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A synthesis of 14-substituted 1,3-dimethyl-5,10-methanocycloundecal4,5]pyrrotiif8midine-2,4-
(1,3H)-dionylium tetrafluoroborateslla,b™-BF,~ was accomplished by the methylation of 5,10-
methanocycloundecal4,5]pyrrolo[2dipyrimidine-2,4(1,3)-dione derivatives with Mel and following
anion-exchange reaction by treatment with 42% aq HBFompoundllb™BF,~ was synthesized
alternatively by the reaction of 1,6-methano[11]annulenylium tetrafluoroborate with 6-phenylamino-1,3-
dimethyluracil and following oxidative cyclization reaction. Remarkable structural characteristita,bf

were clarified on inspection of the UWis and NMR spectral data as well as X-ray crystal analyses.
The stability of cationslla,b' is expressed by theKg, values which were determined spectrophoto-
metrically as 9.8 and 9.7, which are smaller by 1.4 and 1.2 pH units than those of the corresponding
seven-membered ring cations, respectively; however, the values are larger by 3.6 and 3.5 pH units than
that of the parent 1,6-methano[11]annulenylium ioi{p = 6.2). The feature is rationalized on the
basis of the perturbation derived from the bond fixation of the parent cation and the electron-donating
ability of pyrrolopyrimidine. The electrochemical reductionldfab™-BF,~ exhibited reduction potential

at —0.58 and—0.52 (V vs Ag/AgNQ) upon cyclic voltammetry (CV). Reaction dfla™BF,;~ with

hydride afforded mixures of the C13- and C11-adducts in a ratio of 81:19. ReactidibtoBF,~ with

hydride afforded, on the other hand, the C13-adduct as a single product. In both cations, the methano-
bridge seemed to control the nucleophilic attack to the C13 favorably with exo-selectivity. The photo-
induced autorecycling oxidation reactionsldfa,b"-BF,~ toward some amines under aerobic conditions
were carried out to give the corresponding imines (isolated by converting to the corresponding 2,4-dinitro-
phenylhydrazones) with the recycling number of 1.1 to 32.2. Furthermore, as an example of tlie NAD
NADH models, the reduction of a pyruvate analogue and some carbonyl compounds with the hydride
adducts ofl1a,b"-BF,~ was accomplished for the first time to give the corresponding alcohol derivatives.

Introduction systems have been investigated extensively through synthetic

Flavins are known to play an important role as cofactors in
a wide variety of biological redox reactiok8 The flavin-redox

model systems and theoretical calculatién&mong these
compounds, 5-deazaflavins have been studied extensively in
both enzymatitand model systentsin the hope of acquiring

* Corresponding author. Tel:+81-(0)3-5286-3236. Fax:+81-(0)3-3208- mechanistic insight into flavin-catalyzed reactions. The reactivity
2735. of 5-deazaflavins has been studied to be similar to that of
10.1021/jo052495m CCC: $33.50 © 2006 American Chemical Society
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nicotinamide? Coenzyme NADH, a cofactor af-lactate de-

hydrogenase, functions as an enantioselective agent that reduces |

pyruvate toL-lactate during anaerobic glycolysis. During the

past several decades, efforts have been made to create model

compounds mimicking the activity of the NAD-NADH redox
couple’ 17 The introduction of an optically activé-substituent
in the amide of 1-alkylated 1,4-dihydronicotinamides, €lg.,

can induce modest to moderate chirality transfer toward carbonyl

compounds (Figure 2819 Furthermore, Ohno and co-workers

have improved considerably chirality transfer by the additional

introduction of methyl groups at C2 and C4 in the NADH
model, e.g., compour2l?® The new chiral center at C4 controls

the mode of hydride transfer. Moreover, the reduction of

carbonyl compounds by using 1,5-dihydro-5-deazafl®viras

been reportedt On the basis of the above observations, we have
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FIGURE 1. NADH model compounds and 7- and 11-membered ring
cations.

previously studied the synthesis, properties, and reactivity of
10-substituted 1,3-dimethylcycloheptal4,5]pyrrolo[2]}Byri-
midine-2,4(1,81)-dionylium ions4a,b™-BF;722 and the furan
analoguedct+-BF4~.2% In these studies, it was clarified that the
pyrrole analogueda,b *-BF,~ have higher stability4a-BF,:
pKr+ = 11.2,4b"-BF,~: pKgry = 10.9) as compared with
4ct-BF4~ (pKr+ = ca. 6.0). In addition, novel photoinduced
autorecycling oxidizing reactions db—c*-BF,~ toward some
alcohols and amines have also been stuéiéthus, structural
modifications of the uracil-annulated heteroazulenes sudh-as
c™BF,~ are an interesting project from the viewpoint of
exploration of redox functions. Much of the motivation for
studying the properties of organic molecules stems from
manipulation of the primary chemical structure. One strategy
for raising or lowering the HOMO and LUMO levels includes
conjugation length control. Furthermore, thi€onjugation mode

in polycyclic conjugatedr-systems containing more than one
(4n+2) conjugation loop is an important subject from both
theoretical and experimental viewpoints. Combination of more
than oner-system can endow the originatsystem with new
properties. From these viewpoints, we have recently reported
the synthesis, properties, and oxidizing ability of 5,10-
methanocycloundeca[4,5]pyrrolo[2dBpyrimidine-2,4(1,3)-di-

one derivatived 0a,l7® (Scheme 1, vide infra) and 1,3-dimethyl-
5,10-methanocycloundecal4,5]furo[ZBpyrimidine-2,4(1,3)-
dionylium tetrafluoroborat&*-BF,~,26 which is a vinylogous
compound ofict-BF4~, to involve 1,6-methano[11]annulenylium
ion 7t instead of tropylium ior6*. The cation7*, which is an
aromatic 1@-electron analogue o6, has higher thermody-
namic stability (Kr+ = 6.2F" as compared witls" (pKrs =
3.9)28 Due to this property, the catidsi™-BF4~ was expected

to exhibit higher thermodynamic stability as compared with
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FIGURE 2. UV-—uvis spectra oflL1a,b™-BF,~ and4a,b"-BF,".
4ct-BF4; however, it exhibited lower thermodynamic stability
(PKr+ = 4.6). Furthermore, the reaction f-BF4~ with NaBD, synthesized starting from 1,6-methano[11]annulenylium tet-
shows that the methano-bridge controls the nucleophilic attacksrafluoroborater*-BF;~ 27 (Scheme 2). The reaction @f -BF4~
to occur with exo-selectivity at the C11 and C13 positions. Thus, With 6-phenylamino-1,3-dimethyluraci2 in the presence of
study of the methano-bridged compounds is an interesting K2COs furnished compound3, which is unstable on TLC (SO
project from the viewpoint of exploration of novel chiral and AkOs). Thus, without further purification, oxidative cy-
auxiliaries. In this study, we report the synthesis, properties, clization reaction ofl3with DDQ and following anion-exchange
and structural details of 14-substituted 1,3-dimethyl-5,10- reaction using 42% aq HBRn Ac;O at 0°C was carried out

methanocycloundeca[4,5]pyrrolo[2dBeyrimidine-2,4(1,#)- to give 11b™-BF,~ (81% yield based o "-BF, 7).

dionylium tetrafluoroborateg1a,b™BF,~, which are derived Properties of 11a,b/BF,". Qompoundﬂla,P*-BH were

from annulation o7+ with pyrrolo[2,3d]pyrimidine-1,3(2,44)- fully characterized on the basis of the NMR, 13C NMR, IR,
dione. The photoinduced oxidizing reaction bfa,b"-BF," UV —vis, and mass spectral data as well as elemental analyses

toward some amines was studied as well. Furthermore, as ar@"d X-ray crystal analysis. The mass spectrd bd,b™BF4
exploration of NAD'—NADH type redox functions, the reduc-  €xhibited the correct M — BF,~ ion peaks, which were

tion of a pyruvate analogue and some carbonyl compounds with indicative_ of the catio_nic structures of these c_ompounds. The
the hydride-adducts afla,b™BF,~ was studied for the first characteristic absorption bands for the counterion of Birere
time to give the corresponding alcohol derivatives. observed at 1084 cm in their IR spectra. The UVvis spectra

of 11a,b"-BF,~ in CH3CN are similar, and they are shown in
Figure 2, together with those afa,b™-BF,~.22 The longest

Results and Discussion wavelength absorption maximén{y,y) of 11a,b™BF4~ exhibited
Synthesis We have previously reported a convenient prepa- @ red-shift by 114 nm as compared with thosetafb’™BF.™,

ration of 5,10-methanocycloundeca[4,5]pyrrolo[2]pyrimi- respectively, due to the elongataeonjugation. _

dine-2,4(1,81)-dione derivatived0ab?> by the thermal reaction The 'H NMR spectra ofl1a,b™-BF,~ are noteworthy since

of 11-chloro-3,8-methano[11]annulenoBevith 6-aminouracil ~ the chemical shifts of bridged-annulene systems are quite useful

derivatives9ab. In this work, 14-substituted 1,3-dimethyl- N détermining such structural properties as diatropicity and bond

5,10-methanocycloundeca[4,5]pyrrolo[2Rpyrimidine-2,4- alternation. Unambiguous proton assignment was made by

(1,3H)-dionylium tetrafluoroboratela,bt~BF,~ were prepared ~ @nalyzing*H NMR and H-H COSY spectra. The chemical
from 10ab. Methylation of10ab with Mel in (CH.CI), under shifts of erdge protons and selected coupllrjg constants of
reflux, and subsequent anion-exchange reaction consisting of+1&0"*BF4™ are shown in F2|gure 3, together with those of the
treatment with 42% aq HBfin Ac,O at 0°C afforded desired reference compound&0a,h®> The large geminal coupling
compoundd 1a,bt-BF,~ in 98% and 100% yields, respectively ~constant of the methylene protong ¢ = 12.2 Hz) supports

(Scheme 1). On the other hartiib*-BF,~ was alternatively the absence of a norcaradiene structure fdm,b"-BF,~.
Furthermore, the bridge protons bifa,b"-BF,~ appear at very

(28) Okamoto, K.; Takeuchi, K.; Komatsu, K.; Kubota, Y.; Ohara, R.; higher field ¢ —0.54 to —1.44), and the peripheral protons

Arima, M.; Takahashi, K.; Waki Y.; Shirai, Setrahedron.983 39, 4011 appear in lower field of the aromatic regiod 8.06 to 10.29).
and references therein. These features indicate theta,b™-BF,;~ have a large diatropic
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FIGURE 3. Chemical shifts of bridge protons and selected coupling
constants ofl1a,b"-BF,~ and reference compound€®a,h

ring current?® It is interesting that the signals of sHof
11a,b"-BF,~ appear at higher fieldd( —1.44 and —1.33,
respectively) as compared with those ¢f {d —0.61 and—0.54,
respectively). This tendency is similar to thatl@a In addition,
the signals of the N1Me and the H13 bib*-BF,~ appeared

at higher field ¢ 3.14 and 8.41, respectively) as compared with
those of 11a™-BF,~ (0 3.96 and 8.99, respectively). This
tendency suggests that the N1Me and the H131df"-BF,~

are located at the shielding region of the phenyl group in the
pyrrole ring, and thus, the phenyl group would twist against
the plane of ther-system. The vicinal coupling constants of
the aromatic perimeter protons suggest that the C6-C8—

C9 moiety exhibits small bond alternation I1a™BF,~ [Js 7
(9.1 Hz),J7.8 (9.9 Hz),Js0 (8.4 Hz)] and11b"-BF, [Js7 (9.2
Hz), 375 (9.9 Hz),J30 (8.3 Hz)]. This feature is similar to that
of compoundlOa In contrast, it is noteworthy that the vicinal
coupling constants of the C+IC12—C13 moiety exhibits large
bond alternation iMlla™BF,~ [Ji11,12 (9.7 Hz) < J1213(12.0
Hz)] and 11b"BF4~ [J11,12(9.7 HZ) < J1213(12.4 HZ)]. While
the C1EC12-C13 moiety in 10b shows a small bond
alternation, there is a large bond alternation at thdtOaf The
13C NMR spectral data fotla™BF,~ were fully assigned by
using the H-C COSY spectra (HMQC and HMBC). Concerning

the 11-membered ring, the signals of the C13 appeared at much

higher field ¢. 128.6) as compared with those of the other
carbons. Moreover, the signals of the C11 appeared at muc
lower field (0. 152.6) as compared with those of the other
carbons, suggesting that the positive charge may be localize
at this position. This tendency is observed similarly for
11b"-BF, .

A single crystal oflla™BF,~ was obtained by recrystalli-
zation from CHCN/ELO, and thus, X-ray crystal analysis was
carried out to clarify the structural details bia™-BF,~. X-ray
crystal analysis of reference compouh@a was also carried
out. The ORTEP drawing dfla-BF,~ is shown in Figure 4,
together with that of.0a The counteranion is omitted for clarity
in the ORTEP drawing, and selected bond lengthslaf™ and

(29) Vogel, E.Chem. Soc. Spec. Puldlo67, 21, 113.
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10a are also summarized in Figure 4. The single crystals of
1l1at-BF4~ and 10a are a racemic mixture, respectively, and
not a conglomerate, and thus, optical resolution through
recrystallization seems to be difficult. While the pyrrolopyri-
midine ring moiety oflOahas a nearly planar structure, small
deformation of the 11-membered ring from planarity is observed
(Figure 4, side view). On the contrary, owing to the steric
hindrance between two methyl groups, small deformation of
the pyrimidinedione ring moiety ofila" from planarity is
observed (Figure 4, side view), while 11-membered ringylaf"

has a nearly planar structure. Moreover, the bond lengths of
the 11-membered ring dfla" are almost equal, exhibiting no
bond length alternation. In consideration of the results of X-ray
crystal analysis and NMR spectra, the canonical strucfiias

A, 11a*-B, and 11a'-C are important forlla" (Figure 5).
Furthermore, the bond length of the NC18 is shorter than
that of the N1-C10, suggesting that the contributionidfa™D

is less important.

The affinity of the carbocation toward hydroxide ions ex-
pressed by thek+ value is a common criterion of carbocation
stability 30 The Kr+ values of cationd 1a,b" were determined
spectrophotometrically in buffer solutions prepared in 50%
aqueous CBCN and are summarized in Table 1, along with
those of the reference compoundis—c™,2223 526 628 and
7+.27 The Kr+ values of4a—ctare much larger than that of
6%, and they are in the orddia™ > 4b™ > 4c*, indicating that
the electron-donating ability of pyrrolopyrimidine is larger than
that of furopyrimidine and destabilizing effect by double bond
fixation by annulation is not observed. On the other hand, the
pKR+ values oflla,b” were determined to be 9.8 and 9.7, which
are larger by 5.2 and 5.1 pH unit than thatsof (pKr+ = 4.6),
respectively, reflecting large electron-donating ability of pyr-
rolopyrimidine as compared with that of furopyrimidine. The
cation 7", which is an aromatic I@-electron analogue d,
has higher thermodynamic stabilityg: = 6.2¢7 than that of
6" (pKr+ = 3.9)?8 however, the Kr+ values oflla,b"™ and
5% are smaller by 1.4, 1.2, and 1.4 pH unit than thosdaf
c*, respectively. Thus, the feature is rationalized on the basis
of large perturbation derived from the double bond fixation of
the parent catio*. Since the C#C8 bond of7* has a small
bond order (small double bond charactrie pyrrolopyrimi-
dine and furopyrimidine-annulation onfé" at this position
(introduction of a double bond) seems to cause larger perturba-
tion32 than the introduction of a double bond onto a fully
delocalized double bond @f". This electronic effect would act
as a considereble destabilizing effect of parent cafibras
compared with that o6*.

The reduction potentials dfla,b" were determined by cyclic
voltammentry (CV) in CHCN. The reduction waves were

hirreversible under the conditions of the CV measurements; the

peak potentials are summarized in Table 1, together with those

dof the reference compound&a—c* 22235+ 26 6 28 and 7+.27

TheElq0f 11a,b" are more positive by 0.29 and 0.32 V than
those ofda,bt, respectively, suggesting the elongatedon-
jugation of 11a,b". Furthermore, the more negati¥l ¢y of
1la,b" as compared with those &, 6%, and 7+ would be
comparable with the higherKg+ values of 11a,b™.22 The
irreversible nature is probably due to the formation of a radical

(30) Freedman, H. H. It€arbonium lons;Olah, G. A., Schleyer, P.,
Eds.; Wiley-Insterscience: New York, 1973.

(31) Destro, R.; Simonetta, MActa Crystallogr.1979 B35, 1846.

(32) Yamane, K.; Yamamoto, H.; Nitta, Ml. Org. Chem.2002 67,
8114.
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(a) Top view (b) Side view 1 (a) Top view (b) Side view 1

11at 10a

FIGURE 4. ORTEP drawings oflla™-BF,~ and 10awith thermal ellipsoid plot (50% probability). Selected bond lengths (A)Lbé&BF,:
N1-C10 1.408(4), N+ C18 1.355(4), N2C18 1.363(4), C+C2 1.392(4), C2C3 1.408(5), C3-C4 1.395(5), C4C5 1.392(5), C5C6 1.387-
(5), C6-C7 1.398(5), C#C8 1.394(5), C8C9 1.402(5), C9-C10 1.398(4), C16C11 1.457(4), C13C13 1.408(4), C13C18 1.393(4). Selected
bond lengths (A) ofl0a N3—C15 1.37(3), N4C15 1.36(2), N4C11 1.37(3), C9-C14 1.40(3), C9-C15 1.40(2), C1+C14 1.47(2), C14C21
1.42(3), C2+C17 1.37(2), C1#C16 1.42(3), C16C12 1.39(3), C12C10 1.39(2), C16C8 1.42(3), C8C19 1.38(2), C19C22 1.38(3), C22
C23 1.42(3), C23C11 1.39(2).

Me © Me P SCHEME 32
NA N4
o NMe o NMe Ph" " NH,
= +
11a*A 11a*-B 11a* [ 11a° + PhNHS*
(o] o]
Me_N J<N-Me MeN ’«N_Me %
o= _ o=
— A NMe — | AL NMe 0" + [PhONH T 0
— \
+ ‘H* transfer
11a*-C 11a*-D
FIGURE 5. Resonance structure afiar. HoO® + [Ph/\NH]'
TABLE 1. pKg+ Values and Reduction Potentiald of Cations lH’transfer
11a,b" ® and Reference Compounds 4ac’, 5%, 6%, and 7+ —~
, , + pr Ph" NH, N"Ph
compd Krt reduction potentialEleq) Hy0, Ph™“NH “NH Ph /LH
11a 9.8 -0.58
11b* 9.7 —0.52 Me O
4agtc 11.2 —0.87 N-Me
4bte 10.9 -0.84 oA _
4ctd ca. 6.0 —0.58 LA N-Me
5te 4.6 ~0.39 [ H
6+ 3.9 —0.51 Ny
7t9 6.2 -0.42 Hy
+
aVv vs Ag/AgNQs; cathodic peak potential.Salts11a,brBF,~ were T ) 15
used for the measuremefitReference 229 Reference 23¢ Reference 26. @Reagents and conditions: iy, aerobic, CHCN, rt, 16 h.

f Reference 28¢ Reference 27.

filtrate was treated with 2,4-dinitrophenylhydrazine in 6% HCI
species and its dimerization, as reported to be a typical propertyto give 2,4-dinitrophenylhydrazone of the corresponding car-

of uracil-annulated heteroazulenylium iofes-c* 2223and5*.26 bonyl compound. Direct irradiation of the amines in the absence
Autorecycling Oxidation of Some Amines Compoundgla— of 11a,b"-BF,~ (named “blank”) gives the corresponding imines

ct-BF4 act as a catalyst for oxidation of some alcohols under in small amounts. Thus, the recycling number is calculated by

photoirradiatior??23Moreover, compounds0a,band5BF,~ subtraction of the “blank” yield from the yield of the imine in

have been reported to undergo autorecycling oxidation toward the presence ofla,b™-BF,;~, and the results are summarized
some amines under photoirradiati® s In this context, we in Table 2, together with those df,b"™-BF,~.22 The recycling
studied the oxidizing ability oflla,b™-BF,~ under similar numbers oflla,b™BF,~ support the proceeding of autorecy-
conditions. Althoughlla,b™BF;~ did not show oxidizing cling oxidation. The reactions witthila,b™BF,~ gave lower
ability toward alcohols, they have oxidizing ability toward recycling numbers as compared with those4af,b™BF,~,
benzylamine, 1-phenylethylamine, hexylamine, and cyclohexyl- respectively. As a representative, the postulated reaction path-
amine to give the corresponding imines under aerobic and ways for the oxidation of benzylamine byla™-BF,~ are
photoirradiation conditions. In the amine oxidation, imine is depicted in Scheme 3. We propose that photoinduced homolytic
produced at first; however, it reacts with another amine to result cleavage of the initially formed amine-addut#™ and/or15t,

in the formation of another imine and NHScheme 3). Then  which is detected by UWvis spectra as shown in Figure 6,
the reaction mixture was diluted with ether and filtered and the probably occurs to generate a radi¢tdkr and a radical cation
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TABLE 2. Autorecycling Oxidation of Some Amines by SCHEME 42
11a,b™BF4~ under Aerobic and Photoirradiation Conditions?

entry compd amine yieldmolP¢  recycling no?

1 11a"BFs PhCHNH, 139.9 28.0 1a*BF, —
2 1l1a"BFs PhCH(Me)NH 96.7 19.3 i
3  1l1a™BF,~ hexylamine 25.0 5.0
4 1l1a*-BF4s~  cyclohexylamine 43.2 8.6
5 11b*-BF,~ PhCHNH; 61.2 12.2 R= ‘R=
6 11b™BFs  PhCH(Me)NH 74.7 14.9 po R R
7  11b*-BF,~ hexylamine 5.7 1.1
8 11b*-BF,~ cyclohexylamine 28.8 5.8
9 4at-BF4~ PhCHNH, 150.0 30.0

10 4at-BF4~ PhCH(Me)NH 118.4 23.7

11 4b*-BF4~ PhCHNH 208.8 41.8

12 4b*-BF4~ PhCH(Me)NH 178.8 35.7

a A CH3CN (16 mL) solution of compoundkla,b'-BF4~ (5 «mol) and
amine (2.5 mmol, 500 equiv) was irradiated by RPR-100, 350 nm lamps
under aerobic conditions for 16 hlsolated by converting to the corre-
sponding 2,4-dinitrophenylhydrazorfeThe yield is calculated by subtrac-
tion of the “blank” yield from the total yieldd Recycling number of
11a,b"™-BF,~ and4a,b*-BF4.

5.0 - .o T Ma
Vi === 11a"+PhCH,NH,
454 L5 o 113 +PhCHNH,+ TFA

16a,b-18a,b 19, 20
a:R=Me 19: C13-adduct
b: R=Ph 20: C11-adduct

le]

»

=}
|

3

log ( ¢/ dm”m
w
[}
|

a Reagents and conditions: (i) NaBHCHsCN, rt, 30 min; (ii) (a) DDQ,
CHCly, rt, 30 min, (b) 42% aq HBE Ac;0, 0°C, 30 min.

and 21b would be ascribed to the stability of both the

3.0
cycloheptatriene moiety and the closed pyrrole ring. The feature
25 N is similar to the reaction ds*-BF,~ with NaBH,, in which the
: T T T T :
ratio of the C13-adducl9 was larger than that of the C11-
200 300 42?“ 500 600 adduct 2026 To clarify endo-exo selectivity, a reaction of

1l1at-BF,4~ with NaBD, in CH3CN was carried out to give a
mixture of C13-adducklaD, Cll-adduck2aD, and2lain

a ratio of 83:2:15 in quantitative yield. The ratio was determined
by the 'H NMR spectrum of the mixture. Since NaBMDsed

for the reaction is of 96% deuterium content, the reaction of
11a™-BF4~ with the remaining hydride would give compound
21a The structural assignments2fa 223 21aD, and22aD
were based on the NMR and HRMS spectra. Compo@ad®
and22a-D were determined to be the exo-adducts as shown in
Scheme 4 by théH NMR spectrum of the mixture c21aD,
22aD, and21a Upon oxidative hydrogen abstraction with DDQ
and subsequent anion-exchange reaction, a mixtuedaand
22aregeneratedlaBF,~ in quantitative yield. Upon similar

RE oxidation with DDQ and subsequent anion exchange reaction,
of 4a,b™BF,~ with NaBH, proceeded at the CS, C7, and C9 a mixture of21laD, 22aD, and2la (in a ratio of 83:2:15)

positions to give m_ixtures of three regioisom&ﬁa—lBaan_d afforded a mixture of deuterated catioh$a™13D-BF,~, 11a'-
(1§(k:)h_e1rﬁg "&2 ?héa::aoac?i]:) nlso'éféFaE]dprgige.gga ;?St%icgvf;y 11D-BF47, andlla‘-BF,~ in a ratio of 66:2:32 in quantitative
and C11 " . o4 : ) yield (Scheme 5). The ratio was determlned_ by tHeNMR
positions to give a mixture $6 and20in a ratio of spectrum of the mixture. While the hydride addu2ia
89:1126 In contrast, a reaction dfla™-BF,~ with NaBH, in regeneratedl1at-BF,~ the deuterated adducglaD and
CH3CN was carried out to afford hydride addultkaand22a 22aD regenerated a rr’1ixture of deuterated catidrs; -13D-
in a ratio of 81:19, quantitative yield (Scheme 4). The ratio BF,~, 11a~11D-BF,, and11a"-BF,. Thus, 80% of hydrogen
was Qetermin(id by thiH NMR spectrum of the mixture. The 4 5004 of deuterium seems to be abstracted 2amD and
reaction of11b*-BF,~ with NaBH, in CH,CN was also carried 22aD. The endo-exo selectivity including deuterium isotope
out to give o.nly the C13.-addu®1b, and the C11-addud2b effect for the oxidation is obscure. On the other hand, in the
was not obtained. There is well-known tendency for double bond .- tion of21b with DDQ, a trace amount af1b™-BF,~ was
flxatlon_ in the methano[ll]a_mnulene system to f_avor a cyclo- obtained in addition to a substantial quantity of unidentified
heptatriene moiety predominantly over a 1,6-dimethylenecy-
clohepta-2,4-diene moief}. Thus, the formation oR1a 223

FIGURE 6. UV-—vis spectra ofLl1a"™-BF,~ with PhCHNH,.

PhCHNH>". In the presence of oxygen, an electron transfer
from 1la to O, may occur to give the radical ion pair
[PhCHNH"Ox» ] and11a". Then proton transfer from PhGH
NHx* to O~ may occur, followed by formation of products
H»O, and PhCH=NH, which reacts with another amine to result
in the formation of PACHNCH,Ph and NH.2>33Alternatively,
the present autorecycling oxidation may proceed via an electron
transfer from benzylamine to excited catibba” which would
occur to produce a radicalla and PhCHNHy*.25 Then, they
would follow the proposed reaction pathways shown above.
Reaction of 11a,°BF,~ with NaBH 4. While the reaction

(34) (a) Paquette, L. A,; Berk, H. C.; Ley, S. V. Org. Chem1975
40, 902 and references therein. (b) Reisdorff, J.; VogeAkgew. Chem.,
(33) Fukuzumi, S.; Kuroda, Res. Chem. Intermed999 25, 789. Int. Ed. Engl.1972 11, 218.
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SCHEME 52
21a-D 11a*-13D
+ i +
22a-D 11a*-11D
+ +
21a 11a*
Me, © Me @
N NA
o /N Me o _ N-Me
N-Me N-Me
D
D
11a*-13D 11a*-11D
Hat D 21a-D -H 11a*13D
22a-D 11a*-11D

aReagents and conditions: (i) (a) DDQ, &Hy, CHsCN, rt, 30 min;
(b) 42% aq HBE, AczO, 0°C, 30 min.

5.0
— 21a
----- 1a°
~ 45
‘e
_0
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E
€
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&
g
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FIGURE 7. UV—vis spectra oRl1awith 11a™-BF,".

materials. In addition, photoirradiation of a mixture2ifaand
22ain CD3CN—CDCl; solution containing 42% aq HBHRn
an NMR tube under aerobic conditions #h afforded serious
decomposition products, and a trace amouritiaf™BF,~ was
detected. Thus, photoinduced oxidation reactioBlafand22a
to regeneratd 1a"-BF,~ does not take place effectively.
Properties of Hydride Adduct 21a. Recrystallization of a
mixture 21aand22afrom CHCL/Et,O gave a single crystal of
major product21a and thus, hydride addu@la was fully
characterized on the basis of th¢ NMR, °C NMR, IR, UV—

Igarashi et al.

Hg: §0.83
Hz: §3.94
Jgz=125Hz

FIGURE 8. Chemical shifts of bridge protons and selected coupling
constants oRla

(a) Top view (b) Side view 1

(c) Side view 2

G b
et

y» N,
Yl &

FIGURE 9. ORTEP drawing o21awith thermal ellipsoid plot (50%
probability). Selected bond lengths (A)2fa N1—C10 1.407(3), Nt
C14 1.359(3), N2C14 1.377(3), C+C2 1.369(3), C2C3 1.428(3),
C3—C4 1.370(3), C4C5 1.426(3), C5C6 1.360(3), C6C7 1.452-
(3), C7—C8 1.329(3), C8C9 1.520(3), C9-C10 1.512(3), C16C11
1.386(3), C11+C13 1.455(3), C13C14 1.384(3).

To clarify the structural details &1a X-ray crystal analysis
was carried out and the ORTEP drawing2ffais shown in
Figure 9. While the pyrropyrimidine ring moiety @fla has a
nearly planar structure, large deformation of the bridged 11-
membered ring from planarity is observed (Figure 9, side views
1 and 2). It seems that the large deformation makes a distinction
between the upside and downside of planarity. Moreover, the
C9 of the 11-membered ring &lais closer to the bridged-
methylene group, and significant bond alternation is observed
in the 11-membered ring. Especially, the bond lengths of C5
C6, C7C8, and C9-C10 are shorter than those of €67
and C8-C9, suggesting existence of the cycloheptatriene
structure for 21a The oxidation potentials of21la were
determined by cyclic voltammentry (CV) in GEAN. Two
oxidation waves were irreversible under the conditions of the

vis, and mass spectral data as well as elemental analyses an€V measurements; the oxidation waves appeareieDei6 and

X-ray crystal analysis. The U¥vis spectra oRlain CH;CN
are shown in Figure 7, together with that bfa™BF, . The
longest wavelength absorption maximulpy of 21aexhibited

a blue-shift by 176 nm as compared with thatldfa™-BF,~,
suggesting the contraction afconjugation in hydride adduct
2la(cf. 14t and/or15%). Unambiguous proton assignment was
made by analyzingH NMR and H-H COSY spectra. The

+1.53.

Reducing Ability toward Some Carbonyl Compounds.To
investigate the reducing ability &la,band22a reduction of
the pyruvate analogue, ethyl benzoylformate, and some carbonyl
compounds was carried out in the presence of Mg:lO
(Scheme 6). The reaction conditions and the results are
summarized in Table 3. The yields were calculated by the ratios

chemical shifts of bridge protons and selected coupling constantsof the reduced alcohols and carbonyl compounds obtained by
of 21aare shown in Figure 8. The significant bond alternation the 'H NMR data of the mixtures. The hydride-addu@sa

of the C6-C7—C8—C9 moiety Js7 (6.4 Hz),J; 5 (10.6 Hz),

and 22a reduced ethyl benzoylformat23 smoothly at rt for

Js.0 (5.6 Hz)] and the large geminal coupling constant of the 1.5 h to produce ethyl mandela26 in quantitative yield (Table

methylene protonsJg z = 12.5 Hz) support the absence of a
norcaradiene structure f@da Furthermore, it is interesting that
the chemical shifts of the Hof 21aappeared at lower field)(
3.94) as compared with that of the:Kb 0.83). The H of 21a

3, entry 1). Generated catidda" was recovered in 100% yield
by converting to a mixture o21laand?22aon treatment with
NaBH,. The hydride-adduc®1b also reduced ethyl benzoyl-
formate 23 at 80 °C for 72 h to give26 in 67% yield, and

is located at a deshielding region of the cycloheptatriene moiety generated catiohlb™ was recovered in 24% yield by converting
and the pyrrole ring moiety. Consequently, the chemical shift to 21bon treatment with NaBld(entry 2). The reduction 23

of the H; appeared at such very low field.
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TABLE 3. Reduction of Some Carbonyl Compounds by Mixtures of 21a and 22a, and 21@-and 22aD, and Pure 21b

entry hydride adduct compd carbonyl T(°C) time (h) product (yield, %) recovery of catidn@o)
1 21a 22 23 rt 15 26(100) 100
2 21b 23 8¢ 72 26(67),23(33y 24
3 21a 22 24 rt 2 27(88),24(12p 100
4 21a 22 24 60° 2 27(96),24(4)9 82
5 21a 22a 25 60° 15 28(99),25(1)¢ 100
6 21aD, 22aDP 23 rtf 3 26-D (96),26 (4)° 100

a A mixture of 21aand22ain a ratio of 81:19° A mixture of21aD, 22a-D, and21ain a ratio of 83:2:15¢ CH,Cl,—CH3sCN (2/1) was used! (CHxCl),—
CH3CN (1/1) was usect CHClz—CHzCN (2/1) was used.CH,Cl,—CHzCN (1/2) was used® The yield was determined from thel NMR spectrum of the

mixture. " Isolated by converting to mixtures @flaand22a 21aD, 22aD, an

d21a and pure2lb by treatment with NaBkior NaBDs.

SCHEME 62
o)
o} o)
OEt
P")Koff Ph™~""Me PN Me
23 24 25
21a, 22a or
21a-D, 22a-D or
21b
i
11a* or 11b*
R OH
OFt H OH HOH
Ph z P~"Me Ph"Me
26:R=H 27 28
26-D:R=D

a Reagents and conditions: (i) Mg(CJ), in the dark, conditions listed
in Table 3.

ficiently as compared with that ¢f1b, and thus2laand22a
were used for the further reactions. We found @ikhand22a
have reducing ability toward 4-phenyl-2-butano4 and
acetophenon@5. The reduction of dialkylated ketor@4 by
using2laand22aat rt for 2 h afforded 4-phenyl-2-butand¥

in good vyield (88%, entry 3); however, the yield was not
improved by the prolonged reaction time. By raising temperature
(at 60°C), the reduction o4 proceeded smoothly to giv&7

in 96% yield (entry 4). In addition, the hydride-addu@%a
and22areduced aromatic ketorb at 60°C for 15 h to give
1-phenylethanoR8 in good yield (99%, entry 5). These facts
show that2laand22acould reduce activated ketone, aliphatic
ketone as well as aromatic ketone. To clarify the exo or endo
selectivity of the hydride, which intervenes in the carbonyl
reduction, the reduction @3 with deuterated adduc®&laD
and22a-D was carried out. The deuterated addita-D and
22aD (containing21a) reduced3 at rt to give the correspond-
ing deuterated alcohd6-D and 26 in 96% and 4% yields,
respectively (entry 6). Thus, the deuteride located at the exo-
position of21aD and22aD was mainly used to reduces,

Summary

A synthesis of novel cationtla,bt-BF4~, which are cata-
condensed with pyrrolo[2,8}pyrimidine-1,3(2,4)-dione to-
ward 7+, was accomplished. Structural characteristicslaf, b
were clarified on inspection of the UWis and NMR spectral
data as well as X-ray crystal analyses. The stability of cations
11a,b" is expressed by thelg+ values which were determined
spectrophotometrically as 9.8 and 9.7, respectively. The elec-
trochemical reduction oflla,b"-BF,~ exhibited reduction
potential at—0.58 and—0.52 (V vs Ag/AgNQ). The photo-
induced oxidation reaction dfla,bt-BF,~ toward some amines
under aerobic conditions was carried out to give the corre-
sponding imines with the recycling number of 1.1 to 32.2. While
the hydride reduction ofla"-BF,~ afforded a mixture of the
C13-adduct2la and the Cll-addu@2a similar reaction of
11b"-BF4~ afforded only C13-adduc1b. In both reactions,
the methano-bridge controls the hydride attack which occurs
preferentially with exo-selectivity. The reduction of some
carbonyl compounds including a pyruvate analogue was ac-
complished by usin@laand 22g and thus, a novel NADH
model system is postulated. Further studies including the
mechanistic aspect and enantioselective reduction of carbonyl
compounds will be reported in due course.

Experimental Section

Preparation of 11a™BF;~ by Methylation of 10a. A solution
of 10a (91.5 mg, 0.30 mmol) and Mel (6 mL) in (CBI), (15
mL) was heated in a sealed tube at T@for 48 h. Then, more
Mel (6 mL) was added to the solution, and it was heated at’@0
for further 48 h. Finally, more Mel (3 mL) was added to the solution
and it was heated at 10C for 3 h. After evaporation of the solvent,
the residue was dissolved in a mixture of,8c(10 mL), CHCN
(4 mL), and 42% aq. HBF(2 mL) at 0°C, and the mixture was
stirred for 30 min. To the mixture was added:®&t(200 mL) and
the precipitates were collected by filtration and washed wit®Et
to give 11a™BF,~ (122 mg, 100%). Dark red crystals (120 mg,
98%) were obtained on recrystallization by slow evaporation of
the solvents from CECN/EtO.

Preparation of 11b"-BF,~ by Methylation of 10b. A solution
of 10b (24.2 mg, 0.066 mmol) and Mel (1.3 mL) in (G&I), (3.3

suggesting that the methano-bridge controls the reaction. ThisML) Was heated in a sealed tube at T@for 29 h. Then, more

feature is very interesting in considering the DDQ-oxidation
reaction of a mixture oRlaD, 22aD, and21a (vide supra);

the deuteride located at the exo-position2da-D and22a-D
mainly used for reduction a23 and deuterated alcoh@6-D

was obtained as the major product. Thus, the reduction of
carbonyl compounds usingla and 22a would proceed via
hydride transfer process. This is the first example of the
reduction of carbonyl compounds by a methano[11]annulenylium
system, and provides promising possibility for the exploration
of chiral reduction systems.

Mel (1.3 mL) was added to the solution and it was heated at 100
°C for further 19 h. After evaporation of the solvent, the residue
was dissolved in a mixture of A® (3 mL) and 42% aq. HBF
(0.6 mL) at 0°C, and the mixture was stirred for 30 min. To the
mixture was added ED (100 mL) and the precipitates were
collected by filtration and washed with & to give 11b*-BF 4~
(30.9 mg, 100%).

Preparation of 11b"-BF,~ Starting from 7 +. A mixture of 12
(46.2 mg, 0.20 mmol) and ££0; (278 mg, 2.0 mmol) in CECN
(3 mL) was stirred at rt for 1 h. To the mixture was added a solution
of 7-BF,~ (48.4 mg, 0.20 mmol) in CKCN (2 mL) dropwise,
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and the mixture was stirred at rt for 48 h to giue. After

Igarashi et al.

(100 mL) and the precipitate was collected by filtration to give

evaporation of the solvent, the residue was neutralized with saturatedl1a-BF,~ (10 mg, 98%).

aqueous NHCI and extracted with CkCl,, and the extract was
dried over NaSO,. After evaporation of the solvent, to the residue
dissolved in CHCN (5 mL) was added DDQ (90.8 mg, 0.40 mmol),
and the mixture was stirred at rt for 1 h. After evaporation of the
solvent, the residue was dissolved in a mixture of@¢5 mL)
and 42% aq. HBF(1 mL) at 0°C and stirred for 30 min. To the
mixture was added ED (200 mL) and the precipitates were
collected by filtration and washed with 1 to give 11b*-BF,~
(75.9 mg, 81%).

Determination of pKgr+ Value of 11a,b". Buffer solutions of
slightly different acidities were prepared by mixing aqueous
solutions of NaB4O; (0.025 M) and HCI (0.1 M) (for pH 8.2
9.0), NaB,O7 (0.025 M) and NaOH (0.1 M) (for 9:210.8), and
NaHPQO, (0.05 M) and NaOH (0.1 M) (for pH 11:012.0) in
various portions. For the preparation of sample solutions, 1 mL
portions of the stock solution, prepared by dissolving 16 mg of
compoundlla,b™BF;~ in CH3CN (50 mL), were diluted to 10
mL with the buffer solution (8 mL) and C}€N (1 mL). The UV~
vis spectrum was recorded for catidfha,b"-BF,~ in 20 different
buffer solutions. Immediately after recording the spectrum, the pH
of each solution was determined on a pH meter calibrated with

Oxidation of 21a-D and 22aD. To a stirred solution of a
mixture of 21aD, 22a-D, and21la(in a ratio of 83:2:15, 8.1 mg,
0.025 mmol) in CHCI, (3 mL) and CHCN (3 mL) was added
DDQ (12 mg, 0.053 mmol), and the mixture was stirred at rt for
30 min. After evaporation of CKLl,, the residue was dissolved in
a mixture of CHCN (1 mL), Ac,O (2 mL), and 42% aq HBH0.4
mL) at 0°C, and the mixture was stirred for another 30 min. To
the mixture was added £ (100 mL), and the precipitate was
collected by filtration to give a mixture of deuterated catidits -
13D-BF,~, 11a™11D-BF,~, and1la™BF,~ in a ratio of 66:2:32
(10.2 mg, 100%). The ratio was assessed by measurement of the
integrated signals of thed NMR spectrum of the H13 at = 8.99
ppm (d) for a mixture ofl1a*-11D-BF,~ and1la"-BF,~ and the
H11 ato = 8.94 ppm (d) for a mixture ofla"™13D-BF,~ and
11arBF, and the H6 ad = 10.23 ppm (d) for a mixture dfla-
13D-BF,~, 11a-11D-BF,~, and11a™BF,~. See the Supporting
Information (S29-S30).

Cyclic Voltammetry of Cations 11a,b" and Hydride Adduct
21a.The reduction potential df1a,b" and22 was determined by
means of CV-27 voltammetry controller (BAS Co). A three-
electrode cell was used, consisting of Pt working and counter

standard buffers. The observed absorbance at the specific absorptioelectrodes and a reference Ag/Agh®lectrode. Nitrogen was

wavelength (531 nm folla'-BF,~; 527 nm for11b"-BF,") of

cation 11a,b™BF,~ was plotted against pH to give a classical

titration curve, whose midpoint was taken as tli&:p value.
General Procedure for Autorecycling Oxidation of Amines

in the Presence of 11a,b-BF,~. A CH3;CN (16 mL) solution of

compoundlla,b*-BF,~ (11a"-BF,~: 2.034 mg, S5umol, 11b"-

BF,~: 2.344 mg, 5umol) and amines (2.5 mmol, 500 eq.) in a

bubbled through a C¥CN solution (4 mL) of catiorlla,b™-BF,~

(0.5 mM) and21a(0.5 mM) and BuUNCIO, (0.1 M) to deaerate it.
The measurements were made at a scan rate of 0.1 ¥rsl the
voltammograms were recorded on a WX-1000-UM-019 (Graphtec
Co) X-Y recorder. Immediately after the measurements, ferrocene
(0.1 mmol) €, = +0.083) was added as the internal standard,
and the observed peak potential was corrected with reference to

Pyrex tube was irradiated by RPR-100, 350 nm lamps under aerobicthis standard. The catiahla,b"-BF,~ exhibited reduction waves,
conditions for 16 h. The reaction mixture was concentrated in vacuo respectively, and they are summarized in Table 2.

and diluted with BO and filtered. The'H NMR spectra of the
filtrates revealed the formation of the corresponding imines. The
filtrate was treated with saturated solution of 2,4-dinitrophenylhy-
drazine in 6% HCI to give 2,4-dinitrophenylhydrazone of the

Reduction of Some Carbonyl Compounds by Using 21a and
22a, 21ab and 22aD, and 21b.To a solution of mixture®la
and 223 21aD, 22aD, and21a and pure21lb (0.1 mmol) and
Mg(ClQg)2 (22 mg, 0.1 mmol) in CBCN (5 mL) and CHCI, (10

corresponding carbonyl compounds. The results are summarizedmL) or CHCk (10 mL) or (CHCI), (5 mL) in a sealed tube was

in Table 2.

Reaction of 11a,b-BF,~ with NaBH 4. A solution of11a,b™BF,~
(11a"-BF,: 10.2 mg, 0.025 mmolilb*-BF,~: 31.3 mg, 0.067
mmol) and NaBH (2.6 equiv) in CHCN (5 mL) was stirred at rt
for 30 min. To the mixture was added saturated aqueougONH
solution, and the mixture was extracted with £Hp. The CHCI,
extract was dried over N8O, and concentrated in vacuo to give
2laand22ain a ratio of 81:19 (8.0 mg, 100%) ardb (25.7 mg,
100%). The ratio oRlaand22awas assessed by measurement of
the integrated signals of tHél NMR spectrum of the H12 at =
4.38 ppm (ddd) for2la and the H12 aty = 4.48 ppm (ddd) for
22a See the Supporting Information (S2325).

Reaction of 11a-BF,~ with NaBD,. A solution of11a-BF,~
(10.2 mg, 0.025 mmol) and NaB[2.7 mg, 0.065 mmol) in Ck
CN (5 mL) was stirred at rt for 30 min. To the mixture was added
saturated aqueous NEI solution, and the mixture was extracted
with CH,Cl,. The CHCI, extract was dried over N8O, and
concentrated in vacuo to give a mixturezdfaD, 22aD, and21a

added23, 24, and25 (0.1 mmol), and the mixture was stirred in
the dark under the conditions indicated in Table 3. To the resulting
mixture was added AcOH (6 mg, 0.1 mmol) and the mixture
concentrated in vacuo. The residue was dissolved4i0® End the
precipitated crystals were collected by filtration. The filtrate was
concentrated in vacuo to give a reduced alcohol derivative or a
mixture of carbonyl compound and alcohol derivative as sum-
marized in Table 3. On the other hand, the collected crystals
containinglla,b™CIO,4~ were dissolved in CECN and reacted
with NaBH, (10 mg, 0.26 mmol) or NaBp(11 mg, 0.26 mmol),
and stirred at rt for 30 min. To the mixture was added saturated
aqueous NECI solution, and the mixture was extracted with £H
Cl,. The extract was dried over B0, and concentrated in vacuo
to recover mixture@laand22a 21aD, 22aD, and21a and pure
21b as summarized in Table 3.
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