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ABSTRACY

Kinetic data are reported for the equilibration of the i-methyl-
3-nitropyridinfum cation with its pseudobase (hydroxide adduct) and
for the reduction of this cation by 1-bensyl-1,4-dihydronicotinanide.
The C-2 hydroxide adduct Is the kinetically controlled product
(pKpy = 11.6) when this pyridinium cation is mized with aqueous base,
however, this specles rearranges to the C-4 adduct as the
thersodynanically more stable product (pKp, = 9.42). The
pH~dependence of this equilibration may be analyzed to give
[ = 1600 M- 1s~! for hydroxide fon attack at C-4 of this cation.
Reduction of this pyridinium cation by 1-benzyl-1,4-dihydro-
nicotinanide appears to oo?ur exclusively at C~4 with second-order
rate constant kp = 0.72 N~ 's”! and kaM/k,? = 2.0 in 208 CH4CN - 80N
Hz0, ionic strength 1.0, 25°C.

The reactivities of pyridinium, quinolinium, isoquinoliniunm,
acridinium and phenanthridinium catlions of pKp, = 10.0 towards both
hydroxzide ion and i-benzyl-1,d4-dihydronicotinamide are evaluated.
Relative reactivities (ky/ ) for these two processes are shown to be
acridinium : gquinolinium (C-4) : pyridinium (C-4) : quinolinium (C-2)
: isoquinolinius : phenanthridinium = 1.6x10° : 3400 : 80 : <4 : 1.0 :
0.7 for predominantly aqueous reaction medja. These data support the
hypothesis that formation of 1,2~dihydropyridine systems upon
reduction of heteroarosatic cations by |,4-dlhydronicotinanides occurs
via direct one step hydride transfer, while formatlion of 1,4-dihydro-
pyridines in such proceases occurs preferentially by a mechanistically
more complex process involving electron traansfer.

There have been many recent investigations of the Kinetics and mechanism of
the reduction of various nitrogen heterocaromatic cations by 1,4-dihydro-
nicotinanides. Since the original observations of Sigman et al.! in 1973, the
reduction of acridinium cations has attracted many vorkers2-13, 1n addition,
quantitative data on the rates of reduction of qulnollnlull‘,
uoqulnollnlun!"”16 and phonanthrldlnlun‘o cations are also nowv available. We
have recently reported upon the kinetics of the reduction of nicotinonitrile
cations by l-bonzyl-l.4-dlhydronicot1nanido‘7. and have now obtained data, which
we report below, for the reduction of the 1-methyl-3-nitropyridinium cation.

Extensive investigations of the rates and equilibria for hydroxide ion
addition (i.e. pseudobase formation) to these various classes of heterocaromatic
cations have also become available rtoontlyl.'ig. Thus relative reactivities of
nany heteércaromatic cations towards both hydroxide ion addition and 1,4-djhydro-
nicotinamnide reduction can now be calculated. Many of these reductions are

believed to occur mechanistically via a one step hydride transfer from the

hydride donor to the hydride acooptorlo"l"s'zo'zz. In several cases,
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experimental and theoretical considerations point to the migrating hydrogen
specles bearing significant excess electron density in the rate-deteraining
transition state and thus to be quite “hydridic” in character!3:20,21,23  po
such nucleophilic reductions one would predict that the relative reactivities
tovards hydroxide ion addition and 1,4-dihydronicotinanide reduction would bhe
closely parallel upon variation of the heterocaromatic cation substrate.

The use of pseudobase formation as a model for hydride transfer to
hetercaromatic cations has been investigated by Kreevoy and Lee2!, They report
that for a limnited set of quinolinium cations there is a close correlation
between the equilibrium constants for pseudobase formation and the equilibrium
constants for hydride transfer from 9,10-dihydro-10-methylacridine. However,
this correlation seems to break down for a more diverse set of dihydro
heterocycles reacting with the 10-methylacridintium cation3€, As discussed in
detail below, we feel that these correlations (or lack thereof) may be strongly
influenced by solvation effects in the aqueous alcoholic solvent system esmployed
in these studies.

Bernasconi?4 has stressed that care should be taken to make comparisons of
relative reactivities that are not contaninated by theraodynamic influences.
Thus, considerations of relative reactivities of dlifferent classes of
hetercaromatic cations towards elither hydroxide ion addition or 1,4-dihydro-
nicotinanide reduction should only be made for reactions having similar
equilibrium constants. The availability of extensive linsar free energy
relationships for many of these two reaction classes allows interpolation and
extrapolation to members of a particular class even though such members may not
be directly accessible. Sufficient experimental data are now available to allow
such a detailed comparison of relative reactivities for pyridinium, quinoliniunm,
isoquinolinium, acridinium and phenanthridinium cations. We present such a
comparison in the current work, and suggest that future considerations of the
nechanisms of these 1,4-dihydronicotinanide reductions should take these

observed relative reactivities into consideration.

BXPERIMENTAL DETAILS

8-Nitropyridine was prepared tsgl 2~chloro-3-nitropyridine (Aldrich
Chemical Co.) as desoribed by Barlin“4’. 1-Benzyl-1,4-dihydronicotinanide and
its 4.4-dlgoutcrlo derivative were prepared and characterized as previously
described’®.

t=Methyl-3-nitropyridinius broaide

8-Nitropyridine (400 mg) was stirred with methyl bromide (3 nl) in acetone
solution €10 ml) in a pressure bottle until precipitation of the product vas
complete. The bromide splt was recrystallized several times from ethanol. Par
spectrum (in CF3COoH): 4.80 (s, 3H), 8.67 (m, 1H), 9.42 (m, 1H), 9.80
d, 1H).

Kinetic Stedies .

The reduction of the 1-methyl-3-nitropyridinium cation by 1-benxyl-
1,4-dihydronicotinanide was studied in 20% CHgCN - 80% H,0, pH 7.0 (35 =M
phosphate buffer), lonic strength 1.0 (XC1) at 25°C. All kinetic runs were
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finitiated by the addition of a solution of the dihydronicotinanide in
acetonitrile to a temperature equilibrated solution of the i1-methyl-3-nitro-
pyridinium cation in agqueous buffer. Under the current reaction oonditions, the
hydr, fon of the C(3)-C(6) double bond of the dihydronicotinanide is extremely
slow’?, and cannot cospete effectively with the more rapid hydride transfer
reaction.

The formation of t,4-@ihydro-i~-nethyl-S-nitropyridine wvas monitored by the
increase in absorbance at 400 om on a Varian Cary 219 spectrophotometer in
reactions of the i-benzyl-1,4-dihydronicotinamide (0.1 aN) with large exocesses
of the l-methyl-3-nitropyridinium cation (1.0 - 5.0 aM). All reactions proved
to be Kinetically pssudo-first-order in the reducing reagent, with the observead
pseudo-first-order rate constant being proportional to the concentration of the
1-methyl-3-nitropyridinium cation.

The rates of equillibration of the 3-nitropyridinium cation and its
pseudobases were mesasured on the Durrum-Gibson stopped-flow spectrophotomster in
aqueous solutions (pH 10 - 13) at lonic strength 0.1 and 25°C. Buffer solutlions
were esither sodium bicarbonate - sodium carbonate mixtures or standard potassium
hydroxzide solutions containing sufficient potasstum chloride to give fonic
strength 0.1 after mixing in the stopped-flow spectrophotometer. The pKp, value
of the thermodynamically stable pseudobase of the 1-methyl-3-nitropyridinium
cation was evaluated by the spectrophotometric method of Albert and sorjoantzs
in the pH range 8.5 - 10.5 using borate and carbonate buffer solutions at ionic
strength 0.1 and 23°C.

RESULTS
Paseudobase formation by the i-methyl-S-nitropyridiniuan cation

The electronic absorption spectrum of this cation in aqueous solution
displays a pH-dependence consistent with its equilibration with its pseudobase
with pKp, = 9.42 + 0.02 (ionic strength 0.1, 23°C). This pseudocbase displays
x..x 400 ne (extinction coefficient 2.0 x 104 M~lca™!) measured at pH 12.0, and
is typical of the spectra displayed by 1,4-dihydro-3-nitropyridines2’. The
spectra of these squilibrated solutions contain no significant absorption in the
vicinity of 500 nm.

When neutral aqueous solutions of the l-methyl-3-nitropyridinium cation are
nixed with aqueous buffers (pH 10 - 13) in the stopped-flow spectrophotometer, a
transient specles with absorption maximum in the vicinity of 320 na is observed.
The formation of this specles is complete in times similar to the mixing
dead-tine in our instrumeat in most cases. In all cases studied, the formation
of this transient is complete in less than 10 nilliseconds in this pH range.
This transient absorption at 520 na subsequently decays to close to zero
absorbance at this wavelength at rates which are convenieantly monitored on the
stopped-flow system. This decay proved to be kinetically first-order in the
pyridine species, with pseudo-first-order rate constants (k. . > that are almost
pH-independent in the range pH 10 - 13. Thus, after a twofold increase between
pH 10 and 11, Kophg = 6.3 £ 0.4 sec™! in the range pH 11 - 13. The maxisum
fntensity of the absorbance at 520 na is pH-dependent, being quite small at
pH 10 and increasing to a constant value equivalent to an extinction coefficient
of 1.2 x 10 N ica~! at pH 13. The pH-dependence of the maximum absorbance is
typical of that of the equilibration of an acid with its conjugate base, and
allows the evaluation of a pK, = 11.6 + 0.1 for this transient species (ionic
strength 0.1, 25°C)>.

The kinetic features presented above for cation - pseudobase equilibration
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for the i-methyl-S-nitropyridinium cation are very similar to those described
previously for C-3 substituted i-methylquinoliniom cations!3:28, por
quinoliniun cations bearing an electron-withdrawing C-3 substituent, it has been
clearly demonstrated that although kinetic control of pseudobase formation
favors the C-2 hydroxide adduct, the thermodynamically more stable psaudobase is
the C~4 adduct. The stopped-flow spectrophotometric observations reported in
the current study are consistent with a similar kinetically controlled
pssudobase formation by hydrozide ion attack at C~2 of the l-methyl-3-nitro-
prridiniea cation, to give a species having an absorption maximum in the
vicinity of 500 na. Such an absorption maximum is known to be characteristic of
1,2~dihydro-3-nitropyridine derivatives??, Subsequent isomerization to a
thermodynanically more stable C-4 hydroxide adduct having a shorter wavelesngth
absorption maximum then occurs. This situation is detailed In Scheme i, and we
can ldentify pxzn, = 11.6 and pK‘R, - pK‘R, = 9.42 respectively. These data
allow the ovaluationlg of the equilibrium ratio of pseudobases as 130:1 ia favor
of the C-4 over the C-2 pseudobase species. This ratio is essentlally identical
to that previously reported (i.e. 180:1) for the C-4 and C-2 hydroxide adducts

of the 1-methyl-3-nitroquinoliniunm cationl9-28,
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The pH-dependence described above for the pseudo-first-order rate constants
(Kopge? for the isomerization of the C-2 to the C-4 hydroxide adduct is also
similar to that reported for this process in the Quinolinium cations!9:°28, The
pH-independent ke = 6.5 s~! for pH 11 - 13 1s related to Kgy of Schese 1 by
Kobhs * Koy Ke / Kzg, where X, is the tonic product of wvater. Thus, Koy =
1600 N~ !s~! is the second-order rate constant for hydroxide ion attack at C-4 of
the i-methyl-3-nitropyridinius cation, and k_gy = 0.042 s~! for the spontaneous

ejection of hydroxide ion from the C-4 pssudobase.

Reduction of the i(-methyl-3-nitropyridinius cation

The time dependence of the electronic absorption spectrum of a solution
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containing an equisolar mixture of l-benzyl-i,4~dihydronicotinanide and the
i-methyl-3-nitropyridinium cation is shown in Pigure 1. The absorption maximum
at 339 an due to the 1,4-dihydronicotinamide decreases with tiae in favor of a
new absorption mazimum at 438 na. The clean isosdbestic point at 385 na
indicates that no significant concentration of any intermediate specles is
produced during the course of this reaction. The product spectrum is consisteat
with the spectrua reported for an authentic sample of |,4-dihydro-1-methyl-
3-nitropyridine by Severin and coworkers?’?. This species displays A,.., =

43% nm in methanolic solution, and is quite different from the spectrum of (ts
1,2-dihydro isomer which has X nax = 320 nm (extinction coefficieat =

9500 M- 1oa”!) in methanolic solution. We have been unable to locate an
absorption spectrum of an authentic 1,6-dihydro-3-nitropyridine for comparative
purposes. However in view of the close simlilarity between the reactions of C-3
substituted pyridinium and quinolinium cations discussed above and below, we
feel confident in assigning this reduction product as the 1,4-dihydro isoser.
It should also be noted that the 1,4-dihydronicotinanide reduction products of
3~cyenopyridinism cations have been definitively !dentified as the 3-cyano-
l.4-dlhydropyrldlno.l7.

X T T I

ABSORBANCE

400
WAVELENGTH (am)

. NN 1
Tise dependence of the absorption spectrua of an equinolar (1.0 al)
nizturer af 1-amthyl-3-nitrepyridinius broside and 1-benxyl-
1,4-dihydrenicotinanide in 208 acetonitrile - 80X water, pH 7, lonic
striengtly 1.0 (KC1) and 25°C (oell path length = 1.0 an). Spectra are
recorded at times (minutes) after initiation of the reaction as
indicated on each spectrua.

The rate of i{ncrease in absorbance in the vicinity of 440 na is cleanly
Kinetically first-order in 1,4~-dihydronicotinamide for reactions in which this
species is present with 20 - 100 fold excesses of the l-methyl-3-nitropyridinium



1012 J. W. BuNTING and J. L. BOLTON

cation. Pseudo-first-order rate constants are proportional to the concentrasion
of this pyridinium cation and allow the evaluation of the second-order rate
constant kp = 0.72  0.06 ¥~ !s~! for this reduction in 20% CHeCN - 80X Hz0 at

pH 7.0, ionic strength 1.0 and 25°C. Under these same conditions, ky =

0.85 ¢+ 0.04 M~13"! for this reaction using 4,4-dideuterio-1,4-dihydro-

nicotinanide as the reductant, and thus szIkzo = 2.0 + 0.3.

DISCUSSION
Hydroxide Ion Addition

Extensive linear free energy relationships are now available for
substituent effects upon both rate and equilibrium data for hydroxide ion
addition to qulnollnlul”'29 and lsoqulnollnlun29 cations, and also for the
second-order rate constants for reduction of these cations by 1-benzyl-
l.4-dihydronlcotlnalldol"!5. In addition, there are rate and equilibrium data
available for the analogous reactions of acridinium and phenanthridiniua
cations, while data for a pyridinium cation are presented above. This seens an
appropriate time to consider the relative reactivities of these various classes
of nitrogen heterocaromatic cations towards both hydroxide ion addition and
reduction by 1,4-dlhydronicotinasides.

Comparisons of the intrinsic reactivities of these heterocyclic cations
towvards these reagents, requires comparisons of rate constants for reactions
having the same equilibrium constants?4. Por the hydroxide ion addition
reactions (pseudobase formation), pKp, values are available for members of all
series, and relative intrinsic reactivities towards hydroxide ion simply require
comparisons of rate constants for a member of each series at some chosen
constant pKp, value. We have chosen to make comparisons at pKp, = 10.0, since
this is the value observed for pssudobase formation by the 10-methylacridinium
cation in aqueous solution at 25°c3%, This catlon is a convenient reference
point since it has played a central role in many recent kinetic and mechanistic
studies of hydride transfer from l,4-dlhydronlcotlnanldcs"‘a. and furthermore
is the only acridinium cation, uncomplicated by substituent effects at C-9, for
which extensive quantitative data are available for both reduction and
pseudobase foramation.

Second-order rate constants (Kqgy) for hydroxide ion attack at C-4 of
quinolinium cations and C-t of isoquinolinium cations, each displaying
PKRs = 10.0, may be estimated from the relationships in equations (1) and (2],
r'spoctlvclylg'zg. These values are given in Table 1.

log Koy = -0.46 pKp, + 8.3 (1
log kgy = -0.36 pKp, + 8.84 (2)
Hydroxide ion attack occurs at C-6 of phenanthridinium cations3!, although there
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do not appear to be any reports of rates of hydroxide ion attack upon these
cations. However this C-6 site can be considered either as equivalent to C-1 (n
a series of 1soquinolinium cations or alternatively as C-2 in a series of
quinoliniua cations. In the former case, application of equation (2] gives

Koy = 1.7 x 10% u~1s”! for a phenanthridiniua cation of pKp, = 10.0.
Alternatively, using equation (3129 tor hydroxide ion attack at C-2 of
quinolinium cations gives kqy = 3.4 x 10% M~ 15-1, The reasonable agreeaent
between these two values suggests that this application of equations [2] and (3}
to phenanthridinium cations is acceptable. We have chosen to use the mean of
these two values in Table 1.

log kgy = -0.45 pKp, + 10.03 €31

TABLE 1
Reactivities of Heteroaromatic Cations of pKp,; = 10.0 tovards

Hydroxide Ion and 1-Benzyl-1,4~-dihydronicotinamide

Cation kon® koP Ka/kogy  Rel. Ka/Kgy
Acridiniunm 550° 4004 0.73 1.6x10%
Quinolinium (C~4¢) 3000 80 0.016 3400
Pyridinium (C-4) 800 0.3 3.8x10™4 80
Quinolinium ¢C-2) 3.4x10% <s® <2x10”3 <4
Phenanthridinium 2.5x10% 0.8 s.2x10"6 0.7
Isoquinolintus 1.7x10% 0.8 4.7x10°6 1.0

3g4cond-order rate constant (N-1s~1) for hydroxide ion attacks
calculated as described in text unless indicated otherwise.
bgecond-order rate constant (M~1s~1) for reduction by
1-benzyl-1,4~dihydronicotinanide in 20% CHaCN - 80% Hp0, ionic
strength 1.0, 25°; calculated as described in text unless
indicated otherwise.

CFros reference (30).

dpron reference (13).

®Not readily accessible, but much smaller than for attack at C-4¢
since no 1,2-dlhydroquinoline is observable in the pmr spectra of
the reaction products"x we have conservatively estimated the rate

of attack at C-2 as less than 10% of the rate of attack at C-d¢.

The 1-methyl-3-nitropyridinius cation that has been studied in the current
work has pKp, = 9.42 for pseudobase forsation at C-4, which t{s quite close to
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pKpy = 10.0 which ve have chosen as a reference point. On the assumption that

the slope of the log Koy V- pKpy relationship is similar for pyridiniua and

quinolinium cations (i.e. -0.46 as in equation [1)), we can use Koy =

1600 H-1s~1 reported above for the 1-methyl-3-nitropyridinium cation to generate

equation (4] for hydroxide ion attack at C-4 of pyridinium cations. This

equation then predicts Koy = 800 u-1s~1 tor a pyridinium cation of pKp, = 10.0.
log kgy = ~0.46 pKp, + 7.3 (41

Reduction by i-Benszyl-!,4-dihydronicotinanide

Comparison of intrinsic reactivities towards reduction by t,4~-dihydro-
nicotinamides, requires comparison of reactions having the same equilibriua
constants for hydride transfer. e are able to make comparisons using 1-benxzyl-
1,4-dlhydronicotinanide as a constant hydride donor species. In principle, it
should be possible to obtain reasonable estimates for the equilibrius constants
for hydride transfer between the heterocyclic cations At and Bt in equation (3]
from the equllibrium constants for hydroxide ion transfer in the virtwal

reaction in equation (61].

) ¢
at + BH ;:::2:2 AH + Bt 3]
Kou
+ +
A + BOH o2 AOH  + B (61

Thus, Ky = (AHIUB*1/(A*1(BH] and Koy = [AOHI{B*)/(A*1(BOH], and log Kgy =
pKBR+ - pK‘R+ should be a close approximation to log Ky. MNow for a constant
hydride donor BH (i.e. 1-benzyl-i,4-dihydronicotinamide) reacting with a series
of heteroaromatic cations At (pyridiniua, quinolinium, isoquinolinfiunm,
phenanthridinium and acridinius), reactions having equal Xy may simply be chosen
from cations of equal pKp,. Therefore the reduction by t-beagyl-i,4-dihydro-
nicotinamide of a series of cations all having pKp, = 10.0 shounld approximate a
series of reactlons all having similar Ky equilibrium constants.

The second-order rate constants (k;) for reduction of quinolinium (at C-4)
and isoquinolinium cations by 1-benzyl-1,4-dlhydronicotinanide are related to
the pKp, values of these cations by equations (7] and (8], ro.p.ctlvolyl"'s.
These equations predict the Kk, values listed in Table ! for quinolinium and
isoquinolinium cations of pKp, = 10.0.

log kg = -0.56 pKp, + 7.3 (71
log kp = =0.30 pKp, + 4.9 (8l
Roberts et al.!0 have reported rate constants for reduction of the
S-methylphenanthridinium cation by 1,4-dihydronicotinanide derivatives in 4:1
2-propancl - water mixzxed solvent at 235°C. These data indicate the relative
rates of reduction of the 10-methylacridinium and S-methylphensnthridinium
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cations by the sase |,4-dihydronicotinanide derivative to be 3000:1 (n favor of
the acridine dertvative. Using this ratio, and k; = 400 uls~! tor the
10~methylacridiniua cation in our 20% CHgCR -~ 80% H,0 solvent oy-ton‘s. we
estimate ko = 0.08 ¥ !s-! for the reduction of the S-aethylphenanthridinium
cation by i1-bsnzyl~i,4-dihydronicotinanide in our solvent systen. This estimate
is la exocellent agreement with k, = 0.083 - ls”! estimated from equation (8}
when the S-methylphenanthridinius cation (pKp, = 11.9431) is treated as an
isoquinolinium cation. Thus we can confidently use equation (8) to predict ky =
0.8 M 13~! for a phenanthridiniua cation of pKgy = 10.0.

If it is assuaed that the slope of the log ky v. pKp, oorrslation in
equation {71 for the reduction at C-4 of quinolinium cations is also applicable
to the C-4 reduction of pyridintuam cations, then equation (9] can be calculated
for the reduction of pyridinium cations using the data reported above for the
l-methyl-3-nitropyridinium cation. This eguation allows the estimation of ky =
0.3 ¥ 15~! for the c-4 reduction of a pyrridinjum cation of pKp, = 10.0.

log ko = -0.56 PKp, *+ 5.1 (91

As a further test of equation (9], we may use it to prediot ky =
8 x 1074 N 157! for the degenerate hydride transfer between 1-benzyl-
1,4-dihydronicotinanide and the 1-benzylnicotinamide cation (pKp, = 14.61%).
This value is in reasonable agreement with a value of 7 x 10~% ¥~ 13! which we
have estimated for this reaction in our solvent system. This estimate was based
upon the rate constant ko = 0.119 w lgin-t reported by van Rikeren and Grier3?
for this degenerats hydride transfer in 23% CHaCN - 75% Ho0 at 40°C, and ouwr
experimentally measured relative rates of reduction (2.7:1) for reaction of the
i{-methylnicotinonitrile cation with 1-bensyl-1,4-dihydronicotinanide under these

conditions and in our own standard solveant systea at 25°C.

Relative Reactivities

From the second-order rate constants suamarized in Table | for a series of
cations of oonstant pKp, value, the {ntrinsic reactivisies of these classes of
cations towards both hydroxide- ton attack and 1,4-dihydronicotinanide reduction
can be calculated. It is immediately obvious that the rates of hydroxide ion
attack at C-4 of pyridinium and quinolinium and at C-9 of acridiniua cations are
much siower than at C-1 of isoquinolinium cations, C-2 of quinolinium cations or
C-6 of phenanthridinlium cations. These data suggest that rates of formatlion of
1,2-dihydrepyridine derlved ring systeas upon hydroxide lon addition are
intrinsically faster than the rates of formation of i,4-dihydropyridine
derivatives, and this phenomenon is further demonstrated in the curreat work by
the kimetic coatrol of pseudobase formation at C~2 of the l-methyl-3-nitro-

pyridinius catien, even though the thermodynasically more stable pseudobase 1is
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the C-4 hydroxide adduct.

On the other hand the rates of reduction by l-benzyl-1,4-dihyaro-
alcotinamide are much greater for quinolianium C¢at C~4) and acridinium cations
than for the phenanthridinium and isoquinolinium catlons. It has also recently
been shown!4+33 that 1=benzyl~1,4-dihydronicotinanide reduction of quinolinjunm
cations occurs much more rapidiy at C-4 than at C-2, and this is also true for
reduction of two olasses of C-3 substituted pyridiniua cations ¢3-CN17 ana 3-NO,
(present work)). Coamparison of relative reactivities (k/kgy) of each cation
tovards reduction and hydroxide ion attack, indicates that the acridintum,
quinolinium (at C-4) and pyridinius cations all display drasatically enhanced
reactivities for 1,4-dihydronicotinamide reduction relative to the
isoquinolinium and phenanthridianium cations. Interestingly, kz/Kgy for C-2 of
quinolinium cations for formation of |,2-dihydropyridine type systems seems to
be of the same magnitude as this ratio for the {soquinoclinium and
phenanthridinium systeas.

It seeas reasonable to assume that the relative reactivities of thesse
cations towards hydroxide ion will be reasonably representative of the intrinsic
reactivities of these classes of hetercaromatic cations towards nucleophilic
attack in general. The strongest argument agailnst such an assumption, aamely
the possibility of different solvation effeots for hydroxide lon attack upon
these various classes of cations, is allayed by the observation of similar
entroples of activation for hydroxide ion attack upon an acridinium cation and
an isoquinolinium cationso. We have rocontly‘5"5 shown that the reduction of
isoquinolinium cations by 1,4-dlhydronicotinanides proceeds via a transition
state species in which the migrating hydrogen is quite “hydridic®, and thus
nucleophilic, in character. 1f similar attacks by "hydridic® species were rate-
determining for the reduction of acridinium, quinolinium (at C-4) and pyridinium
Cat C-4) cations one alght expect that the relative reactivities of the cations
in Table | should be at least qualitatively siailar for both 1,4-dihydro-
nicotinanide reduction and hydrozide lon attack. The dramatically enhanced
rates of dihydronicotinanide reduction that are observed in Table | for
acridinium, Quinolinlum (C-4) and pyridiniums cations are thus apparently
inconsistent with a simple nucleophilic attack in the rate-deteraining
transition state for all cations in this Table. Rather, these data imply that a
aechanisa more facile than simple hydride transfer is avajilabls for the
formation of 1,4-dihydropyridine derivatives but not for 1,2-dihydropyridine
derivatives.

Consistent with these ideas, we have recently argued for an ¢~ + H°
sechanisa for reduction of acridinium cations in predominantly agueous lodln‘s,

and either @~ + H* or e~ + H' + e~ for reduction of qulnollnlu-l‘ and



Relative reactivities of heteroaromatic cations 1017

pyrldlnlun17 cations. 8Such mechanisms, involviag one electron transfer steps,
must of cowrse prooceed via radical intermediates. The relative reactivities of
acridiniva > quinolinium > pyridinium observed in Table 1 are consistent with
the expected relasive stabilities of radical intermsediates in such systess.
Thus the increasing benzylic radical stabilization avalilable to the members of
this series appears as inoreasing intrinsic reactivities for cations which are
mnatched thermodynamically.

It should also be noted that kZH/kzD = 2.0 reported above for the reduction
of the l-methyl-3-nitropyridinium cation is sinilar to the values previously
found for reduction of the 10~methylacridinium ¢1.5613) and the more reactive of
the C-3 substituted i-methylquinolinium cations (1.8 for 3-CN; 1.3 for 3-N0,!®
in predominantly aqueous reaction media. These kinetic isotope effects are much
snaller than the range of k2"/k2D = 4.4 - 6.6 r.portcdll'l5'2°’22 for reductions
which are believed to be genuine one-step hydride transfer processes. These low
isotope effects for C-4 reduction are consistent with eslectron transfer beling
partly rate-determining in these cases.

The approach that we have taken in the estimation of equilibrium constants
xH from pKpy values for pseudobase foramation is similar to that used by Breslow
and coworkers3%:3% in the thernodynanmic cycles that form the basis of their
studies of the acldities of very weak carbon acids. There have recently also
been some attempts made to directly measure Ky values for some of the hydride
transfer equil ibrationas that are represented by equation 19110,21,22,36 g5 5
reaction which lies heavily in favor of one side of equation {53), the rate
constant for the thermodynamically favored process is readily available
directly. With this rate constant available, the rate constant for the back
reaction and thus the equilibrium constant ares then evaluated via an i{terative
procedure for fitting the time~dependence of spectrophotometric data for the
snall amount of this back reaction that occurs when equilibrium is approached
from the side of the final thermodynamically favored reactant plerl.

We feeol that equilibrius constants evaluated by this procedure are subject
to relatively large experimental uncertainties, although it aust be admitted
that impressive agreement is reported in several cases in which the same large
equilibrium constant is estimated by two somewhat Adifferent ladder prooodurot35.
In particular, Roberts et a1.1o0 quote Xy = 4.4 x 1011 for the reaction of the
10-nethylacridinium cation with t-methyl~-1,4-dlhydro-N-benzylnicotinanide and
Ky=1.1x 10% for the reaction of the 5-notbylphonanthrld}nlu- cation with this
sane reducing agent. This factor of 4 x 106 by which these equilibrium
constants differ is far larger than expected on the basis of the pKp, values for
these two tricyclic cations; i.e. 10¢11.94-10.00 , 490 .,

In making such comparisons it should be Kept in mind that we have only used
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PKR+ values for strictly aqueous solutions whereas all the direct measurements
of Ky from Kresvoy’s laboratory refer to 80% 2-propanel - 20% water as 'solvent.
There is clearly a possibility for Alifferential solvation effects for varidus
cations for both the hydride transfer and pseudobase foraation reactions ia such
comparisons.

The presence of a quite strong solvent effect upon pKp, can be ssen from
PKpy = 3.3 reported for the 1-benzyl-3-cyanoquinolinium cation In
80% 2-propanol - 20% water?! and PKp+ = 9.0 for the corresponding t-methyl-
3-cyanoquinolinium cation in strictly aqueous solutiontd. However, for the
reduction of quinolinium cations by 9,10-dihydro-10-methylacridine, Kreevoy and
Lee?! report that there is a close linear correlation of log Ky with log Kpeo
and furthermore the slope of this correlation line is 1.0 within experimental
error. However this correlation sseas to break down for a more structurally
diverse set of dihydro heterocycles reacting with the tO-methylacridinium
cation36, Unfortunately, these pKp, values In aqueous 2-propanol are themselves
complex constants which contain contributions from both the hydroxide and the
alkoxide adducts in the mixture of pseudobase species. It is thus not clear
whether significant variations in the alkoxide/hydroxide pseudobase ratio
between different heterocycles may not be influencing the expected
log Ky v. pKg, correlation. In this sense, our own current comparisons between
pseudobase formation in aqueous solution and 1,4-dihydronicotinanide reduction
in 20% acetonitrile - 80% water would be expected to -be much less influenced by

any differential solvation effects.
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M. M. Kresvoy for a preprint of reference (36).

1. CREIGHTON, D. J., HAJDU, J., MOOSER, G., and SIGMAN, D. S. (1973) J. Am.
Chem. 8cc. 98, 6833.

2. HAJDU, J., and SIGMAN, D. S. (1975) J. An. Chem. Soc. 97, 3524.

3. HAJDU, J., and SIGHAN, D. S. (1976) J. Am. Chen. Soc. 98, 3524.

4. HAJDU, J., and SIGMAN, D. 8. (1977) Biochemistry 16, 2841.

5. SHINKAI, S., IDE, Y., HAMADA, H., MANABE, O., and KUNITAKE, T. (1977) J.
Chen. Soc. Chen. Commun. 848.

6. SHINKAI, S., IDE, T., and MAMNMABE, O. (1978) Bull. Chem. Soc. Japan 5f, 3633.
7. SHINKALI, S., TSUNO, T., and MANABE, O. (1981) Chem. Lett. 1203,

8. OHMO, A., SHIO, T., YAMAMOTO, H., and OKA, S. (1981) J. Am. Chea. Soc. 103,
2045%.

9. POWERLL, M. F., and BRUICE, T. C. (1982) J. Am. Chem. Soc. 104, 35834.

10. ROBERTS, R. M. G., OSTOVIC, D., and KREEVOY, M. M. (1982) Faraday Discuss.
Chen. Soc. 74, 257.

11. POWELL, M. P., and BRUICE, T. C. (1983) J. Am. Chen. Soc. 108, 7139.

12. VAN LAAR, A., VAN RAMESDONK, H. J., and VERHOEVEN, J. W. (1983) Recl. Trav.
Chin. Pays-Bas 102, 157.

13. BUNTING, J. @., CHEW, V. S, F., CHU, G., FITZGERALD, N. P., GUNASRKARA, A.,
and OH, H. T. P. (1984) Biocorganic Chen. 12, 141.

14. BUNTING, J. W., and FITZGERALD, N. P. ¢1983) Can. J. Chean. 63, 633.

15. BUNTING, J. W., and SINDHUATMADJA, S. (1981) J. Org. Chen. 46, 4211.

16. BUNTING, J. W., CHEW, V. S. P., and CHU, G. (1982) J. Org. Chem. 47, 2303.
17. BUNTING, J. W., and BREWER, J. C. (1985) Can. J. Chem. 63, 1245.

18. BUNTING, J. W. (1979) Adv. Heterocycl. Chem. 28, 1. .

19. BUNTING, J. W., and PITZGERALD, N. P. (1984) Can. J. Chem. 62, 1301.

20. BUNTING, J. W., CHEW, V. 8, F., and CHU, G. ¢1982) J. Org. Chem. 47, 2308.
21. KREEVOY, M. N., and LEE, I.-8. H. (1984) J. Am. Chem. Soc. 106, 2350.



Relative reactivities of heteroaromatic cations 1019

22. OSTOVIC, D., ROBERTS, R. M. G., and KREEVOY, M. M. (1983) J. Am. Chenm. Soc.
108, 7629.

23. DOWKERSLOOT, M. C. A., and BUCK, H. M. (1981) J. Am. Chen. Soc. 108, 6349.
24. BERNASCONI, C. F. (1982)Pure Appl. Chen. 84, 2333.

25. BARLIN, G. B. (1972) Org. Prep. Proosd. Int. 4, 63.

26. ALBERT, A, and SERJEANT, E. P. (1971) The Determination of Ionization
Constants, Chap. 4, Chapsan and Hall Ltd., London.

27. SEVERIN, T., LERCHE, H., and BATZ, D. (1969) Chen. Ber. 102, 2163.

28. BUNTING, J. W., and NEATHREL, W. G. (1974) Can. J. Chea. 83, 303.

29. BUNTING, J. W., and NORRIS, D. J. (1977) J. An. Chen. Soc. 99, 1189,

30. BUNTING, J. W., and@ MEATHREL, W. G. (1973) Can. J. Ches. 851, 1963.

31. BUNTING, J. W., and MEATHREL, W. G. (1974) Can. J. Chean. 82, 981.

32. VAN EIKEREN, P., and GRIER, D. L. (1977) J. Am. Chem. Soc. 99, 8057.

33. ROBERTS, R. M. G., 0O8STOVIC, D., and KREEVOY, M. N. (1983) J. Org. Chen. 48,
2033,

34. BRESLOW, R., and CHU, W. (1973) J. Aa. Chem. Soc. 95, 411.

35. BRESLOW, R. (1974) Pure Appl. Chem. 40, 493.

36. OSTOVIC, D., LEEK, I.-S. H., ROBERTS, R. M. G., and XREEVOY, M. M. (1983) J.
Org. Chea. 80, !n press.



