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Reactions of N;, Br;-, and (SCN)2'- with tryptophan (TRPH) and N-methylindole (NMI) have been investigated in H 2 0  
and D20 solutions. The main transients produced were the TRP' radical and the TRPH'+ radical cation from TRPH and 
the NMI" radical cation from NMI. Their extinction coefficients (e) as well as the rate constants for their formation and 
decay were determined in the pH range 3-10. The pK of the TRPH'+ radical cation was confirmed to be 4.2 f 0.1. These 
rate constants were within experimental error, independent of pH, and the differences between the rate constants in H20 
and D20 were small. On the basis of the results, it was concluded that of the two possible reactions-electron or hydrogen 
atom transfer-the data are more consistent with electron transfer in all cases. However, secondary acid-base reactions 
have an important effect on the overall redox equilibria, especially with N<. Experimental data on these effects have also 
been obtained. 

Introduction 
Reactions involving radicals and radical anions produced in 

reactions 1-3l may be important in radiation biology and food 
(1) 

OH' + X- - (XOHO-) - X' + OH-, 

H 2 0  -- H', OH', eq-, H2, H202, H+ 

X- = C1-, Br-, I-, N3-, SCN- (2) 

(3) 
irradiation, since they can react with enzymes and other cellular 
components." In addition, the reactions of (SCN)2', BrZC, and 
N; have been used to investigate selective one-electron oxidation 
reactions of amino acids and The mechanism 
of these oxidations has generally been assumed to be a direct 
electron transfer to the radical or radical anion.8J%l3 In the case 
of the reaction of Br2*- with tryptophan (TRPH), experimental 
evidence for the electron-transfer mechanism in neutral aqueous 
solutions has been reported:2 

(4) 
At pH's above the pK of the TRPH radical cation (TRPH'+), 
deprotonation follows until acid-base equilibrium is established: 

TRPH'+ e T R P  + H+ ( 5 ,  - 5 )  

Unfortunately, not all cases are as clear-cut. For example, in the 
reactions of C12'-, both electron transfer and hydrogen atom 
abstraction seem to take p1ace.l' 

For the reaction of N3' with TRPH, the possibility of hydrogen 
atom transfer, instead of electron transfer, Le., reaction 7 instead 
of reaction 6,  was suggested:I0 

(6 )  

(7) 
Subsequent to these publications,Ll0 the reduction potential of 

the azide radical has been establi~hed'~ as 1.33 V, and the re- 

* To whom correspondence should be addressed. 

X' + x- a x2'- 

Br2'- + TRPH s TRPH'+ + 2Br- 

kl 

k-5 

N3' + TRPH e N3- + TRPH'+ 
N,' + TRPH e HN3 + T R P  

duction potentials of TRPH and several other indoles have been 
determined more accurately (Eo(TRPH'+/TRPH) = 1 .2416 and 
1.21 V17). This information, along with the known pK values of 
HN3 (4.74)18 and the TRPH'+ radical cation (4.3): makes it 
possible to calculate AGO6 = -10 (f2) kJ mol-' and to show that 
AGO7 is about 2.5 kJ mol-' more negative. Thus, from a ther- 
modynamic point of view, reaction 7 is slightly favored. It seemed 
therefore that further study of the oxidation of TRPH by N3* was 
warranted. The approach included making direct comparisons 
between TRPH and N-methylindole (NMI), which has a similar 
reduction potentiali6 (1.23 V as compared with 1.24 V for TRPH) 
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but can only undergo electron transfer. 
The spectrum of the NMI'+ radical cation does not appear to 

have been published. For the radical cation formed from N- 
methyltryptophan there is no evidence for the loss of any ring 
protons, as shown by the spectrum, up to pH 10. Its spectrum 
is similar to that of the TRPH'+ radical c a t i ~ n . ' ~ ~ ~ ~  The pK of 
the TRPH'+ radical cation' is 4.3, and the proton that is lost on 
deprotonation is derived from the H atom on the indole nitrogen. 
This H is also rapidly exchanged for D on solution of TRPH in 
D20.21 Furthermore, this would also be the atom abstracted, 
if reaction 7 occurred. Thus, if the rates of oxidation by N,' were 
compared in light- and heavy-water solutions, the rate in heavy 
water would be lower by a factor of 2-3 because of the isotope 
effect:" if reaction 7 were the dominant reaction. On the other 
hand, the rates would be similar (except for the viscosity effect 
of heavy water), if reaction 6 were the dominant reaction. 

The main aim of this work was to study the reactions of N3', 
Br2*-, and (SCN)2'- with TRPH and NMI in H 2 0  and D 2 0  at 
pHs above and below the pK of the TRPH'+ radical cation. By 
comparing trends in the rate constants for oxidation by N3* with 
those for Br2*-, for which electron transfer is the accepted 
mechanism, it was expected that the relative importance of re- 
actions 6 and 7 as a function of pH could be decided. At the same 
time, NMI served as a model in which, even for N3*, only electron 
transfer could occur. 

Experimental Section 
Initial experiments used the 1.5-MeV Van de Graaff electron 

accelerator at the University of Calgary.u Transient spectra and 
kinetics of species formed in solutions of both TRPH and NMI 
in H 2 0  and D 2 0  were obtained with the 3-MeV Van de Graaff 
electron accelerator at Miilheim,2s-27 and the NMI-N3'- equi- 
librium 

N3* + NMI P N3- + NMI'+ (8) 

was studied, using the 8-MeV linear electron accelerator in the 
Radiation Laboratory at the University of Notre Dame.28 Details 
of these facilities and dosimetry methods have been previously 

density corrections for D20 solutions were made. 
The experiments were performed at room temperature (20 f 2 
"C), and the OD/cm values were normalized to a dare of 10 kGy. 

Solutions. All solutions were prepared with triply distilled or 
"Millipore/Milli-Q" water. The heavy water was supplied by 
AECL Research (isotopic purity, 99.95%) and was distilled over 
potassium permanganate prior to use. The TRPH was recrys- 
tallized from water solutions before use. The NMI (Merck) was 
distilled under argon and stored in a refrigerator in an air-free 
container. Because of the potential volatility of this compound, 
the concentrations of the solutions used in the study of the 
N3'/NMI system equilibrium (reaction 8) were determined from 
the absorbances (optical density, OD) at 280 nm before and after 
the pulse radiolysis experiments, and their average was used in 
the calculations. The largest change observed was 6%. The nitrous 
oxide was passed through columns containing "Oxisorb" (Messer 
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300 COO 500 600nm 
Figure 1. Transient absorption spectra obtained 10 fl  after the pulse in 
H 2 0  on reaction of N,' with TRPH at pH = 3 (AI) and at  pH = 8-10 
(A2). A3 results from A1 at a few milliseoonds after the end of the pulse. 
Insert I: Absorption spectra of the same transients, but produced in D20  
at  pH = 3 (B1) and pH = 8-10 (B2). Insert 11: Plot of optical density 
versus pH to obtain pK. All OD/cm values are at 580 nm and nor- 
malized to 10 Gy. OD, and ODb are the values for acidic and basic 
solutions, respectively. Solutions: 5 X lo-* M TRPH, 5 X M NaN3, 
and 2.8 X lo-* M NzO. 

TABLE I: Spectroscopic churcteristics and b y  Kinetics (2k) of 
Trade& Produced by Radical Reactions with TRPH pad NMI in 
Acid (pH = 3) and N ~ t n l / a u i c  Soi~tiar~ (pH = 7-10) 

TRPH 
cation 3 335 4750 200 5.1 0.3 4.8 * 0.2 
radical, 560 3000 150 
TRPH'+ 
neutral 7-10 325 3670 200 5.3 * 0.3 4.9 0.2 
radical, 510 2300* 150 
TRP' 

cation 3-10 335 5800 i 250 6.7 0.2 6.5 * 0.2 
radical, 560 2600 * 180 
NMI" 

NMI 

Griesheim) to remove traces of oxygen, prior to use. All other 
chemicals were reagent grade and were used as received. For 
control of pH, use of phosphate buffer, HC104, and NaOH was 
made, as needed. 

Results and Discussion 
A.  Tryptophan. I .  Absorption Bands and pK. Transient 

absorption spectra obtained on pulse radiolysis of N20-saturated 
solutions of TRPH (5 X lo4 M) containing sodium azide (5 X 
1W2 M) have beem measured in the pH range from 3 to 10 (Figure 
1). In addition to the two major bands observed in the 320- and 
520-nm regions2-4.7v8*10 very soon after the electron pulse (10 ps), 
due to TRPH'+/TRP', a weak transient absorption due to an 
unidentified product of decay is observed at -2 ms after the pulse 
(Figure 1). The absorption spectra of the transient species formed 
from TRPH in D20 solutions are similar (Figure 1, I). 

From the change in optical densities as a function of pH, the 
pK for reaction 5 has been calculated to be 4.2 f 0.1 (Figure 1). 
This compares well with the previously reported value7 of 4.3. 
Consistent with the earlier st~dies,"~~**~~ the same TRPH'+/TRP' 
species were also produced on reactions of Br2'- and (SCN)2'- 
with TRPH. 
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2. Radical Yields and Extinction Coefficients. The objective 
of this part of the study was to obtain absorption spectra and 
extinction coeffcients of the TRP' and W H O +  species separately. 
For the case of T W ,  this can be done at pHs considerably higher 
than the pK of TRPH'+. The appropriate yields of NJ', Br2*-, 
and (SCN)2' for 5 X 1C2 M salt solutions are 5.5 molecules per 
100 eV each, as they are formed only from 'OH. The H' atoms 
make no  contribution^.^^ 

To ensure that radical-radical reactions were not causing in- 
accuracies in the absorbances per unit dose, the intensities in azide 
solutions at pH 10.5 f 0.3 were determined as a function of dose 
per pulse and concentration of TRPH, in M solutions of 
NaN3. The results showed that the OD values were, in effect, 
independent of dose up to 7 Gy per pulse for 5 X lo4 M tryp- 
tophan. Also, the dependence on TRPH concentration above 1 P  
M for doses of 3 Gy per pulse was small. Because the radical 
plus radical reaction rate constants for Br2'- and (SCN);- are 
lower than that30 for N3', it can be assumed that the effects in 
those cases would have been smaller. The extinction coefficients 
for TRP' given in Table I are the averages of the values obtained 
from the absorbances per unit dose at TRPH concentrations of 
5 X lo4 M and doses per pulse of 7 Gy or less, with the yield 
of oxidizing radicals taken as 5.5 molecules per 100 eV for all 
the three species. 

Determination of the spectrum of the TRPH" radical cation 
requires that the pH be well below the pK of 4.3, and so pH 3 
was chosen. In the case of bromide solutions, the Br2'- yield was 
taken as 5.5, the same as in alkaline solutions. According to Ye 
and co-worker~,?~ the yield of NJ' at pH 3 should be 6.1. Here, 
the conversion of the hydrated electron into hydrogen atoms and 
the production of N3' through the following reactions of the 
hydrogen atoms become imp~rtant : '~? '*~~ 

HN3 F! H+ + N3- (9) 

e,- + HN, - HN3'- (10) 

ea, - +  H + + H '  (11) 

H' + N3- F! HN3'- (12) 

HN3'- + H+ + H2 + N3' (13) 

H' + HN3 + H2 + N3' (14) 

OH' + HN3 + N3' + H 2 0  (15) 

Because of the complexity of this scheme, the yield of N,' at pH 
3 in H 2 0  was determined directly by titration with Fe(CN)6e 
in the reaction 

N3' + Fe(CN),& - N3- + Fe(CN)63- (16) 
with concentrations of Fe(CN),& chosen so that the overall rates 
of reaction toward No' were equivalent to those seen for TRPH. 
These studies confirmed that the G(N3') at pH 3 was 6.1 f 0.2. 
This latter value was used as the yield of the TRPH'+ radical 
cation in azide solutions at this pH. It is pertinent to point out 
that calculations based on the OH' reaction rates indicate that 
approximately one OH' radical per 100 eV would probably have 
reacted directly with TRPH at pH 3 in 5 X 1C2 M azide solutions. 
However, this should not affect the spectra and calculated ex- 
tinction coefficients, since at this pH the OH' adduct rapidly 
decays to the TRPH'+ radical cation. 

Radical yields in D20 are generally assumed to be 5% higher 
than in H z O . ~ ~  In view of this small difference and the fact that 
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TABLE II: Rate Const.llts' (k) for the R e a c h  of N3', Brt-, rad 
(SCN),' with TRPH and NMI in H20 rad a0 

TRPH NMI PH 
region radical H,O D,O H,O D,O 
3 Br2*- 1.4 1.5 

N3* 4.2 3.9 6.6 5.9 
B r i -  1.3 1.2 3.5 2.5 

0.8b 2.4c 
0.8d 
4.3 4.0 7.1 6.5 
4.1' 1 3c 

(SCN)i- 0.30 0.29 1.9 1.5 
0.27" 

OH' 13f 12 

7-10 N,' 

lo( 

Rate constants (k) in H20 are subject to a standard deviation of 
10% and in D20 of 15%. Reference 34. Reference 1 1 .  Reference 
9, pH 7. cReference 3, pH 7. 'Reference 35a,b. 

similar absorbance intensities were observed in the two solvents, 
the extinction coefficients were taken to be the same in DzO. 

3. Kinetics. The kinetics of oxidation were examined by 
following the growth of the OD of the TRP' species at high pH 
(8-10) and of the TRPH'+ species at pH 3.0 and 3.8. This was 
done at different TRPH concentrations ((1-10) X lC5 M), and 
the overall second-order rate constant of the oxidation process was 
determined in the standard way from plots of the pseudo-first-order 
growth rates versus TRPH concentration. Salt concentrations 
were varied between 1 X IC3 and 5 X lb3 M. The second-order 
rate constants (Table 11) were independent of pH, and those in 
H 2 0  are generally in good agreement with the previously reported 
data.3$',11,3435 

At this point it should be recognized that our observations 
require acid-base equilibria to be established on the same time 
scale as the oxidation process, whether it be reaction 6 or 7. Thus 
at high pH, with all three radical species, if reaction 5 did not 
occur on the same time scale as (4) (or (6), if it is the main process 
for the reaction of N37, there will be a time lag between the 
development of the TRP' spectrum and that of TRPH'+. Like- 
wise, if reaction 7 is the main process with N3', at low pH, the 
back-reaction -5 must proceed on the same time scale; otherwise 
there will be a lag in the development of TRPH'+ from TRP'. 
Since neither phenomenon was observed in the presence of 2 X 

M phosphate buffer, it must be concluded that at both low 
and high pH the rates of the secondary acid-base reactions were 
similar to the rates of the oxidation process. 

The rate constants for the reactions of NJ', Br2'-, and (SCN)2' 
in D20 are generally the same as those in water, within experi- 
mental error. Any differences, if real, are similar to the ratio of 
the vi~cosities~~ of H 2 0  and D20, which is 0.8904 cP/1.0952 CP 
or 0.813. Since the reactions involving N3* occur near the dif- 
fusionantrolled limit, this fact argues against a hydrogen atom 
transfer mechanism and in favor of the electron-transfer mech- 
anism. 

At both low and high pH, the "transients" decayed on a mil- 
lisecond time scale. The 2k value of 5.1 X lo* M-l s-' at low pH 
(Table I) for the bimolecular reaction of the TRPH'+ radical 
cation 

(17) 

is only slightly less than that for the uncharged TRP' radical, 
reaction 18, observed at higher pH. However, the full effect of 

(18) 

TRPH'+ + TRPH'+ - products 

TRP' + TRP' - products 

(34) Jovanovic, S. V.; Harriman, A.; Simic, M. G. J .  Phys. Chcm. 1986, 
90, 1935. 

(35) (a) Solar, S.; Solar, W.; Getoff, N. Radiut. Phys. Chcm. 1984. 23, 
371. (b) Armstrong, R. C.; Swallow, A. J. Radiat. Res. 1969, 40, 563. 

(36) Wcast, R. C. In CRC Handbook of Chemistry and Physics, 67th 4.; 
CRC Press: Boca Raton, FL, 1986. 
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I I I 

300 400 500 600 nm 
Figure 2. Absorption spectra of transients produced in H20 by the 
reaction of N3' with NMI at pH = 3 (Al) and pH = 8-10 (A2), both 
measured at 5 ps after pulse. Spectrum A3 represents long-lived tran- 
sients (-0.5 ms after the end of the pub). Insert: Transient absorption 
spectrum obtained 5 ps  after the pulse in D20 (pH = 3) by the reaction 
of N,' with NMI. All OD/cm values are normalized to 10 Gy. Solu- 
tions: 5 X IO-' M NMI, 5 X 10-2 M NaNJ, and 2.8 X M N20. 

0.024 \ 
I &  b 

H2 " I 

300 400 500 600 nm 
Figwe 3. Absorption spectra of transients produced in H20 by the 
reaction of NMI with Br,' at pH 3-10 (AI) or (SCN)2' at pH = 8-10 
(A2) measured at 10 p s  after the pulse. All OD/cm values are nor- 
malized to 10 Gy. Solutions: 5 X IO4 M NMI, 5 X 10-2 M KBr or 
KSCN, and 2.8 X IO-' M N20. 

the charge is partially masked by the ionic strength of the solutions 
(- 10-l M). The 2k values in DzO are within experimental error 
the same as those in H20, and any effect of viscosity is small. The 
earlier 2k value6 of 5.6 X 108 M-I s-l for pH 6.1 in HzO is in good 
agreement with the present result. 

B. N-Methylindole. 1 .  Spectra and Extinction Coefficients. 
The absorption spectra of transients obtained in the reaction of 
N3' with NMI in HzO and DzO solutions are shown in Figure 
2. Those produced in the reaction with Br2- at pH 3-10 and 
with (SCN)z'- a t  pH 8-10 are presented in Figure 3. The 
spectrum and intensity of the absorption per reacting radical seen 
with BrzW were independent of pH and similar to those observed 
with (SCN)z' at high pH. A comparison of the curves in Figures 
2 and 3 shows that a similar spectrum and intensity were produced 
by N3* at pH 3. The extinction coefficients a t  the two maxima 
based on the average of all of these intensities are listed in Table 
I. 

0 1  I I 

2 1 w i o o  
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in accordance with the expression 

as shown in Figure 4B. A least-mean-squares fit yielded ka = 
(7.1 f 0.4) X lo9 M-' s-' from the slope and k+, = (7.8 f 0.9) 
X lo7 M-' PI from the intercept. The ratio of these leads to K t  
= 91, in excellent agreement with 86 calculated above from the 
absorbance intensities after equilibrium was reached. The kinetic 
traces indicated that this occurred well before significant radi- 
cal-radical recombination took place. 

The data in Table I1 show that the rate constants for oxidation 
of NMI by Br2*- and N3* are up to a factor of 2 higher than for 
the oxidation of TRPH. The reason for this is not entirely clear, 
though the data of MerBnyi and co-workers'lJ6 do suggest that 
E"(NMI'+/NMI) is slightly lower for NMI than for TRPH. For 
the present purposes, however, the main point is that the trends 
between H 2 0  and D20 solutions are the same for NMI as for 
TRPH. This observation strongly reinforces the conclusion that 
reactions 6 and 8 are the rate-controlling processes for these 
indoles. 

3. Equilibrium Constants and Yields of Oxidized Radicals. 
The average value of Kso for NMI from our data for absorbance 
and kinetics is 88, which leads to Eo(N3'/N3-) - Eo(NMI'+/ 
NMI) = 0.1 14 V. Using E"(N</N<) = 1.33 V from Stanbury's 
recent review15 and ref 39, one finds E"(NMI'+/NMI) for NMI 
= 1.22 V. This agrees well with 1.23 f 0.01 V determined earlier 
by Merhyi, Lind, and Shed6 with C10; as a reference. A later 
study by the same group,"' using N< as a reference, gave the E" 
value as 1.20 f 0.02 V. This study also reports k8 - 1Olo and 
k+ - 5 X lo7 M-' s-l. These various studies have served to 
"connect" the C1O,'/C1O2- potential and the N,'/N< potential 
and demonstrate excellent agreement. Such comparative checks 
of key potentials like Nj./N< and ClO2*/C1O2- are essential in 
confirming the validity of the overall one-electron "redox" scale. 

Attention is now directed to the reasons why the yield of ox- 
idized indole with Nj. was quantitative with NMI at low pH and 
with TRPH at both low and high pH. The activities of TRPH'+ 
and NMI'+ at equilibrium are determined by secondary acid-base 
equilibria as well as by reactions 6 and 8, respectively. Thus, for 
the case of Nj. as the oxidant, N< enters into a second equilibrium 
with H+, which becomes increasingly important as the pH falls 
below the pKm, of 4.7. Likewise for TRPH, the TRPH'+ radical 
cation is subject to deprotonation above the pK of 4.3. Writing 
the total concentration of HN, + N3- as (Az) the total concen- 
tration of (TRP' + TRPH'+) or the concentration of N M P  as 
('Index), and the concentration of TRPH or NMI as Ind, the 
following relationship can be derived: 

Here, F is the Faraday constant and, for simplicity, the activity 
coefficients of uncharged species and of TRPH, Ind, and TRP' 
have been taken as unity. 

As pointed out above for NMI at high pH, where no secondary 
acid-base equilibria occur 

~~ 
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Kovelll = Kso = exp [ FAE" / R T] (22) 

and has a value of 88. In acid solution, as uH+YN,- begins to exceed 
KHN,, the second term causes K-" to exceed K t  and it becomes 
-3000 at pH 3. Thus, quantitative yields of the radical cations 
are observed. Note that the last term in the square bracket of 
eq 21 does not apply for NMI. 

Turning to the case of TRPH, it can be shown that a similar 
effect occurs in acid solution. In addition, the third term in the 
square bracket of eq 21 now contributes increasingly as the pH 
rises above 4.3, the pK of TRPH'+ radical cation, until at pH 8 
Koveral! is about 3 X lo5. Thus, interestingly, the azide radical 
oxldation of TRPH is an electron-transfer reaction, which is proton 
driven at low pH and base driven at high pH. The minimum in 
Kwerall (-180) occurs at pH 4.5. In this case, of course, exp- 
(FAEOIRT) is equal to Kao. 

Conclusions 
Comparison of the ratios of the rates of reactions of N<, Br,', 

and (SCN),', in H 2 0  and D20 solutions shows that the changes 
from H,O to D20 are basically of the same magnitude for TRPH 
and NMI over the pH range studied. Since only electron transfer 
takes place in the latter case and H/D transfer should lead to 
significant (Le., factor of -2) differences for TRPH in the two 
solvents, it is reasonable to conclude that electron transfer also 
dominates for this moleculeboth above and below the pK of the 
radical cation. For the case of Br,', this conclusion is in agreement 
with the earlier work of Butler and co-workers.2 It is also in 
agreement with the interpretation of the reaction between 
(SCN)2*- and TRPH given earlier by Posener and co-workers? 

An additional point of interest is the significantly slower rate 
of reaction of the X2*- dimeric anion radical species (Br2'- and 
(SCN),'). Indeed, in these cases, it may be that adduct formation 
by X' transfer to the indoles (Ind) is a prerequisite to successful 
electron transfer, viz. 

X2'- + Ind (23) 
There are good grounds for proposing this in the case of Br2*-, 
where the transferred electron must enter a relatively high energy 
antibonding orbital, unless dissociation of Br' from the (Br2*-) 
radical ion has oc~urred.~ '  In contrast to the X2*- species in 
reaction 23a, N,' would not need to undergo a dissociation on 
reaction with indoles. This should enhance the rate. In fact, for 
this species the reaction may be an outer-sphere process with no 
adduct involved. 

Finally, the spectra of the radical cations of TRPH and NMI 
can be compared by reference to Figures 1-3. The value of OD 
for NMI solution at 335 nm is seen to be somewhat higher than 
for the TRPH solution, and there is no shoulder at 370 nm. Apart 
from this, the spectra of the two radical cations (TRPH'+ and 
N M P )  are quite similar. Reliable extinction coefficients for the 
NMI" cation do not appear to have been reported previously. 
The present values for the TRPH'+ radical cation and TRP' 
neutral radical are somewhat higher than those in ref 9. This may 
reflect a loss of oxidizing radicals to radical-radical reactions in 
the earlier study. As noted above, precautions were taken to avoid 
that problem in this work. 
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0 3 a )  (23b) 
X- + (X--1nd)' - 2X- + Indo+ 
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