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Temperature-Dependent Stereospecificity in
the Interconversion between Central and Axial Chiralities
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In the oxidation of (4R)-MesMQPH or (4R)-Me3sPNPH with a series of 1,4-benzoquinone and its derivatives,
the R/S ratio with respect to the axial chirality in the product, i.e., 11R-/115- isomer ratio in MesMQP™ or
7R-/78- isomer ratio in MegPNP™, changes depending on the reaction temperature as well as the reactivity of
quinone. It is confirmed that kinetic R-preference stems from the entropy-control, whereas kinetic S-preference
comes out of the enthalpy-control. The relative importance of enthalpy and entropy is discussed in terms of the
earliness and lateness of the transition state at the initial electron-transfer step.

It has been reported that the central chirality at
the Cy-position of 3-[methyl(a-methylbenzyl)carbamo-
y1]-1,2,4-trimethyl-1,4-dihydroquinoline (MegMQPH) is
converted into the axial chirality with respect to the
C3—Coarbonyl bond in 3-[methyl(a-methylbenzyl)carba-
moyl]-1,2,4-trimethyl quinolinium ion (Me3gMQP™) on
oxidation.!—® Similar relationship is also observed in
the 3-[methyl(a-methylbenzyl)carbamoyl]-1- propyl-2,
4-dimethyl-1,4-dihydropyridine (MesPNPH)/3- meth-
yl(a- methylbenzyl)carbamoyl]- 1- propyl- 2, 4- dimethyl-
pyridinium ion (MesPNP*) system (Chart 1).

The oxidation of (4R)-MesMQPH or (4R)-Me3PNPH
exerts a linear free energy (reactivity-stereospecificity)
relationship: The stereospecificity associated with the
chirality conversion depends on the oxidation and
reduction potentials of the reducing and oxidizing
reagents, respectively.>—* We proposed previously that
the earliness and lateness of the transition state at the
initial electron-transfer step results in the difference in
Gibbs energy between the syn- and anti-conformations
at the transition state>® exerting the variation in ster-
eospecificity as schematically depicted in Fig. 1.347
The syn- and anti-conformations at the transition state
correspond to the S- and R-products, respectively.
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Fig. 1. Schematic illustration of energy surfaces along

the reaction coordinate.

It was also suggested that the syn-conformation is
enthalpically more stable than the anti-conformation
at least at the transition state.*® Being hinted at by
the fact that the anti-conformation is preferred by the
early transition state, we also proposed that the ant: -
conformation is more favored by the entropy term than
the syn-conformation.®

Kinetic studies on oxidation of N-benzyl-1,4-dihy-
dronicotinamide (BNAH) and other NAD(P)H analogs,
3- (a- methylbenzylcarbamoyl)- 1,2, 4- trimethyl- 1,4- di-
hydroquinoline (MeaMQPH) and 3-(a-methylbenzyl-
carbamoyl)- 1-propyl-2,4-dimethyl- 1,4-dihydropyridine
(Me,PNPH), with tetrachloro-1,4-benzoquinone (Q4:
a highly electron-deficient quinone) or 2,6-dichloro-1,
4-benzoquinone (Q2: a less electron-deficient quinone)
have revealed that Gibbs energy of activation is com-
posed of 50—90% of entropy term remaining 50—10%
only for enthalpy term.” The entropy-control is more
significant in the reaction with Q4 than in the reaction
with Q2, and the reaction of BNAH or other NAD-
(P)H analogs with relatively low oxidation potentials
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is associated with smaller contribution of the entropy
term. Thus, all experimental results so far obtained
are consistent with our previous proposal on the rela-
tion among the late- and early-transition states, the syn-
and anti-conformations, and enthalpy- and entropy-con-
trolled reactions.®*"

However, we have had no evidence on the most fun-
damental assumption that both enthalpy and entropy
associated with the anti-conformation are larger than
those associated with the syn-conformation at the tran-
sition state of the reaction. Therefore, an entropically
much less favored reaction assumes the anti-conforma-
tion at its transition state of inmitial electron-transfer
process in order to compensate the unfavorable entropy
of activation, which is a major parameter to control
the kinetics, although the syn-conformation is always
favored by enthalpy.

Since the difference in Gibbs energy of activation to
the syn- and anti-conformational transition states is too
small to be detected by independent kinetics with re-
liable accuracy and since the reaction systems we are
going to study are not 100% stereospecific, we studied
the temperature dependency of the R/S ratio in the
product, which is a direct measure of the anti/syn ra-
tio at the transition state of the initial electron-transfer
step.

We now wish to report the relative importance of the
entropy and enthalpy in the syn- and anti-conforma-
tional transition states of the initial electron-transfer
step to confirm the validity of our previous proposal.

Experimental

Instruments. ‘HNMR spectra were recorded at 200
and 400 MHz on a Varian VXR200 and a JEOL GX400 FT-
NMR spectrometers, respectively, in CDsCN with TMS as
an internal standard.

Materials. Acetonitrile was distilled over calcium hy-
dride and used immediately. Magnesium perchlorate was
powdered and dried at 160 °C under reduced pressure in
the presence of diphosphorus pentaoxide immediately be-
fore the use. MesMQPH and Me3PNPH were prepared ac-
cording to the literature procedures.’® Quinones were ob-
tained from commercial sources (Nacalai Tesque Inc. and
Wako Pure Chemicals Industries, Ltd.) and purified by re-
peated recrystallization.

Measurement of Stereospecificity. Into a 50 ml
round-bottomed flask filled with argon and equipped with
a magnetic stirrer and sealed with a serum cap, 0.03 mmol
of 1,4-benzoquinone or its derivative dissolved in 29 ml of
anhydrous acetonitrile was injected through a syringe. The
solution was equilibrated in a thermostated bath at 253,
263, 273, 283, 293, 303, 313, or 323 K. The accuracy of
the temperature in the thermostat was +£0.1 K. To the so-
lution, 1 ml of thermostated acetonitrile solution contain-
ing 0.03 mmol of an NAD(P)H analog and an equivalent
amount of anhydrous magnesium perchlorate, if necessary,
was injected through a syringe. Then, the reaction mix-
ture was stirred for an appropriate interval (3 h for the
reaction with MegsMQPH and 1 h for the reaction with
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Me3sPNPH) in the dark. After evaporation of the solvent
under reduced pressure, the residue was washed twice with
ether. The crude product was dissolved in CD3CN and sub-
jected to 'HNMR spectroscopy to elucidate the diastere-
omer ratio in the product as well as the chemical yield. The
R/ S ratios were measured repeatedly and only those that
afforded good reproducibility by more than 3 observations
were employed as the final results. The 'H NMR spectra of
MesMQP* and Me3sPNP™ thus obtained were the same as
those reported.>®

Measurement of Water Content in a Solvent.
The water content in the solvent was measured on GLC
(Porapack Q, 1 m, 453 K) by the similar method reported
previously.'?

Results

The R/ S ratios were measured over as wide a temper-
ature range as possible in order to increase the precision
and accuracy of the values, and are listed in Table 1.
The logarithms of the R/S ratios are plotted in Fig. 2
against the reciprocal of absolute temperatures in order
to demonstrate the reliability of the linear relationship.
The plots were treated by the least-squares method to
obtain linear relationships. The differences in enthalpy
and entropy of activation between the syn- and anti-con-
formations at the transition state of the initial electron-
transfer step were obtained from the slope and intercept
of the line, respectively, according to Eq. 1.

—In (R/S) = 6AG” r-s/RT
= 6§AH" p-s/RT — 6AS™ r—s/R, 1

where the subscript R-S denotes that an activation pa-
rameter for the syn-conformational transition state (S
product) is subtracted from the corresponding quantity
for the anti-conformational transition state (R-prod-
uct). The results are summarized in Table 2.

Discussion

Accuracy of the Observed Results. Since the
kinetic parameters listed in Table 2 are rather smaller
than those usually appear in literatures to discuss on
kinetic properties of a reaction, the associating errors
are quite important to convince their physical meaning.
Therefore, the validity of the values will be discussed
first.

There are some discrepancies in the value of R/S
ratios listed in Table 1 from those we have reported
previously.? The values are perturbed by several re-
action conditions such as water content in the solvent
or magnesium perchlorate, concentration of substrate,
and, of course, reaction temperature. Among those, the
water content have been found to exert the largest effect
on the stereochemistry of the reaction. Although the
R/ S ratio changes to certain extent by small change in
the amount of contaminating water, it was found, on the
other hand, that the difference in enthalpy of activation
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Table 1. Temperautre Dependence of the R/S Ratio in the Product

Reducing Q Mgt T/K
reagent 253 263 273 283 293 303 313 323
MesMQPH Q4 + 1.31/1 1.34/1 1.32/1 1.46/1 1.41/1 1.48/1 1.46/1 1.45/1
Q2 + 1/1.06 1/1.06 1/1.05 1/1.04 1/1.03 1/1.04 1/1.08 1/1.08
Q1 + 1/2.37 1/2.30 1/2.07 1/1.93 1/1.83 1/1.76 1/1.79 1/1.82
Qo + 1/8.96 1/9.00 1/8.39 1/7.88 1/7.61 1/6.30 1/5.73 1/5.58
Q4 - 1.24/1 1.32/1 135/1 1.38/1 1.28/1 143/1 1.39/1 1.36/1
Q2 — 1.564/1 1.31/1 1.47/1 1.76/1 1.52/1 1.58/1 1.43/1 1.42/1
Q1 - 1.24/1
Qo0 - No reaction
MesPNPH Q4 - 1.53/1 1.96/1 2.42/1(298 K) 2.28/1
Q2 - 1/3.55 1/3.20 1/3.05 1/3.20 1/2.54 1/2.48 1/2.21 1/2.05
Q1 — 1/4.26 —2) 1/3.77 1/3.38 1/3.72 1/3.01 1/3.13 1/2.94
Qo - No reaction '
a) Because of complexity of the spectrum, the ratio could not be measured.
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Fig. 2. Plots of In (R/S) against 1/T: MesMQPH+Q4+Mg?*, (a); MesMQPH+Q2+Mg?*t, (b); MesMQPH +
Q1+Mg?*, (c); MesMQPH+QO0+Mg?*, (d); MesMQPH+Q4, (e); MesMQPH+Q2, (f); MesPNPH+Q4, (g);
Me;PNPH+Q2, (h); MesPNPH4+QL1, (i).
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Table 2. Difference in Thermodynamic Parameters at 298 K between the syn- and
anti-Comformations at the Transition State
Reducing  Quinone E°/V Mg** 6AG*Rr—s S6AH”gps 8AS* p—s
reagent (vs. SCE)® kcalmol™!  kcalmol™'  calmol~!deg™!
MesMQPH Q4 +0.01 + -0.19 +0.33+0.06 +1.761+0.19
Q2 -0.18 + +0.02 —0.05+0.09 —0.244+0.11
Q1 —0.34 + +0.38 +0.65£0.10 +0.89+0.35
Qo0 —0.50 + +1.13 +1.15+0.15 +0.04+0.50
Q4 +0.01 - —0.19 +0.20+0.10 +1.30+0.33
Q2 —0.18 — —0.22 +0.0410.04 +0.861+0.07
Q1 —0.34 - Low yield®
Qo —0.50 - No reaction
MesPNPH Q4 +0.01 - —0.46 +1.09+0.52 +5.32+1.83
Q2 —0.18 - +0.37 +1.184+0.34 +2.724+1.32
Q1 —0.34 - +0.67 +0.924+0.09 +0.841+0.56
QO —0.50 — No reaction

a) Ref. 9. b) The yields of products were so low that the R/S values to be calculated were

unreliable.

(6AH* p—g, the slope of a line shown in Fig. 2) is rarely
altered by the amount of contaminating water. How-
ever, there is no doubt that the reaction conditions have
to be regulated as precisely as possible to obtain the lin-
ear relationship: thus, a solution of an NAD(P)H analog
containing anhydrous magnesium perchlorate was pre-
pared in a flask and aliquots were pipetted out to obtain
solutions for each run in order to keep the water content
of the reaction solution in each run constant as well as
to keep the temperature constant. Solutions of a qui-
none and an NAD(P)H analog without magnesium per-
chlorate were prepared and handled similarly. The same
concentrations of a substrate and water made it possible
to elucidate §AH* p—g accurately. Thus, the value of
8AS” r—s (the intercept of a line shown in Fig. 2) is the
subject of perturbation by the amount of contaminat-
ing water. We, therefore, regulated the water content as
well as all the other experimental conditions strictly so
as to establish the reliability in relative §AS* p—g value
among all reactions. The water content was measured
to be 0.07—0.08% (v/v) by GLC analyses throughout
the experiments.

The values shown in Table 2 are the average of 2—
5 runs and the errors indicated therein were evaluated
as the average of standard deviations for each single
run. However, at the same time, they represent the
mean errors among different runs studied to evaluate
the average value.

Reaction in the Presence of Magnesium Ion.
In the presence of magnesium ion, (115)-MesMQP*
was obtained predominantly in the oxidation of (4R)-
MesMQPH with a weak oxidizing reagent (e.g., 2-chlo-
ro-1,4-benzoquinone: Q1 or 1,4-benzoquinone: QO), or
the reaction prefers the syn-conformation at the tran-
sition state. As a general trend, the stereospecificity
decreases at higher reaction temperatures. In contrast,
the favorable conformation at the transition state of the
reaction with a relatively strong oxidizing reagent (e.g.,

Q4) in the presence of magnesium ion is anti and the
stereospecificity increases with an increase in the reac-
tion temperature. That is, in both cases, the elevated
temperatures tend to form the R-product. The trend
is mathematically indicated by negative slopes for most
of the straight lines shown in Fig. 2.

The effect of magnesium and other metal ions
on the reaction of NAD(P)H analogs was studied
extensively,'' !9 and it has been proposed that mag-
nesium ion forms a ternary complex with the other two
reagents to bring them into closer contact to activate
both molecules (Fig. 3).1*~'% At the same time, the
association constant, K,ss, which was measured by the
reported method, predicts that there remains certain
amount of uncomplexed MegMQPH molecules under
the reaction conditions employed presently.2?

Total vision of the reaction in the presence of mag-
nesium ion, therefore, comes out as follows: The re-
action with a less reactive quinone requires the assis-
tance of a magnesium ion. The magnesium ion con-
tributes to fix most of MesMQPH molecules in the syn-
conformation at the ground state.??) Since the complex
achieves the transition state under the molded condi-
tions, the transition state structure has the same con-
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Fig. 3. Schematic illustration of the transition state
for the initial electron transfer process.
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figuration as depicted in Fig. 3. Here, Gibbs energy of
activation from the complex plays an important role to
determine the stereochemistry of the transition state,
then, that of the product. It is understood from Ta-
ble 2 that the reaction to the S-product is energeti-
cally preferred because of favorable enthalpy of activa-
tion (JAH? p—s> TS§AS* p—s>0). To the contrary, the
route to the R-product is favored by the entropy of ac-
tivation (T6AS# p—s>6AH# p—5>0). The syn-speci-
ficity at the transition state in these reactions, thus,
comes from favorable enthalpy term which exceeds the
anti-specific entropy term.

On the other hand, a quinone with a high reactiv-
ity can oxidize MegMQPH without the assistance of
magnesium ion. It will be demonstrated in the suc-
ceeding paper that the ternary complex in the oxida-
tion of MegMQPH with chloranil does not exist even
in the presence of excess magnesium ion in contrast to
the reaction with 1,4-benzoquinone.?® Kinetic param-
eters listed in Table 2 indicates also that the param-
eters for the reactions with a reactive quinone in the
presence and absence of magnesium ion are the same
within experimental error revealing that the reacting
species in both reactions are the same. The R/S ratios
in the product also appear similarly in both reactions
(cf. Figs. 2a and 2e).

It is noteworthy that, although relative importance of
the enthalpy and entropy terms depends on the reactiv-
ity of the quinone, the enthalpy term always asserts the
syn-preference: At least the anti-conformation is not
preferred by the enthalpy term (§AH?r—g>0) within
experimentally acceptable value. Thus, only when the
entropy term chooses the preference, the R-product
is allowed to be formed predominantly. Namely, Q4,
which is a highly electron-deficient quinone, exerts the
entropy-controlled anti-preference.

The stereospecificity of the reaction with Me3PNPH
in the presence of magnesium ion is far more shifted
toward the S-preference.®) Since the error in measuring
such a largely shifted value is large, and moreover, the
experimentally obtained R/S ratio is rather labile de-
pending on the reaction conditions, we concluded that
it is meaningless to discuss on the kinetic parameters
in this system. So the R/S ratios in the products, Ar-
rhenius plots, and kinetic parameters are all neglected
from the Tables and Figs.

Reaction in the Absence of Magnesium Ion.
The reaction in the absence of magnesium ion was also
studied to obtain detailed insight into the role of mag-
nesium ion. Since the yields of products from the reac-
tions of MegsMQPH with less reactive reagents, however,
are very low (5—10% in the reaction with Q1 and 0%
with QO), the data from these reactions are excluded
from the discussion. Nevertheless, in the reaction of
MesMQPH with Q2, it will be safe to conclude that the
stereospecificity does not change appreciably through-
out the temperatures studied, which, in turn, indicates
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that the enthalpy term plays small role to determine the
R/S-preference. Therefore, the R/S-preference in this
reaction is controlled by entropy and since the entropy
of activation is larger for the anti-conformational tran-
sition state than for the other (6AS*z—5>0), Gibbs
energy of activation favors in affording the R-predomi-
nant product in contrast to the reaction in the presence
of magnesium ion.

It should be noted that the preferences in the reac-
tions with Q2 and Q1 change from S to R when mag-
nesium ion is subtracted from the reaction system. The
shift in preferency suggests that entropy term becomes
the predominant factor in the absence of magnesium
ion.

The term “entropy” can be substituted by “probabil-
ity of the reaction to occur”. The above-mentioned re-
sult suggests, therefore, that the effective encounter be-
tween the reducing and oxidizing reagents occurs quite
hardly without magnesium ion in the reaction with less
reactive quinones.” The productive encounter complex
which promotes an electron to transfer from the reduc-
ing reagent to the oxidizing one can proceed further
reaction to migrate the proton. Those which could not
undergo the electron transfer returns to the initial state.
This encounter process, but not the proton-migration
process, determines the stereochemistry of the reaction.
Once an electron starts to transfer within the encounter
complex, the system enters into an irreversible process.
The possibility of the reaction to occur (i.e., entropy)
governs the stereochemistry of the reaction.

Since Me3sPNPH is more reactive than MesMQPH,
the reliability of the values obtained here is much better
than that for MesMQPH. In the sense that the stereo-
chemical preference changes depending on the reactivity
of the oxidizing reagent, this reaction system is similar
to that of MesMQPH with magnesium ion. Here again,
the enthalpy of activation favors the syn-conformation,
whereas the entropy term prefers the anti-conformation.

The reaction with Q4 again proves the idea that the
anti-conformation becomes to be preferred when the
entropy term associated with the syn-conformation be-
comes extraordinary unfavorable. It should be noted
that the difference in enthalpy between the syn- and
anti-conformations in this reaction is the largest among
the systems studied in favor of the former conforma-
tion. Nevertheless, the largest entropy difference shifts
the preference toward the anti-side.
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