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The purpose of this work was to reveal the identity of the deactivation reaction involved in the Fenton's oxidation 
of aromatic compounds. The effect of reaction conditions on the yield of phenol in the oxidation of benzene 
was systematically studied. The maximum yield of phenol (93% based on H202 added) wae obtained at low 
concentrations of both phenol formed and Fe(II) ion added. The predominant deactivation reaction of hydroxyl 
radicals in the Fenton's oxidation was found to be the reaction of hydroxyl radical with phenol to give phenoxy 
radical, followed by the reduction of phenoxy radical with Fe(I1) ion to regenerate the phenol molecule. 

The hydroxylation of aromatic compounds were Fen- 
ton's reagent has been a subject of profound 
The active species generated from Fenton's reagent is 
hydroxyl radials, and the first step of the hydroxylation 
of, for instance, benzene, is the addition of hydroxyl rad- 
icals to benzene nuclei to form hydroxycyclohexadienyl 
radicals (l).1-3 Fbaction mechanisms of enzymatic hy- 

1 

droxylations and their model systems such as Uden- 
friend's9J0 and Hamilton's reagents11-13 have always been 
discussed in comparison with that of Fenton's oxidation, 
especially with respect to the isomer distributions of 
substituted phenols." 

In the Fenton's oxidation of benzene itself, the reaction 
mechanism for the formation of phenol and biphenyl is 
well established and is summarized in Scheme The 
yield of phenol based on hydrogen peroxide, however, 
varies markedly depending on the reaction conditions, Le., 
'less than 5'70,"~ 57%: 40-50%,6 1270.' Since the by- 
product is only a small amount of biphenyl, more than 
43% of hydrogen peroxide has been wastefully consumed 
in some of the side and/or deactivation reactions shown 
in Scheme I. It is not clear, however, which of the reactions 
in Scheme I is responsible for the low yield of phenol 
observed. In the present work, the effect of reaction 
conditions on the yield of phenol in the Fenton's oxidation 
of benzene has been systematically investigated in order 
to reveal the identity of the side and/or deactivation re- 
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Table 1. Effect of Counterenion of Iron(I1) Salts on Yield 
of Phenol" 

% yield of phenolb 
Fe(ClOJ, in 100 FeSO. in 50 

Fe(II)/mM mM HClO, mM HzSO, 
5 79 * 2 (4) 83 * 3 (3) 

10 69 A 3 j4j 71 3 i 4 j  

a In 25 mL of 50 mM HzSO4 or 100 mM HClO, containing Fe(1I) 
ion, 30 mM CuSO,, and 0.75 mL of benzene at 25 "C. The 
amounta of HzOz added were 131-133 and 276283 pmol at 5 and 
10 mM of Fe(I1) ions, respectively. bThe yield of phenol was based 
on HzOz added. The values in parentheses are the number of 
repetitions. 

action(s) operative in the Fenton's oxidation. 

Results and Discussion 
The wide range of phenol yields (5-57 % ) obtained under 

the comparable reaction conditionsp7 suggests that an 
unidentified reaction factor is operating in the Fenton's 
oxidation. Prior to examining the effect of the initial 
concentrations of benzene, H20z, and Fe(I1) ions on the 
yield of phenol, some preliminary experiments were con- 
ducted in order to determine a standard for the reaction 
conditions. 

1. Standard Reaction Method. In the Fenton's oxi- 
dation procedure, there is ambiguity with respect to the 
order of mixing of the reagents that make up Fenton's 
reagent. Norman3 and Walling6 adopted a procedure to 
add aqueous H202 dropwise into an Fe(I1) solution, al- 
though the yield of phenol was not reproducible, i.e., less 
than 5 9 0 ~  and 57%.6 Since Norman3 and Walling6 used 
two different sources of Fe(I1) ions for the Fenton's 
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Table 11. Effeet of Mixing Method on Yield of Phenol' Table IV. Effect of Stream of N, Gar on Yield of Phenol" 

mirinn method 
% yield 

of Dhenol - 
H20z (100 mM) was added into 10 mM FeS04 

H2OZ (100 mM) was added into 20 mM FeSO, 

FeS04 (10 mM) was added into 10 mM Hz02 solution 

FeS04 (50 mM) was added into 10 mM H202 solution 

71b 
solution containing 30 mM CuS04 

solution containing 30 mM CuS04 

containing 30 mM CuS04 

containing 20 mM CuS04 

containing 60 mM CuS04 by h of T-shaped 
capillary tube 
nH202 and FeS04 were separately dissolved in 50 mM H804.  

Under the standard reaction conditions. An appreciable amount 

65 

71 

67 

53' H202 (20 mM) was mixed with 20 mM FeS04 

of biphenyl WBB formed. 

Table 111. Effeet of Dioxygen on Yield of Phenol at 25 'C" 
FeSOJmM atm % yield of phenolb 

10 N2 71' 

20 N2 58 
20 0 2  38 

10 0 2  50 

'In 25 mL of 50 mM H 8 0 4  containing FeS04, 30 mM CuSO,, 
and 0.75 mL of benzene. bBased on H20z added. 'Under the 
standard reaction conditions. 

reagent, Le., iron(I1) sulfate in 0.2 M H2SO4 and iron(I1) 
perchlorate in 0.05 M HC104, respectively, the difference 
in the counteranions might be responsible for the large 
discrepancy observed in the yields of phenol. The effect 
of the counter ions on the yield of phenol in the Fenton's 
oxidation of benzene was, however, not significant, as seen 
in Table I. 

Accordingly, we tested three different methods of mixing 
the reagents, namely, (i) dropwise addition of H202 into 
an Fe(II) solution, (ii) dropwise addition of Fe(II) into an 
H202 solution, and (iii) rapid mixing of Fe(I1) and H202 
solutions by use of a T-shaped capillary tube. All the 
reactions were carried out in the presence of 30 mM cop- 
per(II) sulfate in order to oxidize the radical 1 effectively 
(see Figure 1). As seen in Table 11, the effect of the order 
of addition of H202 and Fe(I1) on the yield of phenol is 
not sigdicant, while mixing with a T-shaped capillary tube 
gave a lower yield of phenol with concomitant formation 
of an appreciable amount of biphenyl 2. Since the yield 
of phenol is sensitive to the concentration of F e O  but not 
of H202 as described below (see Figures 2 and 3), the 
method of mixing was standardized as the dropwise ad- 
dition of 110 mM H202 in 50 mM H2SO4 into 25 mL of a 
solution that was 50 mM H2S04, 10 mM FeS04, 30 mM 
CuS04, and 0.75 mL of benzene. The yield of phenol 
obtained under the standard reaction conditions was 71 
f 3% based on the amount of H202 added (273-288 mol). 

Moat of the Fenton's oxidations hitherto reported were 
performed under a N2 atmo~phere.~*~ Since the key in- 
termediate, hydroxycyclohexadienyl radicals (l), can be 
oxidized with O2 as well as Cu(II) and Fe(III) ions to give 
phenol, Fenton's oxidation under O2 atmosphere may in- 
crease the yield of phenol. The result in Table I11 shows 
that, on the contrary, lower yields are obtained with the 
experiments under O2 atmosphere, probably because of the 
by-production of polyoxygenated products. In fact, the 
high-performance liquid chromatogram of the reaction 
mixture obtained under O2 atmosphere gave an additional 
peak before that of phenol?*' The extra peak was not seen 
in the reaction run under N2 atmosphere and was depleted 

H202bM N2 % yield of phenolb 
110 closed 71' 
110 flow 49,19 
290 c l o d  71 
290 flow 63, 46 
580 closed 72 
580 flow 42, 46 

"In 25 mL of 50 mM H 8 O 4  containing 10 mM FeSO,, 30 mM 
CuS04, and 0.75 mL of benzene. bBaaed on H202 added. 'Under 
the standard reaction conditions. 

by addition of carbonyl reagents such as semicarbazide and 
hydroxylamine, indicating that it can be assigned to mu- 
condialdehyde(s).8 

There is another variable with respect to the N2 atmo- 
sphere, i.e., whether N2 gas is closed in the reactor or 
allowed to flow through the reactor during the oxidation 
of benzene. As Table IY clearly demonstrates the yield 
of phenol in the closed system was higher and more re- 
producible than that obtained in the flow system. Taking 
into account the high volatility of benzene, the low yield 
in the flow system must be due to the decrease in the 
effective concentration of benzene in the solution, espe- 
cially at the surface of the solution where aqueous H202 
is introducted. Accordingly, the standard protocol for the 
reaction was fiied as "the dropwise addition of aqueous 
H202 into aqueous Fe(I1) solution containing benzene 
under N2 atmosphere in a closed system at 25 OC" in the 
following experiments. The potential side reaction through 
peroxy radical 3, formed by the reaction of radical 1 with 
dioxygen (See Scheme I), therefore, can be excluded in the 
following discussion. 

2. Stoichiometry for Reaction of HzOz with Fe(I1). 
Hydrogen peroxide is decomposed to give either H20 or 
O2 as a final product. The relative contribution of these 
decomposition reactions can be estimated from the stoi- 
chiometric relationship as follows. The decomposition of 
H202 promoted by Fe(I1) ions can be expressed as: 

H202 + Fe(II) + H+ = H20 + *OH + Fe(II1) (2) 

(3) 
By adding eqs 2 to 3, eq 4 is obtained. 

H202 + 2Fe(II) + 2H+ = 2H20 + 2Fe(III) (4) 
According to (4), the molar ratio of Fe(II) oxidized to H20z 
consumed (n = AFe(II)/AH20J, which is originauy defined 
as "consumption ratio" by Barb and co-~orkers,1~ should 
be 2. 

Competing with (3), hydroxyl radicals also react with 
H202 to give hydroperoxy radicals (H02').16 

*OH + H202 = H2O + HO2' (5) 
Hydroperoxy radicals can be oxidized with Fe(1II) or Cu- 
(11) ions, if present, to evolve molecular oxygen. 

H02' + Fe(II1) = O2 + Fe(I1) + H+ (6) 

HO2' + Cu(I1) = 0 2  + CU(I) + H+ (6') 
Summing up eqs 2,5, and 6, one obtains eq 7. 

2H202 = 2H20 + 0 2  (7) 
Provided (7) catalyzed by Fe(II)/Fe(III) redox couple 

occurs appreciably during the Fenton's oxidation of 
benzene, the consumption ratio n should be less than 2 and 
the yield of phenol should decrease with decreasing n 

*OH + Fe(I1) + H+ = H20 + Fe(II1) 

(15) Barb, W. G.; Basendale, J. H.; George, P.; Hargrave, K. R. Tram. 

(16) Anbar, M.; Neta, P. Int. J.  Appl. Radiat. h o t .  1967, 18, 493. 
Faraday SOC. 1961,47, 462. 
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Table V. Stoichiometry for Reaction of HtOt with Fe(I1) 
Ian' 

0 277 121 250 5 1.57 
0 277 20 500 3 1.93 
0 277 9 750 206 2.02 
0 277 10 lo00 465 2.00 
30 280 145 250 1 1.84 
30 277 37 500 3 2.07 
30 280 9 750 205 2.01 
30 280 8 lo00 450 2.02 

O I n  25 mL of 50 mM H 8 0 4  at 25 OC. 

1 o o y ' 1  

0 .- 

0 200 400 600 
H202 I mM 

Figure 2. Effect of concentration of H202 on the yield of phenol: 
0, H202 in 60 mM HdO, saturated with benzene was added, 0, 
H2On in 60 mM H2SO4 was added. Solvent: 26 mL of 50 mM 
H2S04; FeS04, 10 mM CuS04, 30 mM, H202, 277 & 25 amok 
benzene, 0.75 mL (8.4 "01). Temperature: 26 OC. 

Table VI. Effect of Initial Concentration of Fe(I1) Ion on 
Yield of Phenol at 26 O C "  

- 1 2 ' s  

'0 - ,-.-,-,- .-. 
0 20 40 60 

CuSO, I mM 

Figure 1. Effect of copper(II) sulfate on the yield of phenol and 
biphenyl: 0, phenol; 0, biphenyl. Solvent: 26 mL of 60 mM 
H#04; FeS04, 30 m M  CuSO,, 30 mM, HzOz, 280 f 8 pmol; 
benzene, 0.76 mL (8.4 mmol). Temperature: 25 OC. 

value. The experimental values of the consumption ratio 
n are, as summarized in Table V, equal to 2 within ex- 
perimental 811ylr at the higher concentrations of F e O  ions 
( 2 M  mM), though the yield of phenol was as low as 
68-44% (Figure 3). The results in Table V and Figure 3 
indicate that the low yield of phenol in the Fenton's oxi- 
dation cannot be attributed to the deactivation of hydroxyl 
radicals according to (5) followed by (6). 

3. Effect of Cu(I1) Ions on Yield of Phenol. In 1969, 
Norman found that the addition of copper(II) ions to the 
Fenton's system markedly increaees the yield of oxidation 
producta.' The acceleration effect of copper(I1) ions haa 
been explained by the effective oxidation of the radical 1 
to give phenol according to (8). k c t i o n  8 competes with 

0; + Cu(I1) = D O H  + Cu(1) + H* 

the dimerization of the radical 1 to give biphenyl 2 (re- 
action g), and the addition of copper(I1) ions favors the 

main reaction (8). 
Walling proposed that, since the yield of phenol is only 

57% even when the formation of biphenyl is negligible in 
the Fenton's oxidation of benzene, the low yield of phenol 
must be caused by the deactivation reaction of radical 1 
to give cation radical 4, followed by reduction of 4 with 
iron(I1) ions to regenerate benzene.6 

0 + Fe(I1) = 0 + Fe(II1) 

Provided that both the side reaction (9) and the deac- 
tivation reactions (10) and (11) are reaponsible exclusively 
for the low yield of phenol, the yield of phenol should 

pmol mM o b i b  calcd from eq 12b 
132 5' 82 i 2 98.9 
132 2od 78 i 1 96.8 
64 2.5e 93 f 1 99.5 
64 2od 89 i 1 95.8 

Under the standard reaction conditions. Based on H202 add- 
ed. 125 pmol. 500 pmol. 62.5 pmol. 

increase up to 100% with increasing concentration of 
copper(I1) ions added. Figure 1 shows that the yield of 
phenol increawa with the addition of copper(@ sulfate but 
the plateau of the yield (54 f 2%) is obtained in the range 
of 25-60 mM of copper(I1) sulfate. 

The result in Figure 1 indicates that (i) the formation 
of biphenyl is negligible in the presence of more than 10 
mM of copper(I1) sulfate, (ii) the increment of the yield 
of phenol by the addition of copper(II) ions is, therefore, 
mainly due to suppression of the side reaction (9) and/or 
the deactivation reactions (10) and (ll), but (iii) 46 i 2% 
of hydrogen peroxide is still wastefully consumed according 
to some reactions even after complete suppreseion of (9), 
(101, and (11). 
In light of the results obtained above, all the Fenton's 

oxidations described below were carried out in the presence 
of 30 mM copper(I1) sulfate. 

4. Effect of HzOz Concentration. When HzOz in 
initial concentrations from 58 to 590 mM was added 
dropwb into 10 mh4 of Fe(@ solution containing benzene, 
the yield of phenol was essentially constant (71 i 4% 
based on Hz02 added) as seen in Figure 2. 
5. Effect of Fe(I1) Concentration. The effect of the 

initial concentration of iron(I1) sulfate on the yield of 
phenol under the standard reaction conditions was, as 
shown in Table VI, very small (less than 4%). 

The slight inhibition effect of Fe(II) ions at the higher 
concentrations can be explained by the competitive reac- 
tions (3) and (1) towed hydroxyl radicals, though Walling 
claimed that the rate constant for the reaction of hydroxyl 
radical with Fe(I1) ions is too small (3 X 108 M-' s-l)16 to 
explain the observed low yield of phenol (57%). A sim- 
plified reaction model can help to mtimate the contribution 
of (3). Assuming that the concentrations of both benzene 
and Fe(I1) ions are approximately constant during the 
entire sequence of the oxidation, one can derive eq 12 
yield of phenol = 

I (12) 
kB[benzene] [PhOH] 

[PhOH], k~[benzenel + kFIFe(II)l 
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Table VII. Oxidation of Phenol with Fenton'r Reagentn 

initial fial initial fiial consumed umol umol 
HzOdrmol phenol/rmol catechol/ hydroquinone/ 

Ito et al. 

285 trace 125 105 20 2 (0.7%Ib 4 (1.4%)* 
662 trace 125 97 28 3 (0.5%)b 5 (0.8%)b 

,I In 25 mL of 50 mM H#04 containing 20 mM F&04 (500 rmol) and 
30 mM CuS04 at 25 OC. *The values in parentheses are % yield based 
on H2O2 added. 

where [PhOH], and [PhOH] are the theoretical and ob- 
served yields of phenol, [Fe(II)] and [benzene] are the 
concentrations of Fe(II) and benzene in the solution, and 
kFe and kB are the rata constants for (3) and (11, respec- 
tively, Subetit~thg the numerical values of kB ((6.0 f 1.7) 
X lo8 M-l s-l),14J7J8 kFe (3 X 108 M-' s-l),16 and the satu- 
rated concenttation of benzene in 50 mM of H#04 (0.023 
M at 25 O C )  into eq 12, one can estimate the yield of phenol 
at a given concentration of iron(I1) ions. The observed 
yield of phenol in Table VI is slightly but definitely lower 
than those calculated from eq 12, although the yield of 
phenol decreases with increasing concentration of Fe(II), 
as predicted by eq 12, for a fiied amount of H202 added. 

The reaulta in Table VI suggest that the yield of phenol 
mainly depends on the amount of H202 added, not on the 
concentration of H202 as has aJready been shown in Figure 
2. 

6. Effect of Amount of H202 Added. When the 
amount of H202 was increased by increasing the duration 
of dropwise addition of 110 mM H202 into 50 mM H#Ol 
containing benzene (0.75 mL), FeS04 (equivalent to H20J, 
and CuSO, (30 mM), the 9% yield of phenol based on H202 
significantly decreased, Le., 93 f 1 , 8 2  f 3 ,71  3 , 6 0  f 
7 and 53 f 6% for the addition of 64,131,277,415, and 
610 pmol of H202, respectively. The maximum yield of 
phenol amounted to 93% (based on H202 added) at 2.5 
mM of FeS04 and 64 pmol of H202 The plot of % yield 
of phenol against the amount of phenol formed, rather 
than the amount of H202 added, is shown in Figure 3. 

The next question to address is that of why the yield 
of phenol decreases with increasing amount of H202 added. 
One might expect that the consecutive oxidation of phenol 
to catechol, hydroquinone, and further oxidation products 
brings about the apparent decrease in the phenol yield. 
The yields of catechol and hydroquinone in the Fenton's 
oxidation of benzene were, however, less than 1 % under 
the present reaction conditions, indicating that the con- 
secutive oxidation of phenol is not responsible for the 
results in Figure 3. 

7. Deactivation Mechanism. A separate experiment 
on the oxidation of phenol with the Fenton's reagent at 
25 O C  also showed that the yields of catechol and hydro- 
quinone based on H202 added were very low (0.5-1.4%), 
as shown in Table VII. 

It is noteworthy that the amount of phenol consumed 
is only 4-7% of H202 added. Taking into account that 
there was only a trace amount of H202 remaining in the 
oxidation mixture, a deactivation reaction (13) for hydroxyl 
radicale must be operating effectively in the Fenton's ox- 
idation of phenol. The phenoxy radical formed is then - - 

H O a  + *OH = * O a  + H20 (13) 

reduced back to phenol with Fe(II) ion according to (14). 

* O a  + Fe(I1) + H' = H O a  + Fe(II1) (14) 

Thus, (13) followed by (14) affords a mechanism for rapid 
consumption of hydroxyl radicale without oxidizing phenol, 

's 401 

0 4 8 12 
PhOH / mM 

Figure 3. Effect of concentration of phenol formed on the yield 
of phenot Solvent: 25 mL of 50 mM H#04; FeSO,, 20 mM (O), 
25-20 mM (e); CuSO,, 30 mM, H,O, 64-613 pmok benzene, 0.75 
mL (8.4 mmol). Temperature: 25 "C. The solid line is calculated 
from eq 18 using kB = 4.3 X lo8 M-I and k, = 1.4 X 1O'O M-' 
s-l (K = 70.7 M-I). 

as shown in Table VII. Summation of eqs 13 and 14 gives 
eq 3. 

According to this deactivation mechanism, the yield of 
phenol in the Fenton's oxidation of benzene can be ex- 
pressed by eq 15, where [H202], is the amount of hydrogen 

= [PhOH] [PhOH] yield of phenol = - - - 
[I320210 [PhOHIo 

1 
K[PhOH] + 1 (15) 

peroxide added and K = kp/(kB[benzene]), in which k, is 
the rate constant for the reaction of hydroxyl radical wth 
phenol. huation 15 is derived assuming that (i) benzene 
and phenol competitively react with hydroxyl radical ac- 
cording to (1) and (13) and (ii) the concentrations of 
benzene [benzene] and phenol [PhOH] are approximately 
constant during the entire sequence of the Fenton's oxi- 
dation of benzene. For small changes d[H202] and d- 
[PhOH] in the amounta of H202 and phenol, respectively, 
eq 16 holds. The minus sign on the left-hand side is 

(16) 
1 d[PhOH] 

required since d[H202] is always negative while d[PhOH] 
is positive. Equation 16 can be rewritten as 

f - 
d[H202] K[PhOH] + 1 

(K[PhOH] + l)d[PhOH] = -d[H,O,] (17) 

Integrating eq 17 from time = zero to t, one obtains 
K/2[Ph0Hl2 + [PhOH] = [H202], 

Therefore, 

Substituting the numerical values of k, (1.4 X 1O'O M-I 
s-l),lD k B  ((6.0 f 1.7) X 10s M-l s-1),14J7J8 and the saturated 
concentration of benzene in 50 mM of H2SO4 (0.023 M at 
25 "C), one can obtain the calculated yield of phenol. As 
shown in Figure 3, the plot of the yield of phenol obee~ed 
in the Fenton's oxidation of benzene against the concen- 
tration of phenol formed is in good agreement with that 
calculated from eq 18 using kB = 4.3 X los M-' 8-I '' and 
k, = 1.4 X 1O'O M-' (K = 70.7 M-l). 

(17) Dorfman, L. M.; Taub, 1. A.; Buhler, R. E. J.  Chem. Phys. 1962, 
36, 3051. 

(18) Neb, P.; Dorf'man, L. M. In Radiation Chemistry; Hart, E. J., 
Ed.; American Chemical Society: Washington D.C., 1968; Vol. 1, p 222. 
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Scheme I1 

a main reaction 

e deactivation reaction 

In conclusion, the minimal reaction scheme for the 
Fenton's oxidation of benzene is outlined in Scheme 11. 
The main deactivation reaction is the reaction of hydroxyl 
radical with phenol, followed by reaction of the resulting 
phenoxy radical with Fe(I1) ion. The direct reaction of 
hydroxyl radical with Fe(II) ion cam the slight decrease 
(ca. 4% at 20 mM of Fe(I1) ion) in the yield of phenol 
(Table 6). 

Experimental Section 
Materials. All chemicals used were commercial and reagent 

grade and were used without further purification. Hydrogen 
peroxide (35 wt %) was obtained from Katayama Kagaku Kagyou 

Analyris. Phenol, hydroquinone, and catechol were deter- 
mined by revereed-phase HPLC using a JASCO Intelligent HPLC 
Pump (880-PU) and a JASCO Intelligent W/vis detector 
(875-UV) coupled with a Shimadzu Chromatopac C-MA. The 
separation column was a Cica-MERCK Hibar Lichrmrb RP-18 
(5 pm), and the eluent was a mixture of acetonitrile (14 vol W )  
and a 50 mM phosphate buffer (86 vol 7% , pH 3.5). Biphenyl was 
determined by GLC. Hydrogen proxide (titanium sulfate me- 
thod)" and iron(I1) ions (0-phenanthroline method) were de- 

termined spectroscopically by use of a JASCO UVIDEC 610 
spectrophotometer. 

Oxidation of Benzene. The standard procedure for the 
Fenton's oxidation of benzene was as follows: Into a 100-mL 
Erlenmeyer flask with a rubber stopper equipped with four glaae 
tubings was placed 25 mL of a solution that was 50 mM H804,  
10 mM FeS04, and 30 mM CuSO,. After air was purged from 
the flask with N2 through two glass tubings fitted to the rub 
ber-stopper, 0.75 mL (8.4 "01) of benzene was added through 
the third tubing using a microfeeder (Azuma Denki Kogyo, MF-2). 
With a magnetic bar stirring at 1OOO-1100 rpm, 100 mM H202 
in 50 mM H 8 0 4  were added dropwise using another microfeeder 
(Azuma Dedi  Kogyo, MF-2) with a rate of 0.2759 mL min-l. Aftar 
addition of the precalculated amount of H202 at 25 OC, the re- 
action mixtaue was d d  to stand for 30 minwithstirring. After 
evaporating the remaining benzene with a stream of N2, 5 mL 
of the reaction "e was diluted to 50 mL with 25 mM EDTA 
An aliquot of the diluted d o n  mixtaue was subjected to HPLC 
analysis. 

Oxidation of Phenol. Into a 100-mL Erlenmeyer flask with 
rubber-stopper was added 25 mL of a solution that was 50 mM 
H2S04, 5 mM phenol, 20 mM FeS04, and 30 mM CuSO,. After 
air was purged from the flask with Nz, 100 mM H202 in 50 mM 
H 8 0 4  wae added dropwise using the microfeeder with a magnetic 
stir bar. The reaction mixture was allowed to stand at 25 OC for 
30 min and was subjected to HPLC analysis after dilution with 
50 mM EDTA. 

987; Fe(ClO&, 13933-234 F a 4 ,  7720-787; C&C&, 9252-4; 
Registry NO. C& 71-43-2; HzO2, 7722-84-1; CuS04, 7758- 

CeH5OH, 108-95-2; HOC~H~-O-OH, 120-80-9; HOCeH4-p-OH, 
123-31-9; HO, 3352-57-6; Hz, 1333-74-0. 

(19) Land, E. J.; Ebert, M. Trona Faraday SOC. 1967,63,1181. 
(20) Erlenmayer, H.; Zell, R.; Brintziger, H.; Prijs, B. Helv. Chim. Acta 

1964, 47, 792. 
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The syntheses of bipyridylalanine and related bipyridyl-functionalized peptide derivatives are described. The 
copper complexes of several peptide-bipyridyle were prepared and characterized. Application of electrospray 
ionization maw spectrometry to the structure determination of cationic bipyridyl Cu+ complexes 2 and 3, as well 
as peptide-metal complexes 18-22, was explored. 

As part of a program to develop new methods for pep- 
tide cross-linking, we are studying the use of a bipyridyl 
metal template, where the geometric requirements of co- 
ordination might be used to constrain a peptide to a 
well-defined conformation.' Metal binding sites in pro- 
teins are well-known to stabilize structure as well as to 
participate in catalytic enzyme function. Cross-linking of 
synthetic peptides with metals and specific derivatization 
of peptides with bipyridyl groups hae only recently been 
reported in the literature.2 Recent reporta of bipyridyl- 

(1) For leadw referen- to peptide design using 'templates" BBB: 
Emest, I.; Vuilleumier, S.; Fritz, H.; Mutter, M. Tetrahedron Lett. 1990, 
4015. 

(2) (a) Ghadir, M. R; Choi, C. J. Am. Chem. SOC. 1990,112,1630. (b) 
Ruan, F.; Chen, Y.; Hopkina, P. B. J.  Am. Chem. SOC. 1990,112,9403. 
(c) Haudel, T.; Mrado, W. F. J. Am. Chem. SOC. 1990,112,6710. (d) 
Arnold, F. H.; Haymore, B. L. Science 1991,262, 1796. (e) Ruan, F.; 
Chen, Y.; Itoh, IC; Sadti, T.; Hopkina, P. B. J. Org. Chem. 1991,56,4347. 
(0 Gh~diri, M. R; Soarea, C.; Choi, C. J. Am. Chem. SOC. 1992,114,825. 
(e) Lieberman, M.; SaMki, T. J.  Am. Chem. SOC. 1991,113, 1470. 
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alanine complexes by Imperialis have prompted us to re- 
port our work in this area? 

Results and Discussion 
Two different strategies have been explored to incor- 

porate the bipyridyl ligand into a peptide. The first in- 
volves direct introduction of the bipyridyl (bpy) group onto 
a cysteine thiol or at the terminus of preformed peptides. 
The second route involves the preparation of a new amino 
acid containing the bipyridyl (bpy) side chain for use in 
peptide synthesis. 

Electrospray ionization mass spectrometry @SI-MS) hae 
recently revolutionized the maw measurement of biological 
molecules.6 We have also shown that ESI-MS is quite 

(3) Imperiali, B.; Fieher, S. L. J. Am. Chem. SOC. 1991, 113, 127.  
(4) Presented in part at the National Organic Sympium, Minneap- 

olis, MN, June 1991. 
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