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We showed recently that upon radiolytic ionization various

ortho-substituted aromatic compounds undergo spontaneous

hydrogen atom transfer to yield radical cations watquinoid
structures. It was shown that enolization is endothermic in
the neutral molecules but exothermic in the radical cations. The
inverse stability of enol radical cations is schematically presented

in Scheme 1. Spontaneous hydrogen atom transfer and forma-

tion of enol radical cations is not limited to aromatic carbonyl
compounds carrying-alkyl substituents. The migrating hy-
drogen can also originate from a hydroxy or formyl group, and
a nitro or nitroso group can act as acceptor.

Since the observed spontaneous hydrogen atom transfer upon

ionization turned out to be of surprisingly wide scope, we
decided to apply this concept to other important reactions
involving participation of radical cations. The first system
selected for studies was the conversion of NADH to NAI
spite of vast investigations there is still no general agreement
concerning the reaction mechanism. Distinction between a
direct one-step hydride transfer and a multistep eleetron
proton—electron transfer mechanism is still open to debate
particularly for substrates containing a carbonyl group. Evi-
dence is reported to support the electrgmoton—electron
mechanism for reactions involving thermal, photochemical, and
electrochemical oxidatiof Our interest was focused on radical
cations generated upon one-electron oxidation of the model
synthetic NADH analogues to find out whether rearrangement
involving the hydrogen atom shift will result in thermodynamic
stabilization of radical cations similarly to other systems studied
by us previously.

AML1 calculations on 1-benzyl-1,4-dihydronicotinamide
(BNAH) and 1-benzyl-3-acetyl-1,4-dihydropyridine (BAPH)
indicated the inverse stability of the hydrogen-transferred
isomers (enol form) in the radical cations, as compared to the
neutral molecules (Scheme 2). 1,4-Hydrogen atom transfer from
C-4 to the carbonyl group in the neutral molecules leads to the
enol of zwitterionic character which was calculated to be less
stable by 29.5 and 22.4 kcal/mol than the non-hydrogen-
transferred tautomer (keto form) of BNAH and BAPH, respec-
tively. Reversely, AM1 predicts the enol radical cations to be
more stable by-13.4 and—15.2 kcal/mol as compared to the
keto radical cations of BNAH and BAPFE The calculated
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a Bz = benzyl; R= NH, (BNAH), CHs (BAPH).

transition-state energy gives the activation barfgr= 26.8
kcal/mol for hydrogen atom transfer in BNAH? If this
prediction is correct, the substantial barrier for hydrogen atom
transfer may create a problem in observation of the enol radical
cations in cryogenic hydrocarbon glasses. In all examples of
1,5-hydrogen atom shifts in radical cations studied so far, the
reaction was very fast even at cryogenic temperatures, allowing
a direct detection of the keto radical cations only by time-
resolved techniques (pulse radiolysig).A substantial differ-
ence in activation energies for hydrogen atom transfer in
BNAH"* s c-alkylphenyl ketones can intuitively be understood
in terms of differences in the transition-state geometry (five-
memberedss six-membered).

Radiolytic generation of radical cations combined with optical
detection is a powerful technique that enjoys widespread use.
A variety of radical cations of unusual structure and reactivity
have been evaluated by means of this methbidwever, the
application of complementary time-resolved techniques like
pulse radiolysis is essential to determine activation barriers and
to elucidate interesting mechanistic details of radical cation
interconversion8. In view of the above mentioned methodo-
logy, studies on radical cations generated from NADH analogues

(5) No gain in energy was calculated for BNAHwhen the hydrogen
atom at C-4 was transferred to the amide or ring nitrogen.

(6) A question concerning intramolecular hydrogen atom transfer has
already been raised in discussion of the electronic absorption spectrum of
NADH**. Czochralska, B.; Lindqvist, LChem. Phys. LetfL983 101, 297.

(7) Our experience is that AM1 tends to overestimate the transition-
state energy for radical cations as compared with the measured values for
1,5-hydrogen atom shifts; nevertheless, a relative comparison seems to be
meaningful.

(8) (a) Shida, T.; Haselbach, E.; Bally, Acc. Chem. Resl984 17,

180. (b) Bally, T. InRadical lonic Systemd.und, A., Shiotani, M., Eds.;
Kluwer: Dordrecht, 1991; pp-354.
(9) Gebicki, J. Pure Appl. Chem1995 67, 55.

0002-7863/96/1518-0691$12.00/0 © 1996 American Chemical Society



692 J. Am. Chem. Soc., Vol. 118, No. 3, 1996 Communications to the Editor

hydrogen atom transfer does not take place because of confor-
mational reason®. To avoid complications introduced by the
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conformational mobility of the acetyl group in BAPH, a new
model NADH analogue with the carbonyl group locked in the
transconformation was synthesized, namely, 1-methyl-1,4-

dihydro-6,7,8,9-tetrahydro¥b-cycloheptap]pyridin-5-one
(MCPH)*2 The electronic absorption spectrum of MCPH
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Figure 1. Absorption spectra of radical cations of BAPH (A), MCPH . L .
(Bg)], and BCPH (pC) genperated radiolytically in a glassy m(at)risexé (Flg_ulre :.LB) is similar to that obs_erved for BAW _and in
butyl chloride at 77 K (concentration, 0.02 mol/L; radiation dose, 9 addition it was also fo_rmed immediately after ionization. Slnc_e
kGy; sample thickness, 3 mm). conformational requirements for hydrogen atom transfer in
MCPH* seem to be fulfilled, the large activation barrier is the
0.06 only feature which may prevent hydrogen atom transfer from
! occurring. Additional support for assignment of the spectra in
.J Figure 1A,B to the keto radical cations comes from the study
of the radical cation generated from 1-benzyl-3-chloro-1,4-
dihydropyridine (BCPH). For this molecule hydrogen atom
0.03 | transfer is not feasible due to the lack of a hydrogen-accepting
group in the 3-position. The spectrum of BCPHFigure 1C)
is quite similar to those seen in Figure 1A,B. To conclude, we
may say that the keto form of BAPHand MCPH" is stabilized
kinetically in cryogenic glasses, which does not seem to be so
0 ! ! surprising in view of the substantial activation barrier calculated
400 500 600 700 for the hydrogen atom transfer.
nm Hydrogen atom transfer leading to the thermodynamically
Figure 2. Transient absorption spectrum of BAPHin secbutyl more stable tautomer of the NADH radical cation can also be
chloride at 30 K detected 1 ms after theg electron pulse delivering  considered as a process taking plaigeassistance of the solvent
a dose of 1®Gy. Inset: Scope trace at 575 nm (1@€§/division). molecules as shown in reactiont3L.
have been undertaken, and selected results are presented in At present we are not in the position to comment on the
Figure 1. The observed steady-state spectrum of BAPH significance of the thermodynamically favored hydrogen atom
(Figure 1A) is similar to the spectrum detected by low- transfer in enzymatic reactions of NADH. However, it is known
temperature pulse radiolysis (Figure 2), for which no time that the amide group adoptsti@ns-conformation in most of
evolution on its formation is observé®l.Even at temperatures  the enzyme active site even though ttis-conformation is
as low as 30 K this spectrum was formed within aslelectron intrinsically more favorablé*'5> In addition the amide group
pulse. In documented cases of 1,5-hydrogen atom shifts inin the trans-conformation is rotated out of plane by -280°,
radical cations the enol tautomers were observed to be formedwhich suitably prepares the orientation of the carbonyl group
with a delay even up to several seconds for some systems. to accept a hydrogen atoth.
Deuteration of BAPH at the 4-position should slow down the )
hydrogen atom transfer. BAPHy*+ was also seen to be formed ~_ Acknowledgment. This work was supported by grants from the
at 30 K immediately, within an accelerator electron pulse. This State Committee for Scientific Research.
observation seems to indicate that hydrogen atom transfer isja9532244
not taking place; otherwise the activation barrier for hydrogen . . . —
atom transfer would be extremely low (below 1 kcalimol). This ., (L8 (293 duencling o e gas phase contormatona) ecbrim
is far less likely since for a much more favorable six-membered spectroscopy that the abundance of ttams-conformer does not exceed
transition state the activation barrier for intramolecular hydrogen 15%. ) o )
atom transfer in radical cations was measured to be o the order, (12 CP! s prepared by saslur ditionie reaucton o the core:
of several kilocalories/mole. These findings strongly support  spi-cycloheptablpyridin-5-one, which was in turn synthesized according
our assignment of the observed radical cations generated fromto the known procedures. Epsztajn, J.; Bieniek, A.; Brzginl. Z.Pol. J.
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As the calculated population of tleés-conformer in neutral 2736
BAPH prior to ionization is overwhelming, it may happen that (13) The feasibility of such a reaction is presently being tested in our
laboratories.
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