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Since Michaelis and co-workers!? demonstrated that para-
magnetic species are involved in flavoenzyme catalysis, flavin
radicals have been the subject of intense spectroscopic studies.>
ESR experiments yielded valuable information regarding the
structure and properties of these radicals. However, these studies
were limited by the low resolution of standard ESR techniques,
and even the solid-state ENDOR experiments essentially yielded
only hyperfine data for the methyl groups.>1> It was therefore
a challenge to perform high-resolution ENDOR (electron nuclear
double resonance) spectroscopy with its significantly increased
spectral resolution on flavin radicals in liguid solution. The aim
of these experiments was to evaluate the isotropic hyperfine
coupling constants of all magnetic nuclei contributing to the ESR
pattern. This approach should, in principle, give a more detailed
insight into the electronic structures and radical geometries.

In this paper we report first successful ENDOR-in-solution
experiments on flavin cation radicals 1 and 2 from riboflavin and
lumiflavin, respectively. The data of the model compound lu-
miflavin radical cation 2 are compared with its sulfur analogue,
5-thia-5-deaza-3-methyllumiflavin radical cation 3.1*> Substitution
of N-5 by sulfur yields flavin derivatives which serve as models
for studying le™-transfer reactions in flavin catalysis.!4

The diamagnetic precursors of 2 and 3 were synthesized ac-
cording to the procedure described elsewhere;!%16 riboflavin is
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Figure 1, ENDOR spectra of the radical cations 1-3 in toluene/
CF;COOQH at 265 % 3 K (insert in 2, 310 K). Radical concentration was
roughly 107-10~* M; radio frequency power 100 W (14 MHz); micro-
wave power 200 (1, 2) and 60 mW (3). FM of the NMR field (10 kHz):
amplitude 70 kHz; 100 scans; scan time 30 s; time constant 40 ms, The
low frequency ENDOR line of the largest 'H hyperfine coupling of 1 and
2 could only be detected under modified experimental conditions. The
smallest coupling of 3 could be extracted from a general TRIPLE ex-
periment.??

available from commercial sources (Merck, Darmstadt). Radical
cations were studied in toluene/trifluoroacetic acid (ca. 5% by
volume). Compound 3 was generated by dibenzoyl peroxide
oxidation.!” Compounds 1 and 2 were obtained from the cor-
responding oxidized flavins by reduction with sodium dithionite.
Sample preparation was performed under high vacuum conditions.
ESR, ENDOR, and TRIPLE spectra were recorded on a Bruker
ER 220D ESR spectrometer equipped with a Bruker ER 200 ENB
ENDOR cavity and home-built NMR facilities described else-
where.!®
According to the ENDOR resonance condition venpor =

Wiree muclens £ @,/2] ENDOR line pairs are centered either around
the free nuclear frequency or around half the hyperfine coupling
constant a,. Usually ay/2 < vy (v = 14.7 MHz in our exper-
iments) and the former condition holds for protons, whereas for
nitrogen an/2 > vy is valid, and the nitrogen lines are centered
around an/2, spaced by 2vy ¥
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Table I.
Toluene/CF,COOH at 265 K%
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Isotropic Hyperfine Coupling Constants (¢0.01 MHz) from ENDOR Spectra of Flavin Radical Cations in

position
radical H-6« CH,-7p CH,-83 H-9« H-5« CH,/CH,-108 N-5 N-10
1 -4.07 (-)0.80 +10.35 +1.60 -23.30 +7.33 (+)21.16 (+)13.00
2 -4.03 (-)0.86 +9.95 (9.53) +1.53 -22.70(32.24)  +13.83 (13.17) +20.73 (23.83)  +13.19 (12.05)
3 +1.06 +3.18 +6.30 (+)0.32 - +14.06 - +13.08

% For numbering scheme refer to Figure 1. The signs of the smallest couplings are uncertain due to lack of resolution. Simulations of

the ESR spectra using the ENDOR data gave satisfying agreements.
see text and ref 5, 6, 14,

In Figure 1 the resolution achieved in our ENDOR experiments
is demonstrated for flavin radical cations 1-3. From the ENDOR
spectrum of 3 six hyperfine couplings can be evaluated arising
from five different sets of protons and from one N nucleus,
respectively. For 1 and 2 six proton and two nitrogen hyperfine
coupling constants could be detected. An improved ENDOR
response of the signals belonging to the larger “N hyperfine
coupling occurred at higher temperatures (see, e.g., insert in Figure
1). The relative signs of the hyperfine coupling constants were
measured by electron nuclear nuclear TRIPLE resonance.® All
isotropic couplings are collected in Table I. Only for 2 some
hyperfine coupling constants are already known from ESR sim-
ulations.?!

Since no further N ENDOR lines could be detected, spin
populations within the pyrimidine moiety of the flavin skeleton
seem to be negligibly small. We therefore feel that our ENDOR
results present the complete set of isotropic proton and nitrogen
hyperfine coupling constants larger than 0.3 and 1 MHz, re-
spectively.

One of the drawbacks of the ENDOR method is the fact that
ENDOR line intensities normally do not reflect the number of
nuclei belonging to a particular hyperfine coupling. Hence, un-
ambiguous assignments of the couplings to specific molecular
positions often call for isotopic labeling of the compound under
study. We are currently synthesizing some partially deuterated
derivatives of the flavin system. In the present studies some of
the assignments could be established from the following facts: For
3 the discrimination between the methyl proton couplings of
positions 7 and 8 is based on a comparison with similar radicals
bearing only one methyl group in position 7 or 8 respectively.??
The largest (negative) proton coupling of 1 and 2 has to be as-
signed to the proton attached to the nitrogen in the S position,
because the respective 'H ENDOR lines do not show up when
using deuterated trifluoroacetic acid for the sample preparation.
Comparison of 3 with 1 or 2 shows that the smaller nitrogen
coupling can be ascribed to position 10. Thus in 1 and 2 the larger
nitrogen coupling can be assigned to position 5. Since even the
nitrogen in position 10 has relatively large spin population, the
largest methyl proton coupling of 14 MHz can be assigned to the
methyl group at this nitrogen. This assignment is supported by
comparison of 2 with 1 because substitution of the methyl by the
ribityl group results in a decrease of the respective hyperfine
coupling of almost 50%. It should be mentioned that all the other
couplings, including those of the nitrogen at position 10, remain
essentially unaffected by this substitution. On the other hand,
substitution of N by S in position 5 causes a considerable redis-
t;ibution of the spin density within the benzene fragment (Table
I).
As has recently been demonstrated, it is possible to study protein
bound organic = radicals under physiological conditions by EN-
DOR spectroscopy in aqueous solution.?® We therefore feel
encouraged to extend our ENDOR experiments to the investi-
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gation of naturally occurring flavoenzymes in order to get a better
understanding of structures, bondings, and functions of flavins
in biological systems.

Acknowledgment. We thank F. Lendzian (Institut fur
Molekilphysik, Freie Universitdt Berlin) for his help concerning
the ENDOR measurements. This work was supported by the
Deutsche Forschungsgemeinschaft (Normalverfahren) and the
Fonds der Chemischen Industrie which is gratefully acknowledged.

Stereoselective Carbonyl Olefination via Organosilicon
Compounds

Yoshihiko Yamakado, Masaharu Ishiguro, Nobuo Ikeda, and
Hisashi Yamamoto*

Department of Applied Chemistry, Nagoya University
Chikusa, Nagoya 464, Japan

Received April 14, 1981

Of the many reactions available for carbonyl olefination, the
silicon method, which is known as Peterson olefination,! has been
shown in several cases to be superior to the conventional Wittig
reaction due to the higher reactivity of w-silyl carbanions.? The
significant limitation on the broad utility of these reagents often
arises from the lack of stereoselectivity of the reactions.! In order
to circumvent this problem, several indirect approaches were
reported.> We report here an efficient silicon-mediated alkene
synthesis which directly produces (Z)-alkenyl derivatives almost
exclusively.

We have found that 1,3-bis(trimethylsilyl)propyne (1)* may
be rapidly metalated at —78 °C in dry tetrahydrofuran (THF)
with tert-butyllithium in essentially quantitative yield.> Our
observation that the produced anion reacts with cyclohexanone
to furnish the enyne 2 in 83% yield, accompanied by a very small
amount (<3%) of the corresponding cumulene derivative,5 es-
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(4) Prepared from 1-(trimethylsilyl)propyne (Corey, E. J.; Kirst, H. A.
Tetrahedron Lett. 1968, 5041) by the following procedure: Treatment of
1-(trimethylsilyl) propyne in ether at —5 °C with tetramethylethylenediamine
and an equivalent amount of n-butyllithium under argon led to complete
metalation. After 30 min, chlorotrimethylsilane (1 equiv) was added, and the
mixture was stirred at room temperature for 12 h. After extractive workup
followed by distillation [bp 75-76 °C (34 mmHg)], 1,3-bis(trimethylsilyl)-
propyne was obtained as a colorless liquid in 70-75% yield; 'H NMR (CDCly)
50.17 and 0.24 (2s, 9 H each), 1.6] (s, 2H). For another preparation of the
compound, see: Jaffe, F. J. Organomet. Chem. 1970, 23, 53.

(5) Metalation may be also carried out with n-butyllithium and tetra-
methylethylenediamine (1:1) at —78 °C for 1 h.

(6) Cumulene derivatives, which have the higher R, values on TLC assay,
are the major byproducts from this reaction and may be readily removed by
simple column chromatography. The preparation of cumulene under different
conditions will be published in due course.
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