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Abstract: The kinetics and mechanism of the oxidation of NADH by ferrocenium cation (1a) and several substituted ferrocenium
cations in aqueous l-propanol are reported. All reactions were found to be first order in both NADH and the ferrocenium
cation. The rate of oxidation of NADH by 1a was found to be independent of pH and showed no change in rate when
[4-'H,4-2H]NADH or [4-2H 4-)H]NADH was used. All of these results are consistent with rate-limiting one-electron transfer.
A plot of log k vs. E° for the ferrocenium/ferrocene couples gave a straight-line segment with slope = 16.0 V-!, By extrapolation
of this line to the diffusion-controlled rate limit the £° for the NADH/NADH™. couple was found to be 1.05 V vs. NHE
in PrOH/H,0. When the Rehm-Weller relationship was used, the AG* value for NADH/NADH* self-exchange was calculated
to be 5.6 kcal mol™!. The best estimates in aqueous solution are E° = 0.93 V and AG* = 5.6 kcal mol"!. The mechanistic

implications of these results are briefly discussed.

The redox couples NADH/NAD* and NADPH/NADP*
represent extremely important coenzymes in biological systems.
As a result there has been a long-standing interest in the chemical
reactions of NADH and NADH analogues in enzyme-free sys-
tems.! Most reactions of NADH and its analogues proceed with
net transfer of H™ from the 4-position of the dihydropyridine ring
to the oxidizing agent. For example, NADH models reduce
N-methylacridinium ion to N-methylacridan? and trifluoro-
acetophenone to the corresponding alcohol.’ In such reactions
either a single step hydride transfer or a multistep mechanism
is in principle possible. We felt it was important to directly
investigate the multistep e”, H*, e mechanism of the oxidation
of NADH to NAD** The mechanism by which such an oxi-
dation could occur is given in Scheme I.

Such a mechanism is abnormal in comparison to many bio-
logical reactions, since in the above reaction the 4-hydrogen from
NADH is transferred to solvent, not to the oxidant. On the other
hand, if the first step—one-electron transfer—is rate limiting, the
kinetic data have significance in a wider context. The rates of
electron-transfer reactions can be understood theoretically, and
some quantitative predictions are possible.

In the present study we provide evidence for a NADH oxidation
which appears to proceed by initial rate-limiting one-electron
transfer from NADH to the oxidizing agent. In addition we have
been able to provide an estimate of the £° for the one-electron,
no proton NADH/NADH™- couple as well as an estimate of the
NADH/NADH®*. self-exchange rate constant for electron
transfer. This has led to a clarification of the energetics of
NADH/NADH*./NAD- interconversions, and we have been able
to draw conclusions about the possibility of one-electron transfer
in other NADH redox reactions.

Results and Discussion

Kinetics and Mechanism. The general requirements for one-
electron NADH oxidants are as follows: (!) the oxidant must
have an appropriate one-electron E° (good thermodynamic oxi-
dant); (2) it should have a sufficiently rapid self-exchange rate
constant for one-electron transfer (good kinetic oxidant); (3) it
must be unlikely to be reduced by hydride transfer; (4) it must
be stable in aqueous or a mixed aqueous/organic solvent; and (5)
it is desirable to have available a series of closely related oxidants.
A series of compounds which meet these requirements are the
substituted ferrocenium cations 1 which are the one-electron
oxidation products of the corresponding ferrocenes 2. We were
able to prepare all of the reported ferrocenium compounds as stable
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PF; salts (Table I). Reactions of NADH with 1 were conducted
in 46/54 (w/w) 1-PrOH/H,0. This mixture ensures solubility
and was previously used in a study of electron exchange between
1 and 2.

The stoichiometry of the reaction was investigated by reacting
various molar ratios of 1a/NADH. In a reaction of 2 equiv of

(1) (a) Abeles, R. H.; Hutton, R. F.; Westheimer, F. H. J. Am. Chem. Soc.
1957, 79, 712. (b) Creighton, D. J.; Sigman, D. S. “Bioorganic Chemistry”;
Academic Press: New York, 1978; Vol. IV, Chapter 14. (c¢) Kill, R. J,;
Widdowson, D. A. “Bioorganic Chemistry”; Academic Press: New York,
1978; Vol. IV, Chapter 8.

(2) (a) Hajdu, J.; Sigman, D. S. J. Am. Chem. Soc. 1975, 97, 3524. (b)
Hajdu, J.; Sigman, D. S. J. Am. Chem. Soc. 1976, 98, 6060. (c) Ohno, A.;
Shio, T.; Yamamoto, H.; Oka, S. J. Am, Chem. Soc. 1981, 103, 2045.

(3) (a) Steffens, J. J.; Chipman, D. M. J. Am. Chem. Soc. 1971, 93, 6694.
(b) Chipman, D. M.; Yaniv, R.; van Eikeren, P. J. Am. Chem. Soc. 1980, 102,
3244. (c) Ohno, A.; Yamamoto, H.; Oka, S. J. Am. Chem. Soc. 1981, 103,
2041.

(4) A preliminary communication has appeared. Carlson, B. W.; Miller,
L. L. J. Am. Chem. Soc. 1983, 105, 7453.

(5) (a) Pladziewicz, J. R.; Espenson, J. H. J. Phys. Chem. 1971, 75, 3381.
(b) Pladziewicz, J. R.; Espenson, J. H. J. Am. Chem. Soc. 1973, 95, 56.
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1a with I equiv of NADH, both reactants were completely con-
sumed. Product 2a and enzymically active NAD* were isolated
in >75% yield. For 1/1 and 1/2 ratios the stoichiometry was
determined by spectrophotometrically assaying the amount of
NADH left at the end of the reaction. Values of 2.1 and 1.9,
respectively, were found for the moles of 1a consumed per mole
of NADH oxidized. This stoichiometry is in agreement with
results previously reported for ferricyanide oxidation of NADH.6

In kinetic studies the solvent contained NaClO, and 0.01 M
pH 7.0 phosphate buffer. The NaClO, was sufficiently soluble
to allow variation in the salt concentration from 0.1 to 0.5 M. The
solution was buffered in order to minimize the acid-catalyzed
hydration of NADH. Reactions were run with NADH in at least
15-fold excess over the ferrocenium salt so that pseudo-first-order
kinetics could be observed. If it is assumed (see below) that the
initial electron transfer step (Scheme I, step I, Ox* = 1) is rate
limiting then:

Ry

d[1)
rvale 2k,[NADH][1] 1)
and the observed pseudo-first-order rate constant (k) is related

to the observed second-order rate constant (ki gusq) by,
kiobsa = kowsa/2[NADH] (2

In practice, the reactions were clearly first order in 1 as plots of
In (A4, — A.) vs. time were linear over 3 or more half-lives with
r > 0.999. The reported rate constants are the average of 6-16
individual kinetic runs using at least two different concentrations
of NADH and have a standard deviation of 5% or less. The
range of half-lives measured was 5-250s. For 1a the concentration
of NADH was varied from 3.3 to 9.5 mM. A plot of the observed
pseudo-first-order rate constants vs. NADH concentration is shown
in Figure I. The good linear correlation and the intercept near
zero show that the reaction is also first order in NADH. It is,
therefore, second order overall.

With other oxidants, oxidations of NADH and its analogues
generally show large primary kinetic isotope effects when the
compound is deuterated in the 4-position.” This is to be expected
when the reaction proceeds by hydride transfer or if the second
step, proton loss, is rate limiting in the multistep mechanism. On
the other hand, if the initial one-electron transfer is rate limiting
there should only be a secondary isotope effect on the rate of
electron transfer. The rate of reaction of 1a with NADH-d, and
NADH-d, was investigated. No isotope effect, ky/kp = 1.0
0.05, was found for these reactions (see Table II).® It therefore
appears that H, H*, or H- transfer are not involved in the
rate-limiting step.

In agreement with this conclusion are the results in Tables IIT
and IV. Ina multistep e”, H*, e” process such as that outlined
in Scheme I, it is possible for the deprotonation step to be rate
limiting. The kinetics of the oxidation of NADH by 1a were
conducted at varying pHs and buffer concentrations. It can be
seen that these changes in the basicity of the medium did not have
a measurable effect on the rate of reaction.

In Scheme I, the back electron transfer reaction k., should have
a large rate constant. To investigate the possibility that the back
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Figure 1. Plot of the observed pseudo-first-order rate constants vs.
NADH concentration. [NaClO4] = 0.1 M.

electron transfer step is important, the effect of added 2a on the
rate of oxidation of NADH by 1a was studied. For seven runs
with 0.3 M NaClO, and 0.26-0.65 mM 2a added, the average
Ky obsg Was 2.48 = 0.15 M1 571, well within experimental error of
ki obss = 2.40 M 57! found without added 2a. In 1-PrOH/H,0
NADH with high concentrations of NAD* is unstable, therefore
inhibition by NAD* was tested with 1.0-1.5 mM NAD™*. At these
concentrations the decomposition of NADH in a stock solution
was found to be negligible during the time scale of the kinetic
experiments. The average of seven runs in the presence of 0.3
M NaClO, was k; g5 = 2.34 £ 0.11 M™' 57!, again within ex-
perimental error of the value found with no added NAD™.

In conclusion, the stoichiometry, reaction order, independence
of the rate on pH, or added 2a and NAD*, and lack of a primary
kinetic isotope effect are all consistent with rate-limiting one-
electron transfer from NADH to 1a. This is Scheme I where Ox*
is 1a and k, is rate limiting.

An interesting aspect of this mechanism is that in order for the
initial one-electron transfer to be rate limiting k,[B] must be
greater than k_; [2a]. From a recent pulse radiolysis study® it
is known that NADH*. is completely deprotonated after | us.
Therefore k,[B] must be greater than 10% s™ in aqueous solution
at pH 7. A laser flash photolysis study put this value at 1.2 X
107 s71.%  Assuming that k_; is the diffusion-controlled rate
constant and 2a ~0.3 mM (a representative value at the end of
the reaction) then k_;[2a] ~ 108 s71. Therefore, even at the end
of the reaction k,[B] = k.,[2a] and the electron-transfer step
should be rate limiting. A previous study had reported rate-lim-
iting one-electron transfer in the oxidation of n-propyldihydro-
nicotinamide by ferricyanide.’® However, in that instance there
was a pH effect, ferrocyanide inhibition, and a small deuterium
isotope effect, all of which are consistent with the deprotonation
step being at least partially rate limiting in that system. A study
of the oxidation of NADH by ferric ion was complicated by the
low pH employed.!!

Kinetic-Thermodynamic Correlations. By studying the rela-
tionship between E° and log k for a series of ferroceniums, we
can achieve a deeper understanding of the one-electron chemistry
of NADH and such measurements have been made. A com-
plicating, practical factor was the effect of NaClO, on the rate.
An increase in the concentration of NaClOy resulted in a decrease
in the observed second-order rate constant. This could be due
to a kinetic salt effect (more polar solvent) or to ion pairing of
the reactants with the salt. Because we wished to compare the
rates for various compounds it was decided to estimate the rate
in the absence of salt by extrapolation. Assuming that ion pairing
is the cause of the salt effect provides a satisfactory means to treat

(6) Rodkey, F. L. J. Biol. Chem. 1955, 213, 777.

(7) See, for example: Powell, M. F.; Bruice, T. C. J. Am. Chem. Soc.
1983, 105, 7139 and references cited therein.

(8) A recent study of the fluorescence quenching of excited 1-benzyl-1,4-
dihydronicotinamide by electron acceptors has also yielded ky/kp = 1.0 +
0.1. Fukuzumi, S.; Hironaka, K.; Nishizawa, N.; Tanaka, T. Bull. Chem. Soc.
Jpn. 1983, 56, 2220.

(9) (a) Grodkowski, J.; Neta, P.; Carlson, B. W.; Miller, L. L. J. Phys.
Chem. 1983, 87, 3135. (b) Martens, F. M.; Verhoeven, J. W.; Varma, C. A.
G. O.; Bergwerf, P. J. Photochem. 1983, 22, 99.

(10) (a) Okamoto, T.; Ohno, A.; Oka, S. J. Chem. Soc., Chem. Commun.
1977, 181. (b) Okamoto, T.; Ohno, A.; Oka, S. Bull. Chem. Soc. Jpn. 1980,
53, 330.

(11) Gutman, M.; Eisenbach, M. Biochemistry 1973, 12, 2314.
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Table I. Preparation of Ferrocenium Hexafluorophosphates

J. Am. Chem. Soc., Vol. 106, No. 23, 1984 7235

elemental anal.

% yield caled found
1 R, R, (method)® C H C H
a H H 82 (A) 36.29 3.05 36.12 3.17
b HgCl H 56 (B) 21.22 1.60 21.50 1.89¢
c n-Bu H 77 (A) 43.44 4.69 43.23 4.69
d Et H 74 (A) 40.14 3.93 40.06 4.11
e CH, CH, 75 (A) 40.14 3.93 40.05 4.05
f o-CH,CeH, H 84 (B) 48.48 3.83 48.44 3.80
g C¢H; H 39 (B) 47.20 3.47 47.05 3.53
h p-CIC¢H, H 64 (B) 43.52 2.97 43.59 3.04

9 A = oxidation using concentrated H,SO,; B = oxidation using p-benzoquinone. See Experimental Section for details. *Hg calcd 35.4, found 34.2
%+ 2.0 by atomic absorption.

Table II. Oxidation of NADH, NADH-d,, and NADH-d, by 1a“

Table V. Oxidation of NADH by Ferrocenium Ions

k, M1 5!
[NaClOy) NADH NADH-4, NADH-4,
0.1 5.41 5.44 5.18
0.2 3.29 3.36 3.30

9 Conditions cited in text. Rate constants are +5%.

Table III. Rate Constants (k, M~ s7!) for the Oxidation of NADH

by 1a at Varying pH¢

pH
[NaClOy4) 6.0 7.0 8.0 9.0
0.1 5.30 5.41 5.52 5.27
0.2 3.36 3.29 3.37 3.19
0.3 2.38 2.40 2.46 2.43
0.4 1.99 1.90 1.92 2.04

9See Experimental Section for explanation of pH. Rate constants
are +5%.

Table IV. Rate Constants (k, M1 s71) for the Oxidation of NADH
by 1a at pH 7.0 at Varying Buffer Concentrations”

[phosphate]

[NaClOy] 0.005 0.01 0.02
0.1 5.48 5.41 5.20
0.2 3.28 3.29 3.22
03 2.53 2.40 2.50

9Rate constants are £5%.

the data, regardless of the actual origin of the effect. If the ion
pair was not an active oxidant, the kj ;9 value measured at a
particular [C1O47] would have to be corrected to account for the
proportion of 1 which was ion paired. By doing this, &, the rate
constant with no salt present, and the apparent equilibrium
constant, K, for ion pairing could be obtained. Therefore a plot
of 1/kj gpsq vs. [C1O,]" yields K/ kg as the slope and 1/kg as the

1/kyousa = K[CIOT) fko + 1 / ko (3)

intercept (eq 3). For each of the ferrocenium derivatives studied
k) onsq values were measured at four or more concentrations of
NaClO, in the range 0.1-0.5 M. The kq and K values are given
in Table V.

Conductivity measurements were made by using ferrocenium
hexafluorophosphate in 1-PrOH/H,O (ferrocenium perchlorate
has been reported to be a detonator and therefore the synthesis
of large quantities of this compound was not attempted). The
conductivity data were interpreted by using the Fuoss equation!?
with the constants in the equation determined in the usual manner

A =A;-S(Cy)'2 + ECy log Cy + (J - BAy)Cy — KCyAS:
4

with K set equal to zero. The limiting conductance (Ay) was found

1 E°,V ko M1 51 Kb M1
a 0.529 13.7 15.6
b 0.533 16.3 15.9
¢ 0.504 4.55 12.5
d 0.490 2.99 9.0
e 0.445 0.629 7.6
f 0.580 39.8 1.2
g 0.580 413 8.3
h 0.613 90.9 10.9

“Rate constants extrapolated to zero salt concentration. Correlation
coefficient for plots of [NaClOy] vs. kjgpes ™ # = 0.999. 5 Apparent
ion-pairing equilibrium constant from plots of [NaClO,] vs. kjeusq -

to be 54.0 and K was calculated to be 20 = 10-! M1, It should
be noted that small errors in the observed conductances can result
in large errors in the calculated K. Furthermore, the concen-
trations are so high that this is not an unequivocal test for ion
pairing.

The validity of the method for evaluating ky was tested by using
a different anion in the electrolyte. The kinetics of the oxidation
by 1a were studied in the presence of NaCl instead of NaClO,.
It therefore would be expected that a plot of 1/kj g vs. [Cl7]
would yield a different slope,!* but the same value of kg, when
compared with ClO,~. Experimentally a k, of 13.4 M~' sl and
a K of 10.7 M™! were found which indicates that the k, is valid.

The one-electron E° values were determined in 1-PrOH/H,0
with NaClO, as the electrolyte for the 1/2 couples by using cyclic
voltammetry. The compounds generally showed good reversibility
at a sweep rate of 50 mV /s with the ratio of anodic to cathodic
peak currents of ~ 1.0 and peak separations (AE}) of 60-65 mV.
2b gave AE, > 70 mV at 50 mV/s but AE, decreased to 60-65
mV at 20 mV/s. A salt effect was observed on the E° which could
be due to ion pairing, solvation, changes in liquid junction potential,
or a combination of these effects. The change in E° was observed
to be approximately linear when plotted against [NaClO,)!/2, The
reported E° for each 1/2 couple was therefore calculated by
extrapolating this plot to zero NaClO, concentration. The ex-
trapolated E° values are given in Table V.

In subsequent paragraphs the rate of a diffusion-controlled
reaction between 1 and NADH becomes important. The Smo-
luchowski equation (eq 5) provides a method for estimating k¢

kg = 4TDR, )]
where D is the sum of the diffusion coefficients and R, is the sum
of the two reaction radii. When it is assumed that R is approx-

imately constant as the solvent is changed, D and R, can be
calculated as follows.

D, = kT/6mR, (6)
Da/Db = nb/na (7)

The viscosity (1) of the 46/54 (w/w) 1-PrOH /H,0 solution at
25 and 30 °C was obtained by interpolation from the data of

(12) Fuoss, R. M.; Accascina, F. “Electrolytic Conductance”; Interscience:
New York, 1959.

(13) Holecek, J.; Handlir, K.; Klikorka, J. Collect. Czech. Chem. Commun.
1979, 44, 1379.
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Figure 2. Plot of log kg vs. 1/2 redox potential.

Kikuchi and Oikawa.l* The values obtained were # = 0.0253
and 0.0220 P, respectively. With use of Dyapy = 3.3 X 107 cm?
571 in H,O at 25 °C!* the values for Dyapy in 1-PrOH/H,0 are
found to be 1.2 X 105 cm? 57! at 25 °C and 1.4 X 1075 cm? 57!
at 30 °C. The values for 1a were estimated from data for 2a.
With use of eq 6 and Dy, = 2.4 X 1073 cm? 57116 in acetonitrile,
Ry, is calculated to be 2.6 A. By the same method s that used
for NADH, D,, is calculated to be 3.9 X 10 cm? s™!. NADH
has a structure in which the hydrodynamic radius may be much
greater than the reaction radius for electron transfer from the
dihydronicotinamide moiety. The Ryapy Was estimated to be 3.0
A on the basis of molecular models. Therefore at 30 °C D = 5.3
X 10% cm?s7! and R, ~ 5.6 A which gives a value of log kg
= 9.57. This value is very close to log kg = 9.49 which is obtained
by using a modified Debye equation in which the radii of the two
molecules are assumed to be approximately equal.

kg = 8RT /39 (8)

A value of log kg = 9.5 will be used in subsequent calculations.

Within the initial one-electron transfer (Scheme I, step 1) there
are actually three processes which must occur. The two reactants
must diffuse together to form an encounter complex, an electron
can then hop within the complex, and finally there must be dif-
fusional separation of the products. In principle any of these three
processes can limit the rate of the overall electron transfer.)’ As
the rate-limiting process changes, curvature will be observed in
plots of thermodynamic vs. kinetic data. At the one extreme if
diffusion together of the reactants is the process which limits the
rate of the overall electron transfer log ko = log kg In this
situation increasing the oxidizing power of the oxidant does not
affect the rate as it is already at its maximal rate. When the
oxidant becomes weaker the electron hop within the encounter
complex becomes rate limiting. This will be true when E° for
1/2 is approximately the same as E° for the NADH/NADH™*.
couple. Eventually the one-electron transfer becomes so endo-
thermic that the other extreme is reached and diffusional sepa-
ration limits the overall electron transfer. In this case, the back
reaction of the products (2 + NADH™) would be diffusion
controlled and structure independent. In this latter case a plot
of log ko vs. E°y ), should give a line with slope 16.6 V7.

In Figure 2 is shown a plot of the experimental log ko vs. E°ys.
The points are experimental and the line is drawn with a slope
of 16.6 V1. The experimental points from the five weakest ox-
idants form a line with a slope of 16.0 V-! which is in good
agreement with the prediction. The agreement substantiates the
mechanistic proposal that all the ferroceniums react by rate-lim-
iting one-electron transfer. Considering this electron transfer in

(14) Kikuchi, M.; Oikawa, E. Nippon Kagaku Zasshi 1967, 88, 1259.

(15) Samec, Z.; Elving, P. J. J. Electroanal. Chem. 1983, 144, 217.

(16) Kuwana, T.; Bublitz, D. E.; Hoh, G. J. Am. Chem. Soc. 1960, 82,
5811.

(17) Andrieux, C. P.; Blocman, C.; Dumas-Bouchiat, J.-M., Saveant, J.-M.
J. Am. Chem. Soc. 1979, 101, 3431.
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more detail, Figure 2 shows that these five ferroceniums react in
a very endothermic one-electron transfer where separation of the
2/NADH*: pair is rate limiting. The other three
ferroceniums—the more powerful oxidants—do not fall on the
16.6-V-1 segment and react with the electron hop as the actual
rate-determining process.

The one-electron NADH/NADH™*: E° can be estimated by
extrapolating the segment with slope 16.0 V! up to the diffu-
sion-controlled rate limit.!® At this point log ko = log k4 and
therefore E°yapu/napn+ = E°1/2. The E® for the one-electron
NADH/NADH™: couple determined by this extrapolation is 1.05
V vs. NHE. The accuracy of this value naturally depends upon
the slope of the line used to do the extrapolation and the value
used for kg A 10% change in the slope of the line results in
a 0.05-V shift in E°Napn/napn*. While each 0.1 log unit change
in log kg results in 2 0.006-V shift. Thus, this kinetic estimation
of a thermodynamic quantity could be inaccurate by as much as
0.1 V. Even considering this inaccuracy, the very positive potential
Sfound is indicative of the instability of NADH*.. Only very
powerful one-electron oxidants will be able to oxidize NADH
by a mechanistic pathway involving one-electron transfer. For
comparison, the one-electron E° for N-benzyldihydronicotinamide
in CH4CN solvent has been determined by two groups.!® The
values obtained were 0.80 and 1.00 V vs. NHE. Considering that
the kinetics of fluorescence quenching of the excited dihydro-
nicotinamide was used by both groups to estimate E°, the lack
of agreement is substantial. It must also be realized that the
solvent does have an effect on E° (see below). Estimates for an
aqueous solution made by using a nonaqueous solvent can only
be fortuitously accurate.

Since the rate-limiting process for the reactions involving the
aryl-substituted ferrocenium cations (1f-h) is the electron hop,
the Marcus equation®® (eq 9) can be used to calculate the self-
exchange rate constant for electron transfer between NADH and
NADH+' (kNADH/NADH+-)' }\11 iS equal to four times the aCtiVatiOn
energy (AG*,,) for self-exchange between NADH and NADH*-

AG* = ((A\y + A) /8)(1 + 24G° /(A + M) (9)

while A,, is the corresponding value for the 1/2 couple. The only
unknown is A, since A,, can be evaluated from the literature,?!
AG® can be calculated from the redox potentials, and AG* can
be evaluated from the rate constant by using eq 10. The value

k = ZeaG'/RT (10)

for Ay, was calculated to be 31.4 kcal mol™?? which yields
kxapH/NaDH*. ~ 2 X 10° M7 57l

An alternative method for calculating AG*,; from these data
is to use the Rehm—Weller relationship? (eq 11). Klinger and

AG* = AG® /2 + [(AG®/2)? + ((AG*; + AG?y,) /2)Y]'/?
(1

Kochi have noted?* that this relationship calculates a more con-

(18) For examples of E° values determined by this method see ref 17 and
Evans and Xie: Evans, D. H.; Xie, N, J. Am. Chem. Soc. 1983, 105, 315.

(19) (a) Martens, F. M.; Verhoeven, J. W.; Gase, R. A.; Pandit, U. K,;
de Boer, T. J. Tetrahedron 1978, 34, 443. (b) Fukuzumi, S.; Hironaka, K ;
Nishizawa, N.; Tanaka, T. Bull. Chem. Soc. Jpn. 1983, 56, 2220.

(20) Marcus, R. A. J. Phys. Chem. 1968, 72, 891.

(21) The rate constant for the self-exchange of 1f/2f and 1h/2h was
assumed to be the same as that found for 1g/2g, 1.8 X 107 M™! 57! (see ref
5).
(22) In this treatment we have assumed that NADH behaves as if it were
uncharged, and, therefore, assumed that the work required to bring the
reactants together (wR) and to separate the products (wP) is negligible since
in both cases one of the components is uncharged. The neutral dihydro-
nicotinamide moiety in NADH undergoes reaction, but the phosphate back-
bone does have a 2- charge. If this charge were important an effect of the
ionic strength on the rate constant might be expected. Unfortunately the
magnitude of this effect cannot be evaluated due to the possible ion pairing
of 1.
(23) Rehm, D.; Weller, A. Ber. Bunsenges. Phys. Chem. 1969, 73, 834,
Isr. J. Chem. 1970, 8, 259.
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Table VI. Calculated and Experimental Rate Constants (k, M™! s7!) for the Oxidation of NADH

AG*,,, log log
comp0und E° /Vﬂ kcal/mol k(calcd) k(exptl)a A log kb
(a) promazine radication cation 0.71¢ 3.3¢ 5.3 5.74 0.4
(b) chlorpromazine radical cation 0.78¢ 3.3¢ 6.1 6.9¢ 0.8
(c) promethazine radical cation 0.86¢ 3.3¢ 7.0 7.44 0.4
(d) m-benzosemiquinone 0.81° 3.2¢ 6.6 6.94 0.3
(e) Bry™ 1.69/ g 10.0¢ 9.0¢ -1.0
(f) Fe(CN)g* 0.45% 8.5 0.5 05’ 0.0
(g) benzoquinone 0.099% 4.4 -3.7 0.7 4.4
(h) 2-methylbenzoquinone 0.023% 4.4 -4.9 -0.1 4.8
(i) 2,5-dimethylbenzoquinone -0.065% 4.4 -6.3 -1V 5.2
(j) 2,3-dimethylbenzoquinone -0.074% 4.4 -6.4 -0.6/ 5.8
(k) N-methylacridinium 0.0m 2.7 -5.3 2.0¢ 7.3
(1) N-propylnicotinamide -0.845° 2.7" -19.3 -2.59 16.8

“In aqueous solution, generally pH 7.0, various temperatures (21-30 °C). log k(exptl) - log k(calcd). Pelizzetti, E.; Mentasti, E. Inorg. Chem.
1979, 18, 583. 4Reference 9a. ¢Steenken, S.; Neta, P. J. Phys. Chem. 1982, 86, 3661. AG*,, value was calculated by simultaneously solving three
questions involving three known rate constants and three known E® values. /Endicott, J. F. In “Concept of Inorganic Photochemistry”; Adamson, A.
W., Fleishauer, P. D., Ed.; Wiley-Interscience: New York, 1975. ¢ Unknown, for such an exergonic electron transfer log k is estimated to be 10, the
diffusion-controlled limit. #Extrapolated to 0.5 M KCl! from: Hanania, G. . H,; Irvine, D. H.; Eaton, W. A,; George, P. J. Phys. Chem. 1967, 71,
2022. !Pelizzetti, E.; Mentasti, E.; Pramauro, E. Inorg. Chem. 1978, 17, 1688. /Carlson, B. W.; Miller, L. L., unpublished results. *Ilan, Y. A;
Czapski, G.; Meisel, D. Biochim. Biophys. Acta 1976, 430, 209. Meisel, D.; Fessenden, R. W. J. Am. Chem. Soc. 1976, 98, 7505, AG?,, for all of
the methyl-substituted benzoquinones was assumed to be the same as that measured for benzoquinone and 2,5-dimethylbenzoquinone. ™ Reference
192, in CH;CN. "Estimated, based upon AG*;, ~ 2.7 kcal mol™! for protonated 2,2’-bipyridine/2,2’-bipyridine radical (bpyH*/bpyH-). Krishnan,
C. V.; Creutz, C.; Schwarz, H. A,; Sutin, N. J. 4m. Chem. Soc. 1983, 105, 5617. °Creighton, D. J.; Hajdu, J.; Mooser, G.; Sigman, D. S. J. Am.
Chem. Soc. 1973, 95, 6855. 7 Assumed to be the same as that for the N-methy! derivative. Blankenhorn, G. Eur. J. Biochem. 1976, 67, 67.
9Calculated from the reverse rate constant and the K vale. Jones, J. B.; Taylor, K. E. Can J. Chem. 1976, 54 2974.

sistent value for AG*,; in the endergonic region than the Marcus
relationship. Their results indicate that Marcus theory may
underestimate k,;. The Rehm-Weller relationship yields a AG*;
value of 5.6 kcal mol™?! (A;; = 22.4 kcal/mol) which yields
knapu/Napa+. ~ 9 X 108 M5!, The Rehm-Weller relationship
will be used in subsequent calculations. These A, values indicate
how large a barrier exists for electron transfer between NADH
and NADH™., i.e., how much NADH has to reorganize in order
to lose an electron to any one-electron oxidant. In comparison
to ferrocene (AG*,, = 5.6 kcal mol™),2* NADH requires about
the same amount of reorganization. This indicates that there is
a kinetic barrier to mechanisms involving electron transfer from
NADH in addition to a large thermodynamically imposed limi-
tation.

It is of particular interest to know E° and AG*Napn/NapH* for
aqueous solution rather than PrOH/H,0. Because of solubility
problems it was not possible to measure 1/NADH rates in aqueous
solution. Therefore, some estimate of £° and log k changes will
be made as a less-attractive alternative. Consider first changes
in E® for 1/2 couples as the solvent changes.

Because hydroxymethyl ferrocene (2i) is slightly water soluble
the one-electron E° for 1i/2i was determined by using cyclic
voltammetry in H,O as well as |-PrOH/H,0. The values ob-
tained, extrapolated to zero salt concentration, were 0.536 V in
PrOH/H,O and 0.430 V in H,O. As a second example the E°®
for 1a was determined in H,O containing 0.1 M NaClO; to be
0.395 V. By comparison with the salt effect data for 1i the
extrapolated E° was estimated to be 0.400 V. This is 0.129 V
cathodic of the E° of 0.529 V found in I-PrOH/H,0. These two
results indicate that £° values for 1/2 are about 0.12 V smaller
in water. The quantitative conclusions from a recent report? which
assumes no difference in ferrocenium E° values in going from
water to propanol/water should be revised.

For the effect of solvent on the rate to be investigated, the
oxidation of NADH by promethazine radical cation was studied
in 50% 2-PrOH/H,0 by using pulse radiolysis. It has previously
been postulated that this reaction involves one-electron transfer.
The rate constant found was 3.2 X 107 M1 5! which is within
experimental error of the 2.8 + 0.8 X 107 M! s™! found in H,0.%

(24) Klinger, R. J.; Kochi, J. K. J. Am. Chem. Soc. 1982, 104, 4186.

(25) Some representative values can be found in Table VI and in Eberson:
Eberson, L. “Advances in Physical Organic Chemistry”; Academic Press:
New York, 1982; Vol. 18, p 79.

(26) Carney, M. J.; Lesniak, J. S.; Likar, M. D.; Pladziewicz, J. R. J. Am.
Chem. Soc. 1984, 106, 2565.

Thus, there appears to be a substantial solvent effect on E°, but
not on the rate of one-electron oxidations of NADH. Therefore,
the best estimates for aqueous solution are E°xapu/napu+ 0.93
V (NHE) and AG?}; = 5.6 kcal mol™l,

It is worth emphasizing that there is a good deal of confusion
in the literature about “one-electron” NADH potentials. It should
now be clear that there is a value for one-electron oxidation
(yielding NADH™) and a value for one-electron, one-proton
oxidation (yielding NAD-).

With use of this value for the E®yapu/Nnapy+ the thermody-
namic cycle for stepwise NADH/NAD? interconversion may be
completed as follows, where experimental, calculated, and esti-
mated reduction potentials are shown in V vs. NHE at pH 7.7
In addition the pK, for NADH™ can be estimated to be —3.5 from
the thermodynamic data. This compares well with the value of
-4 estimated previously from photochemical data in CH,CN.2®

0.30 {calcdl
[ fo.93 (est) ~0.92 (expt!)
NADH = NADH'" — NAD === NAD'
t t ~0.31(exptl} ! f

potentiais vs. NHE ot pH 7

It is of mechanistic interest to predict the rates of various
one-electron oxidants with NADH, and since the appropriate E°
and AG?*,, values are known for several oxidants this can be done
by using the Rehm—Weller relationship. The results for such
calculations for NADH reactions in aqueous systems are shown
in Table VI. Compounds a—f have been proposed to be one-
electron oxidizing agents while g1 could react by various routes
including hydride transfer as well as mechanisms involving an
initial electron transfer. A general trend can be seen from these
results. The calculated rate constants for the supposed one-electron
oxidants are within 1.0 order of magnitude of the experimental
rate constants.” The agreement is very good as the range of
measured rate constants is more than eight orders of magnitude.

(27) (a) Farrington, J. A.; Land, E. J,; Swallow, A. J. Biochim. Biophys.
Acta 1980, 590, 273. (b) Anderson, R. F. Biochim. Biophys. Acta 1980, 590,
277. (c) Srinivasan, R.; Medary, R. T.; Fisher, H. F.; Norris, D. J; Stewart,
R. J. J. Am. Chem. Soc. 1982, 104, 807. (d) Rodkey, F. L. J. Biol. Chem.
1959, 234, 188.

(28) Martens, F. M.; Verhoeven, J. W. Recl. Trav. Chim. Pays-Bas 1981,
100, 228.

(29) The calculations were also performed by using the Marcus relation-
ship. The calculated values were generally 0.5 log units lower than those
calculated by using the Rehm—Weller relationship.



7238 J. Am. Chem. Soc., Vol. 106, No. 23, 1984

The other oxidants, however, have calculated rate constants which
are 4-16 orders of magnitude less than the experimental rate
constants.

This comparison then suggests that one-electron transfer
mechanisms hold for all the ferroceniums and oxidants a—f. Since
for any oxidation involving initial electron transfer the overall rate
cannot be greater than the rate of the electron-transfer step, the
discrepancy between calculated and measured rates suggests that
compounds g-1 in Table VI react by 2 mechanism which avoids
the higher barrier imposed by electron transfer. One such
mechanism is 2 hydride transfer.!9:30

The above calculations allow comparison of a wide variety of
compounds with widely varying E°. There is, however, consid-
erable uncertainty in the calculated rate. It is, therefore, equally
interesting to directly compare a pair of oxidants. For two weak
oxidants like 1a and benzoquinone both of which should fall on
the 16.6-V-! line it can be shown that the rates of reaction can
be compared without knowing E°ynapm/napa* OF AG*NADH NADH"
For such compounds there is then less uncertainty in the com-
parison. With use of the E° values for 1a and benzoquinone the
calculated difference in log & is 5.0. Experimentally the difference
of log k is 0.45. Benzoquinone reacts 4 X 10* times faster than
predicted, and this again suggests that the benzoquinone reaction
does not involve NADH™. as an intermediate.

Conclusions and Summary

The oxidation of NADH by ferrocenium cations in aqueous
propanol has been shown to proceed by 2 multistep mechanism
involving initial rate-limiting one-electron transfer. Analysis of
the data for a series of ferrocenium cations has yielded as estimate
of the one-electron E° and self-exchange rate constant for the
NADH/NADH™ couple. Calculations using the Rehm—Weller
relationship allow mechanistic differentiation for several NADH
oxidations in the literature.

Experimental Section

Materlals. Ferrocene (Aldrich) was vacuum sublimed twice before
use; 1,1’-dimethylferrocene (Alfa) was recrystallized from ethanol/H,0;
1-(chloromercuri)ferrocene (Aldrich) was recrystallized from acetone;
n-butylferrocene (Pfaltz & Bauer) was used without further purification.
Ethylferrocene’® and the arylferrocenes’? were prepared by literature
procedures. All compounds gave satisfactory melting points, IR spectra,
NMR spectra, and/or mass spectra. 3-NADH and NAD* were obtained
from Sigma Chemical Co. Other materials were readily available from
commercial sources and were either used without further purification or
recrystallized according to standard procedures.

Solvent and pH. 1-Propanol (Fisher) was distilled before use. H,O
was triply distilled. The solvent used was prepared by mixing equal
volumes (46/54 w/w) of 1-PrOH and an aqueous solution buffered to
the appropriate pH by 0.02 M buffer. The pH values cited refer to the
pH of the aqueous solution before mixing. The pH 6.0, 7.0, and 8.0
solutions were made from phosphate buffers and the pH 9.0 solution from
boric acid/NaOH buffer. NaClO, was then dissolved in the appropriate
volume of solvent to give the desired concentration. The range of buffer
concentrations used was limited by the solubility of the buffer salt.
Unless otherwise indicated reactions were run in 46/54 (w/w) 1-
PrOH/H,0 containing 0.01 M pH 7.0 phosphate buffer. The pH values
observed in the solvent changed ca. 0.5 pH unit with a change of 1.0 pH
unit in the aqueous solution.

Preparation of Ferrocenium Hexafluorophosphates (1a-h). Two
general methods®*-** were used to prepare the ferrocenium hexafluoro-
phosphates as blue or green solids.

Method A. Approximately 2 mmol of the ferrocene derivative were
dissolved in 4 mL of concentrated H,SO,. After | h the blue or green
solution was diluted to 40 mL with H,O and filtered through a fine
sintered glass funnel. 30 mmol of NH,PF, in 10 mL of H,O were added
and the solution cooled in an ice bath. The salt was collected by filtra-

(30) Roberts, R. M. G.; Ostovic, D.; Kreevoy, M. M. Faraday Discuss.
Chem. Soc. 1982, 74, 257.

(31) Rosenblum, M; Woodward, R. B. J. Am. Chem. Soc. 1958, 80, 5443.

(32) Broadhead, G. D.; Pauson, P. L. J. Chem. Soc. 1958, 367.

(33) Nesmeyanov, A. N.; Materikova, R. B,; Lyatifov, I. R.; Kurbanov,
T. K.; Kochetkova, N. S. J. Organomet. Chem. 1978, 145, 241.

(34) Hendrickson, D. N.; Sohn, Y. S.; Gray, H. B. Inorg. Chem. 1971, 10,
1559.

Carlson et al.

tion, washed with 2 X 10 mL of cold H,O, and then copiously washed
with absolute ether. In some instances the salt was reprecipitated from
dilute H,SO, with NH,PF,.

Method B. Approximately | mmol of the ferrocene derivative and an
equal molar amount of benzoquinone were dissolved in 50-100 mL of
absolute ether. 2-4 mL of 60% HPF were added and the solution
immediately turned blue or green. After the mixture was cooled in an
ice bath the salt could be isolated by filtering, washing with 2 X 10 mL
of cold H,0, and washing copiously to remove any remaining ferrocene
derivative, benzoquinone, or hydroquinone. The phenylferrocenium
hexafluorophosphate was somewhat soluble in ether so less extensive
washing with ether was used.

Pertinent data for the ferrocenium hexafluorophosphates is collected
in Table L.

Preparation of [4-'H,4-2H]- and [4-2H ,4-2H|NADH. [4-'H4-?H]-
NADH (NADH-d,) stereospecifically labeled with deuterium in the
pro-R position was prepared by the method of Fisher and Brown.*
[4-2H,4-’H]NADH (NADH-d,) was prepared from NADH-4, as fol-
lows: NADH-d) and 3,5-di-tert-butyl-o-benzoquinone were reacted in
2/1 (v/v) H,O/CH;CN to produce NAD" containing 2 mixture of
NAD?*-d; and NAD*-d|. The solution was extracted with ether, and the
aqueous layer was made 0.5 M in Tris base and adjusted to pH 9.6 with
| M NaOH. The NAD* was then reduced in the standard manner with
alcohol dehydrogenase and ethanol-dg. The NADH product was isolated
as in the case of NADH-d,. This procedure was repeated to yield
NADH-d, which had >90% total deuterium at the 4-position (NMR).

During the isolation of these compounds a quantity (<10%) of a-
NADH was produced by epimerization. The control experiment was
done in which 3-NADH was epimerized with use of the isolation pro-
cedure used for NaDH-4; and NADH-d,. This material yielded, within
experimental error, the same rate constants for oxidation of 1a as had
been obtained with 3-NADH.

Product Identification. NADH (125 umol) and 250 umol of 1a were
reacted in 20 mL of 46/54 (w/w) 1-PrOH/H,0 which had been bubbled
with argon. When the blue color of the ferrocenium cation was dis-
charged (~75 min) the solution was extracted with ether. The ether was
removed and the resulting orange compound was sublimed to give 35 mg
of a compound which was found to be ferrocene based upon its melting
point and IR (75% isolation yield). The aqueous layer was treated with
five times its volume of cold acetone and left in a refrigerator. The fine
white powder was collected and assayed for NAD* by observing the
change in absorbance at 340 nm when a solution of the product was
enzymically reduced with alcohol dehydrogenase and ethanol. On the
basis of this method 96 mmol of NAD* were present (77% yield).

Kinetics. The kinetics were investigated under pseudo-first-order
conditions with NADH in at least 15-fold excess. The progress of the
reaction was monitored by following the decrease in the ferrocenium
absorption of the Ap,, in the visible region. These wavelengths were in
the region 615-750 nm. Typical concentrations of NADH were 4.0-8.0
mM while typical ferrocenium concentrations were 0.2-0.4 mM. The
concentration of NADH was determined by syringing 40 uL of the
NADH solution to be used in the kinetic experiment into 2.0 mL of
aqueous pH 7.0 phosphate buffer. The absorbance at 340 nm was read
and converted to concentration by using Beer's law (e = 6.22 X 10> M
s7!) and the known dilution factor (2.04/.04). The solvent was deoxy-
genated before use by bubbling it with prepurified argon and mixing of
solutions was done in a nitrogen purged glove bag. Aliquots (2.0 mL)
of NADH solution were syringed into cuvettes and septum capped. The
cuvettes were thermostated to 30.0 £ 0.2 °C in the cell holder of a Cary
219 spectrophotometer. The absorbance due to NADH was stable over
times longer than the temperature equilibration time. To aid in data
collection the spectrophotometer was interfaced with an Apple II Plus
computer used with a Texas Instruments TI99/4 Color Monitor. To
initiate the reaction 20—80 uL of 1, which had been dissolved in the same
solvent as the NADH, kept under an inert gas, and thermostated, were
syringed into the cuvette. Time vs. absorbance readings were then re-
corded and evaluated through the use of integrated rate equations. The
reactions were all followed for three or more half-lives and plots of In (A4,
- A.)/(A; — A) vs. time gave r >0.999.

Effect of Added 2a and NAD*. 2a (0.26-0.65 mM) was added to the
solvent before the kinetics were observed. The [NADH] was approxi-
mately 7 mM with 1a being present in 0.2-0.35 mM concentrations.
There was some difficulty encountered keeping 2a in solution during the
reaction as 2a is not very soluble in the solvent.

NAD* (0.98-1.52 mM) was added to the solvent before the kinetics
were observed. The [NADH] was approximately 7 mM with [la] ap-
proximately 0.25 mM. At these concentrations there was no difficulty
encountered with NADH decomposition.

(35) Brown, A.; Fisher, H. F. J. Am. Chem. Soc. 1976, 98, 5682.
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Pulse Radiolysis. The experimental procedures for these measure-
ments have been reported previously.”

Electrochemical Measurements. Cyclic voltammetry was performed
with 2 PAR Model 173 potentiostat in conjunction with a PAR 175
universal programmer. Cyclic voltammograms were recorded on a
Houston Instruments Model 2000 x—y recorder. The working electrode
was a glassy carbon electrode of area 0.08 cm? which had been sealed
in heat-shrinkable Teflon. The electrode was cleaned by successive ab-
rasion with Buehler Micropolish A (0.3 micron) and Buehler Micropolish
B (0.05 micron) on a polishing cloth, wiping with a Kimwipe, rinsing with
water, and air drying. The counter electrode was a carbon rod. The
reference electrode was a SCE, and the observed potentials were con-
verted to the NHE by addition of 0.242 V. All measurements were made
at 21 £ 1 °C under a nitrogen atmosphere.

Conductivity Measurements. It was found that allowing 1-PrOH to
sit in glass resulted in a gradual increase in conductivity. The |-PrOH
was therefore distilled immediately before mixing with triply distilled
H,0 (46/54 (w/w)). A standard conductivity cell employing two plat-
inum disks 1 cm in diameter separated by 3 ¢cm in a cell of ~15 mL
volume was used. The cell constant was determined by using aqueous

KCl solutions. Temperature was controlled at 30.0 & 0.02 °C with use
of a Fisher Water Bath Model 80. Resistance was measured by using
a Marconi Instruments Universal Bridge TF2700. The solvent was
bubbled with argon before use, and solutions were mixed in a nitrogen-
purged glove bag.
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Binding of the Antitumor Drug cis-[PtCl,(NH;),] to
Crystalline tRNAP"™ at 6-A Resolution
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Abstract: Monoclinic crystals of yeast tRNAP soaked in reactive hydrolysis products of cis-[PtCl,(NH,),] and in a low chloride
ion buffer show drug binding in the vicinity of residues G3-G4, C25-m3G26, G42-G43-A44-G45, and A64-G65. Drug binding
invariably results in crystal deterioration with loss of the diffraction pattern beyond a resolution of ~6 A so that detailed
geometric data concerning the binding of the drug cannot be obtained from the present study. Considered together with previous
work performed in this area, however, the most probable interpretation of these results is that the cis-[Pt(NH;),]** moiety
forms an intrastrand cross-link at certain GG and AG sites within tRNAP™ thereby causing a local distortion of the macromolecule.
Features common to each of these binding sites are that at least one G residue is involved, that the adjacent bases in the native
undistorted macromolecule are stacked on top of one another, and that the N7 donor atoms of these bases are ~4 A apart
and are not, themselves, involved in hydrogen-bonding interactions elsewhere in the macromolecule. Binding at one CG site
is observed and a base-flip by the C residue is invoked to rationalize the drug binding at this site. A preference for the drug
to bind at AG rather than GA sites is noted and an explanation offered.

cis-[PtCl,(NHsj),] (cis-DDP) is a potent antitumor drug while
trans-[PtCl,(NH,;),] is inactive.>* There now exists a strong
body of evidence®! to suggest that it is the ability of the cis-

(1) Present address: Department of Chemistry, Massachusetts Institute
of Technology, Cambridge, MA 02139.

(2) “Cisplatin: Current Status and New Developments™; Prestayko, A. W.,
Crooke, S. T., Carter, S. K., Eds.; Academic Press: New York, 1980.

(3) “Platinum, Gold, and Other Metal Chemotherapeutic Agents”; Lip-
pard, S. J., Ed.; American Chemical Society: Washington, DC, 1983.

(4) “Platinum Coordination Complexes in Cancer Chemotherapy”;
Hacker, M. P., Douple, E. B., Krakoff, I. H., Eds.; Martinus Nijhoff Pub-
lishing: Boston, 1984,

(5) Lippard, S. J., ref 4, pp 11-13.

(6) Stone, P. J; Kelman, A. D.; Sinex, F. M. Nature (London) 1974, 251,
736.

(7) Kelman, A. D.; Buchbinder, M. Biochimie 1978, 60, 901.

(8) Tullius, T. D.; Ushay, H. M.; Merkel, C. M.; Caradonna, J. P,; Lip-
pard, S. J., ref 3, pp 51-74 and references therein.

(9) Caradonna, J. P.; Lippard, S. J., ref 4, pp 14-26 and references therein.

(10) Royer-Pokora, B.; Gordon, L. K.; Haseltine, W. A. Nucleic Acids
Res. 1981, 9, 4595,

(11) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Chottard, J.-C. Bio-
chemistry 1982, 21, 1352.

(12) Girault, J.-P.; Chottard, J.-C.; Guittet, E. R.; Lallemand, J.-Y;
Huynh-Dinh, T.; Igolen, J. Biochem. Biophys. Res. Commun. 1982, 109, 1157.

[Pt(NH;),]** moiety to cross-link between the N7 atoms of two
adjacent G residues on the same strand of DNA, and the inability
of the trans complex to behave similarly, that is the reason for
the diverse pharmacological properties of these two relatively
simple inorganic complexes. Since it is the cis-[Pt(NH;),]**
moiety that actually forms the cross-link, binding to bipolymers
depends very much upon the extent of hydrolysis of the drug and
reaction of cis-DDP itself is slow compared with the more reactive
aquo species such as cis-[PtCI(NH,),(H,0)]* and cis-[Pt-
(OH)(NH,),(H,0)]*13 It is believed that DNA is the biological
target of the drug rather than RNA or protein.

Evidence that the cis-[Pt(NH,),]?>* moiety forms an intrastrand
cross-link with DNA via the N7 atoms of two adjacent G residues
stems from several lines of experimentation. First, a greater
buoyant density change was seen for poly(dG)-poly(dC) reacted
with cis-DDP than was observed for platinated poly(dG-dC) when

(13) Caradonna, J. P; Lippard, S. J,; Gait, M. J; Singh, M. J. Am. Chem.
Soc. 1982, 104, 5793.

(14) Eastman, A. Biochemistry 1983, 22, 3927.

(15) Lim, M. C; Martin, R. B. J. Inorg. Nucl. Chem. 1976, 38, 1911.

(16) Roberts, J. J.; Thomson, A. J. Prog. Nucleic Acid Res. Mol. Biol.
1979, 22, 71.
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