T. L.; Storr, R. C. “Organic Reactions and Orbital
Symmetry”, 2nd ed.; Cambridge University Press: London, 1979.

(17) (a) Woodward, R. B.; Hoffmann, R. “The Conservation of Orbital
Symmetry”; Academic Press: New York, 1971. (b) Symmetry rules for 3-,
5., and 7-membered cyclic polyenes were explicitly discussed by: Anastassiou,
A. G. Chem. Commun. 1968, 15.

(18) Antarafacial processes are considered unlikely or impossible within
small- or medium-sized rings, and only suprafacial processes are discussed
here.

(19) (a) Larrabee, R. B. J. Am. Chem. Soc. 1971, 93, 1510. (b) Mann,
B. E; Taylor, B. F.; Taylor, N. A.; Wood, R. J. Organomet. Chem. 1978, 162,
137.

(20) Heinekey, D. M.; Graham, W. A. G., in preparation. Detailed study
of 1 by 3C NMR spectroscopy confirms the earlier conclusions,* with more
accurate but very similar numerical results.

(21) Another aspect of the problem has been pointed out by a referee, who
observes that the energy difference between allowed and forbidden pathways
might vary considerably with the group X. This is because the choice of
frontier orbitals to define the sigmatropic rules is based on an energy difference
between otherwise degenerate orbitals and the assumption of an early tran-
sition state.!™ The exact meaning of the latter concept in a degenerate
sigmatropic shift requires clarification, however.
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pathway. We are reluctant at present to accept this facile ex-
planation, since its application to the [1,7] pathway in 1is by no
means clear, Since [1,7] pathways in both 1 and 2 have the same
activation energy (AG* = 19 kcal mol™), a similar rationale might
be expected for both octahedral and tetrahedral metal centers.

We are continuing our efforts to establish an understanding
of the fluxional behavior of compounds of this class.
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A variety of liquid crystalline polymers has systematically been
synthesized recently, following the modell? of decoupling the
molecular motions of the mesogenic side groups and the main chain
by inserting a flexible spacer. Nematic, smectic, and even cho-
lesteric phases have been obtained.>® In certain cases, both
nematic and smectic phases could be generated simply by varying
the length of the spacer. An example of this behavior is provided
by the systems depicted schematically in Figure 1, involving phenyl
benzoates as mesogenic groups. These materials show properties
of polymers, e.g., a glass transition where molecular motions are
frozen in. Their glass transition temperature Ty is influenced by
the length of the spacer (Figure 1) and the mesogenic group. As
to be expected, T, also depends on the nature of the main chain.*
In addition and as already described, these polymers also show
properties of liquid crystals at temperatures above T, e.g., they
can be oriented in electric®® and magnetic fields. In contrast to
low molecular weight liquid crystals, these polymeric systems do
not crystallize when cooled below T,. Thus the liquid crystalline
structure can be frozen in, allowing the investigation of glassy
liquid crystalline systems. Unknown so far are any details about
the influence of the spacer on the behavior of the mesogenic groups;
especially there is no information about possible motions and the
molecular order of the mesogenic units below T,. The question
to what extent the side group is decoupled from the main chain
can be tackled, in principle, by a variety of techniques which can
be employed to study liquid crystalline systems.® In this com-

tInstitut fir Physikalische Chemie.

tInstitut fir Organische Chemie.

(1) Finkelmann, H.; Ringsdorf, H.; Wendorff, J. H, Makromol. Chem.
1978, 179, 273-276.

(2) Shibaev, V. P,; Platé, N. A,; Freidzon, Y. S. J. Polym. Sci., Polym.
Chem. Ed. 1979, 17, 1655-1684,

(3) Finkelmann, H.; Happ, M.; Portugall, M.; Ringsdorf, H. Makromol.
Chem. 1978, 179, 2541-2544,

(4) Ringsdorf, H.; Schneller, A. Br. Polym. J. 1981, 13, 43-46.
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180, 803-806.
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Figure 1. Structure and phase transitions of selectively deuterated liquid
crystalline polymers. The molecular axis (- - -) of the mesogenic group
as revealed by 2H NMR line-shape analysis as well as the local C, axis
(-+-) of the phenyl ring are shown. g denotes glass transition; s, n, i =
transition to liquid crystalline smectic or nematic phase or to isotropic

melt (determined by DSC).
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Figure 2. 2H NMR spectra of the smectic liquid crystalline polymer
(Figure 1), oriented in its nematic phase by the magnetic field (8.57) of

the NMR spectrometer, at 335 (above T;) and 290 K (below T) with

director n parallel (left) and perpendicular (right) to the magnetic field.

munication we wish to give a preliminary report of a detailed study
of molecular order and motion using 2H NMR spectroscopy,
concentrating on the system with a spacer length of m = 6, which
shows both nematic and smectic phases. Deuteron NMR spec-
troscopy is especially appealing since it allows direct observation
of the mesogenic group.1®'> Moreover, substantial changes are
expected to show up in the 2H spectra at T,. While in the liquid
crystalline phase the quadrupole coupling experienced by the 2H
nucleus is partially averaged due to molecular motion,*!%1% leading

(10) Rowell, J. C.; Phillips, W. D.; Melby, L. R.; Panar, M. J. Chem. Phys.
1965, 43, 3442-3454,

(11) Luz, Z.; Hewitt, R. C.; Meiboom, S. J. Chem. Phys. 1974, 61,
1758-1765.

(12) Diehl, P,; Tracey, A. S.; Mol. Phys. 1975, 30, 1917-1920.

(13) Dong, R. Y.; Tomchuk, E.; Wade, C. G.; Visintainer, J. J.; Bock, E.;
J. Chem. Phys. 1977, 66, 4121-4125; 1981, 74, 633-636.

(14) Emsley, J. W; Khoo, S. K.; Luckhurst, G. R. Mol. Phys. 1979, 37,
959-972.

(15) Samulski, E. T.; Luz, Z. J. Chem. Phys. 1980, 73, 142-147; 1981,
74, 5825-5837.
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