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Abstract: 1-Benzyl-4tert-butyl-1,4-dihydronicotinamide{BuBNAH) reacts efficiently wittp-benzoquinone

(Q) to yield a [2+3] cycloadduct 1) in the presence of Sc(OEJOTf = OSQ.CF;) in deaerated acetonitrile
(MeCN) at room temperature, while no reaction occurs in the absence’af Bee crystal structure df has

been determined by the X-ray crystal analysis. Wh&uBNAH is replaced by 1-benzyl-1,4-dihydronico-
tinamide (BNAH), the S&™-catalyzed cycloaddition reaction of BNAH with Q also occurs to yield theJp
cycloadduct. St forms 1:4 complexes withBuBNAH and BNAH in MeCN, whereas there is no interaction
between St™ and Q. The observed second-order rate conskggy hows a first-order dependence onygc

at low concentrations and a second-order dependence at higher concentrations. The first-order and the second-
order dependence of the rate constégy 6n [SE*] was also observed for the 8epromoted electron transfer

from CoTPP (TPP= tetraphenylporphyrin dianion) to Q. Such dependenc&.pbn [SE&*] is ascribed to
formation of 1:1 and 1:2 complexes betweerr @Qnd Sé* at the low and high concentrations of 3¢
respectively, which results in acceleration of the rate of electron transfer. The formation constants for the 1:2
complex K,) between the radical anions of a seriespafenzoquinone derivatives Q) and Sé* are
determined from the dependencekgfon [SE*]. The K, values agree well with those determined from the
dependence df,,s on [SE*] for the Sé+-catalyzed addition reaction ¢(fBUBNAH and BNAH with X—Q.

Such an agreement together with the absence of the deuterium kinetic isotope effects indicates that the addition
proceeds via the St-promoted electron transfer frofBuBNAH and BNAH to Q. When Sc(OTj)is replaced

by weaker Lewis acids such as Lu(O3fy(OTf)s, and Mg(ClQ),, the hydride transfer reaction from BNAH

to Q also occurs besides the cycloaddition reaction anddheralue decreases with decreasing the Lewis
acidity of the metal ion. Such a change in the type of reaction from a cycloaddition to a hydride transfer
depending on the Lewis acidity of metal ions employed as a catalyst is well accommodated by the common
reaction mechanism featuring the metal-ion promoted electron transfer from BNAH to Q.

Introduction effects of metal ions on hydride transfer reactions from NADH
analogues to substrates have particularly attracted considerable
interest in relation to the essential role of metal ions in the redox
reactions of nicotinamide coenzymes in the native enzymatic
Lysteml 41112 Metal ions acting as Lewis acids have been
reported to accelerate electron-transfer reactions, where metal

Mechanisms of hydride transfer reactions of nicotinamide
adenine dinucleotide (NADH) analogues with hydride acceptors
such as carbonyl compounds and organic cations have bee
extensively studied chemicaliy? or electrochemically:!° The
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transfer reaction¥-16 Both thermal and photochemical redox
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tert-butyl-1,4-dihydronicotinamidet{BuBNAH) is used as an

reactions which would otherwise be unlikely to occur have been NADH analogue in the S¢-catalyzed reaction witp-benzo-
made possible efficiently by the catalysis of metal ions on the quinone, the crystal structure of the cycloadduct was determined

rate-determining electron-transfer stéps® Among metal ions,

successfully. The cycloaddition of 1,4-dihydropyridine deriva-

rare-earth metal ions have attracted much attention as muchtives with p-benzoquinones has been reported in dioxane
more effective Lewis acids than divalent metal ions such as solution in the presence of HCI2° where BNAH is unstable

Mg?" and Zr#" in various carborcarbon bond forming reac-
tions due to the strong affinity to carbonyl oxyg€n® How-

toward acid-catalyzed hydrolysis.There exist a few other
reports concerning the addition reaction of BNAH or substituted

ever, there has been no report on rare-earth metal ion-catalyzedBNAH with carbonyl compound® However, neither definitive

reactions of NADH analogues.
We report herein that novel and efficient{3] cycloaddition
reactions of NADH analogues wititbenzoquinone derivatives

characterization of the adducts nor the catalytic mechanism has
so far been reported. The kinetic analysis of th&'Smatalyzed
cycloaddition reactions involving kinetic deuterium isotope

rather than the hydride transfer reactions occur in the presenceeffects as compared to the authentic electron-transfer reactions

of scandium triflate (Sc(OT4) in MeCN. When 1-benzyl-4-
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provides valuable information for the catalytic mechanisms of
Sc*. The effects of other metal ions have also been studied in
comparison with the catalytic effect of 8cto reveal the relation
between the cycloaddition and the hydride transfer reactions of
NADH analogues.

Experimental Section

Materials. Preparation of 1-benzyl-1,4-dihydronicotinamide (BNAH)
was described previoust The dideuterated compound, 1-benzyl-1,4-
dihydro[4,4-?H;]nicotinamide (BNAH-4,4d,), was prepared from
monodeuterated compound (BNAHe?* by three cycles of oxidation
with p-chloranil in dimethylformamide and reduction with dithionite
in deuterium oxidé® The deuterateg-benzoquinoneg-benzoquinone-
ds) was obtained commercially from Aldrich and used as received. The
tert-butylated BNAH (-BuBNAH) was prepared by the Grignard
reaction with BNA'CI~ and purified by recrystallization from etha-
nol.262” The BNA dimer was prepared according to the literaf§fé.
Cobalt(ll) tetraphenylporphyrin (CoTPP) was prepared as given in the
literature3® Scandium triflate [Sc(OT§) was prepared by the following
procedure according to the literatufeA deionized aqueous solution
was mixed (1:1 v/v) with trifluoromethanesulfonic aciel99.5%, 10.6
mL) obtained from Central Glass, Co., Ltd., Japan. The trifluorometh-
anesulfonic acid solution was slowly added to a flask which con-
tained scandium oxide (803) (> 99.9%, 30 mmol) obtained from
Shin Etsu Chemical, Co., Ltd., Japan. The mixture was refluxed at 100
°C for 3 days. After centrifugation, the solution containing scandium
triflate was separated and water was removed by vacuum evapora-
tion. Scandium triflate was dried under vacuum evacuation at 403 K
for 40 h. Similarly, lutetium triflate and yttrium triflate were prepared
by the reaction of lutetium oxide and yttrium oxide with an aqueous
trifluormethanesulfonic acid solution. Anhydrous magnesium perchlo-
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Cycloadditionys Hydride Transfer Reactions

Table 1. Summary of X-ray Crystallographic Data of the
Cycloadduct 1)

compound t-BuBNAH-Q
empirical formula GsH31N203 5
formula weight 415.53

crystal system monoclinic
space group C2/c (no. 15)

a, 28.519(8)

b, A 14.996(3)

c, A 10.628(3)

o, deg

p, deg 96.35(3)

7, deg

v, A3 4517(2)

z 8

F(000) 1784.00

Dcaie, g/CT? 1.222

T,°C 23.0

crystal size, mm 0.2& 0.20x 0.40
u(Mo Ka), cmt 0.81
diffractometer Rigaku AFC5R
radiation MoK (0.71069 A)
scan type w — 20

20max, deg 55.1

scan width, deg 1.84 0.35 tand
scan rate inw, deg/min 10.0

no. of reflns measd 5610

no. of reflns obsdI[> 3.005(1)] 1181

no. of variables 272

R 0.065

Ry 0.070

rate was obtained from Nacalai Tesque. Acetonitrile (MeCN) used as
a solvent was purified and dried by the standard procetiuteeto-
nitrile-d; (CDsCN) and chloroformrd were obtained from EURI
SO-TOP, CEA, France.

Reaction Procedures and AnalysisThe isolation of the cycloadduct
of t-BuBNAH with p-benzoquinone was performed as follows. Typi-
cally, an MeCN solution of-BuBNAH (2.0 x 1072 M, 50 mL) was
added to the reaction vessel that contained a solution (50 mL) of
p-benzoquinone (Q; 2.8 102 M) in the presence of Sc(Of}6.0 x
1072 M) under an atmospheric pressure of argon. After the reaction
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For 'H NMR measurements, a GON solution (0.4 mL) of
t-BUBNAH (2.0 x 1072 M) was added to an NMR tube that contained
a CD;CN solution (0.4 mL) ofp-benzoquinone (2.6« 102 M) in the
presence of Sc(OTf) 1.0 x 107t M) under an atmospheric pressure
of argon. Then the solution was degassed by bubbling with argon for
5 min, and the NMR tube was sealed with a rubber septum. The
products in the reaction ¢fBuBNAH with p-benzoquinone derivatives
in the presence of Sc(OTf)are identified as a mixture of the
corresponding cycloadduct,(t-BuBNAH-(2,5-CLQ); 5, t-BuBNAH-
(2,5-MeQ); 6, t-BuBNAH-(2,6-MeQ)), BNA™ (7). The products in
the reaction of-BuBNAH with Q in the presence of Lu(OT#)(1.0 x
1071 M), Y(OTf)3 (1.0 x 1071 M), or Mg(CIOy)2 (1.0 M) are identified
as a mixture of the corresponding cycloaddud), (BNA* (7),
t-BUuBNA* (8), and hydroquinone9j. The 'H NMR measurements
were performed with a Japan Electron Optics JNM-GSX-400 (400
MHz) NMR spectrometer at 300 K. Chemical shifts 41 NMR
were expressed in parts per million downfield from tetramethylsilane
as an internal standard & 0). FAB mass spectra were obtained with
a JEOL JMS-DX303 HF mass spectrometier UV —vis [MeCN, Amax
nm (e, Mt cm?)] 289 (1.5 x 10%. FAB-MS: mass calcd. for
Ca3H26N203, 379; found 379'*H NMR (CD3CN) 6 (ppm) 7.60 (s, 1H),
7.37-7.26 (m, 5H), 7.16 (s, 1H), 6.75 (d,= 2.4 Hz, 1H), 6.62 (dJ
= 8.3 Hz, 1H), 6.52 (ddd] = 8.3, 2.4, 1.0 Hz, 1H), 5.7 (s, 2H), 5.48
(d,J= 7.8 Hz, 1H), 4.42 (dJ = 14.7 Hz, 1H), 4.17 (d) = 14.7 Hz,
1H), 4.01 (d,J = 7.8 Hz, 1H), 2.96 (dJ = 1.0 Hz, 1H), 0.87 (s, 9H).
2: FAB-MS: mass calcd. for gH1gN2O3, 322; found 3221H NMR
(CDsCN) 6 (ppm) 9.48 (s, 1H), 7.377.26 (m, 5H), 7.27 (s, 1H), 6.72
(d,J = 2.6 Hz, 1H), 6.58 (ddJ) = 8.4, 2.6 Hz, 1H), 6.55 (d] = 8.4
Hz, 1H), 5.91 (s, 2H), 5.41 (dl = 6.6 Hz, 1H), 4.54 (dJ = 15.4 Hz,
1H), 4.40 (dJ = 15.4 Hz, 1H), 3.30 (dJ = 7.3 Hz, 1H), 2.58 (ddJ
= 15.8, 6.6 Hz, 1H), 2.14 (dd] = 15.8, 7.3 Hz, 1H)3: H NMR
(CDsCN) 6 (ppm) 7.95 (s, 1H), 7.397.33 (m, 5H), 6.66 (dJ = 8.4
Hz, 1H), 6.60 (d,J = 2.6 Hz, 1H), 6.57 (ddd) = 8.4, 2.6, 1.1 Hz,
1H), 5.33 (d,J = 7.0 Hz, 1H), 4.62 (dJ = 14.7 Hz, 1H), 4.46 (dJ
= 14.7 Hz, 1H), 3.94 (dJ = 7.0 Hz, 1H), 2.76 (dJ = 1.1 Hz, 1H),
1.82 (m, 1H), 1.00 (dJ = 7.0 Hz, 3H), 0.76 (dJ = 7.0 Hz, 3H).4:

'H NMR (CDsCN) 6 (ppm) 8.07 (s, 1H), 7.427.32 (m, 5H), 6.83 (s,
1H), 5.53 (d,J = 7.8 Hz, 1H), 4.60 (dJ = 14.3 Hz, 1H), 4.48 (dJ
= 14.3 Hz, 1H), 4.43 (dJ = 7.8 Hz, 1H), 3.56 (s, 1H), 0.87 (s, 9H).
5: IH NMR (CDsCN) 6 (ppm) 8.09 (s, 1H), 7.447.31 (m, 5H), 6.43
(s, 1H), 5.39 (dJ = 7.8 Hz, 1H), 4.68 (dJ = 14.3 Hz, 1H), 4.46 (d,

was completed in 30 min, the resulting solution was evaporated. The J = 14.3 Hz, 1H), 4.26 (d) = 7.8 Hz, 1H), 2.98 (s, 1H), 2.17 (s, 3H),

residue was dissolved in diethyl ether and washed with deionized water.

2.05 (s, 3H), 0.89 (s, 9HE: *H NMR (CDsCN) 6 (ppm) 8.11 (s, 1H),

The organic layer was separated and the solvent was removed from7.44-7.34 (m, 5H), 6.46 (s, 1H), 5.42 (d,= 8.1 Hz, 1H), 4.65 (dJ

the reaction mixture by distillation at 313 K under vacuum. The
yellowish white solid residue was dried in a vacuum. The isolated yield
of the cycloadductl, t-BuBNAH-Q) was 90%. The cycloadductg, (
BNAH-Q; 3, i-PrBNAH-Q) were isolated in the same mannerlas
The elemental analysis of isolated produt} ¢gave the satisfactory
result.1: Anal. Calcd for GsH26N205:0.5(GHs).0: C, 72.26; H, 7.52;

N, 6.74. Found: C, 72.05; H, 7.33; N, 6.86.

The isolated cycloadduct(t-BuBNAH-Q) were dissolved in MeCN
and recrystallized from MeCN under an atmospheric pressure of di-
ethyl ether vapor. The X-ray experiments were carried out on the
Rigaku AFC-5R diffractometer with graphite-monochromatized Mo K

= 14.3 Hz, 1H), 4.48 (dJ = 14.3 Hz, 1H), 4.28 (dJ = 8.1 Hz, 1H),
2.94 (s, 1H), 2.25 (s, 3H), 2.12 (s, 3H), 0.90 (s, 9H). UV—vis
[MeCN, Amax NM (€, Mt cm™3)] 266 (7.0x 10%). 1H NMR (CDsCN)
o (ppm) 9.17 (s, 1H), 8.86 (dl = 6.0 Hz, 1H), 8.84 (dJ = 7.9 Hz,
1H), 8.14 (dd,J = 7.9, 6.0 Hz, 1H), 7.5¢7.43 (m, 5H), 5.80 (s,
2H). 8: 'H NMR (CDsCN) ¢ (ppm) 8.68 (s, 1H), 8.63 (d,= 6.8 Hz,
1H), 8.08 (d,J = 6.8 Hz, 1H), 7.56-7.42 (m, 5H), 5.67 (s, 1H),
1.44 (s, 9H)9: UV —vis [MeCN, Amax NM (€, M~ cm1)] 225 (6.6 x
10°), 294 (3.5x 10°). 'H NMR (CDsCN) o0 (ppm) 6.63 (s, 4H), 6.35
(s, 2H).

Spectral Measurements.The formation of rare-earth ion com-

radiation and a rotating anode generator. The absorption effect wasplexes witht-BUBNAH was examined from the change in the YV

corrected empirically on the basis of azimuthal scans of three reflec-

vis spectra of-BuBNAH (1.0 x 104 M) at A = 321 nm in the pres-

tions. The crystal structures were solved by direct method and refined ence of various concentrations of Sc(QT®.0 x 107°to 2.0x 1072
by full-matrix least-squares techniques. The non-hydrogen atoms wereM), Lu(OTf)s, Y(OTf)3 (1.0 x 1072to 3.0 x 1072 M), and Mg(CIQ,),

refined anisotropically, while the hydrogen atoms located from the
final stage of difference Fourier maps were included with isotropic
thermal parameters. All the calculations were performed with the
TEXSAN program packag®&. A summary of the fundamental crys-

(1.0 x 10 to 5.0 x 107! M) using a Hewlett-Packard 8453 diode
array spectrophotometer. The formation constants were obtained from
the change in the U¥Wvis spectra due to the formation of the
complexes:t-BUBNAH-SE" (Amax= 364 nm),t-BUBNAH-LU" (Amax

tal data and experimental parameters for structure determinations are= 346 nm),t-BUBNAH-Y 3" (Amax = 344 nm), and-BuBNAH-Mg?*

given in Table 1. Atomic coordinates, thermal parameters, and

(Amax = 330 nm).

intramolecular bond distances and angles have been deposited as Kinetic Measurements. Kinetic measurements of cycloaddition

Supporting Information.

(32) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Butterworth-Heinemann: Oxford, UK, 1988.

(33) TEXSAN, Single-Crystal Structure Analysis Softwafersion 5.0;
Molecular Structure Corp.: The Woodlands, TX 77381, 1989.

reactions of BNAH derivatives with substituteebenzoquinones were
performed on a Hewlett-Packard 8453 diode array spectrophotometer.
Typically, a deaerated MeCN solution BBuBNAH (1.0 x 1074 M)

was added to a quartz cuvette (i.d. 10 mm) containing an MeCN solution

of p-benzoquinone (2.& 102 M) and Sc(OTf} (1.0 x 103to 5.0 x
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1072 M) by means of a microsyringe under argon with stirring. Rates 2.0y
of SEé*-catalyzed cycloaddition reactionsteBUBNAH with substituted
p-benzoquinones were monitored by measuring the decrease in absorp-
tion band attmax = 364 NM €max = 1.1 x 10* M~ cm™) due to the
t-BuBNAH-SE* complex in MeCN at 298 K in the dark. In the reaction

of other BNAH derivatives withp-benzoquinone, the monitored
absorption bands are locatediatx = 380 NM €max= 1.4 x 10* M1

cm 1) for BNAH andAmax= 372 NM €max= 1.3 x 10* M~tcm™?) for
i-PrBNAH. Measurements of rates of electron-transfer reaction from
CoTPP (8.0x 10 %to 1.2 x 10> M) to p-benzoquinone derivatives
(2.6 x 107* M) in the presence and absence of Sc(@T$)0 x 1072

to 7.6 x 1072 M) were performed using a Union RA-103 stopped-
flow spectrophotometer. The rates were monitored by the rise and decay
of the absorption band at 434 and 412 nm due to CaTdl CoTPP

in MeCN at 298 K, respectively. All kinetic measurements were carried 0 L —

out under pseudo-first-order conditions where concentrationg- of 200 300 400 500
benzoquinones were maintained at more than 10-fold excess of CoTPP Wavelength, nm

concentrations at 298 K. Pseudo-first-order rate constants Were jg,re 1. Spectral change observed in the cycloaddition reaction of

determined by least-squares linear curve fits using a personal computery g gNAH (5.0 x 10°5 M) with p-benzoquinone (5.& 1075 M) in

The pseudo-first-order plots were linear for 3 or more half-lives with 1,4 presence of Sc(OEf5.0 x 10-2 M) in deaerated MeCN at 298 K

the correlation coefficienp > 0.999. _ _ (60 s interval). Inset: First-order plot based on the absorption change
Theoretical Calculations. Density functional calculations were gt 2 = 360 nm in the cycloaddition reaction 6fBUBNAH (1.0 x

performed on a COMPAQ DS20E computer using the spin-restricted 104 M) with Q (2.0 x 1073 M) in the presence of Sc(OEf)2.0 x

B3LYP functional for the open shell BNA#1.3* The B3LYP geometry 1072 M) in deaerated MeCN at 298 K (3 s interval).

of BNAH*t was determined by using the 6-83+G(d) basis and the

1.0

Absorbance

40 60
Time, s

0.5

Gaussian 98 prografi. The [Fvalue was determined as 0.773, H4
indicating a good representation of the doublet state. Graphical output
of the computational result was generated with the Césoftware 03
program developed by Molecular Simulations Inc. HS E%
ca QC\% C Fr[?
i i H3 Cs C20

Results and Discussion C%G;f\/ . “‘Y%IO:\(%HZO

Cycloaddition of NADH Analogues with p-Benzoquinone. c6 /B\§b 210
Upon addition oft-BuBNAH (1.0 x 1074 M) to a deaerated o c7 cI8 c19 H2
MeCN solution ofp-benzoquinone (Q; 2.& 10-3 M) in the cl \Uﬁi[“\ Oppo
presence of Sc(OTf)(1.0 x 1072 M), the cycloaddition reaction Cf (CQ N cn | 8)
of t-BuBNAH with Q occurs efficiently at 298 K (see the H2 \C_s g // ) O?,\D/ H22
Experimental Section, R= Bu in eq 1). As the reaction o b Cl6 WOuso

N np 18
HO OHie
H R 0 HH R
CONHg SC3+ 102, g CONH2 O:Cg

|| + —_— | 1) . SeSS

N o N H10 C10 s

IH Ph t (0] H (5 Hi1f Cll

CHPh R =Bu’, H H;#\H 1 N Cl4

proceeds, the absorption bands dueBuBNAH (Amax = 364
nm) and Q fmax = 241 nm) decrease, and these are ac-
companied by the appearance of a new absorption bang (

= 320 nm) due to the formation of cycloadducwith three rated C(5)-C(6) bond®® The cycloadduct& and2 were isolated

clear isosbestic points at 208, 262, and .337 nm (Flgure 1). The and a single crystal df was obtained for X-ray crystal structure
same spectral changes were observed in the reaction of BNAH jatermination (see the Experimental Section). The ORTEP

with Q (R = H in eq 1). The product absorption band at 320 drawing of 1 is shown in Figure 2 (the crystallographic data

nmtsee:l:jn Ftlguf:le llkaglgrleis dv.\;:thdthat_ fo:.the p(rjewo.L:rs}Iy reptorted are given in Table 1 and selected bond distances and angles for
water adduct oi-alkyl-1,2-dihydronicotinamide with a Salu- yhe crystal structures df are given in the Supporting Informa-

(34) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. tion, S1).
(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, ~ Complex Formation between NADH Analogues and
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,; Sc(OTf)s. The UV—vis absorption spectra dfBUBNAH in

Strat ,R.E.;B t,J. C.; D ich, S.; Millam, J. M.; Daniels, A. o ., .
D_TaKT;?]nK. N Str;irr?nM. ol Farl?e?sprg.' Tomas'ia?. Barone \a,?'ecf,ssi MeCN are significantly affected by the addition of metal ions

M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; as shown in Figure 3. The absorption band at 321 nm due to
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, -BuBNAH (1.0 x 1074 M) is red shifted and the new absorption

D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; : ot ; ; ;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, band at 364 nm appeared with a distinct isosbestic point at 327

P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; A nm in the presence of Sc(O%f)Such spectroscopic changes
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L; (36) (a) Johnston, C. C.; Gardner, J. L.; Suelter, C. H.; Metzler, D. E.
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian Biochemistryl963 2, 689. (b) Yoon, C.-J.; Ikeda, H.; Kojin, R.; lkeda, T;
98, Revision A.7; Gaussian, Inc.; Pittsburgh, PA, 1998. Toda, F.J. Chem. SocChem. Commurl986 1080.

_7HI3

Figure 2. ORTEP drawing of the cycloadduct)(
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Figure 3. Spectral change observed upon addition of Sc(©{0)-
4.0 x 10°° M) to a deaerated MeCN solution containiruBNAH
(1.0 x 1074 M). Inset: The absorption change /at= 360 nm. 102[sc3+]’ M

. . . . Figure 4. Dependence ok.ns on [SE'] for (a) the cycloaddition
shown in Figure 3 are ascribed to formation of the complex .- on oft-BUBNAH (1.0 x 10-* M) with p-benzoquinone (2.6«

betweent-BuBNAH and Sc(OTf). The stoichiometry is estab- 153 M) and (b) electron transfer from CoTPP (80 10° M) to
lished by spectral titration (see the inset of Figure 3), where p.penzoquinone (2.6 104 M) in the presence of Sc(OHfin deaerated
t-BUBNAH forms a 4:1 complex with S¢ (eq 2)37 The same MeCN at 298 K.
spectral changes were observed for the complex formation of
obeyed second-order kinetics, showing a first-order dependence
4t-BUBNAH + Sc3+<——’(t-BuBNAH)4Sc3+ ) on each reactant concentration. The dependence of the ob-
served electron-transfer rate constagf) (on [SE*] was also
examined for electron transfer from CoTPP to Q at various
concentrations of S¢. The results are shown in Figure 4b,
: where theke value increases linearly with to show a
complexes W'tm'B;‘PNAH ((tBUBNAH){LUP, Amax = 346 first-order dependence on [B¢ at low c)c/)ncentgtijons, changing
nm; ¢-BUBNAH)4Y®", Amax = 344 nm). to a second-order dependence at high concentrations as is the

Kinetics of Sc**-Catalyzed Cycloaddition and Electron- case of the S¢-catalyzed cycloaddition dfBuBNAH with Q
Transfer Reactions.The rates of reactions ¢BuBNAH with in Figure 4a.

Q in the presence of St (2.0 x 102 M) in MeCN at 298 K There is no interaction between Q and*Sas indicated by
were determined by monitoring the disappearance of absorbancena |ack of spectral change of Q in the presence 6f S

due to tr(‘)ft'BngNA_Hl'SCH complex fmax = 364 NM, émax = such a case, the acceleration of electron transfer from CoTPP
1.1 x 10" M~ cm™). The rates obeyed pseudo-first-order 4 g js ascribed to the complexation of3$avith Q*~. Since

kinetics in the presence of a large excess of Q arid tative there are two carbonyl oxygens which can interact witfSc
to the concentration afBuBNAH (see inset of Figure 1). The Q" may form not only a 1:1 complex(= 1 in eq 3) but also

pseudo-first-order rate constant increases proportionally with o 1.5 complex1f = 2 in eq 3) with S&". The complex for-

Q concentration (see the Supporting Information, S3). Thus, mation of @~ and S&* should result in the positive shift of
the rate exhibits the second-order kinetics showing a first-order o gne-electron reduction potential of @) and the

dependence on each reactant concentration. Nernst equation is given by eq 4, whe&.q is the one-elec-

The dependence of the observed second-order rate constanton reduction potential of Q in the absence of'SavhereK,
(kob9 ON [SET] was examined for the cycloaddition reactions

of t-BUBNAH with Q at various concentrations of 8c The E =g°
kopsValue increases with an increase in{gdo exhibit a first- red
order dependence on [8¢ at low concentrations, changing to

a second-order dependence at high concentrations as shown i
Figure 4a.

Such a mixture of first-order and second-order dependence
on [Sé'] is also observed in electron transfer from CoTPP (TPP
= tetraphenylporphyrin dianion) to Q. No electron transfer from
CoTPP to Q has occurred in MeCN at 298 K. In the presence
of Sc(OTf), however, an efficient electron transfer from CoTPP
to Q occurs to yield CoTPP(eq 3). The electron-transfer rates

BNAH (Amax= 348 nm) with S&" (BNAH)4SE"; Amax= 380
nm). Other rare earth metal ions &y Y3") also form

ea+ (2.3RTIF) logk,[Sc* (1 + K,[SST])  (4)
|qndKz are the formation constants for the 1:1 and 1:2 complexes
between @ and Sé*, respectively. Since St has no effect

on the oxidation potential of CoTPP, the free energy change of
electron transfer from CoTPP to Q in the presence of"Sc
(AGey) can be expressed by eq 5, wher@Y%; is the free energy
change in the absence of 3¢ Thus, electron transfer from

AGy, = AG’,;- (2.3RT) log(K,[SC'] + K,K,[SC* 1Y) (5)
CoTPP to Q becomes more favorable energetically with an

o . : . .
Q a4 increase in concentration of 8c If such a change in the
Sc —nSc* (3) energetics is directly reflected in the transition state of electron

* o+
CoTPP + CoTPP transfer, the dependence of the observed rate constant of electron
0 o (37) The rate of formation of the complex may be diffusion-limited
Q) Q-nSc® (n=1,2) because the rate was too fast to be followd with a stopped-flow tech-

nique.
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Figure 5. (a) Plots ofkond[SCT] vs [SE] for the cycloaddition reaction
(O) of t-BUBNAH (1.0 x 10°* M) with Q (2.0 x 103 M) and electron
transfer from CoTPP to Q&) in the presence of Sc(OEfin deaerated
MeCN at 298 K. (b) Plots of,,d[SC'] vs [SE'] for the cycloaddition
reaction of BNAHi-PrBNAH (1.0 x 10 4 M) with Q (2.0 x 1073 M)
in the presence of Sc(OEf)n deaerated MeCN at 298 K.

transfer ke) on [SE*] is derived from eq 5, as given by eq 6,
wherek is the rate constant in the absence o¥'S&he validity

of eq 6 is confirmed by the linear plot d&/[SC*] vs [SCY]

for the Sé"-promoted electron transfer from CoTPP to Q as

ket /[SET] = kK4 (1 + K,[SC*]) (6)
shown in Figure 5a (closed circle®¥) From the slopes and
intercepts are obtained tie value, which is listed in Table 2,
together with thekoK; value.

There is a striking similarity with respect to the dependence
Of ket (0T kopg ON [SE*] between the electron-transfer reactions
from CoTPP to Q (Figure 4a) and the cycloaddition reaction of

t-BuBNAH with Q (Figures 4b), despite the large difference in
their reactivities. Thus, the same plot as in eq 6 for th&"Sc

Fukuzumi et al.

respective of different reactivities of NADH analogues (kg€
values in Table 2). In each case, tRgvalue agrees within the
experimental error with the value (40 V) determined from
the Sé™-promoted electron transfer reaction (Table 2). Such
an agreement strongly indicates that the catalytic function of
Sct in the cycloaddition reactions of NADH analogues with
Q is essentially the same as the function in electron transfer
from CoTPP to Q. This means that the cycloaddition of the
NADH analogues with Q proceeds via a rate-determining elec-
tron transfer from NADH analogues to Q, which is accelerated
by formation of the 1:1 and 1:2 complex betweemn @ith Sc*

as in the case of an electron transfer from CoTPP to Q.

The K, value may change depending on the substituents on
Q. This was examined by determining the dependendewef
and ket on [SE'] for the cycloaddition oft-BNAH with
substitutedp-benzoquinone derivatives and also the electron
transfer from CoTPP to the sampebenzoquinone derivatives.
The linear plots okypd[SC*] vs [SAH] andke/[SEH] vs [SEY]
are shown in Figure 6, parts a and b, respectively. healues
determined from the linear plots are also listed in Table 2. The
K, value (25 M%) determined in the S¢-promoted electron
transfer from CoTPP to a-benzoquinone derivative with
electron-withdrawing substituents (2,5-dichlgrdsenzoquinone)
is smaller than the correspondikg value ofp-benzoquinone
(40 MY as expected from the weaker basicity of the radical
anion with the electron-withdrawing substituents as compared
to the basicity of the unsubstituted semiquinone radical anion.
In each case, thi€; value determined from the $ccatalyzed
cycloaddition reactions with the-benzoquinone derivative
agrees with the value determined from the correspondifig-Sc
promoted electron-transfer reaction (Table 2). Such an agree-
ment confirms that the St-catalyzed cycloaddition of the
NADH analogues with thg-benzoquinone derivative (X-Q)
proceeds via the rate-determining 3S@romoted electron
transfer from NADH analogues to X-Q.

Detection of Semiquinone Radical Anion-S& Complexes.
The 1:2 complex formation betweerQand Sé" has been
confirmed by observation of the ESR spectrum of the-25¢"
complex which shows the superhyperfine structure due to the
interaction of @~ with two equivalent Sc nuclei. Since the @
2S¢é* complex is unstable because of the facile disproportion-
ation reaction, the complex was generated in photoinduced
electron transfer from dimeric 1-benzyl-1,4-dihydronicotinamide
[(BNA),]3%40to Q at low temperatures. The (BNAE known
to act as a unique electron donor to produce the radical anions
of electron acceptor.The photochemical reaction was carried
out in an ESR cavity where an ESR tube containing a
propionitrile (EtCN) solution of (BNA), Q, and S&" was
irradiated with a mercury lamp at 203 K. Propionitrile was used
instead of MeCN to avoid freezing the solvent at 203 K. The
observed ESR spectrum of Qin the presence of St (4.4 x
102 M) is shown in Figure 7a. The well-resolved 19 lines of

promoted electron transfer from CoTPP to Q can be applied the spectrum clearly indicate the hyperfine splittiagH)) due

for the Sé*-catalyzed cycloaddition reactions 6BuBNAH
with Q as shown in Figure 5a (open circles). Thevalue for
the 1:2 complex formation betweertQand Sé* is obtained

from the linear plot as listed in Table 2. The dependence of

Kobs ON [SE'] was also determined for the cycloaddition reac-
tions of BNAH andi-PrBNAH with Q. TheK; values are also
determined from the linear plots kf,d[Sc**] vs [SE*] in Fig-

ure 5b and they are listed in Table 2. Thésevalues (46-49
M~1) are essentially the same within experimental error ir-

(38) Since S is bound to the reaction product (eq 3), the reaction is
called “Sé*+-promoted” electron transfer. In the case of the cycloaddition
reactions (eq 1), St acts as a real catalyst.

to 4 protons of semiquinone radical anions and superhyperfine
splitting @(Sc)) of two equivalent S¢ nuclei ( = 7/2). The
coupling constants are almost the same betva@idihanda(Sc),
resulting in the overall nuclear spi 9 that causes 19 lines.
The computer simulation spectrum wigH) = 1.15 G,a(Sc)

= 1.15 G with a line width AHps) = 0.50 G is shown in Figure

5b for comparison. The observed ESR spectrum in Figure 5b
clearly demonstrates the formation of the 1:2 complex between

(39) Patz, M.; Kuwahara, Y.; Suenobu, T.; Fukuzumi,Chem. Lett.
1997, 567.

(40) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S;
Fujitsuka, M.; Ito, O.J. Am. Chem. S0d 998 120, 8060.
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Table 2. Rate Constantk{K;) of S&™-Catalyzed Cycloaddition Reactions of NADH Analogues witBenzoquinone Derivatives (X-Q) and

J. Am. Chem. Soc., Vol. 123, No. 42, 200197

the Formation Constant&y) of the X-Q—-2S¢&+* Complexes in Deaerated MeCN at 298 K

NADH analogue p-benzoquinone derivative

kOKLb M -2 S—l

Kz,bM_l

t-BuBNAH p-benzoquinone
i-PrBNAH p-benzoquinone
BNAH p-benzoquinone
BNAH 2,5-dichlorop-benzoquinone
BNAH 2,5-dimethylp-benzoquinone
BNAH 2,6-dimethylp-benzoquinone

7.3 102 (2.7 x 109)
4% 10° (2.7 x 109)
1.3 10* (2.7 x 10P)
2.2 107 (9.3 x 109)
6.6 10 (1.1x 10F)
1.6 10 (8.0x 10)

4.6 x 10 (4.0x 10)
4.9x 10 (4.0x 10)
4.9x 10 (4.0x 10)
2.6x 10 (2.5x 10)
4.8 x 10 (4.3x 10)
4.3 x 10 (4.7x 10)

aK; andK; are the formation constants for the 1:1 and 1:2 complexes betweean@ Sé*, respectivelyk, is the rate constant in the absence
of SE* (see text)? Determined from the dependencelgfs on [SE*] based on eq 6. The experimental error is 10%. Values in parentheses are
those determined for Scpromoted electron transfer from CoTPP to X-Q.
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=
N
é 0™-8c** 07-8c**
S a(4H) = a(2Sc) =1.15G a(Sc)=165G
©
5 AHpg =050 G a(Sc?) =1.49G
a(2CHz) = 1.95G
0 | I 1 0 =
! . L . A a(2H)=1.40 G
AHpg =0.90 G

104Sc®], M
Figure 7. (a) ESR spectrum of a propionitrile solution containing
Figure 6. Plots of kend[SC*] Vs [SE] for (a) the cycloadditon ~ (BNA)2 (1.6 x 1072 M), p-benzoquinone (4.9< 1072 M), and
reactions oft-BuBNAH and (b) electron-transfer reactions of CoTPP  SC(OTf) (4.4 x 1072 M) irradiated with a high-pressure mercury lamp
with 2,5-dichlorop-benzoguinone, 2,5-dimethprbenzoquinone, and &t 203 K. (b) Computer simulation spectrum wgh= 2.0034,a(4H)
2,6-dimethylp-benzoquinone in MeCN at 298 K. = a(2Sc)= 1.15 G, andAHps = 0.50 G.

Me,Q*") and Sé* is confirmed by the ESR spectra of the
2,5-MeQ~-2Sé+ complex and the corresponding computer
CH,Ph simulation spectra as shown in Figure 7, parts ¢ and d, re-
' spectively.

Mechanisms of Metal lon-Catalyzed Cycloaddition vs
Hydride Transfer Reactions. In the cycloaddition reactions
of t-BNAH and BNAH with Q (egs 1 and 2, respectively), the
0 C—H bond of Q is cleaved to yield the adducts. If thetSc

promoted electron transfer frotlBNAH and BNAH to Q is
the rate-determining step as indicated from the catalytic function
of SA&*" in comparison with that in the electron-transfer reaction
O'—Sc3* with CoTPP (vide supra), the €H bond cleavage process
hv o CONH; should be fast enough that no primary kinetic isotope effect
—_— 2 @ + 2 (7)

Q~ and Sé* (eq 7)* Similarly, the 1:2 complex formation

2 + 48c%

can be observed. This is confirmed by the primary kinetic
N deuterium isotope effecky/kp) in the Sé"-catalyzed cycload-
Bz O =8c3* dition reaction oft-BuBNAH with Q, where the deuterium-

BNA* Q-28c3

(41) The 1:2 complex between'Qand Sé* is exclusively formed at
203 K probably because of the large value at the low temperature as

between the radical anion of 2,6-dimetlpgybenzoquinone (2,5-  compared to the value at 298 K in Table 2.
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Table 3. Yields of Products in Reactions of BNAH and
t-BuBNAH with p-Benzoquinone in the Presence of a Metal lon
[Sc(OTf), Lu(OTf)s, Y(OTf)3 (1.0 x 1071 M), or Mg(ClOy4), (1.0
M)] and Rate Constantk{,9 of Reactions of-BuBNAH (1.0 x
10 M) with p-Benzoquinone (2.6« 1072 M) in the Presence of
Metal lons (3.0x 1072 M) in Deaerated MeCN at 298 K

yield (%)
metal t-BuBNAH BNAH 10%ops
ion cycloadduct BNA t-BuBNA* cycloadduct BNA M-1s71
St 100 0 0 100 0 5%10
Ludt 72 28 0 33 67 6.1
Y3+ 59 41 0 21 79 3.1
Mg2*+ 35 5 60 7 93 0.28

aMg(ClOy), (5.0 x 1071 M).

labeled Q (Q-2,3,5,6h) was utilized (eq 8). Th&y/kp value is

H tBu o
CONH, D D Sc*
| | +
N D D
CH,Ph o
DO D
4t ,tBu
D 2 LA __CONH,
. | ®)
D o
HY
NN
HY™H

Ph

unity at various S¥ concentrations (see the Supporting
Information, S3). Theku/kp value for the S& -catalyzed
cycloaddition reaction of BNAH with Q (Q-2,3,5@y) is also
found to be unity at various 8t concentrations (S3).

When Sé*" is replaced by other metal ions such a$t [Lu-
(OTf)3], Y3+ [Y(OTH) 4], or Mg?t [Mg(ClOy)7] in the reaction
of t-BuBNAH with Q, BNAT is formed together with the
cycloadduct. The product yields are listed in Table 3. In the
case of M@", the cycloaddition is no longer the main reaction,
but a hydride transfer fromBuBNAH to Q occurs to yield
t-BNA™ as the major product (60%) (Table 3). Thus, there are

three types of reactions depending on the type of metal ion, as
shown in Scheme 1, where one is the cycloaddition reaction,

another is a transfer @afBu~ to Q, and the other is a hydride
transfer fromt-BuBNAH to Q. The catalytic reactivity is also

Fukuzumi et al.
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Figure 8. Dependence df,nson [M3*] for the reaction ot-BuBNAH
(1.0 x 107* M) with Q (2.0 x 1072 M) in the presence of Sc(OTf)
(0), Lu(OTf)z (2), or Y(OTf); (®) in deaerated MeCN at 298 K.
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The Mg t-catalyzed hydride transfer from BNAH to Q is
known to proceed via a Mg-promoted electron transfer from

changed drastically by the type of metal ions employed as the BNAH to Q, followed by a proton transfer from the resulting

catalyst. Thekyps values were determined from the rates of
disappearance of the absorption band dueBaBNAH-metal
ion complexes in the reactions with Q in MeCN at 298 K. The
dependence df,ns 0n the metal ion concentration is shown in
Figure 8. Thekops Values thus determined in the presence of a
fixed metal ion concentration are listed in Table 3, where the
kopsdecreases in order 8c> Lud™ > Y3+ > Mg?*. This order
agrees with the Lewis acidity of the metal iofs.
Whent-BuBNAH is replaced by BNAH in the reaction with
Q catalyzed by metal ions other than®§ca hydride transfer
from BNAH to Q becomes the main reaction and the yield of
BNAT increases in order 130 (67%) < Y3 (79%) < Mg?+
(93%) with a decrease in the Lewis acidity of the metal ion
(Table 3). The reaction mechanisms of Mgatalyzed hydride
transfer from BNAH to Q have been extensively studied
chemically or electrochemicalf2 However, this is the first
report disclosing the minor reaction pathway of the cycloaddition
(7%) competing with the major hydride transfer reaction
pathway (93%).

(42) Fukuzumi, S.; Ohkubo, KChem. Eur. J200Q 6, 4532.

BNAH*" to the Q—-2Mg?" complex and the subsequent fast
electron transfer from BNAto QH™-Mg?*.3212The change in
the type of reaction depending on the Lewis acidity of the metal
ion in Scheme 1 is well accommodated in the electron-transfer
mechanism in Scheme 2. The initial rate-determining electron
transfer fromt-BuBNAH to Q results in the formation of a
radical ion pair tBuBNAH*" and Q™) where Q™ forms 1:1
and 1:2 complexes with 8t.*3 This is followed by fast radical
coupling between @ andt-BuBNAH*" to give the zwitterionic
intermediate that is eventually converted to the cycloadduct
In the same manner, the Becatalyzed cycloaddition reaction
of BNAH with Q proceeds via the St-promoted electron
transfer from BNAH to Q. The spin density distribution of
BNAH-** calculated by using a density functional theory at the
UB3LYP/6-314++G* level is shown in Figure 9. There is a large
spin density § = 0.466) at C(5) of BNAM'. Thus, the radical
coupling of C(5) of BNAH" with Q~-2M"" may occur
(43) The NADH analogue{BuBNAH) in Scheme 2 forms a 4:1 complex
with SE* (eq 2), which reacts with Q, since the absorption maximum (364

nm) due to the complex remains the same during the reaction. For clarity
the complex formation is omitted in Scheme 2.
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Figure 9. Spin density distribution of BNAM calculated by using a
density functional theory at the UB3LYP/6-3%G* level.
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efficiently (pathway a) in competition with the proton transfer
from BNAH*" to @ ~-2M"™*, which leads to the overall hydride

transfer from BNAH to Q (pathway c). With decreasing the
Lewis acidity of the metal ion, the metal ion-promoted electron
transfer from BNAH to Q is decelerated because of the weaker

binding of the metal ion with € as shown in Table 3. On the
other hand, the proton transfer from BNAHo the Q—-2M"*"

complex is accelerated with decreasing the Lewis acidity to the

metal ion (M) due to the stronger basicity of the @M"*
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complex. This may be the reason the hydride transfer pathway
from BNAH to Q becomes dominant in the presence of a much
weaker Lewis acid (e.g., Mg) as compared to the selective
cycloaddition reaction in the presence ofS¢see the product
yields in Table 3)*

In the case of-BuBNAH, the C(4)-C bond oft-BuBNAH"*
is known to be cleaved to produdeBur,29-2740 which can
combine with @ -2M"* (pathway b in Scheme 2), leading to
the overall transfer of-Bu~ to Q. With decreasing the Lewis
acidity of the metal ion, the C(4)C bond cleavage @fBNAH"*
may also be accelerated due to the stronger basicity of the Q
2M"* complex. This may be the reason the overall transfer of
t-Bu~ to Q (pathway b in Scheme 2) starts to compete with the
cycloaddition pathway as the Lewis acidity of the metal ion is
decreased (see the product yields in Table 3). The deprotonation
of t-BUBNAH"* may be much slower as compared to that of
BNAH**, since the replacement of one active hydrogen of
NADH analogues by an alkyl group is known to retard the
deprotonation of the radical catioffs®-%9Thus, only in the case
of Mg?*, which is the weakest Lewis acid employed as a catalyst
in this study, does the proton transfer fresBuBNAH to Q-
2M"* (pathway c in Scheme 2) compete with the radical
coupling process (pathway a in Scheme 2) to yield the hydride
transfer product (60% yield in Table 3).

Summary and Conclusions

Novel cycloaddition reactions have been accomplished via
the Sé* ion-catalyzed reaction of BNAH or substituted BNAH
with p-benzoquinones in MeCN at room temperature. The
crystal structure of the cycloadduct between BNAH derivatives
(t-BuBNAH) andp-benzoquinone was determined for the first
time.

The dependence of the rate constants of cycloaddition
reactions of BNAH analogues with-benzoquinones on St
concentration agrees well with those of the electron-transfer rate
constants from CoTPP to the correspondmigenzoquinones
on Sé* concentration. This indicates that the addition proceeds
via the Sé*-promoted electron transfer from BNAH analogues
to Q, which is the rate-determining step. It has been shown for
the first time how the hydride transfer pathway is changed to
the cycloaddition pathway through the metal ion-promoted
electron transfer from NADH analogues ppsbenzoquinone
derivatives depending on the Lewis acidity of the metal ion
(Scheme 2).
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(44) The cation charge/radius ratio or d-orbitals of'Smay also help
to stabilize the cycloaddition activated complex.




