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Abstract: Bis(1,4-dihydronicotinamides) were prepared as dimers of 1-benzyl-3-(N-ethylcarbamoyl)-1,4-dihydropyridine
[(N-Et)BNAH], which are structurally classified into three categories: flexible [BisSNAH(C,Bzl)], partially rigid [Bis-
NAH(Et,x-Xyl)], and doubly linked, rigid, and cyclic dimers [¢cBisSNAH(C,,p-Xyl) and cBisNAH(C,0-Xyl)]. Bis(1,4-di-
hydronicotinamides) of another family regarded as singly [BisNAH(Cg,Pr) and BisNAH(Pr,C¢)] and doubly linked [cBis-
NAH(Cq,Cq)] dimers of 1-propyl-3-(N-propylcarbamoyl)-1,4-dihydropyridine [(N-Pr)PNAH] were also synthesized. The
reactivity of bis(dihydronicotinamides) in dichloromethane was subjected to change to a wide extent depending upon their
molecular structures in the reduction of hexachloroacetone. Among bis(dihydronicotinamides) regarded as dimers of (N-Et)BNAH,
cBisNAH(C,,0-Xyl) was the most reactive. The overall reactivity order with respect to this family followed the sequence:
cBisNAH(C,,0-Xyl) > BisNAH(C,,Bzl) (n = 4, 6) > BisNAH(Et,0-Xyl) > c¢BisNAH(C,4,p-Xyl) ~ BisNAH(C;,Bzl) =
BisNAH(Et,m-Xyl) > cBisNAH(Cqp-Xyl) =~ BisNAH(C,,.Bzl) > BisNAH(Et,p-Xyl) = (V-Et)BNAH. An effective
charge-transfer interaction, which emerges from the favorable face-to-face arrangement of the two dihydronicotinamide rings
in the transition state of reduction, is responsible for the kinetic enhancement. Both cBiSNAH(C,,0-Xyl) and BisNAH(C,,Bzl)
(n = 4, 6) may assume a close face-to-face geometry without inducing significant strain in the transition state. The prevailing
reactivity of the former over the latter was attributed to an entropy effect, since the two nicotinamides in the former attain
such a favorable conformation already in the ground state while those in the latter may rather take an extended geometry
without mutual interaction, as confirmed by spectroscopic measurements. As for the other family of bis(dihydronicotinamides),
the reactivity sequence was as follows: BisNAH(Cg,Pr) > cBisNAH(Cy,Cq) =~ BisNAH(Pr,Cq) > (N-Pr)PNAH. A lower
reactivity of the doubly linked bis(dihydronicotinamide) cBisNAH(Cq,Cg) was attributed to a much less favorable conformation
of the nicotinamide rings involved. Molecular geometries of the present bis(dihydronicotinamides) as well as their dehydrogenated
counterparts were examined by electronic and NMR spectroscopy.
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Multicenter metal or metal ion systems are often very important
as redox catalysts, although detailed catalytic mechanisms remain
unsettled in most cases. Examples include a number of metal-
loenzymes containing two or more metal ions in biological systems
on one hand and bi- or polynuclear metal complexes,> metal
clusters,* monolayer-bound metal complexes,’ and solid metal or
metal oxides®’ including semiconductors® in artificial systems on
the other. A rapidly growing area of research in redox chemistry
of metal complexes concerns the preparation of well-designed
binuclear metal complexes capable of multielectron transfer, such
as binuclear cryptates,’® face-to-face metalloporphyrin dimers,10-12
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and others.!* In contrast to rich achievement with the multicenter
metal complex systems, it is rather surprising that organic
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Table I. Physical and Spectral Properties of V,V'-Alkylenebis(3-carbamoylpyridines)

IR cm™! 'H chemical shifts, 52
compd state yield, % mp, °C VNH V=0 SNH 2-H 4-H 5-H 6-H CONHCIf2 CHZC
2a colorless needle 54 202-203 3200 1620 1540 890 818  7.46 8.61 3.45 1.73
2b colorless plate 74 168-170 3250 1622 1522 890 8.16  7.45 8.60 3.44  1.55
2¢ colorless plate 80 154-158 3250 1622 1527 890 817  7.45 8.60 3.45 1.41
2d white powder 24 144-148 3250 1625 1528 885 810  7.40 8.55 3.35 1.35

@ KBr disk method. Y Measured in methanol-d,. Chemical shifts are given in ppm downfield from Me,Si. Multiplicities: 2-H, s;4-H, d;
5-H, m; 6-H, d; CONHCH,, t; other methylene H's, m. € Other methylene protons.

multicenter systems have so far attracted little attention from the
viewpoint of redox catalysis.!* We have initiated, under such
circumstances, studies on multicenter organic redox systems, which
can be subjected to systematic structural modifications.

The redox reactivity of various 1,4-dihydronicotinamides has
been rather extensively investigated recently in connection with
the chemistry of coenzyme NAD(P)H. Thus, we intend to ma-
nipulate the reactivity of 1,4-dihydronicotinamide by introducing
multicenter character into the molecule, which can be achieved
by intramolecular assembly of multiple dihydronicotinamide
moieties. We prepared in this work a series of closely related
bis(1,4-dihydronicotinamides) along this line and investigated their
reactivities in the reduction of a carbonyl substrate. The results
presented herein clearly demonstrate the importance of an in-
tramolecular charge-transfer interaction for kinetic enhancement,
and the extent of such an electronic interaction is highly sensitive
to molecular structures.

Results and Discussion

Preparation of Bis(1,4-dihydronicotinamides). A series of closely
related noncyclic bis(1,4-dihydronicotinamides) (NAH-NAH's)
were first prepared. Either flexible polymethylene chains of
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varying chain length bound to amide nitrogens or rigid isomeric
xylylenes bound to ring nitrogens served as bridging components
to link two 1,4-dihydronicotinamide moieties. The synthetic routes
are shown in Scheme I. Condensation of an «,w-diaminoalkane
with nicotinoyl chloride (1) followed by bisquaternization with
benzyl chloride gave BisNA*(C,,Bzl), while quaternization of
N-ethylnicotinamide (3) with xylylene dihalides afforded Bis-
NA*(Et,x-Xyl). All the bisnicotinamide salts were reduced with

(13) (a) Chang, C. K. J. Am. Chem. Soc. 1977, 99, 2819-2822. (b)
Buckingham, D. A.; Gunter, M. J.; Mander, L. N. Ibid. 1978, 100,
2899-2901.

(14) Redox behavior has been reported for singly linked's and doubly
linked bis(chlorophylls)!® as models of photosynthetic systems.

(15) (a) Wasielewski, M. R.; Studier, M. H.; Katz, J. J. Proc. Natl. Acad.
Sci. US.A. 1976, 73, 4282-4286. (b) Boxer, S. G.; Closs, G. L. J. Am. Chem.
Soc. 1976, 98, 5406-5408.

(16) Wasielewski, M. R.; Svec, W. A_; Cope, B. T. J. Am. Chem. Soc.
1978, 100, 1961-1962.

sodium dithionite to give the corresponding bis(1,4-dihydro-
nicotinamides). Subsequently, several cyclic bis(1,4-dihydro-
nicotinamides) of related structures were synthesized. The cor-
responding oxidated species, ¢cBisNA*(C, p-Xyl) and cBis-
NA*(C,4,0-Xyl), were prepared from the precursor bis(nicotin-
amides) (2a,b) by their cyclization-bisquaternization with xylylene
dihalides under high dilution conditions and subsequently reduced
with sodium dithionite. The physical and spectral properties of
N,N"alkylenebis(3-carbamoylpyridine)s (2) are listed in Table
I

The present bis(1,4-dihydronicotinamides) are structurally
classified into three categories as dimers of 1-benzyl-3-(N-
ethylcarbamoyl)-1,4-dihydropyridine [(/V-Et)BNAH]: flexible
[BisNAH(C,,Bz1)], partially rigid [BisNAH(Et,x-Xyl)], and
doubly linked, rigid, and cyclic dimers [cBisNAH(C,,p-Xyl) and
cBisNAH(C,,0-XyD)].

NH,

oS

HHO HHO

0

]
H(IZINHCsz m&NHz méNHZ
N N N
CH. C3H7 \

(CHz)e
(N-Et)BNAH PNAH NAH-Cs-Ad
Q HoH S
@CNHCHzCHz-Il——@ mcwHCHZCHZ-[L—@
N o h N N
CHz CHZ

< <

(N-Et-1)BNA" (N-Et-1) BNAH

In addition, some bis(1,4-dihydronicotinamides) regarded as
singly [BisNAH(Cq,Pr) and BisNAH(Pr,Cq)] and doubly linked
[cBisNAH(C4,Cq)] dimers of Il-propyl-3-(/N-propyl-
carbamoyl)-1,4-dihydropyridine [(N-Pr)PNAH] were prepared
by the routes shown in Scheme II.

Spectroscopic Properties of Bis(1,4-dihydronicotinamides). The
'H NMR chemical shifts for the dihydronicotinamide ring protons
were found to be sensitive to relative conformations of the rings
(Table II). The chemical shifts for the nicotinamide protons of
bis(nicotinamide) species (NA*-NA*) are shown in Table III
and Figure 1. The space-filling CPK molecular models for
cBisNAH(C,,0-Xyl) and its dehydrogenated species indicate that
the two nicotinamide rings assume a close face-to-face confor-
mation (Figure 2a) with a perpendicular orientation of the benzene
ring relative to the nicotinamide moieties, so that the 2-H protons
of the nicotinamide groups are placed right on the benzene ring
(Figure 2b), i.e., in the shielding zone. Consistent with this view,
the resonance signals for the 2-H protons of cBisNAH(C,,0-Xyl)
and its dehydrogenated species [cBisNA*(C,,0-Xyl)] are shifted
upfield by 0.3 and 0.5 ppm relative to those of (V-Et)BNAH and
(N-Et)BNAT, respectively. The ring-current effects specifically
provided on the 2-H protons in the conformationally fixed state
become clearer when one compares the NMR spectrum of
cBisNAH(C,,0-Xyl) with that of its open-chain analogue [Bis-
NAH(Et,0-Xyl)], and a large chemical shift difference is noted
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Table 1. Electronic Absorption Maxima® and 'H NMR Chemica! Shifts? for Dihydronicotinamides

'H chemical shifts, &

Amax>

dihydronicotinamide nm 2-H 4-H 5-H 6-H phenyl H’'s CONH NCH, CONHCH, CH,° CH,
BisNAH(C,,Bzl) 350 7.03 3.10 4.63 5.65 7.19 5.65 4.20 3.28 1.9
BisNAH(C,,Bzl) 350 7.06 L E 4.66 5.70 i | 5.40 4.22 3.24 1.37
BisNAH(Cy,Bzl) 350 7.03 3.10 4.65 5.68 1.19 5.40 4.20 3.22 1.30
BisNAH(C,,,Bzl) 350 7.04 3.10 4.65 5.68 119 5.30 4.22 3.22 1.29
BisNAH(Et,p-Xyl) 348 7.00 3.08 4.63 5.65 7 5.40 4.19 3.22 111
BisNAH (Et,m-Xyl) 348 7.08 313 4.70 372 7.20 5.16 4.25 3.34 1.14
BisNAH (Et,0-Xyl) 348 11 3.20 4.79 5.73 1.35 5.42 4.32 3.43 L7
cBisNAH(C, ,p-Xyl) 345 6.38 3.08 4.70 5.93 7.24 5.20 4.20 3:25 1.35
cBisNAH(C ,p-Xyl) 348 6.70 311 4.71 .92 7.20 5:35 4.16 3.18 1.30
cBisNAH(C,,0-Xyl) 343 6.72 3.13 4.73 5.75 7.20 6.20 4.27 3.30 1:535
(N-Et)BNAH 348 7.02 3.10 4.62 5.65 117 5.65 4.18 3.30 1.10
BisNAH(C,,Pr) 352 6.90 3.10 4.61 5.66 5.35 3.00 3.24 1.37 0.88
BisNAH(Pr,C,) 352 6.90 3.10 4.60 5.63 525 3.03 322 1.35 0.91
cBisNAH(C,,Cy) 351 6.97 3.18 4.68 5.67 5.67 3.07 3.32 1.4
(N-Pr)PNAH 352 6.89 3.08 4.58 5.62 5:25 2.97 3.20 1.51 0.88
(NV-Et-I)BNAH 346 d 2.88 4.52 5.58 6.8-7.6¢ 5.30 4.10 3.58 2.98

% Measured in CH,Cl,. b Measured in CDCl,. Chemical shifts are given in ppm downfield from Me,Si. Multiplicities: 2-H, s; 4-H, m; 5-H,
m; 6-H, d; phenyl H’s, s (m for BisNAH(Et,m-Xyl)); CONH, broad; NCH,, s for BisNAH(C,,,Bzl), BisNAH(Et,x-Xyl), cBisNAH(C,,,p-Xyl),
cBisNAH(C,,0-Xyl), (W-Et)BNAH, and (N-Et-I)BNAH and t for the rest; CONHCH ,, q; other methylene H’s, m (t for (N-Et-)BNAH); CH,, t.

¢ Other methylene protons.
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Figure 1. '"H NMR spectra for pyridine ring protons of bis(nicotin-
amide)s measured in D,0 at room temperature; internal reference DSS.

only for 2-H protons, BisNAH(Et,0-Xyl) having normal 2-H
resonance. The same is true also for cBisNA*(C4,0-Xyl) vs.
BisNA*(Et,0-Xyl). The CPK molecular models for the p-xy-
lylene-bridged cyclic derivatives, cBisNAH(C,,p-Xyl), and their
dehydrogenated species [cBisNA*(C,,p-Xyl)] indicate that the
two nicotinamide planes are tilted relative to each other from the
parallel geometry (Figure 3). The tilted orientation is in such
a way that the nicotinamide 2-H protons are placed inward of
the benzene ring while the 6-H protons are displaced outside the
region. This situation is reflected on the NMR spectra of cBis-
NAH(C,,p-Xyl) and cBisNA*(C,,p-Xyl) in which ring-current
effects provided by the benzene ring are reasonably site sensitive

Obscured by overlapping resonance of aromatic protons. € Overlapped with signals of the indole-ring protons.

Figure 2. Corey—Pauling-Koltum molecular model of cBisNA*(Cy,0-
Xyl): (a) view from a direction parallel to the nicotinamide rings; (b)
view from a direction perpendicular to the nicotinamide rings.

8 o S
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e
\ /) \\m“/ 2}
/

R
H H b

Figure 3. Corey—Pauling~Koltum molecular model of cBisNA*(C,,p-
Xyl): (a) top view of the macrocyclic ring; (b) side view of the mac-
rocyclic ring.

and also manipulated by the chain length (n), upfield shifts for
2-H’s and downfield ones for 6-H’s relative to the chemical shifts
for those protons of (N-Et)BNAH and (N-Et)BNA*. On the
other hand, flexible noncyclic bis(1,4-dihydronicotinamides),
BisNAH(C,,Bzl), BisNAH(Et,p-Xyl), and BisNAH(Et,m-Xyl),
and their dehydrogenated counterparts showed normal NMR
spectra due to their extended structures, the chemical shifts for
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Table III. 'H NMR Chemical Shifts for Nicotinamides?®
chemical shifts, &
other
nicotinamide 2-H 4-H 5-H 6-H phenylH's N*CH, CONHCH, methyleneH’s CH,
BisNA*(C,,Bzl) 9.39 8.96 8.29 9.18 7.56 6.00 3.60 1.88
BisNA*(C,,Bzl) 9.39 8.96 8.30 9.19 7.58 6.02 3.57 1.63
BisNA*(C,,Bzl) 9.50 9.05 8.40 9.32 7.62 6.11 3.55 1.44
BisNA*(C,,,Bz]) 9.53 9.10 8.42 9.39 7.59 6.12 3.52 1.29
BisNA*(Et,p-Xyl) 9.50 9.05 8.37 9.26 7.78 6.14 3.58 1.40
BisNA*(Et,m-Xyl) 9.36 8.93 8.23 9.12 7.66 6.02 3.54 1.32
BisNA*(Et,0-Xyl) 9.46 8.90 8.13 9.05 7.36 6.25 3.36 1.22
cBisNA*(C,,p-Xy]) 8.82 9.05 8.50 9.53 7.88 6.21 3.5 1.75
cBisNA*(C, ,p-Xyl) 9.05 9.05 8.47 9.54 7.84 6.17 3.58 1.58
cBisNA*(C, ,0-Xyl) 8.88 8.80 8.12 9.07 7.60 6.17 3.40 1.75
(N-Et)BNA* 942 8.98 8.31 9.21 7.56 6.01 3.57 1.40
BisNA*(C,,Pr) 9.21 8.82 8.15 8.98 4.69 3.47 2.12,b 1.55¢ 1.03
BisNA*(Pr,C,) 9.18 8.80 8.12 8.95 4,69 3.39 2.05,d 1.508" 0.98
cBisNA*(C,,C,) 9.24 8.80 8.15 8.98 4.72 3.48 2.15,% 1.5567
(N-Pr)PNA* 9.19 8.80 8.12 8.96 4,66 3.39 2.11,b 1.68¢ l.Ol,gh
0.98
(N-Et-1)BNA* 9.29 8.70 7.88 8.90 7.36 5.72 3.65 3.01 (6.8-7.5)!

@ Measured in D,0. Chemical shifts are given in ppm downfield from DSS. Multiplicities: 2-H, s;4-H, d; 5-H, m; 6-H, d; phenyl H’s, s (m
for BisNA*(Et,0-Xyl) and broad s for cBisNA*(C, 0-Xyl)); N*CH,, s for BisNA*(C,,,Bzl), BisNA*(Et,x-Xyl), cBisNA*(C,,,p-Xy1), cBisNA*(C, ,0-
Xyl), (W-Et)BNA*, and (V-Et-)BNA* and t for the rest; CONHCH ,, q for BisNA*(Et,x-Xyl), m for ¢BisNA*(C,,,p-Xyl), cBisNA*(C,,0-Xyl),

and t for the rest; other methylene H's, m (t for (V-Et-)BNA*); CH,, t.

b N*CH,CH,CH,. ©NHCH,(CH,),CH,NH.

4 N*CH,CH, (CH,),CH,CH,N*. ¢ NHCH,CH,CH,. fN*CH,CH,(CH,),CH,CH,N*. # N*CH,CH,CH,. # NHCH,CH,CH,. ‘indolyl H's

(m).

respectively protons being almost identical with those for the
corresponding protons of (N-Et)BNAH and (N-Et)BNA*.
The hexamethylene-bridged face-to-face dimer [¢BisNAH-
(C4,Cs)] shows all its dihydronicotinamide proton signals slightly
shifted downfield relative to those for its monomeric analogue
[(N-Pr)PNAH] and singly linked counterparts [BisNAH(Cq,Pr)
and BisNAH(Pr,C,)]. The shifts observed for cBisNAH(C;,Cq)
seem to result from the magnetic field effect on the dihydro-
nicotinamide moiety provided by the accompanying dihydro-
nicotinamide ring placed in a close proximity within the same
molecule, even though such a field effect is not obvious for its

NA*-NA* counterpart. The CPK molecular model for ¢Bis-
NAH(Cq,Cy) indicates the following points: (a) the molecule is
conformationally more flexible than ¢cBisNAH(C,,p-Xyl) and
cBisNAH(C,,0-Xyl); (b) the intramolecular rotational freedom
allows a significant deviation of the two nicotinamide rings from
a face-to-face conformation.

1,4-Dihydronicotinamides generally show a characteristic ab-
sorption at around 350 nm. The absorption maxima for the present
bis(dihydronicotinamides) are listed in Table II. Most of the
bis(dihydronicotinamides) exhibit their absorption maxima in the
same region as those for (N-Et)BNAH and (N-Pr)PNAH,!” with
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one notable exception of cBisNAH(C,,0-Xyl). The apparent blue
shift for cBisNAH(C,,0-Xyl) must be taken as evidence for the
electronic interaction between two dihydronicotinamide moieties
in enforced proximity.'®

Reduction of Hexachloroacetone: Intramolecular Electronic
Interaction of Kinetic Significance. The kinetic behavior of
BisNAH(Cq,Bzl) in the reduction of a carbonyl substrate is given
in detail here to represent the novel feature of bis(dihydro-
nicotinamide) reactivity. The reduction of hexachloroacetone!?
(6-10-fold molar excess) with BisNAH(Cg,Bzl) took place readily
in dichloromethane or deuteriochloroform and gave the oxidized
bis(nicotinamide) salt [BisNA*(Cg,Bzl)] as identified by 'H NMR
and HPLC, and 1,1,1,3,3,3-hexachloro-2-propanol in 100% yield,
based on the amount of BisNAH(Cg,Bzl) used, as confirmed by
GLC (for CH,Cl, solution) and 'H NMR analysis (for CDCl,
solution). When the substrate was used in a large excess [Bis-
NAH(Cq,Bzl), 5.0 X 1075 M; (Cl;C),CO, 1.0 X 1072 M; in CH,Cl,
at 25.0 £ 0.1 °C], the rate of disappearance of the characteristic
absorption observed for BisNAH(Cg4,Bzl) at 350 nm was much
greater (half-life ¢, /, 40 s) than that for (N-Et)BNAH (7, 1.2
X 10%s). When the reaction medium was deoxygenated prior to
the initiation of reaction, the initial rapid loss of the absorbance
intensity up to about 50% conversion of BisNAH(C¢,Bzl), as a
result of the reaction of the bis(dihydronicotinamide) with the
added substrate, was followed by much slower decay. On the other
hand, the reaction behavior of (N-Et)BNAH remained practically
the same regardless of conditions, aerobic or anaerobic. The
solvent effect on the reactivity of BisNAH(Cq,Bzl) is also note-
worthy: a change of solvent from dichloromethane to a more polar
one, acetonitrile, resulted in a 3-fold increase in ¢;,. This is in
marked contrast to the solvent effect on the reactivity of (V-
Et)BNAH, 10 times more reactive in acetonitrile than in di-
chloromethane. Thus, the acceleration factors, in terms of ¢ ,,
for BisNAH(Cq,Bzl) vz. (N-Et)BNAH is 1.1:1 in CH,CN, 30:1
in CH,Cl,, and even greater (46:1) in a more apolar solvent,
CHCI;. The solvent polarity parameters, E1(30), are 46.0, 41.1,
and 39.1 for CH;CN, CH,Cl,, and CHCI,, respectively.? The
observed solvent effect in the reduction with (/NV-Et)BNAH can
be understood in terms of the transition-state character: the
transition state becomes more polar than the initial state and can
be stabilized in a more polar microenvironment consequently. An
anomalous solvent effect in the reduction with BisNAH(C,,Bzl)
clearly suggests that another interaction mode takes place within
the molecule in the transition state. Such an interaction must
be favored in less polar solvents, so that the charge-delocalized
transition state becomes stabilized.

The reaction of a nondegassed, equimolar mixture of Bis-
NAH(Cg,Bzl) and hexachloroacetone in deuteriochloroform (i.e.,
ketone:dihydronicotinamide unit = 0.5:1) yielded NA*-NA*
species quantitatively (confirmed by 'H NMR spectroscopy); i.e.,
one dihydronicotinamide unit in BisNAH(Cq¢,Bzl) undergoes
oxidation without participation of the ketone. This is consistent
with the kinetic results under aerobic and anaerobic conditions
described above, In contrast, (N-Et)BNAH reacted with the
ketone on a 1:1 molar basis. In fact, (N-Et)BNAH in deuter-
iochloroform was titrated with hexachloroacetone by NMR
techniques. Upon addition of the ketone (0.5 molar equiv) to
(N-Et)BNAH, exactly half the dihydronicotinamide initially
present underwent oxidation, and further addition of the ketone
(0.5 equiv) completed the oxidation of the remaining (N-Et)-
BNAH. In each reaction of BisNAH(C¢,Bzl) and (N-Et)BNAH
with the substrate, formation of the alcohol product was nearly

(17) A fluorescence maximum for BisNAH(Cq,Bzl) was observed at 424
nm with excitation at 346 nm in dichloromethane, in the same region as
observed for (N-Et)BNAH (423 nm).

(18) The fluorescence maximum for cBisNAH(C,4,0-Xyl) (435 nm, exci-
tation at 360 nm) in dichloromethane showed a red shift by 12 nm with
reference to that for (N-Et)BNAH.

(19) For the reduction of hexachloroacetone with simple 1,4-dihydro-
nicotinamides in acetonitrile, see: Dittmer, D. C.; Lombardo, A.; Batzold, F.;
Greene, C. S. J. Org. Chem. 1976, 41, 2976-2981.

(20) Reichardt, C. “Solvent Effects in Organic Chemistry”; Verlag Che-
mie: Weinheim, 1979; pp 270-272.
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Table IV. Reactivities® of Dihydronicotinamides in the
Reduction of Hexachloroacetone? at 25.0 + 0.1 °C

103k, s7!

in in o ke®
dihydronicotinamide CH,CN CH,Cl, (1) () ()
BisNAH(C, ,Bzl) 57 11 17
BisNAH(C,,Bzl) 59 11 17
BisNAH(C,,Bzl) 62 4.8 7.3
BisNAH(C,,,Bzl) 3.1 4.7
BisNAH(Etp-Xyl) 59 069 1.0
BisNAH(Et,m-Xyl) 4.6 7.0
BisNAH(Et,0-Xyl) 86 13
cBisNAH(C, p-Xyl) 6.1 4.9 7.4
cBisNAH(C, ,p-Xyl) 3.3 5.0
cBisNAH(C,,0-Xyl) 5.9 15 23
(V-Et)BNAH 57 066 d
(N-Et-1)BNAH 56 12 11
BisNAH(C, ,Pr) 18 9.0
BisNAH(Pr,C, ) 9.4 4.7
cBisNAH(C,,C,) 9.2 4.6
(V-Pr)PNAH 2.0 d
PNAH 82  0.54 d
NAH-C,-Ad 81  0.51 0.9

@ Given in pseudo-first-order rate constants at the initial stage of
reaction as evaluated from absorbance change at 350 nm due to
disappearance of dihydronicotinamide. ° Concentrations: NAH
unit, 1.0 X 107* M; (C1,C),CO, 1.0 X 10°* M. € Relative rate
with respect to a selected reference (in CH,Cl,). d Reference
(kye1 = 1.0).

quantitative, as confirmed by NMR spectroscopy.

These results allow to propose the reaction mechanism in such
solvents as dichloromethane and chloroform under aerobic con-
ditions (Scheme III). The initial reaction (rate constant k,) is
associated with the reduction of the substrate without participation
of dioxygen, and the resulting intermediate (NAH-NA*) un-
dergoes a facile oxidation with dioxygen (rate constant k,).2! The
k, step seems to be reasonable since a protonated pyridinyl radical
(NAH"), produced by electrochemical one-electron oxidation of
dihydronicotinamides, undergoes ready oxidation with dioxygen
to afford NA* species.?? The significant acceleration of the k;,
process, the facile oxidation of NAH-NA*, and the specific solvent
effect thereupon as well can be understood in a unified manner
by postulating an intramolecular electronic interaction of
charge-transfer (CT) character in NAH-NA* and in the tran-
sition state of its formation (Scheme III). The intermolecular
charge-transfer interaction between reduced (NAH) and oxidated

(21) In the absence of the ketone, BisNAH(Cg,Bzl) was stable even under
aerobic conditions.
(22) Blaedel, W. J.; Haas, R. G. Anal. Chem. 1970, 42, 918-927.
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(NA™) nicotinamides?*-2 and an electron transfer between them
in the course of transhydrogenation, giving a radical cation—radical
intermediate,?® have been demonstrated. Apparently higher
concentrations of NAH and NA* species are required for such
intermolecular processes.

In the light of the kinetically significant CT interaction shown
in Scheme III, one of the two dihydronicotinamides (NAH) is
expected to be replaceable by other potential donors, e.g., in-
doles,>% capable of CT interaction with NA*. A molecule having
an indole moiety in addition to a dihydronicotinamide group is
typical of this situation, and (/V-Et-)BNAH was found to be more
than 10 times as reactive as (N-Et)BNAH in dichloromethane
(Table IV). The oxidation product, (N-Et-I)BNA*, showed a
long absorption tail extended to the 450-nm range, which may
be attributed to the intramolecular CT transition. The oxidized
pyridine coenzymes (NAD* and NADP*) or their model com-
pound, 1-benzyl-3-carbamoylpyridinium chloride, undergo similar
CT interaction with tryptophan and other indole derivatives, as
confirmed by electronic spectroscopy.?’” Such a CT interaction
was further shown by fluorescence spectroscopy applied on a model
compound, 3-[N-(B-(3-indolyl)ethyl)carbamoyl]pyridinium
chloride.® OQur present findings point out the possibility of kinetic
enhancement through CT interactions of the NAD(P)H moiety
with some potential donors in biological systems.

In contrast, poor electron donors cannot enhance the reactivity
of dihydronicotinamide by the intramolecular electronic inter-
action. The reactivity of an NADH analogue having an adenyl
moiety (NAH-C4-Ad) was almost identical with that of PNAH.
This reflects the poor electron-donating ability of adenine com-
pared with dihydronicotinamide and indole moieties.

Whenever bis(1,4-dihydronicotinamides) of the present study
exhibited reactivity significantly greater than the monodihydro-
nicotinamide [(N-Et)BNAH], the reduction must proceed through
the same steps as shown in Scheme III on the basis of their kinetic
behavior under aerobic conditions.

Reactivity of Bis(1,4-dihydronicotinamides): Geometrical Re-
quirement for Electronic Interaction. The reactivity data for the
bis(1,4-dihydronicotinamides) in acetonitrile and dichloromethane
are summarized in Table IV. The reactivity is given in terms of
a pseudo-first-order rate constant evaluated from the rate of
disappearance of bis(dihydronicotinamide) at the initial stage of
reaction in the presence of excess ketone (1.0 X 1072 M) under
aerobic conditions.”? The reactivities of some reductants [Bis-
NAH(C,Bzl) for n = 4, 6, and 8, BisNAH(Et,p-Xyl), cBis-
NAH(C,,p-Xyl), and cBisNAH(C,,0-Xyl)] are in a range of
(5.7-6.2) X 107? 57! in acetonitrile and comparable to that of
(N-Et)BNAH. This implies that the intramolecular electronic
interaction between the two nicotinamide moieties cannot be
kinetically effective in such a polar solvent that may stabilize a
charge-isolated state more favorably than a charge-delocalized
one, shown in Scheme III. On the other hand, a wide variety of
reactivity was observed in dichloromethane. Among the bis(di-
hydronicotinamides) regarded as dimers of (/N-Et)BNAH,
¢BisNAH(C,,0-Xyl) was found to be the most reactive. This is
consistent with a view that a close face-to-face conformation for
the two nicotinamide rings is the primary requirement for an
electronic interaction of kinetic significance (Figure 2). The
p-xylylene-bridged cyclic species, cBisNAH(C,,p-Xyl) with n =
4 and 6, are 3.1 and 4.6 times less reactive than cBisNAH-

(23) Ludowieg, J.; Levy, A. Biochemistry 1964, 3, 373-378.

(24) Cilento, G.; Schreier, S. Arch. Biochem. Biophys. 1964, 107, 102-108.

(25) Shinkai, S.; Tamaki, K.; Kunitake, T. Bull. Chem. Soc. Jpn. 1975,
48, 1918-1921.

(26) van Eikeren, P.; Kenney, P.; Tokmakian, R. J. Am. Chem. Soc. 1979,
101, 7402-7406.

(27) Cilento, G.; Tedeschi, P. J. Biol. Chem. 1961, 236, 907-910.

(28) Shifrin, S. Biochim. Biophys. Acta 1964, 81, 205-213.

(29) The kinetic behavior of BisNAH(Cq,Bzl), cBisNAH(Cq,p-Xyl), and
cBisNAH(C,,0-Xyl) was carefully examined in dichloromethane under both
aerobiC and anaerobiC conditions. Rate constants for the k, process under
anaerobic conditions, where the &, process is lacking, are practically identical
with those obtained under aerobic conditions. This result also indicates that
k; > k, for aerobic runs with these bis(dihydronicotinamides).

Murakami et al.

(C4,0-Xyl), respectively. The unfavorable reactivity is attributed
to some deviation of geometry from an ideal, close face-to-face
arrangement of two dihydronicotinamides: an increased intra-
molecular distance and a tilted mutual orientation of the two
nicotinamide planes (Figure 3).

As regards the noncyclic bis(dihydronicotinamides), variation
of reactivity associated with o-, m-, and p-xylylene linkage isomers
[BisNAH(Et,x-Xyl), x = o-, m-, and p-, respectively] clearly
indicates that the intramolecular separation and relative orientation
of two nicotinamides are the governing factors for an effective
electronic interaction. BisNAH(Et,p-Xyl) is nothing more than
a simple, functionally identical analogue of (N-Et)BNAH on the
basis of reactivity criterion and kinetic solvent and oxygen effects.
In addition to the fact that the two nicotinamide moieties in
BisNAH(Et,p-Xyl) are separated by a p-xylylene bridge, they
may take various orientations relative to each other due to rotation
about C(aromatic)-CH, and CH,—N bonds and become elec-
tronically independent of each other. Another class of noncyclic
bis(dihydronicotinamides) [BisNAH(C,,Bzl)] shows an interesting
reactivity pattern. In contrast to the rigid p-xylylene bridge, the
flexible polymethylene chain in BisSNAH(C,,Bzl) may allow a close
face-to-face conformation to be assumed in the transition state
of reduction as well as in the ground state (in a statistical sense)
if n =4 or 6. The extent of electronic interaction between the
nicotinamide moieties is also subjected to change sensitively by
the chain length (n); an increment by only two CH,’s resulted
in a large reduction in reactivity (from » = 6 to 8).

Comparison of reactivities among noncyclic and cyclic bis-
(dihydronicotinamides) further allows characterization of the
intrinsic electronic interaction. The p-xylylene-bridged cyclic ones
[¢cBisNAH(C,,p-Xyl)] are several times more reactive than the
corresponding noncyclic counterpart [BisNAH(Et,p-Xyl)]. This
reflects the electronic effect provided by fixation of relative
orientation of the two nicotinamides. Meanwhile, cBisNAH-
(C,..p-Xyl) shows reduced reactivity as compared with another
noncyclic family [BisNAH(C,,Bzl)]. The overall reactivity order
is as follows: BisNAH(C,,Bzl) (n = 4, 6) > cBisNAH(C,,p-Xyl)
(n =4, 6) > BisNAH(Et,p-Xyl) = (V-Et)BNAH. An important
view emerges from this correlation as to the consequence of
conformational fixation and flexibility in the ground state.
cBisNAH(C,,p-Xyl) is conformationally fixed but rather in a
wrong way with respect to both internal distance and angle be-
tween the nicotinamide rings. On the other hand, the two nico-
tinamides in BisNAH(C,,Bzl) (particularly with n = 4 and 6)
may be allowed to take a close face-to-face geometry without
inducing significant strain in the transition state of reduction, even
though it may take an extended molecular geometry in the ground
state with minimum electronic interaction judging from its normal
spectroscopic properties (‘\H NMR, electronic, and fluorescence!’
measurements). In brief, the effective CT interaction, which gives
out kinetic enhancement, emerges from the favorable face-to-face
arrangement of the two dihydronicotinamide moieties in the
transition state. Such arrangement is apparently subjected to
change by the nature of bridging components that link two nic-
otinamide moieties. As regards the nature of bridging components,
a flexible single bridge [BisNAH(C,,Bzl)] can provide a better
kinetic effect than an unfavorably fixing double bridge [cBis-
NAH(C,,p-Xyl)], which in turn is better than a less flexible single
bridge [BisNAH(Et,p-Xyl)]. The conformational fixation in fact
results in reactivity enhancement with an o-xylylene bridge, even
if it is used as a single-bridge component. A favorably fixing
double bridge [¢cBisNAH(C,,0-Xyl)] is better than both of the
single-bridge types.

The reactivity of bis(dihydronicotinamides) regarded as dimers
of (N-Pr)PNAH are also subject to change by the nature of
bridging components and follows the sequence BisNAH(Cq,Pr)
> ¢BisNAH(C,,Cs) ~ BisNAH(Pr, Cs) > (N-Pr)PNAH.
Nearly identical reactivities for cBisNAH(C4,C¢) and BisNAH-
(Pr,C¢) may require some comments. Even though BisNAH-
(Pr,Cq) is structurally comparable to BisNAH(Et,p-Xyl), the
former gives out an enhanced reactivity relative to the latter owing
to its flexible alkyl-chain bridge in place of a p-xylylene moiety
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involved in the latter and also a greater reactivity than (N-Pr)-
PNAH due to the same reason given for BisNAH(C,,Bzl). Two
dihydronicotinamide moieties are linked doubly with flexible alkyl
chains in ¢BisNAH(C¢,Cq), but are far from the face-to-face
geometry even if they are forced to approach to such conformation.
Thus, it is less reactive than ¢cBisNAH(C,4,0-Xyl) due to limited
CT interaction in the transition state of reduction.

Conclusion

The extensive intramolecular nicotinamide-nicotinamide
electronic interaction gives out large kinetic effects in the reduction
of hexachloroacetone. The interaction needs to be provided in
the transition state rather than in the ground state and is of
charge-transfer character between the two dihydronicotinamide
moieties placed in a close face-to-face conformation. The face-
to-face geometry must be attained without inducing internal steric
strain, regardless of the nature of bridging components that link
two dihydronicotinamide moieties. When the dihydronicotinamide
groups are rigidly fixed in such a favorable geometry already in
the ground state, however, the kinetic effect becomes most pro-
nounced by the entropy effect. In the present reaction, one of
the dihydronicotinamide groups serves as an electron pool.
Consequently, such an electron pool can be replaced with other
potential electron-donating moieties.

The chemistry of 1-alkyl-1,4-dihydronicotinamides, as coenzyme
NAD(P)H models, has been a subject of considerable interest in
these years. Much attention has been focused on the activation
of substrates via metal ion coordination,**>* hydrogen bonding,?*
and general acid catalysis.’”*® On the other hand, we have shown
here a direction for designing 1-alkyl-1,4-dihydronicotinamide,
so that the reductant undergoes self-activation via CT electronic
interaction® in the transition state. The structure-reactivity
correlation established in the present work provides a basis for
the development of more elaborated, multicenter organic redox
catalysts.

Experimental Section

General Analyses and Measurements. Elemental analyses were per-
formed at the Microanalysis Center of Kyushu University. Melting
points were measured with capillary tubes with a Yamato MP-1 melting
point apparatus (oil bath type). Infrared spectra were recorded on a
JASCO IR-E spectrophotometer. 'H NMR spectra were taken on a
Hitachi R-20, a Bruker WH-90 FT, or a JEOL FX-100 spectrometer.
Fluorescence and electronic absorption spectra were obtained with a
Hitachi 650-60 spectrofluorometer and a Union Giken SM-401 high
sensitivity spectrophotometer, respectively. High-performance liquid
chromatography (HPLC) for preparative purposes was carried out on a
Hitachi 635 liquid chromatograph with Hitachi gel 3019. Gel filtration
chromatography was performed on a column packed with Sephadex
LH-20 or Toyopearl HW-40 fine. Methanol was used as eluant for both
chromatographic methods unless otherwise indicated, and components
eluted were detected by UV absorption at either 254 or 265 nm for both
chromatographic methods. Gas chromatographic analyses were made
with a Shimadzu GC-4C gas chromatograph on a 2-m column packed
with 10% silicone DC-550 with helium as a carrier gas. Molecular
weight measurements were carried out with a Hitachi Perkin-Elmer 115
vapor pressure osmometer for identification of macrocyclic compounds.

DMEF as a solvent for preparative purposes was distilled in vacuo over
BaO and stored under nitrogen. Dichloromethane for kinetic studies was
fractionally distilled and stored over 4-A molecular sieves. Acetonitrile

(30) Sigman, D. S.; Hajdu, J.; Creighton, D. J. In “Bioorganic Chemistry”;
van Tamelen, E. E., Ed.; Academic Press: New York, 1978; Vol. 4, Chapter
14.

(31) Hughes, M; Prince, R. H. J. Inorg. Nucl. Chem. 1978, 40, 703-712,
713-718, 719-723.

(32) Creighton, D. J.; Hajdu, J.; Sigman, D. S. J. Am. Chem. Soc. 1976,
98, 4619-4625.

(33) Ohnishi, Y.; Kagami, M.; Ohno, A. J. Am. Chem. Soc. 1975, 97,
4766—-4768.

(34) Gase, R. A,; Pandit, U. K. J. Am. Chem. Soc. 1979, 101, 7059-7064.

(35) Pandit. U. K.; Mas Cabré, J. R. J. Chem. Soc., Chem. Commun.
1971, 552.

(36) Shinkai, S.; Bruice, T. C. J. Am. Chem. Soc. 1972, 94, 8258.

(37) van Eikeren, P.; Grier, D. L. J. Am. Chem. Soc. 1976, 98, 4655-4657.

(38) Shinkai, S.; Hamada, H.; Kusano, Y.; Manabe, O. J. Chem. Soc.,
Perkin Trans. 2 1979, 699-702,

(39) For an example of electrostatic acceleration, see: Hajdu, J.: Sigman,
D.S. J. Am. Chem, Soc. 1975, 97, 3524-3526.
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was purified according to the method of literature.’! Hexachloroacetone
was distilled just before use (bp 110 °C (40 mmHg)).

N,N"-Alkylenebis(3-carbamoylpyridines) (2). To a solution of nico-
tinoyl chloride (1) (11.5 g, 80 mmol) in benzene (30 mL) was added a
benzene solution (50 mL) of an appropriate «,w-diaminoalkane (34
mmol) and pyridine (15 g, 190 mmol). The mixture was stirred at room
temperature for 1 day and evaporated in vacuo. Water (100 mL) was
added and the mixture stirred for 2 h. Precipitates were recovered by
filtration, washed with 10% aqueous NaOH and water, and recrystallized
from methanol.

N ,N’-Alkylenebis(1-benzyl-3-carbamoylpyridinium) Dichlorides, Bis-
NA*(C,Bzl). A mixture of benzyl chloride (2 g, 16 mmol) and an
appropriate NV,N"-alkylenebis(3-carbamoylpyridine) (2) (1.5 mmol) in
DMF (5 mL) was stirred under nitrogen at 120-130 °C for 10 h. After
the mixture was cooled, volatile materials were removed in vacuo and the
residue was dissolved in water (20 mL). Insoluble materials were re-
moved by filtration, and the filtrate was washed with ether (3 X 20 mL)
and evaporated to give a crude product. This was purified by either gel
filtration chromatography with Sephadex LH-20 [for BisNA*(C,,Bzl);
n =4, 8, and 10] or recrystallization from methanol-ether.

(a) BisNA*(C,,Bzl): a very hygroscopic white solid, yield 770 mg
(93%). Anal. Caled for C;0H3,ClLN,0,-H,O: C, 63.27; H, 6.02: N,
9.84. Found: C, 63.61; H, 6.09; N, 9.90.

(b) BisNA*(C¢Bzl): white needles, yield 630 mg (73%), mp
133.5-135.5 °C dec. Anal. Caled for C3,H;4C1,N,0,-H,0: C, 64.32;
H, 6.41; N, 9.38. Found: C, 64.69; H, 6.53; N, 9.22.

(¢) BisNA*(Cq,Bzl): a pale brown oil, yield 860 mg (94%). Anal.
Caled for C34HyoC1,N,0,:0.5H,0: C, 66.23; H, 6.70; N, 9.09. Found:
C, 66.14; H, 6.76; N, 9.03.

(d) BisNA*(C,q,Bzl): a pale brown oil, yield 800 mg (84%). Anal.
Caled for C36H,,C1,N,0,:0.5H,0: C,67.07, H, 7.04; N, 8.69. Found:
C, 66.94; H, 7.14; N, 8.54.

1,1’-Xylylenebis[3- (N -ethylcarbamoyl)pyridinium] Dihalides, Bis-
NA*(Et,x-Xyl). These were prepared from N-ethylnicotinamide (3) (1.5
g, 10 mmol) and a xylylene dihalide (5 mmol) in a manner similar to that
for the preparation of BisNA*(C,,Bzl).

(a) BisNA*(Et,p-Xyl): white needles recrystallized from methanol-
ether, yield 2.25 g (95%), mp 224.0-224.5 °C dec. Anal. Calcd for
C,sHClN,0,:0.33H,0: C, 59.88; H, 6.00; N, 11.64. Found: C, 60.04;
H, 5.94; N, 11.34.

(b) BisNA*(Et,m-Xyl): white needles recrystallized from methanol,
yield 2.0 g (71%), mp 134-136 °C. Anal. Calcd for C,3H,,Br,N,O,
1.5H,0: C, 48.75; H, 5.28; N, 9.47. Found: C, 49.04; H, 5.16; N, 9.40.

(c) BisNA*(Et,0-Xyl): a glassy material purified by gel filtration
chromatography (Sephadex LH-20), yield 0.71 g (25%). Anal. Calcd
for C,4Hy5Br,N,0,.0.5H,0: C, 50.29; H, 5.10; N, 9.77. Found: C,
50.60; H, 5.06 N, 9.48.

1,8-Dioxo-2,7,13,23-tetraaza[8.1.1]Jmetaparametacyclophane Di-
chloride, ¢BisNA*(C,,p-Xyl). A solution of 2a (550 mg, 1.85 mmol) in
DMF (100 mL) and a solution of p-xylylene dichloride (500 mg, 2.86
mmol) in DMF (100 mL) were added dropwise to DMF (600 mL) at
the same rate with vigorous stirring under nitrogen in a period of 8 h at
125 °C, and the mixture was stirred for an additional 1 h at the same
temperature, The solvent was removed in vacuo, and the residue was
dissolved in water (30 mL). Insoluble materials were removed by fil-
tration, and the filtrate was washed with ether (4 X 20 mL). The solvent
was removed in vacuo, and the residue was purified by gel filtration
chromatography (Sephadex LH-20 and Toyopearl HW-40 fine) to afford
a glassy material; yield 77 mg (9%), a single peak by HPLC analysis.
A molecular weight determined by osmometry in methanol was consistent
with formation of the 1:1 adduct. Anal. Calcd for CysH,,C1,N,O,
0.67H,0: C, 59.39; H, 5.68; N, 11.54. Found: C, 59.21; H, 5.63; N,
11.47.

1,10-Dioxo-2,9,15,25-tetraaza[10.1.1]metaparametacyclophane Di-
chloride, cBisNA*(Cq,p-Xyl). This was prepared from 2b (4.0 g, 12
mmol) and p-xylylene dichloride (2.8 g, 16 mmol) by the same procedure
as employed for the synthesis of cBisNA*(C,,p-Xyl). After being iso-
lated by gel filtration chromatography (Sephadex LH-20), the product
was recrystallized from methanol to afford a white powder; yield 780 mg
(13%), mp 207-209 °C dec, a single peak by HPLC analysis. A mo-
lecular weight determined by osmometry in methanol was consistent with
formation of the 1:1 adduct. Anal. Calcd for C,H;,C1,N40,-0.5H,0:
C,61.18; H, 6.12; N, 10.98. Found: C, 61.00 H, 6.16; N, 10.92.

1,8-Dioxo-2,7,13,23-tetraaza[8.1.1Jmetaorthometacyclophane Di-
bromide, ¢BisNA*(C,0-Xyl). The reaction was carried out with 2a (1.0
g, 3.4 mmol) and o-xylylene dibromide (1.0 g, 3.8 mmol) in DMF by the
same procedure as employed for the preparation of cBisNA*(C,,p-Xyl),
and the product was recrystallized from methanol-water to give colorless
needles; yield 813 mg (43%), mp 250-251 °C dec, a single peak by gel
filtration chromatography (Sephadex G-10, water as eluant). A mo-
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lecular weight determined by osmometry in water was consistent with
formation of the 1:1 adduct. Anal. Caled. for C,4H,Br,N,O,: C, 51.26;
H, 4.66; N, 9.96. Found: C, 50.85; H, 4.72; N, 9.75.

N,N'-Hexamethylenebis(1-propyl-3-carbamoylpyridinium) Dichloride,
BisNA*(C4,Pr). A mixture of 2b (1.0 g, 3 mmol) and n-propyl iodide
(2.0 g, 12 mmol) in DMF (S mL) was stirred at room temperature for
12 days. Volatile materials were removed in vacuo, and the residue
dissolved in water (20 mL) was applied on a column (1.5 X 30 ¢cm) of
Dowex 1-X8(CI") twice. Further purification by gel filtration chroma-
tography (Toyopear] HW-40 fine) afforded the product as a white pow-
der; yield 1.13 g (77%), mp 192-193 °C. Anal. Caled for
CyH3CN,O,:0.5H,0: C, 58.53; H, 7.57; N, 11.38. Found: C, 58.78;
H, 7.60; N, 11.76.

1,1’-Hexamethylenebis[3- (N-propylcarbamoy!) pyridinium] Dichloride,
BisNA*(Pr,Cs). This was prepared from N-propylnicotinamide (4) (500
mg, 3 mmol) and 1,6-diiodohexane (500 mg, 1.5 mmol) in reference to
the method for the preparation of BisNA*(C,,Pr); a white powder, yield
656 mg (89%), mp 189 °C. Anal. Caled for C,,H;4C1,N,0,+0.5H,;0:
C, 58.53; H, 7.37; N, 11.38. Found: C, 58.72; H, 7.42; N, 11.30.

1,10-Dioxo-2,9,15,23-tetraaza[10.6]metacyclophane Dichloride, ¢Bis-
NA*(C,Cq). The cyclization—bisquaternization of 2b (1.0 g, 3.1 mmol)
with 1,6-diiodohexane (1.0 g, 3.0 mmol) was carried out in reference to
the procedure for the preparation of ¢BisNA*(C,,p-Xyl). The solvent
was removed after the reaction was completed, and the residue dissolved
in water (40 mL). A precipitated solid was removed by filtration, and
the filtrate was applied on a column (1.5 X 30 cm) of Dowex 1-X8(Cl")
twice. Further purification by gel filtration chromatography (Sephadex
LH-20 and Toyopearl HW-40 fine) afforded the product as a white
powder; yield 70 mg (5%), mp 241-242 °C dec, a single peak by HPLC
analysis. A molecular weight determined by osmometry in methanol was
consistent with formation of the 1:1 adduct. Anal. Calcd for
CyuH3C1hN,O,:0.5H,0: C, 58.77; H, 7.19; N, 11.42, Found: C, 58.78;
H, 7.23; N, 11.37.

1-Benzyl-3-(N-ethylcarbamoyl)pyridinium chloride, (N-Et)BNA*,
and 1-propyl-3-(N-propylcarbamoyl)pyridinium chloride, (N-Pr)PNA*,
were prepared according to the procedure similar to that applied to the
synthesis of 1-benzyl-3-carbamoylpyridinium chloride.** 1-Benzyl-3-
[N-(B-(3-indolyl)ethyl)carbamoyl]pyridinium chloride, (N-Et-I)BNA*,
was prepared in reference to the method for the synthesis of 1-methyl-
3-[N-(B-(3-indolyl)ethyl)carbamoyl] pyridinium chloride.’® All the
products were identified by elemental analyses and 'H NMR spectros-
copy. (N-Et)BNA™*: white granular crystals recrystallized from etha-
nol-ether, mp 169-171 °C dec. (N-Pr)PNA™: colorless needles purified
by gel filtration chromatography (Sephadex LH-20), mp 122-124 °C.
(N-Et-I)BNA*: a yellow powder recrystallized from methanol-ether, mp
105-106 °C dec.

1-Propyl-3-carbamoyl-1,4-dihydropyridine, PNAH,* and 1-[6-(9-
adenyl)hexyl]-3-carbamoyl-1,4-dihydropyridine, NAH-C¢-Ad,*? were
prepared according to the published procedures.

Preparation of 1,4-Dihydronicotinamides. An aqueous solution of
sodium dithionite (270 mg, 1.5 mmol) in 75 mM sodium carbonate (20
mL) on an ice bath was protected from room light and maintained under
nitrogen atmosphere. Upon addition of an aqueous solution (3 mL) of
a pyridinium salt (100 mg) in one portion, the mixture immediately
turned yellow and became turbid. After the mixture was stirred for 30
min, dichloromethane (20 mL) was added to it and stirring was contin-
ued. The reaction was monitored by measuring absorbance of an aliquot
sample taken at appropriate time intervals. Absorbance due to the di-
hydronicotinamide moiety reached a maximum after time elapse of ca.
5 h. The organic layer was separated and the aqueous layer was ex-
tracted with dichloromethane (4 X 20 mL). The organic layer and the
extract were combined, washed with water (3 X 30 mL), dried (Na,SO,)
overnight in a refrigerator, and evaporated in vacuo. The residue was
purified by gel filtration chromatography (Sephadex LH-20, absolute
methanol as eluant) to afford the product. 1,4-Dihydronicotinamides
thus obtained contained a trace amount of methanol, introduced during
the course of gel filtration chromatography, as detected by NMR spec-
troscopy in CDCl;. The present 1,4-dihydronicotinamides were, not
unexpectedly, unstable to heat and decomposed gradually even at room
temperature. Hence, the compounds were stored under nitrogen in a
desiccator, which was placed in a refrigerator. Stock solutions for kinetic
runs were prepared immediately before use.

(a) N,N’"-Tetramethylenebis(1-benzyl-3-carbamoyl-1,4-dihydro-
pyridine), BisNAH(C,,Bzl): yellow needles, yield 48 mg (60%). Anal.

(40) Kurusu, Y.; Nakajima, K.; Okawara, M. Kogyo Kagaku Zasshi 1968,
71,934-941,

(41) Karrer, P.; Stare, F. J. Helv. Chim. Acta 1937, 20, 418-423.

(42) Scott, T. G.; Spencer, R. D.; Leonard, N. J.; Weber, G. J. Am. Chem.
Soc. 1970, 92, 687-695.

Murakami et al.

Calcd for C,0H,4N,O,-CH,0OH: C, 72.35; H, 7.44; N, 10.89. Found:
C, 72.59; H, 7.21; N, 11.24.

(b) N,N-Hexamethylenebis(1-benzyl-3-carbamoyl-1,4-dihydro-
pyridine), BisNAH(C¢,Bzl): a yellow oil, yield 60 mg (68%), fluorescence
maximum (CH,Cl,) 424 nm (excitation at 346 nm). Anal. Calcd for
C;,HgN,OCH,OH: C, 73.03; H, 7.80; N, 10.32. Found: C, 73.39;
H, 7.63; N, 10.46.

(¢) N,N-Octamethylenebis(1-benzyl-3-carbamoyl-1,4-dihydro-
pyridine), BisNAH(Cy,Bzl): a yellow oil, yield 50 mg (56%). Anal.
Caled for C34,Hy,N,O,-CH;0H: C, 73.66; H, 8.12; N, 9.82. Found: C,
73.38; H, 7.89; N, 10.11.

(d) N,N’-Decamethylenebis(1-benzyl-3-carbamoyl-1,4-dihydro-
pyridine), BisNAH(C,4,Bzl): a yellow oil, yield 23 mg (26%). Anal.
Caled for C3HyN4O,CH;0H: C, 74.21; H, 8.42; N, 9.36. Found: C,
73.94; H, 8.06; N, 9.21.

(e) 1,1’-p-Xylylenebis[3-(N-ethylcarbamoyl)-1,4-dihydropyridine],
BisNAH(Et,p-Xyl): a yellow solid, yield 60 mg (70%). Anal. Calcd for
C,H3 N O21.33CH,0H: C, 67.73; H, 7.93; N, 12.47. Found: C,
67.60; H, 7.77; N, 12.62.

(f) 1,1-m-Xylylenebis[3-(N-ethylcarbamoyl)-1,4-dihydropyridine],
BisNAH(Et,m-Xyl): a yellow solid, yield 30 mg (42%). Anal. Calcd
for C,sH3N4O,-:2CH,0H: C, 66.37; H, 8.14; N, 11.91. Found: C,
66.12; H, 7.67; N, 12.46.

(g) 1,1"-0-Xylylenebis[3-( N-ethylcarbamoyl)-1,4-dihydropyridine],
BisNAH(Et,0-Xyl): a yellow solid, yield 47 mg (65%). Anal. Caled for
C,4H;3oN,04,1.33CH;0H: C, 67.73; H, 7.93; N, 12.47. Found: C,
67.48; H, 7.56; N, 12.49,

(h) 1,8-Dioxo-2,7,13,23-tetraaza-10,13,23,26-tetrahydro{8.1.1]meta-
parametacyclophane, cBisNAH(C,,p-Xyl): yellow needles, yield 43 mg
(50%). Anal. Calcd for C,4H5sN4O,1.33CH;0H: C, 68.04; H, 7.51;
N, 12.53. Found: C, 67.93; H, 7.12; N, 12.98.

(i) 1,10-Diox0-2,9,15,25-tetraaza-12,15,25,28-tetrahydro[10.1.1]-
metaparametacyclophane, cBisNAH(Cq,p-Xyl): yellow needles, yield 57
mg (67%). Anal. Caled for CoH3,N,O,-2CH;0H: C, 67.72; H, 8.12;
N, 11.28. Found: C, 67.71; H, 7.35; N, 11.21.

(j) 1,8-Dioxo-2,7,13,23-tetraaza-10,13,23,26-tetrahydro[8.1.1]meta-
orthometacyclophane, cBisNAH(C,,0-Xyl): a yellow solid, yield 2 mg
(3%), fluorescence maximum (CH,Cl,) 435 nm (excitation at 360 nm).
Anal. Caled for CoyHsN,0,,CH,OH: C, 68.78; H, 7.39; N, 12.83.
Found: C, 68.23; H, 6.81; N, 12.90.

(k) 1-Benzyl-3-(N-ethylcarbamoyl)-1,4-dihydropyridine, (N-Et)-
BNAH: a yellow oil, yield 71 mg (81%), fluorescence maximum (C-
H,Cl,) 423 nm (excitation at 346 nm). Anal. Caled for C,sH;sN,O-
0.33CH;OH: C, 72.78; H, 7.70; N, 11.07. Found: C, 72.58; H, 7.41;
N, 11.20.

(1) N,N’-Hexamethylenebis(1-propyl-3-carbamoyl-1,4-dihydro-
pyridine), BisNAH(C¢,Pr): a yellow oil, yield 63 mg (74%). Anal. Calcd
for C,sH3sN,O,-CH;OH: C, 67.23; H, 9.48; N, 12.54. Found: C, 67.16;
H, 9.07; N, 13.07.

(m) 1,1’-Hexamethylenebis[3- (N -propylcarbamoyl)-1,4-dihydro-
pyridine], BisNAH(Pr,C): a yellow ail, yield 56 mg (65%). Anal. Caled
for C,,H;3N,0,:0.5CH,OH: C, 68.33; H, 9.36; N, 13.01. Found: C,
67.94; H, 9.14; N, 13.18.

(n) 1,10-Dioxo0-2,9,15,23-tetraaza-12,15,23,26-tetrahydro{ 10.6]meta-
cyclophane, ¢BisNAH(C4,Cs): a yellow solid, yield 74 mg (86%). Anal.
Caled for Co4H;6N 045 2CH,OH: C, 65.52; H, 9.30; N, 11.75. Found:
C, 65.67: H, 9.22; N, 12.08.

(o) 1-Propyl-3-(N-propylcarbamoyl)-1,4-dihydropyridine, (N-Pr)-
PNAH: a yellow oil, yield 69 mg (80%). Anal. Caled for
C13H,0N,0:0.33CH;0H: C, 67.65; H, 9.82; N, 12.79. Found: C, 67.29;
H, 9.34; N, 12.95.

(p) 1-Benzyl-3-[N-(B-(3-indolyl)ethyl)carbamoyl]-1,4-dihydropyridine,
(N-Et-I)BNAH: a yellow oil, yield 46 mg (51%); M, 357.45, M* m/e
357.8

Reduction of Hexachloroacetone, A solution of BisNAH(C,,Bzl) (10
mg, 2.0 X 10~ mol) and hexachloroacetone (30 uL, 2.0 X 10"* mol) in
dichloromethane (500 uL) was allowed to stand for ca. 10 h at room
temperature in a sealed tube. Then, the reaction mixture was shaken
upon addition of aqueous hydrochloric acid (1 M, 200 uL). Gas chro-
matographic analysis of the organic layer confirmed the quantitative
formation of 1,1,1,3,3,3-hexachloro-2-propanol, on the basis of the
amount of BisNAH(C,,Bzl) used, for six different runs. The reaction
of BisNAH(C,Bzl) (28 mg, 5.4 X 107* mol) and the ketone (50 puL, 3.3
X 107 mol) was carried out in dichloromethane (1 mL) for 2.5 hin a
similar manner. At the end of the reaction, deuterium oxide (300 uL)
containing sodium 4,4-dimethyl-4-silapentane-5-sulfonate (DSS, 3 mg)
and potassium chloride (9 mg, 1.2 X 107 mol) was added to the reaction

(43) We are grateful to Professor M. Yamaguchi and Dr. T. Katsuki of
our university for mass spectral measurements.
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mixture. The NMR spectrum for the aqueous layer showed signals
exclusively attributable to BiSNA*(Cg,Bz1), the yield being quantitative
as confirmed by HPLC analysis.

The reaction behavior was monitored by 'H NMR spectroscopy. Into
a solution of BisNAH(Cg,Bzl) (25 mg, 5.0 X 107° mol) in deuterio-
chloroform (200 uL), containing 1% acetonitrile as an internal reference
in an NMR tube, was added an equimolar amount of hexachloroacetone
(7 L, 5.0 X 10~° mol), i.e., the ketone in 0.5 equiv to the dihydro-
nicotinamide unit. After the reaction mixture was allowed to stand at
room temperature for 2 h, '"H NMR signals for BisNAH(Cq,Bzl) dis-
appeared completely on one hand and a proton signal attributable to the
2-proton of the alcohol product (4.81 ppm downfield from Me,Si) was
observed on the other. The signal intensity indicated quantitative for-
mation of the alcohol. The reaction of (V-Et)BNAH (44 mg, 1.8 X 10
mol) with the ketone (13.5 uL, 9.0 X 10~ mol) was carried out in a
similar manner in deuteriochloroform (250 uL), containing 1% aceto-
nitrile, at room temperature. The resulting NMR spectrum indicated
that the alcohol product was formed quantitatively, and a half of the
initial amount of (N-Et)BNAH was consumed.

Kinetic Measurements. Each run was initiated by injecting hexa-
chloroacetone (4.5 L, 3.0 X 1075 mol) into a solution (3 mL) of an
appropriate 1,4-dihydronicotinamide, which was preequilibrated at 25.0
#+ 0.1 °C in a thermostated 1-cm quartz cell set in the spectrophotometer.
The initial concentrations of dihydronicotinamides were maintained
constant at 1.0 X 10 M for monodihydronicotinamides and at 5.0 X 107
M for bis(dihydronicotinamide)s, so that the total concentrations in terms
of the dihydronicotinamide unit were adjusted at 1.0 X 107 M. Progress
of the reaction was monitored spectrophotometrically by measuring the
absorbance decay at 350 nm, which is referred to consumption of the

dihydronicotinamide moiety. Control experiments indicated that no
reaction took place in the absence of the ketone. Hexachloroacetone did
not undergo any spontaneous decomposition in the solvents employed
here, as confirmed by electronic spectroscopy. For kinetic runs under
anaerobic conditions, all the solutions placed in a specially designed cell
were purged with argon just before injection of the ketone.
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Abstract: A variety of lipophilic metal complexes were examined as a new type of anion-transport carrier in a methylene chloride
liquid membrane system. Some copper complex carriers, composed of neutral ligands, could effectively mediate active and
passive transport of simple organic anions and amino acid derivatives. Their transport properties were largely different from
those of previously reported organic anion carriers and were essentially dependent on the combined characteristics of ligand
molecule, coordinated metal ion, antiport anion, and others. Liquid-liquid extraction experiments of each elementary process
clearly demonstrated that the overall transport rate was mostly determined by that of the substrate-releasing process from
the membrane. Active transport of biologically important amino acid derivatives was successfully achieved by this type of
carrier, providing a new chemical analogue to some biological transport systems.

Membrane transport is a fundamental and essential process in
many biological systems, and its model systems have actively been
studied. Of particular, many kinds of synthetic carriers such as
crown ethers! and cryptands? have been utilized as potential
carriers for transporting alkali metal and organic ammonium
cations and permitted the successful resolution of some racemates
into the optically active forms.> In marked contrast, little attention
has been directed toward transport of anionic species such as amino
acids (carboxylate, phenolate, and thiolate anions) and ATP
(phosphate anion), which are important from the biochemical and
medical points of view. Hence, development of a new type of
carrier capable of transporting these organic anions is required
not only to simulate many biological systems but also to create
a new methodology in separation science.

tKyoto University.
tOkayama University.
$ Shimane University.

Recently some host molecules have been prepared,* but we know
of only a few successful examples of carrier-mediated transport
of organic anions.* Lehn et al. and Tabushi et al. have presented
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