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(38) The pH-tndependent attack rate constant is 30-fold lower in dloxane-
water than in water for the reaction of p-nitroaniline with formaldehyde 
to form the carbinolamine, while the equilibrium constant for this reac­
tion is insensitive to solvent effects (/<i = 14 M~1 in dioxane-water and 
18 AT1 in water).248 
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[ R N + H 2 C H 2 O - ] S H + / [RNH2CH2OH] = [T -]aH+/[T°] are obtained fol­
lowing the considerations of Sayer and Jencks.*5 Thus, from the esti­
mated pKj, value of 9.98 for the alcoholic group of CH3N

+H2CH2OH420 

and correction for the phenyl substitution for methyl by ApK = —8.4 
(0.10 )/2 = —0.42 (employing an attenuation factor of 2 for the trans­
mission of the substituent effect through an additional nitrogen at-
om35.42d,42s t h a t |s p r e s e n t j n carbinolamines) and the considerations of 
Fox and Jencks42' with a pi = +8.4 for the dissociation constants of 
substituted ammonium ions and alcohols, the calculated pKb value for 
PhN+H2CH2OH is 9.56. Based upon this same attenuation factor, a p = 
+ 1.11 value for the ionization of trifluoroacetophenone hydrates, and 
a~ values from the literature,429 the values of ApK = — 1.11<r-/2 are 
0.15, 0.0, -0.19, and -0.69 for P-CH3O-, H-, m-F-, and p-N02-DPED, 
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the pK*a values for carboxylic acids (see. Results) and KWD (Table III) 
values in dioxane-water, is 101-7. The pKN values for KN = [>NCH20-
H]aH+/[>+NHCH20H] are obtained from the pK1^ value of the parent 

It is assumed that at least some flavine-catalyzed oxida­
tion reactions proceed through covalent addition of the sub­
strate to the isoalloxazine ring system. la ,b Many hypotheti­
cal but possible examples are provided in a recent review.2 

With this consideration in mind, it is of obvious importance 
to determine which positions of the isoalloxazine ring sys­
tem are susceptible to nucleophilic (dark) addition reac­
tions. Addition of SO32"" to the 5 position of flavine and fla-
vinium compounds was established by Massey and MuIl-
er,3a and similar additions of phosphines have been estab­
lished by Miiller.3b The reaction of sulfite ion with 3-
methyl-10-(2',6'-dimethylphenyl)isoalloxazine (I) and 3-
methyl-10-(2',6'-dimethylphenyl)isoalloxazine-6,8-disul-
fonic acid (II) has been investigated in some detail.4'5 Sul­
fite was found to add to the N(5) position of I and to the 
N(5) and C(4a) positions (by general-acid catalysis) of II 

amine (Table I) and an acid strengthening effect of 101-9 due to N-hy-
droxymethyl substitution.248 The pKo, pKN, and log Kn values are esti­
mated from the following relationships: pK0 = 9.56 + 1.7 + ApK, pKN 
= pK'a, - 1.9, and log Kn = log Ki - pK0 + pKN where Kn = [T=1=]/ 
[R2NH][F] = KIK0ZKN. The pKo, pKN, and log Kn values based upon 
the above and K-, values from Table V for this series in dioxane-water 
are P-CH3O-, 11.41, 2.61, -8.26; H-, 11.26, 1.74, -8.92; m-F-, 11.07, 
- 0 . 2 1 , -10.80; and P-NO2-DPED, 10.57, -4.24, -14 .31. The calculat­
ed rate constants, kb, according to eq 12a are obtained from kb = 
k"i/Kn with k", values from Table III and the Kn values from above, (c) 
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to provide N-5 and 4a, respectively. The objective of the 
present investigation has been to determine the mechanism 
of HO~-catalyzed hydrolysis of I and isoalloxazines III to 
VI in order to gain more insight into the mechanisms of nu­
cleophilic additions to the isoalloxazine (flavine) nucleus. In 
addition, the hydrolyses of two N(5) acetyl-1,5-dihydroiso-
alloxazines have been examined in order to determine the 
susceptibility to displacement of substituents at the N(5) 
position of reduced flavine. The leaving abilities of the 4a 
and 5 positions are of some interest63 since metastable addi­
tions at these positions have been postulated to be involved 
in flavine catalysis. 1,6b'c 

The hydrolyses of isoalloxazine compounds were investi­
gated as early as 1932.7 Previous studies have been directed 
toward the hydrolysis of riboflavine,7'8 lumiflavine,9'10'12 

and 10-methylisoalloxazine.Ua,b'c'12 The studies involving 
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Abstract: The hydrolysis of 3-methyl-10-(2',6'-dimethylphenyl)isoalloxazine (I) (30°, n = 1.0, k = 3.16 X 102 Af-2 sec-1) 
exhibits no buffer catalysis, has a deuterium solvent kinetic isotope effect (£obsdH20/&obsdD2°) of 0.6, and obeys the rate law 
d[I]/d/ = k[F] [OH -]2 . The product, a ureido carboxylate (VII), arises from hydrolytic scission between positions 3 and 4 of 
the isoalloxazine ring. VII cyclizes in acid under anaerobic conditions to regenerate I. In the presence of oxygen, VII decar-
boxylates then cyclizes to form the ring contracted 3-methyl-9-(2',6'-dimethylphenyl)isoimidazolone[4,5-6]quinoxaline (IX) 
(Scheme I). 3-Methyl-10-phenylisoalloxazine (III) hydrolyzes (k = 2.24 X 102 Af-2 sec-1) by the same mechanism as does 
I. The hydrolysis of 10-phenylisoalloxazine (VI) is first order in [HO -], k = 1.07 X 10 -4 A/ -1 sec-1. The change in kinetic 
dependence from [HO -]2 to [HO -]1 must be related to formation of the anion of VI (p#a = 9,47) which is not susceptible 
to hydrolysis. 3,10-Dimethylisoalloxazine (IV) is hydrolytically reactive at the C-4 and C-IOa positions. The kinetics of base 
hydrolysis of IV are biphasic as the result of two reaction paths each composed of two reactions with different pH depen­
dence (Scheme II). l,5-Dihydro-3-methyl-5-acetyl-10-phenylisoalloxazine (X) hydrolyzes in acid with a rate constant of 
1.71 X 10-4 Af-1 sec-1 giving l,5-dihydro-3-methyl- 10-phenylisoalloxazine which oxidizes to III in the presence of oxygen. 
The hydrolysis of l,5-dihydro-3-methyl-5-acetyllumiflavine (XI) in acid has a rate constant of k = 8.67 X 1O-5 A/-1 sec-1. 
In base, the hydrolysis of X is biphasic with the first step not involving removal of the 5-acetyl group. The largest rate con­
stant of this biphasic reaction is only ca. 1 X 1O-1 Af-1 sec-1. The rate constants for the acid and base hydrolysis of X and 
XI establish that neither the neutral nor anionic 1,5-dihydroisoalloxazine moieties are good leaving groups. For redox reac­
tions which postulate facile expulsion of these species in dark (nonenzymatic) processes, this feature should be taken into ac­
count. 
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lumiflavine and riboflavine present only fragmentary re­
sults. Many other studies have shown urea to be a product 
of flavine hydrolysis.9 

Experimental Section 

Materials. 3-MethyI-10-(2',6'-dimethyIphenyl)isoalloxazine (I), 
mp 297-299°, 3-methyl-10-phenylisoalloxazine (III), decomposing 
near 400°, and 3,10-dimethylisoalloxazine (IV), mp 302-304°, 
were synthesized by published procedures.13 

10-Methylisoalloxazine (V), mp 337-338°, and 10-phenylisoal-
loxazine (VI), mp 335-336°, were prepared with the following 
modifications to published procedures.13 After condensation of the 
appropriately substituted phenylenediamine with alloxan, the re­
sulting solid was collected by filtration and recrystallized three 
times from a 4:1 formic acid:acetone mixture. 

3-Methyl-9-(2',6'-dimethylphenyl)isoimidazoIone[4,5-6]quinoxa-
line (IX) was prepared by hydrolysis of I at pH 12.0 followed by 
chloroform extraction of the acidified reaction mixture. The chlo­
roform extract was dried (CaCh) and vacuum evaporated, the re­
sulting solid was chromatographed on silica gel using a 3:2 ben-
zene:chloroform solvent mixture as eluent. The eluent was evapo­
rated, and the yellow-white solid was chromatographed on an alu­
mina column using chloroform : hexanes as the solvent system, 
varying the solvent ratio from 1:4 to 1:1 during elution. The result­
ing white solid was recrystallized twice from a 1:6 chloroform:hex-
ane mixture. The spectral characteristics of the product, IX, are as 
follows: NMR singlets 6 1.97 (6 H) and 3.51 (3 H) and a multiplet 
between 5 6.8 and 8.1 (7 H); ultraviolet Xmax at 367, 349, and 334 
nm in chloroform; and the infrared spectrum exhibited a carbonyl 
absorption at about 1720 cm -1 which is indicative of five-mem-
bered cyclic urea compounds; mass spectrum parent peak m/e (cal­
culated 304) 304. Anal. Calcd C, 71.05; H, 5.26; N, 18.24. Found: 
C, 70.83; H, 5.05; N, 18.37. 

l-(2',6'-Dimethylphenyl)-2-(7V-methyIuredine)quinoxaline-3-car-
boxylic acid (VII) was prepared by anaerobic hydrolysis of I in situ 
just prior to use. The ultraviolet spectra of VII exhibited Xmax 252 
and 370 nm in water at pH 11.0. 

3-Methyl-l,5-dihydro-5-acetyl-10-phenylisoalloxazine (X) was 
synthesized using published procedures14 by M. Briistlein of this 
laboratory. 

3-Methyl-l,5-dihydro-5-acetyllumiflavine (XI) was synthesized 
using published procedures.14 

Kinetic Measurements. All kinetic experiments reported herein, 
unless otherwise stated, were carried out in aqueous solution (0.3% 
acetonitrile or dimethylformamide) at 30 ± 0.2°, n = 1.0 with 
KCl. All water used was doubly glass distilled. For the anaerobic 
experiments, the water was boiled and saturated with high purity 
nitrogen at room temperature. Kinetic studies in the absence of 
buffers were carried out in a pH-stat cell15 designed for the Cary 
15 spectrophotometer or by use of standard acid solutions in the 
HQ range.16 Rapid hydrolytic experiments in the high pH range 
were completed using a thermostated Durrum stopped flow spec­
trophotometer. The anaerobic kinetic experiments were performed 
in Thunberg cuvettes or in the Cary 15 pH-stat cell employing a 
nitrogen atmosphere and an "O" ring seal between the cell and the 
cell head. While kinetic experiments were in progress, the sealed 
pH-stat cell was kept under positive nitrogen pressure. 

Kinetic data for the hydrolysis of I were collected at 265 and 
435 nm, while the hydrolytic reactions for the remaining flavines 
were followed at their respective Xmax near 435 nm. Except in the 
cases of IV and the base hydrolysis of X, all absorbance vs. time 
data collected were strictly pseudo first order. 

The hydrolysis of IV gave absorbance vs. time plots that were bi-
phasic, indicating the accumulation and decomposition of one or 
more intermediate species. The data analysis was completed using 
an EAI-20 analog computer equipped with an EAI-1133 x-y vari-
plotter and an EAI repetitive operation unit which were used for 
data display. A schematic representation of the hydrolysis mecha­
nism is shown in Scheme II, and the associated wiring diagram for 
the analog computer is shown in Figure 5. 

The recyclization of VII to give I was studied in anaerobic acidic 
solutions. Two acid systems were used in the pH region, HCl with 
constant M maintained with KCl and HCIO4 using LiClO4. At acid 
concentrations of 1.0 M or greater, no salts were added. 

pH measurements were taken using a Radiometer Model 26 pH 
meter equipped with a standardized Model EA-125 Metrohm or 
GK-2302c Radiometer thermostated electrode. The pAVs of fla­
vines V and VI were determined spectrophotometrically under ki­
netic conditions at 435 nm. Values were obtained from absorbance 
vs. pH plots by calculation of the best fit of a theoretical sigmoid 
curve to the experimental points. The pA"a of compound V was de­
termined to be 9.61 and of VI 9.47. 

The D2O solvent kinetic isotope-effect experiments were carried 
out at pOH = pOD. The pOH and pOD values were calculated 
from the published values of KH2O (1.45 X 1O-14) and Ko2O (2.0 
X 10-15)17 knowing the pH's and pD's. Values for pH and pD 
were obtained using a combination glass electrode, and the meter 
pD readings were corrected (pD = pH meter reading — 0.39).18 

The £1/2 of compound IX was determined to be -1.018 ± 0.004 
V relative to the saturated calomel electrode on a Sargent Model 
XV polarograph equipped with a dropping mercury electrode at 
pH 8.49, M = 0.1 Na3BO3 + 0.1 KCl, and T = 30 ± 0.2°. 

Data Analysis. All calculations were carried out with the aid of 
an Olivetti-Underwood Programma 101 computer using programs 
written in this laboratory or an on-line terminal connected to the 
UCSB IBM 360-75 computer. 

Results 
All hydrolytic reactions, unless stated otherwise, were 

carried out at 30°, n = 1.0 with KCl. When the log of the 
observed pseudo-first-order rate constants (log &0bsd) for 
the hydrolysis of I and III are plotted vs. pH, linear rela­
tionships are obtained with slopes 1.93 and 1.96, respective­
ly. The alkaline hydrolysis of I and III are, therefore, sec­
ond order in hydroxide ion (eq 1). From the best line of 

d[Flav] 
dt 

# 1 or In][HO -]2 (D 
fe06sd = fc'[HO-]2 

slope 2.0 for the log /c0bsd vs. pH profile (Figure 1), the 
values of k' for I and III are calculated to be 3.16 X 102 

M~2 sec - 1 and 2.24 X 102 M~2 sec - 1 , respectively. 
Employing the following amines (30°) at pH values within 
1.5 pH units of their pATa values, it could be established via 
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Figure 1. Log &0bsd vs. pH for the specific base catalyzed hydrolysis of 
I = B and III = O at 30°, M = 1.0 with KCI. 

o - 4 

Figure 2. Log fc0bsd vs. Ho or pH for the anaerobic formation of I from 
VII at 30°, M = I O with KCl, O; and M=I-O with LiClO4, O. Log 
&obsd vs. pH for the cyclization of o-ureidobenzoic acid, M=I-O with 
KCl is shown by A. 

buffer dilution experiments (total amine buffer 5.0 X 1O -4 

to 1.0 M) that aminolysis or buffer catalysis of the hydroly­
sis of I does not occur: ethylamine {pKa = 10.69), methyl-
amine (pKa = 10.63), diethylamine (p# a = 10.98). The 
deuterium kinetic solvent isotope effect for hydrolysis of I 
(£obsdH2°MobsdD2°) determined at pOD = pOH = 2.04 
was found to be (1.0 X 10-2/1.62 X 10~2) = 0.62 and at 
pOD = pOH = 3.31 to be (4.18 X 10-5/7.42 X 10~5) = 
0.56. The hydrolysis of I, under anaerobic conditions, pro­
vides a product which recyclizes to I on acidification. The 
log &obsd vs. pH profile and a repetitive scan of the recycli-
zation reaction are presented in Figures 2 and 3, respective­
ly. Compound IX was isolated from the hydrolysis of I at 
pH 12.0 and identified (see Experimental Section). The 
aerobic contraction of the pyrimidine ring portion of the 
isoalloxazine molecule to give IX and the second-order de­
pendence of hydrolysis on hydroxide suggest the intermedi­
ate to possess structure VII. A repetitive scan of the aerobic 
hydrolysis of I is presented in Figure 4. On hydrolysis of III, 
a quinoxaline-2-carboxylic acid [3-(7V-methyluredine)-4-
phenylquinoxaline-2-carboxylic acid] is also presumably 
obtained since the spectrum of the reaction solution corre­
sponds to that of VII. Continued incubation under aerobic 
hydrolytic-conditions converts VII to IX by oxidative decar­
boxylation of the intermediate VII to give VIII which cycli-
zes to IX. The overall reaction path is presented in Scheme 

300 350 400 
WAVELENGTH (nm) 

450 500 

Figure 3. Repetitive scan of the formation of I from VII, pH 1.1, M 
1.0 with KCl. 

3 0 0 350 400 
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Figure 4. Repetitive scan of the hydrolysis of I, pH 11.2, M = 1-0 with 
KCl. 
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I. For the individual steps associated with conversion of I to 
VII see the Discussion (Scheme IV). Although VII or VIII 
have not been isolated, quinoxaline-2-carboxylates have 
previously been shown to undergo oxidative decarboxyla­
tion1 lc '19 to yield 2-oxoquinoxalines. The formation of IX 
will be considered in detail in the Discussion. At any point 
during or after the hydrolysis of I under anaerobic condi­
tions, nearly 100% of I could be regenerated by adjusting 
the pH to 4.0 or less. At pH's greater than 4.0, the recycli-
zation reaction was too slow to conveniently follow while 
maintaining anaerobic conditions. The extent of recycliza-
tion of VII and identification of I was accomplished by uv 
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Figure 5. Absorbance vs. time plot for the hydrolysis of IV (30°, /i = 
1.0 with KCl, pH 11.2). The points are experimental, and the line was 
fit by use of an analog computer, the wiring diagram of which is inset. 

spectral analysis. Examination of Figure 2 reveals that log 
fcrate, for the recyclization of VII, increases almost linearly 
with increase in aw plateauing just before the Ho region. 
When maintaining constant ionic strength in the pH region 
with KCl, and employing HCl as a proton source, the pH 
profile has a slope of 0.62, while using HClftt/LiOCM, the 
slope is 0.35. In the HQ region, where no salt was added, 
both profiles plateau at nearly the same value of &0bsd- At­
tempts were made to determine the pKa's of VII by spectro­
photometry and volumetric titrations. Difficulties were en­
countered with the limited solubility of VII in acid and 
from a rapid initial reaction in its recyclization to form I. It 
is, however, apparent that no functional group can be titrat­
ed between pH 2 and 7. The spectrophotometric titration of 
VII, at 260 nm, gave an absorbance vs. pH plot that can be 
described by eq 2. Replacement of the N-3 methyl group of 

A = 0.065 pH + 0.66 (2) 

III with a proton provides an acid of pKs 9.47 (VI). For VI 
in 1.0 and 0.1 M KOH, the determined values of fc0bsd are 
1.07 X 1O -4 and 1.20 X 10 - 5 sec - 1 , respectively. The line 
drawn through these points, when log £0bsd is plotted vs. 
pH, is 0.95. At completion, the spectrum of the hydrolytic 
reaction was essentially the same as that for the hydrolytic 
product of III. The product is then a substituted quinoxa-
line-2-carboxylic acid analogous to VII. 

In the alkaline pH range, the hydrolysis of IV follows bi-
phasic kinetics. The spectrum of the hydrolytic reaction at 
completion is identical with that of l-methyl-2-ketoqui-
noxaline-3-carboxylic acid. l l a Since 10-methylisoalloxazine 
has been shown to undergo hydrolytic scission initially at 
the 10a position,1 l a ,b 'c and we have shown I to undergo 
H O - attack at the 4 position, the modes of hydrolysis of IV, 
as presented in Scheme II, are not surprising. It is also well 
known that isoalloxazines liberate urea upon hydrolysis.9 

An analog computer fit of the absorbance vs. time data for 
hydrolysis of IV is shown in Figure 5. Equally good fits 
were achieved for four reactions between pH 10.5 and 12.5. 
Table I shows the measured and analog computer-solved 
values of the rate constants of Scheme II. From Table I, it 
can be seen that the measured values of k\ and /V3 at high 
pH show good agreement with analog-solved values at 
lower pH. At high hydroxide concentrations, it is possible to 
measure directly and independently k\ and Ar3. For exam­
ple, in 1 M KOH, the spectra of XII can be obtained since 
£ i [ H O - ] 2 is at least 3 X 103 greater than A:3[HO -], 
/fc_i[HO-], and Ar2[HO -]. The spectra of XII exhibit \ m a x 

at 268 and 380 nm. These values are very similar to those 
reported for VII (i.e., 252 and 370 nm) but different from 

Table I. Second-Order Rate Constants for the Hydrolysis of IV 
(30°, H2O, M = 1-0 with KCl) 

Analog" Determined separately6 

/t, 7.78 ^.V-,. , „~ 
/t_, 2.50X ICT3 ±0.15 M'1 sec 
/t2 2.41 X 10 -3 "' 
*•_, 2.11 X 10-2 

/V3 2 . 3 1 X 1O - 3 

k< 1.51 

: 0 . 0 5 M - 2 s e c - 1 7.84 ± 0 . 0 3 M - 2 sec - 1 

:0.15iW_1 sec - 1 

:0 .30M _ 1 sec - 1 

±0.20 sec"' 
+ 0 . 0 9 M - 1 S e C - ' 2.29 X 1 0 - 3 ± 0 . 0 2 M - 1 

±0.11 M - 2 sec - 1 
sec ' 

a Values of rate constants are averaged values determined at pH 
values of 10.50, 11.20, 11.65, and 12.50. bDetermined at 1.0 M 
KOH where ki and /c3 steps are separated in time. 
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the Xmax values for 3,4-dihydro-3-keto-4-methylquinoxa-
line-2-carboxyureide (XV)20 which are 236, 317, and 387 
nm in EtOH. The formation of the spirohydantoin XVI 
from the ureido ketoquinoxaline XIII is not observed under 

CH3 

<^ 

?H3 

NyO 

.NAC. 

:o /VYH 

>c 
.NH 2 H 

-N. 

O 
.A~N' 

>-o 

O 
XV 

CH1 

XVI 

the conditions and on the time scale of the overall hydrolyt­
ic reaction.21a'b 

Under acid conditions, X undergoes hydronium ion-cata­
lyzed hydrolysis of the N-5 acetyl group to provide 3-
methyl-l,5-dihydro-10-phenylisoalloxazine (XVII). In the 
presence of oxygen, XVII spontaneously oxidizes to give 
III, as shown in Scheme III. The product, III, was identi­
fied by analysis of the uv spectrum. In acidic media, the 
slope of the plot of log fc0bsd vs. pH for hydrolysis of X was 
found to be —1.0 between 0.1 and 1.0 M HCl. From this 
plot, the value of the hydronium ion rate constant was cal­
culated to be k2 = 1.71 X 10~4 M - 1 sec"1. Hydrolysis of X 
in the basic pH range is associated with biphasic absorb­
ance vs. time plots which dictate a process of consecutive 
reactions. In 1.0 M KOH, the two reactions are nearly sep­
arated in time. The second-order rate constant for the faster 
reaction was determined to be ca. 1 X 10 - 1 M~l sec - 1 . The 
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uv spectrum of the compound formed by the first reaction 
does not correspond to that of 1,5-dihydro-III, III, or the 
product of basic hydrolysis of III. Therefore, the initial 
reaction cannot be hydrolytic removal of the N-5 acetyl 
group of X. 3-Methyl-l,5-dihydro-5-acetyllumiflavine (XI) 
undergoes acid hydrolysis with a rate constant (£2 = 8.67 X 
1O-5 M - 1 sec - 1) comparable to that of X. The second-
order rate constant for XI was determined in 1.0, 0.5, and 
0.1 M H C l . 

Discussion 

The results of this study show, for the first time, that the 
C-4 carbonyl position of isoalloxazines can be very reactive 
toward specific base hydrolysis. It has previously been 
shown, at high pH, that N-3-protio flavines undergo initial 
hydrolytic scission of the Nl -ClOa bond. l la-b 'c This is due 
to ionization of the N-3 proton causing the C-4 position to 
be relatively unreactive toward nucleophilic attack. When 
the N-3 position is methylated as in 3,10-dimethylisoalloxa-
zine (IV), both the C-4 and C-IOa positions become suscep­
tible to base hydrolysis. If the C-IOa position is sterically 
blocked as in 3-methyl-10-phenyl-(III) or 3-methyl-10-
(2',6'-dimethylphenyl)isoalloxazine ' ( I) , specific-base hy­
drolysis is directed to the C-4 position. The initial hydrolyt­
ic product of I (i.e., VII) is amazingly unreactive to further 
alkaline hydrolysis though it is an imine of a ureido nitro­
gen. Acidification of an anaerobic solution of the initial hy­
drolytic product of I leads to ring closure and the regenera­
tion of I, whereas aerobic hydrolysis provides the ring con­
tracted product IX. The mechanisms of these reactions will 
be further elaborated, and the significance of the hydrolytic 
constants for N-5 acetyl-1,5-dihydroflavines will be dis­
cussed. 

Mechanism of Hydrolysis Initiated at the 4 Position. Ste-
ric blocking of the 10a position of the isoalloxazine nucleus 
to nucleophilic attack,22 as in I, results in preferential H O -

Scheme IV 

.j^L^N—CH3 *-, 1 O L N A X ^ N - CH3 

O - 0 OH 

I +H + -H + AT 8 

OCCY< ; 
CO2' 

vm 
0 0" 

attack at the 4 position. On the basis of amine buffer dilu­
tion studies, the hydrolysis of I is not subject to amine gen­
eral-acid or -base catalysis, nor does isoalloxazine aminol-
ysis occur. The product analysis, the finding that the reac­
tion is second order in [ H O - ] , and the solvent isotope effect 
fcobsdH2°/kobsdD2° of ca. 0.60 suggest Scheme IV where the 
rate-determining step is decomposition of the dianionic tet-
rahedral intermediate. Similar mechanisms have been of­
fered for the hydrolysis of various amide substrates which 
have in common a greater than first-order dependence on 
[HO - ] . 2 3 a , b Assuming steady state in the tetrahedral inter­
mediates, the /cobsd based on Scheme IV can be expressed as 
eq 3. 

" ° W d ~ %(£. ,«„ + ^ a 3 ) ( 3 ) 

The D2O solvent kinetic isotope effect may be explained by 
eq4 

feH Ji1
 H * » ^a 3" -KH2O aD(ft-iD«D + fe3X3

D) 

^ o t e d " *iD K V *D2O «H(*- I H «H + h*KK 

(4) 

assuming 

s 0. a24 k.i 

^DoO 
7.2517 and 

K, H 

H. 
K^D 

= 25 

The calculated values of fcH
0bsd/£Dobsd are 0.52 and 0.55 

which are in good agreement with experimental values of 
0.56 and 0.62. The a^k^K^ term in the denominator of eq 
3 is not considered in the above calculation since the log 
^obsd vs. pH profile has a slope of 2 (an2k-\ » ank^K^. 

The oxidative decarboxylation and cyclization of VII to 
form IX (Scheme I) could conceivably occur via the alter­
nate pathway of Scheme V. To differentiate between the 

Scheme V 

H3C J^ CH3 

- N v N s ^ O 

-N*\ N - C H 3 

co> 0 + CO2 + .. 

CH3 

IX 

mechanisms of Scheme I and V, the hydrolysis of I was per­
formed under both anaerobic and aerobic conditions. Under 
anaerobic conditions, IX is not formed even after an extend­
ed period of time, while the aerobic reaction did produce 
IX. After a period of time, saturation of the anaerobic reac­
tion with air led to the appearance of IX with approximate­
ly the same rate constant as that associated with appear­
ance of IX in the aerobic reaction. These experiments are in 
accord with the mechanism of Scheme I. They do not rule 
out the mechanism shown in Scheme V if it is assumed that 
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the intermediate is only present in an unfavorable equilibri­
um with VII. The fact that quinoxaline-2-carboxylic acids 
have been established1 l c '19 to undergo oxidative decarboxyl­
ation provides preferential support of Scheme I. Important­
ly, decarboxylation of the intermediate shown in Scheme V 
should yield XIX without oxygen being present. While the 

H3C CH3 

H 

CO>-
H CH3 

XIX 

oxidation of XIX to give IX would require oxygen, the an­
aerobic hydrolysis of I is reversible when the pH is adjusted 
to pH 4 or less. The reversibility of the hydrolysis on acidifi­
cation, even after extended periods of time, rules out decar­
boxylation of any intermediate such as shown in Scheme V. 
These findings strongly disfavor the reaction path shown in 
Scheme V. 

The recyclization of VII in acidic solution to give I pro­
duced a log &0bsd vs. pH plot (Figure 2 ) which could not be 
explained by involving specific acid and or water catalysis 
on the various ionic species of VII. Precedence for intramo­
lecular nucleophilic attack of an ureido group upon a car-
boxyl group exists in the literature.26 The results presented 
by Hegarty and Bruice show the log k0bsd vs. pH profile for 
the cyclization of 2-ureidobenzoic acid to be of fractional 
slope as are our data for the recyclization VII. Figure 2 
shows an extension of the log /c0bsd vs. pH profile for 2-urei­
dobenzoic acid taken from the work of Hegarty in this labo­
ratory. Although the interpretation of the log &obsd vs. pH 
profile of both o-ureidobenzoic acid and VII in acid is ob­
scure, the near identity suggests a similarity in mechanisms. 

10-PhenyIisoalloxazine (VI) hydrolysis is found to be 
first order in [ H O - ] , while the hydrolysis of III is second 
order in [ H O - ] . This comparison is made in the pH range 
13-14. The difference in hydroxide order for the hydrolysis 
of III and VI could be explained by the hydrolysis of neu­
tral VI being second order in hydroxide, while its anion is 
unreactive. At pH above the p# a of VI (9.47), the concen­
tration of the reactive species, neutral VI, would be inverse­
ly proportional to [HO - ] which would bring about an ap­
parent change in the order of hydroxide from second to 
first. This assumption may be used to calculate a second-
order rate constant for neutral VI based on eq 1 and the 
mole fraction of neutral VI (eq 5). Solving eq 5, a value of 

Kmvi = kVI[HO-]2aH/K, + «„ = kvl[W]KjK, (5) 

ca. 2.5 is obtained for ky\ which is ca. 100-fold smaller than 
km (2.24 X 102). From this comparison, it seems that mere 
replacement of the proton on the N-3 position by a methyl 
group provides sufficient electronic and steric perturbations 
to increase the rate of hydrolysis at the C-4 position by ca. 
100 fold. 

The difference in rate constants for III and VI is expect­
ed since examples exist in the literature which indicate as a 
general rule that tertiary amides hydrolyze faster than sec­
ondary amines.27-30 However, this difference in the rate of 
hydrolysis of tertiary vs. secondary amides amounts to only 
a factor of 2-6, but it holds true for a wide variety of am­
ides such as aliphatic, aromatic, and cyclic. A possible ex­
planation for this observed rate change is that the tetrahe-
dral intermediate of tertiary amides should be less stable 

than secondary amides because of increased steric interac­
tions; hence, explusion of a secondary amine should be fa­
cilitated relative to a primary amine. The rate difference for 
III vs. VI is only ca. 15-50-fold greater than found for anal­
ogous amides. 

3,10-Dimethylisoalloxazine (IV). The hydrolysis of 10-
methylisoalloxazine (V) has been previously reported.1 la 'b 'c 

At high pH, the initial reaction of V with hydroxide in­
volves hydrolysis of the 1-1 Oa imine bond, the C-4 position 
being comparatively unreactive because of ionization of the 
proton from the N-3 position. In the case of IV, both the 4 
and 10a positions are electrophilic centers for hydrolysis. 
The best analog computer fit (Table I, Figure 5) of the bi-
phasic hydrolysis data for IV utilized the reactions shown in 
Scheme II. The constants k\ and k* are associated with hy­
droxide attack at the 4-carbonyl carbon, as was shown for I, 
while constants ki and ki refer to imine hydrolysis at the 
10a position. Both the initial steps of the two reaction path­
ways are required to be reversible in order to fit Scheme II 
to the kinetic data. Bruice and Hegarty31 have shown the 
feasibility of the reaction denoted by k-\ with the base-cat­
alyzed cyclization of o-ureidobenzoic acid anion. As can be 
seen in Scheme II, the hydroxide dependence of the k\ step 
is second order and the ki step first order so that, at hy­
droxide concentrations approaching 1.0 M, k\ is the major 
hydrolytic pathway; hence, both k\ and k^ can be deter­
mined independently. Theoretically, at low hydroxide con­
centrations, one could determine /c2 and kt, independently; 
however, the rates of the reactions would be too slow to 
allow determination on a practical time scale (&20bsd ^ 2.4 
X 10 - 8 sec - 1 at pH 9.00). 

Guttman and Platek l l c have reported a product study for 
the hydrolysis of 10-methylisoalloxazine (V) in which they 
claim to have isolated the carbinol amine (XIX) of XV. The 
authors assigned structure XIX on the basis of elemental 
analysis, nonaqueous titration, and ultraviolet spectral data. 
Dudley and Hemmerich have prepared a compound with 
the same uv spectra as XIX, which has been shown 

CH3 

H O O 
OH 

to be r,4'-dihydro-4',6',7'-trimethylspiro[imidazolidine-
4,2'(3//)-quinoxaline]2,3',5-trione21b (XX). Dudley and 

CH3 

Hemmerich based the assignment of structure XX on in­
frared and ultraviolet spectra as well as elemental analysis, 
assuming one water of crystallization. The structures of 
similar spirohydantoins have been confirmed by NMR,2 1 a 

and these have ultraviolet spectra very similar to compound 
XX and the product of Guttman and Platek. Treatment of 
XX with hot 50% acetic acid provides the carboxyureide 
analogous to XV. A similar reaction was observed for the 
supposed compound XIX and was presumed to be a dehy­
dration to the imine. It would appear that Guttman and 
Platek have incorrectly assigned structure XIX, mistaking 
one water of crystallization for a hydrated imine bond; 
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hence, upon hydrolysis of V, they actually obtained a spi-
rohydantoin as one product. Interestingly, the hydrolysis of 
the electron deficient 7- and 8-cyano-3,10-dimethylisoallox-
azines (XXI and XXII, respectively) is first order in [HO -] 

CH3 CH3 

R I \ ^ S ^ N - ^ N - Y » ° 

R / 
. A 5 A N A ^ N - C H ; 

HO" Ixxri. 
I K N 

H 6 

^ 0 

CH3 
O 

XXI, R1 = -H; R2 = -CN 
XXII, R1 = -CN; R2 = -H 

and attack occurs at the 10a position to provide the corre-' 
sponding spirohydantoins.32 

Many of the redox reactions which flavines participate in 
have been suggested to take place by way of covalent fla-
vine-substrate adducts.2,33 The positions of covalent-bond 
attachment to the flavine have been suggested to be C-4a, 
N-5, C-8, or C-IOa. For dark reactions, the C-IOa position 
has been effectively ruled out,22 but the C-4a, N-5, and C-8 
positions have been shown to be susceptible to nucleophilic 
attack.3'4,5 1,5-Dihydroisoalloxazines have been envisioned 
as arising from a covalent intermediate via processes requir­
ing the stabilization of an isoalloxazine anion or incipient 
anion, as shown in eq 6 (for a kinetic study see ref 6a). 

- *H* I l base 
Flox + - C — C — H 5=* H F l - C - C — H -=-* -H* 

HFl" + " C = C v.-
/ 

(6) 
•* F l H 2 

A characteristic of model flavine (dark) redox reactions 
is the general lack of observable intermediates. This obser­
vation obligates any covalent intermediate to be of high free 
energy so that the rate-determining step is intermediate for­
mation. If the N-5 position is the seat of initial nucleophilic 
addition, it follows that the 1,5-dihydroflavine moiety must 
be an extraordinarily facile leaving group. The rate of spe­
cific acid-catalyzed hydrolysis of X is only 18 times greater 
than that of acetamide. Thus, 1,5-dihydroflavine is compa­
rable to an ordinary amine as a leaving group in water. The 
acid-catalyzed hydrolysis of 3-methyl-l,5-dihydro-5-acetyl-
lumiflavine (XI) in water is two times less reactive than X 
(Results). The similar hydrolytic reactivity of compounds X 
and XI indicates the 10-phenyl substituent, and the lack of 
the 7,8-methyl substituents in X has little effect on its rate 
of hydrolysis. The base-catalyzed hydrolysis of X is bi-
phasic and, when carried out aerobically, does not yield the 
isoalloxazine III or the hydrolysis products of III (the hy­
drolytic products were not identified). The biphasic kinet­
ics, therefore, cannot be explained as initial hydrolysis of 
the N-5 acetyl group followed by reoxidation of the 1,5-
dihydroflavine to give III, which is then followed by attack 
of HO - at the 4 position, as previously described for III. 
The first reaction might therefore be hydrolysis at the C-4 
carbonyl group. The rate of base hydrolysis of the N-5 ace­
tyl group is not therefore, a measure of the leaving ability of 
1,5-dihydroflavine anion since the preceding hydrolytic 
reaction destroys the flavine nature of the molecule. The 
observed rate of hydrolysis is required to be greater than 
that for the hydrolysis of the N-5-acetyl group. Thus, the 

5-N- species is at best no better a leaving group than a sub­
stituted aniline. One might compare the rate of alkaline hy­
drolysis of N-acetylimidazole (an amide with an excellent 
leaving group) with the initial rate of hydrolysis of X. The 
second-order rate constant is kno- = 316.6 M - 1 sec-1 for 
/Y-acetylimidazole34 and about ~1 X 1O-1 M - 1 sec -1 for 
X. The chemical inertness of X as expressed by its hydroly­
sis kinetics indicates that carbon N-5 adducts of 1,5-dihy-
droflavines, if formed, along the redox pathway should be 
easily observed. In dark model studies, to date, this is not 
so. 

Acknowledgment. This work was supported by grants 
from the National Science Foundation and National Insti­
tutes of Health. 

References and Notes 

(1) (a) D. J. T. Porter, J. G. Voet, and H. J. Bright, J. Biol. Chem., 248, 4400 
(1973); (b) I. Yokoe and T. C. Bruice, J. Am. Chem. Soc, 97, 450 
(1975). 

(2) G. A. Hamilton, Prog. Bloorg. Chem., 1, 83 (1971). 
(3) (a) F. Muller and V. Massey, J: Biol. Chem., 244, 4007 (1969); (b) F. 

Muller, Z. Naturforsch., TeIIB, 27, 1023 (1972). 
(4) L. Hevesi and T. C. Bruice, Biochemistry, 12, 290 (1973). 
(5) T. C. Bruice, L. Hevesi, and S. Shinkai, Biochemistry, 12, 2083 (1973). 
(6) (a) D. Clerin and T. C. Bruice, J. Am. Chem. Soc, 96, 5571 (1974); (b) 

W. Haas and P. Hemmerich, Z. Naturforsch., Teil B, 27, 1035 (1972); (C) 
P. Hemmerich and M. Schuman-Jorns in "Enzymes: Structure and 
Functions", C. Veeger, J. Drenth, and R. A. Oasterboan, Ed., North-Hol­
land Publishing Co., Amsterdam, 1973, p 95. 

<7) O. Warburg and W. Christian, Naturwissenschaften, 20, 980 (1932). 
(8) K. T. H. Farrer and J. L. MacEwan, Aust. J. Biol. ScL, 7, 73 (1954). 
(9) (a) R. Kuhn and T. Wagner-Jauregg, Ber., 66, 1577 (1933); (b) R. Kuhn, 

H. Rudy, and T. Wagner-Jauregg, ibid., 66, 1950 (1933); (c) R. Kuhn and 
H. Rudy, ibid., 67, 892 (1934); (d) R. Kuhn, K. Reinemund, and F. Wey-
gand, ibid., 67, 1460(1934). 

(10) A. R. Surrey and F. C. Nachod, J. Am. Chem. Soc, 73, 2336 (1951). 
(11) (a) D. A. Wadke and D. E. Guttman, J. Pharm. ScL, 55, 1088 (1966); (b) 

ibid., 55, 1363 (1966); (c) D. E. Guttman and T. E. Platek, ibid., 56, 1423 
(1967). 

(12) D. B. McCormick and W. Fory, J. Pharm. ScL, 57, 841 (1968). 
(13) L. Main, G. J. Kasperek, and T. C. Bruice, Biochemistry, 11, 3991 

(1972). 
(14) P. Hemmerich, B. Prijs, and H. Erienmeyer, HeIv. Chim. Acta, 43, 327 

(1960). 
(15) T. C. Bruice and J. R. Maley, Anal. Biochem., 34, 275 (1970). 
(16) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957). 
(17) A. K. Covington, R. A. Robinson, and R. G. Bates, J. Phys. Chem., 70, 

3820(1966). 
(18) T. H. Fife and T. C. Bruice, J. Phys. Chem., 65, 1079 (1961). 
(19) J. C. Simpson, The Chemistry of Heterocyclic Compounds: "Condensed 

Pyridazine and Pyrazine Rings", lnterscience, New York, N.Y., 1953, p 
311. 

(20) F. E. King and J. W. C. Lewis, J. Chem. Soc, 3379 (1951). 
(21) (a) M. Brustlein, Ph.D. Dissertation, University of Konstanz, Konstanz, 

Germany; (b) K. H. Dudley and P. Hemmerich, J. Org. Chem., 32, 3049 
(1967). 

(22) T. C. Bruice, L. Main, S. Smith, and P. Y. Bruice, J. Am. Chem. Soc, 
93,7327(1971). 

(23) (a) For a general review and pertinent references, see R. H. DeWolfe 
and R. C. Newcomb, J. Org. Chem., 36, 3870 (1971); (b) R. M. Pollack 
and M. L. Bender, J. Am. Chem. Soc, 92, 7190 (1970). 

(24) F. A. Long, Ann. N.Y. Acad. ScL, 84, 596 (1960). 
(25) The log /<obsd vs. pH plot for hydrolysis of III is linear with slope of 2.0 to 

pH 14. We may, therefore, assume Ka to be less than 1O - '5. The Rule 
and LaMer [C. K. Rule and V. K. LaMer, J. Am. Chem. Soc, 60, 1974 
(1938)] correlation suggests a value of KS

H/Ka° =; 5. 
(26) A. F. Hegarty and T. C. Bruice, J. Am. Chem. Soc, 92, 6561 (1970). 
(27) H. Morawetz and P. S. Otaki, J. Am. Chem. Soc, 85, 463 (1963). 
(28) C. A. Bunton, B. Nayak, and C. O'Connor, J. Org. Chem., 33, 572 

(1968). 
(29) D. V. Santi, C. F. Brewer and D. Farber, J. Heterocycl. Chem., 7, 903 

(1970). 
(30) E. G. Sanders, J. Am. Chem. Soc, 91, 3629 (1969). 
(31) A. F. Hegarty and T. C. Bruice, J. Am. Chem. Soc, 92, 6575 (1970). 
(32) I. Yokoe and T. C. Bruice (unpublished). Products identified by elemental 

analysis, uv-visible light, and mass spectral analysis. 
(33) P. Hemmerich, Chimia, 26, 149 (1972). 
(34) W. P. Jencks and J. Carriuolo, J. Biol. Chem., 234, 1272 (1959). 

Smith, Bruice / Mechanisms of Isoalloxazine Hydrolysis 


