COMMUNICATIONS

373; Angew. Chem. Int. Ed. Engl. 1997, 36, 408; d) G. De Munno, T.
Poerio, G. Viau, M. Julve, F. Lloret, ibid. 1997, 109, 1531 and 1997, 36,
1459; e) C.J. Carmalt, A. H. Cowley, R. D. Culp, R. A. Jones, Y.-M.
Sun, B. Fitts, S. Whaley, H. W. Roesky, Inorg. Chem. 1997, 36, 3108.

[3] a) J. Miiller, K. Dehnicke, J. Organomet. Chem. 1968, 12, 37; b) J. L.

Atwood, W. R. Newberry, ibid. 1974, 65, 145; ¢c) W. Uhl, R. Gerding, S.

Pohl, W. Saak, Chem. Ber. 1995, 128, 81; d) R. A. Fischer, A. Miehr, H.

Sussek, H. Pritzkow, E. Herdtweck, J. Miiller, O. Ambacher, T.

Metzger, Chem. Commun. 1996, 2685.

a) D. C. Boyd, R. T. Haasch, D. R. Mantell, R. K. Schulze, J. F. Evans,

W. L. Gladfelter, Chem. Mater. 1989, 1, 119; see also: b) A. Miehr,

M. R. Mattner, R. A. Fischer, Organometallics 1996, 15, 2053; c) A.

Miehr, O. Ambacher, T. Metzger, E. Born, R. A. Fischer, Chem. Vap.

Deposition 1996, 2, 51; d) R. A. Fischer, A. Miehr, E. Herdtweck,

M. R. Mattner, O. Ambacher, T. Metzger, E. Born, S. Weinkauf, C. R.

Pulham, S. Parsons, Chem. Eur. J. 1996, 2, 101; ¢) C. J. Carmalt, A. H.

Cowley, R. D. Culp, R. A. Jones, Chem. Commun. 1996, 1453.

[5] G.Bertrand, C. Wentrup, Angew. Chem. 1994, 106, 549; Angew. Chem.
Int. Ed. Engl. 1994, 33, 527.

[6] M. Granier, A. Bacereido, Y. Dartiguenave, M. Dartiguenave, M. J.
Menu, G. Bertrand, J. Am. Chem. Soc. 1990, 112, 6277.

[7] G. Sicard, A. Baceiredo, G. Bertrand, J. Am. Chem. Soc. 1988, 110,
2663.

[8] Selected spectroscopic data: 2a: M.p. 98°C; 3'P NMR (CDg): 0 =
43.2(s); 2b: M.p. 142°C; 3'P NMR (C¢Dg): 6 =44.4 (s); 6: '"H NMR
(CsDg): 0 =0.37 (s; SiMe;), 1.16 (d, J=6.7 Hz; CHCHs;), 1.29 (d, J =
6.7 Hz; CHCH,), 1.87 (dt, J=11.5, 5.6 Hz; CH,), 1.94 (s; NCHj;), 2.20
(dt, /=115, 5.8 Hz; CH,), 2.79 (dd, J=5.6, 5.8 Hz; 2CH,), 3.46
(septd, J=6.7, 6.7 Hz; CHCHs;), 3.52 (septd, J=6.7, 6.7 Hz; CHCH,);
7: 3P NMR (C¢Dy): 6=49.1 (d, /=43 Hz), 104.7 (d, J=4.3 Hz);
BC{'H} NMR (C¢Dg): 6=134.5 (dd, J=59.4, 13.4 Hz; PCSP); IR
(pentane): 7 =1594 cm~'; 8: '"H NMR (C,Dy): 0 = 0.48 (s; SiCHj), 1.96
(s; NCH,), 1.99 (dt, /=117, 5.8 Hz; CH,), 2.34 (dt, J=11.7, 5.7 Hz;
CH,), 2.91 (dd, J=5.7, 5.8 Hz; 2 CH,); Al NMR (C(Dy): 6 =+118
(v1,=3800 Hz); “N NMR (C¢Dy): 6 = —138.9 (v,,=70 Hz), —202.9
(vy,=15Hz), —224.5 (v,,=25 Hz); IR (THF): =2125 cm™".

[9] N. Dubau-Assibat, A. Baceiredo, G. Bertrand, J. Org. Chem. 1995, 60,
3904.

[10] Crystal data: 2b: CgH;ALN,P;, orthorhombic, P2,2,2,, a=
13.701(7), b =14.354(7), c = 41.008(15) A, V=8065(6) A3, Z =4, with
665 parameters refined on 11282 reflections with F>20(F,)], R1=
0.063 and wR2=0.196; 4: C,sHgAl,CLLiN,O,P, monoclinic, P2,/c,
a=17490(5), b=11.458(2), c=28.904(7) A, p=92.67(2)°, V=
5786.1(24) A3, Z =4, with 584 parameters refined on 9514 reflections
with F>20(F,)], R1=0.065 and wR2=0.200; 8: C,H,AINSi,,
monoclinic, P2,/n, a=9.366(1), b=8.123(1), ¢=25.794(3) A, =
93.76(1)°, V=1958.1(4) A3, Z =4, with 217 parameters refined on
2490 reflections with F>20(F,)], R1=0.078 and wR2=0.185. The
structures were solved by direct methods!'® and refined by full-matrix
least squares on F? ['*] Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-100758. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

[11] K. M. Waggoner, H. Hope, P. P. Power, Angew. Chem. 1988, 100, 1765;
Angew. Chem. Int. Ed. Engl. 1988, 27, 1699.

[12] L. V. Interrante, G. A. Sigel, M. Garbauskas, C. Hejna, G. A. Slack,
Inorg. Chem. 1989, 28, 252.

[13] a) J.L. Faure, R. Réau, M. W. Wong, R. Koch, C. Wentrup, G.
Bertrand, J. Am. Chem. Soc. 1997, 119, 2819; b) M. W. Wong, C.
Wentrup, ibid. 1993, 115, 7743; c¢) G. Maier, J. Eckwert, H.P.
Reisenauer, A. Bothur, C. Schmidt, Liebigs Ann. 1996, 1041.

[14] a) A. Heine, D. Stalke, Angew. Chem. 1993, 105, 90; Angew. Chem. Int.
Ed. Engl. 1993, 32, 121; b) M. T. Reetz, B. M. Johnson, K. Harms,
Tetrahedron Lett. 1994, 35, 2525.

[15] a) N. Emig, R. Réau, H. Krautscheid, D. Fenske, G. Bertrand, J. Am.
Chem. Soc. 1996, 118, 5822; b) N. Emig, H. Nguyen, H. Krautscheid,
R. Réau, G. Bertrand, unpublished results.

[16] a) G.M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467;
b) SHELXL-97, Program crystal structure refinement, Universitit
Gottingen, 1997.

4

992 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Direct Observation of Radical Intermediates
While Investigating the Redox Behavior of
Thiamin Coenzyme Models**

Ikuo Nakanishi, Shinobu Itoh, Tomoyoshi Suenobu,
and Shunichi Fukuzumi*

Thiamin diphosphate (ThDP) is the coenzyme for a number
of important biochemical reactions, including the decarboxyl-
ation of pyruvic acid to acetaldehyde. The conjugate base of 2-
hydroxyethyl-ThDP, which is an acyl carbanion equivalent
and called an “active aldehyde”, plays a key role in the
catalysis of ThDP-dependent enzymes.['! The active aldehyde
is able to reduce various physiological electron acceptors, for
example the lipoamide in the pyruvate dehydrogenase multi-
enzyme complex,? the flavin adenine dinucleotide (FAD) in
pyruvate oxidase,”! and the Fe,S, cluster in pyruvate-ferre-
doxin oxidoreductase.”! Simple thiazolium ions have been
studied extensively as models of the thiamin coenzyme, and
valuable information about the elementary step of ThDP-
dependent enzymatic reactions was provided.P'% The active
aldehyde, however, readily undergoes acyloin-type condensa-
tion with a second pyruvate or aldehyde molecule in the
absence of oxidizing agents.[ ! Such instability of the active
aldehydes has precluded the direct determination of the most
fundamental properties of the intermediates, such as oxida-
tion potentials.'? Therefore, no direct observation of the
radical intermediates derived from thiamin coenzyme models
has been described so far. Here we report the direct
observation of radical intermediates of active aldehydes 2~
with low-temperature cyclic voltammetry and EPR spectros-
copy. Active aldehydes 2~ are derived from 3-benzylthiazo-
lium salts 1 and simple aldehydes such as acetaldehyde and
benzaldehyde in the presence of 1,8-diazabicylco[5.4.0]undec-
7-ene (DBU).

A cyclic voltammogram (CV) of the active aldehyde 2a—
which is prepared in situ by adding neat DBU (1.0 x 1072Mm) to
a deaerated solution of 3-benzylthiazolium ion 1la (5.0 x

R1 |IQ1 ||q1
R RN R o
Lo+ = Lo o L=

IS DBU IS DBU S R
R3 R3 R3

1 1- 2=

RL = PhCH,, R2 = Me, R3=H, R = Me
RL=PhCH,, R2= R?®=Me, R = Me
RL=PhCH,, R2= R®=H, R = Me

RL = PhCH,, R2 = Me, R®=H, R = Ph
RL=PhCH,, R2= R?®=Me, R = Ph

Rl =PhCH,, R2= R®=H, R =Ph

RL = PhCD,, R2 = Me, R® = H, R = Me
RL=PhCH,, R2=Me, R3=H, R = CD;
RL = PhCD,, R2 = Me, R®=H, R = Ph
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10-3m), acetaldehyde (0.25Mm), and 0.10M tetrabutylammoni-
um perchlorate (TBAP) in acetonitrile (MeCN) at 233 K—
shows two reversible one-electron oxidations at E% = —0.95
and —0.74 V versus the saturated calomel electrode (SCE).[*3]
No reversible peaks can be observed at 298 K because of the
fast acyloin condensation of 2a~ with a second aldehyde
molecule. Such a reversible CV at 233 K can be observed only
in the presence of all the components (i.e., 1a, DBU, and the
aldehyde). This indicates that it is not the parent compound
but the active aldehyde 2a~ that undergoes the electro-
chemical redox reactions. The two one-electron oxidation
potentials (E,, and ES,)) of various active aldehydes were
also determined (Table 1). The Ej,;, and EJ, values of
2a -2c¢-, which are derived from acetaldehyde, are
200-300 mV more negative than those of active aldehydes
2d~-2f-, which are derived from benzaldehyde. Substituents
on the thiazolium rings have only minor effects on the
oxidation potentials. The EJ, values in Table 1 support the
proposal by Jordan et al. that the one-electron oxidation
potential of the active aldehyde, which can reduce a flavin
analogue, must be more negative than —0.67 V vs. SCE.F]

PhCX, PhCX,
RZ 4 ,l\la o} R2 4 ,113 o°
Lo, Lo
Ry TS 7 CXg Re S

1 1

R2,R3=H, Me; X=H, D e

The observation of the well-defined one-electron redox
couples indicates that a radical intermediate is formed in the
first one-electron oxidation of the active aldehyde. Therefore,
the EPR spectrum of a radical intermediate (2°) generated by
controlled-potential electrolysis was measured in deaerated
MeCN (0.10m TBAP) at 233 K. When the solution containing
2¢ was electrolyzed at —1.20 or —0.50 V vs. SCE, there was
no EPR signal. When the solution was electrolyzed at
—0.80 V vs. SCE, however, a radical species with a g value
of 2.0055 was detected at 233 K (Figure 1a). The observed
spectrum can be simulated with the EPR parameters listed in
Table 1 (Figure 1b).

The hyperfine splitting (hfs) constants of other active
aldehyde radical species can also be determined in a similar
manner (Table 1). The assignment of the hfs values indicates

a) g=2.0055

b)

Figure 1. a) EPR spectum of 2¢*in MeCN at 233 K. b) The spectrum from
a computer simulation; the hfs values used for the simulation are listed in
Table 1.

that the detected radicals are neutral species (27). In the
presence of a strong base such as DBU, the active aldehyde
exists as an anion 2-, since deprotonation of the OH group
occurs. The first one-electron oxidation of 2~ leads to the
corresponding neutral radical species 2°, whose structure is
similar to that suggested for the oxidized active aldehyde in
pyruvate-ferredoxin oxidoreductase by Kerscher and Oester-
helt.**] The radical 2+ loses one more electron in the second
oxidation step to form the 2-acylthiazolium ion 2*. The
assignments of 2 in Table1 are ensured by deuterium
substitution at appropriate positions of the molecule. For
example, deuterium substitution of the two hydrogen atoms at
the benzylic positions of 1a as well as that of the three
hydrogen atoms of the acetyl moiety of 2a* resulted in a
drastic change in the splitting pattern. The hfs values of 2.34
and 3.46 G due to PhCH, and CH;CO protons of 2a" are
decreased by a factor of 0.143, the magnetogyric ratio of
proton to deuterium, to 0.33 and 0.51 G for PhCD, and
CD;CO deuterons of the corresponding deuterated radicals
2g" and 2h-, respectively, when the other hfs values remain
unchanged.!'4]

Judging from the observed hfs values, the unpaired electron
is highly delocalized in the active aldehyde moiety; the spin
density is low only on C4. No appreciable change in the spin
distribution is observed upon changing the substituents on the

Table 1. One-electron oxidation potentials E%;y and Ef, vs. SCE of active aldehydes 2/ g values, and hyperfine splitting (hfs) values of 2°.

Eo El) g [G] hfs [G]

[VIPl [V]®! an(N) ay(PhCH,)  ay(C-4) ay(C-5) ay(CH,CO)  ay(C-2) ay(C-4)
a —0.98 —0.74 2.0052 4.74 2.34 0.64 3.12 3.46 - -
b —0.96 —-0.73 2.0052 5.02 224 0.50 2.85 3.54 - -
¢ —-0.93 -0.73 2.0055 4.87 2.65 0.38 3.00 3.45 - -
d —0.78 —0.44 2.0057 453 2.40 0.42 3.10 - 0.24 0.48
e —0.79 —045 2.0051 4.70 2.20 0.45 2.64 - 0.24 0.48
f —-0.77 —042 2.0057 4.66 2.48 0.42 2.83 - 0.21 0.43
g —0.95 —0.74 2.0052 4.74 0.33l¢ 0.64 3.12 3.46 - -
h —-0.95 —0.74 2.0052 4.74 2.34 0.64 3.12 0.51 - -
i —0.78 —0.44 2.0057 453 0.34[c] 0.42 3.10 - 0.24 0.48

[a] Active aldehydes 2~ were prepared from 1 (5.0 x 10~*m), RCHO (0.25M), and DBU (1.0 x 10-2M) in deaerated MeCN containing 0.10m TBAP at 233 K.
[b] Working electrode: Pt, sweep rate: 0.10 Vs~. [c] Deuterium splitting value.
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thiazolium ring. Therefore, the oxidative electron transfer
processes of the active aldehyde can be described as shown in
Scheme 1. The highly negative oxidation potentials of active

R1 R R1
| | |
RR_N O RR_N © 2 o)
—e _
T~ == T~ == T
R3 R R S R3
2 > 2

Scheme 1. Oxidation of active aldehydes 2~ by two electron transfer steps.

aldehydes and the spin distribution of the intermediate
radicals determined for the first time in this study provide
the energetic basis for the ThDP-dependent electron trans-
port systems as well as valuable mechanistic insight into the
enzymatic reactions.

Experimental Section

Thiazoles, benzyl bromide, acetaldehyde, and benzaldehyde were pur-
chased from Tokyo Chemical Industry and used as received. MeCN was
purified and dried with CaH, by the standard procedure.'’] TBAP was
recrystallized from ethanol and dried in vacuum at 40°C prior to use. 3-
Benzylthiazolium bromide was prepared by the reaction of the corre-
sponding thiazole with benzyl bromide at 80°C, and purified by recrystal-
lization from acetone. Cyclic voltammetry measurements were performed
on a BAS 100B electrochemical analyzer with solutions in deaerated
MeCN containing 0.10M TBAP as supporting electrolyte. The Pt working
electrode (BAS) was polished with a BAS polishing alumina suspension
and rinsed with acetone before use. The counter electrode was a platinum
wire. The measured potentials were recorded with respect to the Ag/
AgNO; (0.01m) reference electrode and converted into values versus SCE
by adding 0.29 V.'l All electrochemical measurements were carried out
under an atmospheric pressure of argon. EPR spectra were recorded on a
JEOL JES-REIXE instrument under nonsaturating microwave power
conditions. The magnitude of the modulation was chosen to optimize the
resolution and the signal-to-noise (S/N) ratio of the observed spectra. The g
values and hyperfine splitting (hfs) constants were calibrated with a Mn?*
marker. Computer simulations of the EPR spectra were carried out with
the program Calleo ESR Version 1.2 (Calleo Scientific) on a Macintosh
personal computer.
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Generation of “Naked” Fluoride Ions in
Unprecedentedly High Concentrations
from a Fluoropalladium Complex**

Vladimir V. Grushin*

Since the discovery of the first reliable sources of weakly
solvated (“naked”) fluoride ions,>? a number of intriguing
reactivity patterns and applications of the F~ ion in synthesis
have been reported which clearly indicate its extraordinarily
strong basicity and nucleophilicity in media of low polarity.['-*!
However, the number of sources for “genuinely naked” F-
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