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Abstract: The time courses for the appearance of lumiflavin-3-acetate (Flox) on reaction of l,5-dihydrolumiflavin-3-acetate 
(FIH2) and its N(I) anion (FlH-) with pyruvamide, ethyl pyruvate, pyruvic acid, and pyruvate anion are quantitatively ex
plained by the reactions of Scheme I. In competitive reactions FlH2 and FlH - (F1H2T) react with the carbonyl substrate to 
yield Fl0x and the Ar(5)-carbinolamine (CA) which goes on to the corresponding imine (Im). This initial process (Fl0x "-FlH2 x 
«=* CAj ** Invr) may be characterized by an initial burst of Fl0x production dependent upon pH and carbonyl substrate. Fol
lowing this initial phase, Fl0x continues to be formed by two pathways. Return of CA to FlH2x contributes but the principal 
production of Fl0x occurs via the comproportionation of Fl0x with CA [which is an A^(S)-HlICyI-1,5-dihydroflavin]. Formation 
of CA and Im during the course of the reaction is supported by their spectral identification (at 355-360 and 500 nm, respec
tively) and by the quantitative reductive trapping with sodium cyanoborohydride and subsequent conversion of the resultant 
A'-alkyl-l,5-dihydroflavin to its aminium cation radical (Xmax —585 nm). The concentration of FlH2x remaining in solution, 
following the initial burst reaction, has been determined via its rapid conversion to Fl0x by addition of CH2O or additional sub
strate. An extended kinetic study was deemed feasible only for pyruvic acid and pyruvate due to the competing hydrolysis of 
ethyl pyruvate and the observed dimerization of pyruvamide during the time of reaction with FlH2x. The time courses for for
mation of Fl0x from the reaction of pyruvic acid + pyruvate with FlH2x have been simulated by analog computations employ
ing the differential expressions for the reactions of Scheme II. The rate constants obtained from the analog simulation have 
been fit to log kmc vs. pH profiles and knie vs. substrate concentration plots. For ethyl pyruvate and pyruvamide, selective ana
log simulation of the time courses for Fl0x production suffice to support the mechanism of Scheme I. The direct reaction of 
ethyl pyruvate with FlH2x to yield ethyl lactate and Fl0x is first order in reactants. At pH 1 the reduction of pyruvic acid + pyr
uvate is first order in [pyruvic acid + pyruvate] and [HsO+], while at pH 3.3 the reaction is second order in [pyruvic acid + 
pyruvate] and is [H30+] independent. Mechanisms involving Ie - transfer from 1,5-dihydroflavin species to the carbonyl 
group of the substrate which involve proton transfer to substrate carbonyl oxygen or its derived anion radical are considered. 
The reasonableness of radical pair intermediates (e.g., F I H T -C-O - and F I H T -C-OH) along the reaction path is established 
from the observation that the computed standard free energies of formation for these species in the pH range of investigation 
are less positive by 9 to 14 kcal M - 1 than AG*expi. At alkaline pH values the standard free energy for pyruvate + FlH - -* lac
tate + Fl0x is positive, and it has been shown that lactamide at pH 11.6 and lactate at pH 10 reduces Fl0x to FlH -. The kinetics 
and mechanism for CA and Im formation and the comproportionation of CA and Fl0x are discussed. 

Introduction 

An understanding of the mechanisms of flavin mediated 
redox reactions is of singular importance to the comprehension 
of the mechanisms of flavoenzyme catalysis.2 The reduction 
of carbonyl compounds by 1,5-dihydroflavins (FIH2 and FlH-) 
and the retrograde oxidation of alcohols by oxidized flavins 
(Fl0x) serve as important examples of reactions for mechanistic 
elucidation (eq 1). This manuscript, the second of a series 
dealing with this topic,3 describes a detailed kinetic study of 
the 1,5-dihydroflavin reduction of biochemically important 
pyruvic acid, its amide, and ethyl ester. The results of this study 
are significant with regard to the mechanistic understanding 
of lactic acid oxidase. The kinetic findings are discussed in 
terms of covalent vs. radical mechanisms.2-4 

Experimental Section 

Materials. 3-Carboxymeth> 1-7,8,10-trimethyiisoalloxazine (I; Iu-
miflavin-3-acetate) was synthesized utilizing the method of Hem-
merich5 and purified by silica column chromatography. The purity 
of the lumiflavin-3-acetate was checked by thin-layer chromatography 
on silica employing two solvent systems (acetic acid/l-butanol/H20 
1:2:1 and chloroform/methanol/acetic acid 18:1:1); mp 300 0C 
dec. 

Pyruvic acid (II) was purchased from Aldrich Chemical Co. (Gold 
Label Lot No. 041647) and carefully purified by distillation at 8 mm 
Hg. The fraction distilling at 59.0-59.1 0C was collected and stored 
frozen at -20 0C under nitrogen (lit. bp 65 0C at 10 mm Hg).6 Ethyl 
pyruvate (III) from Aldrich (Lot No. 072647) was purified by vacuum 
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distillation at 68.5 0C at 40 mm Hg (lit. bp 69-71 0C at 42 mm Hg)6 

and stored at —20 °C. DL-Lactamide (IV) was purchased from Sigma 
Chemical Co. (Lot No. 54C-0222) and purified by two recrystalli-
zations from ethyl acetate to yield a solid melting at 74.5 0C (lit. mp 
75.5 0C).6 This solid was stored at -20 0C. Ethyl lactate (V) from 
Aldrich was distilled at 153.1-153.9 0C (lit. mp 154 0C)6 and stored 
at -20 0C. Pyruvamide (IV) was synthesized by first converting acetyl 
chloride to pyruvonitrile according to the procedure of Jander and 
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Scholz (anhydrous hydrogen cyanide in pyridine).7 Hydrolysis of the 
pyruvonitrile to pyruvamide was cleanly achieved by the passage of 
dry HCl gas through a solution of pyruvonitrile in ether (Ankar).8 

Recrystallization yielded pyruvamide exhibiting a melting point of 
123-1240C(Ht. 1270C,8 123-124 0 C ) . A phenylhydrazone deriv
ative melted at 143-144 0C (lit. 144 0C),10 the NMR in acetoni-
trile-^3 exhibited a clean spectra with the methyl resonance at 2.60 
ppm, and a uv spectra with a single broad absorbance with a Xmax of 
343 nm in aqueous solution. No contamination by pyruvic acid could 
be detected. Sodium cyanoborohydride, purchased from Aldrich, was 
purified according to the procedures outlined by Borch et al." and 
stored under moisture-free nitrogen. DL-Lactic acid (Aldrich Gold 
Label, 99%) was used without further purification. All other salts and 
buffer materials were analytical reagent grade and were used without 
further purification. 

Methods. All melting points and boiling points are uncorrected. 
NMR spectra were recorded on a Varian T-60 instrument using 
Me4Si as an internal standard. Absorption spectra were recorded on 
either a Cary 15 or Cary 118C equipped with repetitive-scan, multi
ple-sample accessories. Kinetic measurements were made on either 
the Cary 118C or a Gilford 2000 multiple-sample spectrometer. 
Temperature control was maintained at 30.0 ± 0.1 0C for all kinetic 
measurements. Solution pH measurements were obtained with a 
Radiometer Model 26 pH meter equipped with either a Metrohm 
9100 or GK-2302C Radiometer combination electrodes equilibrated 
at 30.0 0C. Measurements of pH were made before and after each 
kinetic run. Runs were discarded and repeated if drifts in pH of more 
than 0.2 pH unit occurred. 

Deoxygenation of the reaction mixtures was accomplished by 
passing vanadous-ion scrubbed argon through the reactants in the top 
and bottom portions of modified Thunberg cuvettes for 30-45 min. 
Photoreduction (by EDTA) of the lumiflavin-3-acetate to the 1,5-
dihydroform was achieved using a 100-W lamp placed at a distance 
of 10 cm from the Thunberg cuvette. The cuvette was protected from 
a temperature increase by a water-cooled jacket, and to insure com
plete reduction the photolysis was continued for 15 min. The spectrum 
of the reduced material was recorded after the irradiation stopped. 
Before initiation of the reaction the l,5-dihydrolumiflavin-3-acetate 
was monitored (443 nm) for a minimum time period of 20 min to in
sure complete anaerobicity of the Thunberg. 

A Hewlett-Packard 9820A calculator equipped with a 9862A 
calculator plotter and expanded memory was utilized in the compu
tation of theoretical lines to fit experimental pH-rate profiles and the 
generation of reaction coordinates. All rate constants were obtained 
from analog computer fits of the experimental absorbance vs. time 
data. A 1OV EAI TR-20 analog computer equipped with an EAI 1133 
variplotter, EAI 6250 digital voltmeter, and an EAI 34.035 repetitive 
operation display oscilliscope was employed for this purpose. 

Kinetic Measurements for the Oxidation of 1,5-Dihydrolumifla-
vin-3-acetate by Pyruvic Acid. The kinetic measurements were carried 
out in aqueous solution containing 10 vol % methanol at 30.0 ± 0.1 
0C at a calculated ionic strength of 1.0 M (adjusted with KCI) under 
anaerobic conditions. Typically, 0.5 ml of a methanol stock solution 
of lumiflavin-3-acetate(7 X 10~4 M) was mixed with 4.0 ml of 1 M 
KCI solution containing 10"3 M EDTA (pH adjusted to desired value) 
in the bottom of a Thunberg cuvette. Stock pyruvic acid solutions 
(0.5-5 M) were prepared so that a 0.5-ml aliquot placed in the top of 
the Thunberg cuvette would yield the final desired concentrations of 
pyruvic acid (0.1-1.0 M). The p/Ca of pyruvic acid is 2.2,12'13 so so
lutions below pH 4 contained no buffer. The pyruvic acid was em
ployed as its own buffer to maintain pH by the addition of HCl or 
KOH. Above pH 4,0.085 M acetate or phosphate (M - 1.0 M) was 
employed to maintain constant pH. The contents of the Thunberg 
cuvettes were deoxygenated and the flavin was photoreduced. After 
the cuvette was examined for oxygen stability, the contents of top and 
bottom were rapidly mixed to give a solution ca, 7 X 10"5 M in flavin. 
The appearance of oxidized lumiflavin-3-acetate was recorded at its 
X1,,,,, (443 nm). 

Kinetic Measurements for the Oxidation of 1,5-Dlhydrolumifla-
vin-3-acetate by Ethyl Pyruvate and Pyruvamide. The kinetic mea
surements were carried out in 10 vol % methanol aqueous buffer so
lutions at 30.0 ±0.1 0C at a calculated ionic strength of 1.0 M (ad
justed with KCl) under anaerobic conditions. A typical example of 
the reaction of 1,5-dihydrolumiflavin-3-acetate with either carbonyl 
substrate was as follows: 0.5 ml of a methanolic stock solution of Iu-
miflavin-3-acetate (7 X 10"4 M) was mixed with 4.0 ml of the ap

propriate buffer solution (ji = 1.0 M) containing 10~3 M EDTA in 
the bottom of a Thunberg cuvette and 0.5 ml of an aqueous buffer 
solution of the carbonyl substrate (n = 1.0) was placed in the sidearm 
of the Thunberg cuvette. The pH's of the solution were measured and 
adjusted if necessary before introduction into the cuvette. Both top 
and bottom portions of the cuvette were deoxygenated, and the flavin 
was photoreduced. After examining the cuvette for oxygen integrity, 
rapid mixing of the contents of the top and bottom compartment of 
the Thunberg cuvette resulted in a solution ca. 7 X 10~5 M in flavin, 
0.1 M in buffer, and 0.05-0.4 M in carbonyl compound. The ap
pearance of oxidized lumiflavin-3-acetate was recorded at its \max 
(443 nm). 

Product Analysis of the Reaction of l,5-Dihydrolumiflavin-3-ace-
tate with Ethyl Pyruvate.14 An eightfold excess of ethyl pyruvate (9.3 
mg, 8 X 1O-5 mol) was reacted with l,5-dihydrolumiflavin-3-ace-
tate (3.14 mg, 1 X 10~5 mol) in an anaerobic aqueous solution (4 ml 
total volume in a Thunberg cuvette) until the reaction was complete 
(determined by monitoring at 443 nm). Lypholization of the reaction 
mixture, followed by thin-layer chromatography on silica containing 
a fluorescent indicator, yielded good separation of the components. 
TLC of the aqueous solution without lypholization gave identical 
results. Two solvent systems were employed, and the Rj values for 
authentic samples of flavin, ethyl pyruvate, and ethyl lactate were 
Rfcna, = °-05> °-20- °-82 a n d /̂CH2CHi2 = °-05< °-14< °-79- respectively. 
Examination of the TLC of the reaction mixture showed only three 
components corresponding to flavin, ethyl pyruvate, and ethyl lactate 
with R/ = 0.05, 0.11, 0.74 in CH2Cl2 and R/ = 0.05, 0.21, 0.82 in 
CHCl3, respectively (see ref 15). 

Reduction of LumifIavin-3-acetate by Lactamide and Lactic Acid. 
Stock solutions of lactamide or lactic acid (1.0 or 5.0 M) were pre
pared immediately before use in the appropriate buffer (M = 1.0 with 
KCl; phosphate for pH 7-8, borate pH 8-9, carbonate pH 9-10). The 
stock solution (0.5 ml) was placed in the top of a Thunberg cuvette. 
In the bottom of the Thunberg cuvette 4.0 ml of a matching buffer 
solution was mixed with 0.5 ml of a methanolic stock solution of Iu-
miflavin-3-acetate. No EDTA was present in the buffer solutions. 
After deoxygenating the contents of the cuvette, the top and bottom 
were rapidly mixed, and the absorbance decrease of oxidized flavin 
was followed at 443 nm. Typical concentrations in the cuvette were: 
7 X l O - 5 M lumiflavin-3-acetate, 0.1 M buffer, and 0.1 or 0.5 M in 
substrate. At the conclusion of the reaction, oxygen was bubbled into 
the cuvette, and quantitative recovery of the oxidized flavin was ob
served as long as the pH was 10 or below. Above this pH (experiments 
with lactamide) concomitant hydrolysis of the flavin was ob
served,16 

Trapping of Flavin Imine by Sodium Cyanoborohydride. Stock so
lutions of NaCNBH3 (1.5 X 10"2 M) in dry methanol were prepared 
immediately before use. Experiments were performed in either double 
or single port Thunberg cuvettes. In the bottom of the Thunberg cu
vette 4.0 ml of 0.1 M acetate buffer containing 10~3 M EDTA (^ = 
1.0 M, pH = 5.1) and 0.5 ml stock solution of lumiflavin-3-acetate 
in methanol (7 X 10"5 M) were mixed. In double port experiments 
0.2 ml of aqueous carbonyl compound was placed in one port and 0.2 
ml of the NaCNBH3 solution was placed in the other. Under the pH 
conditions employed the NaCNBH3 did not reduce the carbonyl 
compound, so it was possible to place both substrate and NaCNBH3 
in a single port cuvette. In either case deoxygenation was accomplished 
by bubbling vanadous-ion scrubbed argon through each cuvette section 
for 30 min. After photoreduction (EDTA) of the flavin, reactions were 
initiated by initial addition of either the carbonyl substrate or 
NaCNBH3, followed by the other. Final concentrations were: [Fl0x] 
= 7 X 10"5 M, [EDTA] = I0"3 M, [>C—O] = 0.1 M, and 
[NaCNBHj] • 6 X 10~4 M, The reaction was followed by repetitive 
scanning at the \max of oxidized flavin (443 nm) or at the Xma» of the 
/V(5)-alkylflavin product (ca. 345 nm). Addition of oxygen or nin-
hydrin3 (~3 X 1O-4M in cuvette) generated the /V(5)-alkylflavin 
radical species (ca, 585 nm) to establish the production of the /V(5) 
-alkyl reduced compound. 

Results 
The kinetics for oxidation of 1,5-dihydrolumiflavin-3-acetic 

acid (F1H2T = FlH - + FIH2) by ethyl pyruvate, pyruvamide, 
and pyruvic acid are multiphasic in an unusual manner under 
all conditions of pH and concentration employed (^= 1.0 M, 
30.0 0C). These reactions are characterized by an initial, rapid 
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Figure 1. Typical absorbance vs. time plots for the reaction of pyruvic acid, 
pyruvamide, and ethyl pyruvate (0.10 M) with 1,5-dihydrolumiflavin-
3-acetic acid (7.0 X 10"5 M) at 30 °C, M = 1.0 with KCl. The points are 
experimental, and the line is the theoretical analog solution of Scheme 
II. 

(burst) formation of lumiflavin-3-acetate (Fl0x), followed by 
a continuing but slower formation of Fl0x- The second and 
slower phase of reaction varies in the order of Fl0x formation 
from apparent zero order, as previously reported15 for ethyl 
pyruvate, to no clear order. The initial burst, depending upon 
carbonyl compound and pH, may account for a major portion 
of Fl0x formation or a very minor fraction of Fl0x formation. 
Figure 1 presents four representative Fl0x (443 nm) vs. time 
plots for the oxidation of F1H2T by carbonyl compounds. 
Considerable thought and experimentation leads us to propose 
the mechanism of Scheme I to account for the kinetics of Fl0x 

Scheme I 

pgwc w 
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appearance on reaction of pyruvic acid, ethyl pyruvate, and 
pyruvamide with FIH2 and FlH - (Scheme I has been presented 
for FlH - but pertains also to FIH2). What follows is a pre
sentation of experimental results which support the reactions 
of Scheme I. 

The spectrum obtained immediately after mixing a-keto 
acid, ester, or amide with dihydroflavin resembles the typical 
spectrum that has been reported for 7V(5)-alkylflavins [e.g., 
l,5-dihydro-3-methyl-5-ethyilumiflavin has a broad Xmax 
centered at 345 nm (340-360 nm)].17 A typical spectrum of 
the reaction of ethyl pyruvate with FlH2x at pH 8.85 (corrected 
for the absorbance of ethyl pyruvate) is shown in Figure 2. The 
appearance of a broad peak at ~350 nm is observed. The as
signment15-19 of this spectrum to the7V(5)-carbinolamine (CA) 
of reaction a of Scheme I is reasonable. If oxygen is bubbled 

0.0 
300 340 380 420 460 500 

Wavelength 
Figure 2. Repetitive scan for the reaction of ethyl pyruvate (0.10 M) with 
l,5-dihydrolumif!avin-3-acetic acid (6.5 X IO -5 M) at pH 8.9 (0.1 M, 
borate buffer). The initial scan was recorded 1 min after initiation of re
action. The last scan, before oxygen addition, was recorded 269 min after 
initiation of reaction. Five minutes of oxygen bubbling produced the 
normal Fl0x spectrum (top trace). The initial absorbance between 340-360 
nm is characteristic of an /V^-alkyl-l^-dihydroflavin. 

through the solution after completion of the initial burst, ca. 
5-10 min are required for complete formation of Fl0x (de
pendent upon pH and carbonyl compound). The reaction of 
3Ch with 1,5-dihydroflavins is a much more rapid process,20 

and the observed slow reoxidation is characteristic OfN(S)-
alkyl-l,5-dihydroflavins17 (/1/2 ~ 0.5-1 min).20 The oxygen 
reactivity of 4a-substituted flavins is very much slower17 (ca. 
1O-4 min-1)18 than the observed oxidation of the reaction 
mixture in the dark. Further supporting evidence for the for
mation of CA compounds will be presented in subsequent pa
pers.21'22 

Carbinolamine cannot be an intermediate in the conversion 
of F1H2T to Fl0x since its rate of formation is commensurate 
with a decrease (e.g., the end of the initial burst, see Figure 2 
and ref 21) in Fl0x production. This result is most clear-cut in 
the reactions where ethyl pyruvate and pyruvamide are sub
strates. The characteristic spectrum of a 5-carbinolamine 
(340-360 nm) is observed when equal concentrations of py
ruvic acid are present in the sample and reference cell (\max 
326 nm for pyruvic acid). Spectrum A of Figure 3 exhibits a 
peak at 360 nm that appears within 6 min after mixing F1H2T 
with 0.1 M pyruvic acid at pH 0.74. As the reaction proceeds 
there are absorbance increases at 360,440,470, and 515 nm. 
The spectra A to D of Figure 3 are normalized difference 
spectra (trace B has been normalized to 1.0 at 443 nm—510 
min after initiation of the reaction of pyruvic acid with F1H2T). 
The appearance of a long wavelength absorption centered at 
about 515 nm suggests another possible species in solution. 
Dehydration of the 5-carbinolamine to form an imine would 
not be unexpected23 (eq a of Scheme I). A similar imine 
structure (X = —OH, cyclized with the flavin C(4) carbonyl 
group) has been suggested by Massey and Gibson24 and 
Hemmerich et al.25 to possess an absorbance at about 500 nm. 
Such a "red complex" was tentatively assigned to an inter
mediate in the enzymatic reaction of an a-keto acid with D-
amino acid oxidase. The spectrum of Fl0x was normalized to 
1.0 at 443 nm and subtracted from curve B of Figure 3, pro
ducing curve D. Curve D clearly shows an absorbance at 360 
nm (which may be attributed to either a 5-carbinolamine or 
4a-adduct) and a broad absorbance centered at 500 nm which 
can be assigned to the imine structure. A 5-carbinolamine 
structure corresponding to the 360 nm absorbance is favored 
over the possible 4a-adduct because of the observed slow oxi-
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dation18 (or no oxidation at all)17 of authentic 4a-adducts by 
oxygen. In addition, other carbonyl substrates show absorb-
ances at shorter wavelengths (i.e., formaldehyde and acetal-
dehyde, Xmax ~350 nm).20,21 As the pH is decreased, formation 
of imine is visually perceived. Thus, the color of the solutions 
becomes more reddish brown. At completion of phase II at the 
most acidic pH values some imine remains. This can be shown 
by the fact that less than the expected theoretical yield of Fl0x 
is obtained unless oxygen is added. There is no observation of 
irreversible destruction of the flavin. 

The possibility of an imine being a direct intermediate in the 
carbonyl compound oxidation of F1H2T to Fl0x had been sug
gested by Blankenhorn, Ghisla, and Hemmerich.19 The spec
tral evidence presented herein (Figure 3) supports the presence 
of imine. More directly, the imine may be trapped by reduction 
with sodium cyanoborohydride (eq 2) (Experimental Section). 
The formation of Ar(5)-alkyl reduced compounds (eq 2) was 

H1C 

.X®:? 
H3C C = O 

\ 
X 

CH3 

—CH2COO" 

O 

IM 

N—CH 1 COO - (2) 

pH - 4 - 6 

FIHCH(CH3)COX 

X = OH, OEt, NH2 

quantitated by its spectrum and by its quantitative conversion 
to the flavin aminium cation radical (blue 585 nm) by oxida
tion with oxygen or ninhydrin (Experimental Section). Control 
experiments showed that only at pH 5J4 did NaCNBH3 show 
appreciable reduction of Fl0x to FlFh7-. In performing the 
trapping experiments, care was exercised in protecting the 
reaction mixtures from light because an irreversible photo
chemical reaction (presumably due to reduction of the flavin 
C(4) carbonyl group)26 occurred when solutions of F1H2T or 
Fl0x plus NaCNBH3 were exposed to fluorescent light. Since 
little or no reduction of Fl0x occurred in the dark, it was possible 
to reduce all imine formed at completion of the initial burst of 
Fl0x and thereby prevent further formation of Fl0x. The amount 
of Fl0x formed during the burst and in the presence of 
NaCNBH3 corresponds to that predicted (vide infra) from 
computer fitting of the differential expressions for the reactions 
of Scheme I to Fl0x production. For example, at pH 4.05 the 
increase in absorbance at 443 nm (Amax of Fl0x) was 0.013 
optical density unit when pyruvic acid was reacted with FlH2x 
in the presence of NaCNBH3. The theoretical absorbance 
increase expected based on the partitioning between k\ and &3 
(vide infra, see Table IV) is 0.017. Although this change is 
small it was reproducible and at other pH values reasonable 
comparisons could also be obtained [at pH 3.33, OD(expected) 
= 0.097 and OD(observed) = 0.083]. Below pH 3 the NaCNBH3 
is decomposed, and above pH 4 the burst becomes too small 
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Figure 3. Analysis of the spectral components of the reaction of pyruvic 
acid (0.10 M) with l,5-dihydrolumiflavin-3-acetic acid (7.0 X 10~5 M) 
at 30 0C, n = 1.0 with KCl, and pH 0.74. (A) Spectrum observed 6 min 
after initiation of reaction. The absorbance scale has been adjusted to that 
of trace B. (B) Spectrum after 510 min of reaction (curve normalized to 
1.0 at X = 442 min). (C) Spectrum of Fl0x at the end of the reaction relative 
to trace B. (D) Resultant spectrum obtained by subtraction of the spectrum 
OfFl0x (normalized to 1.0 at A = 442 nm) from trace B. (E) Spectrum of 
F1H2-+ at pH 0.74 (generated by photolysis of a solution of dihydroflavin 
in the presence of EDTA. Normalized to 0.5 at X = 468 nm to show curve 
shape only). 

to accurately measure. Addition OfNaCNBH3 to the reaction 
mixture after completion of the initial burst always produced 
the corresponding concentration of reduced yV-alkylflavin, 
which, when added to the concentration of Fl0x produced 
during the burst, accounted for 100% of the starting FlH2x. 
These results conclusively establish that the direct pathway 
for oxidation of FlH2x cannot involve CA or Im (Scheme I). 
However, Im does form with all substrates employed. The 
decreased rate of Fl0x formation after the initial burst in Fl0x 
production is logically explained by FlH2x being in favorable 
equilibrium (tied up) with CA and Im. 

That the burst reaction represents the competitive conver
sion of dihydroflavin to oxidized flavins on the one hand and 
to carbinolamine plus imine on the other (reactions a and b of 
Scheme I) is supported by experiments which involve the ad
dition of carbonyl compound following the initial burst. In 
experiments which have appeared in communicative form, 
Shinkai and Bruice15 have shown that in the reaction of CH2O 
with FlH2x the addition of CH2O following the initial burst 
does not effect the rate of Fl0x appearance. Thus, although only 
a fraction of FlH2x has been converted to Fl0x at termination 
of the burst no detectable concentration of dihydroflavin re
mained. Two similar experiments were performed in this study 
employing: (1) the addition of ethyl pyruvate to the reaction 
of CH3(C=O)COOEt with FlH2x after the initial burst 
(Figure 4) and (2) the addition of formaldehyde to the reaction 
of CH3(C=O)COOH with FlH2x after the initial burst 
(Figure 5). Formaldehyde was used to determine free FlH2x 
present after the initial burst because of its more rapid reaction 
with FlH2x, as compared with pyruvic acid. Figures 4 and 5 
show that addition of carbonyl compound, after completion 
of the initial burst, provides an increase in the rate of Fl0x 
formation. The percentages of FlH2x remaining in solution at 
a given time were found to be essentially identical when as
sayed by either the trapping technique of anaerobic addition 
of more carbonyl compounds or by analog simulation of A 443 
vs. time plots (vide infra, see Figure 6A-C). When an addi
tional aliquot of ethyl pyruvate was added to the reaction 
mixture at 300 min (Figure 4), the absorbance increase es
tablishes 11% free FlH2x while the analog solution predicts 
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Figure 4. Absorbance vs. time plot for the reaction of ethyl pyruvate (0.10 
M) with l,5-dihydrolumiflavin-3-acetic acid (6.5 X IO-5 M) at 30 0C, 
ix = l.O with KCI, and pH 6.0. The arrow indicates the point in time at 
which the solution was adjusted to 0.15 M in ethyl pyruvate (anaerobically) 
and shows further reaction of the dihydroflavin present, 

0.10 

o.osl-

JS 0.04-

0.02 

0.Oi 
340 1700 680 1020 

Time (mm) 

Figure 5. Absorbance vs. time plot for the reaction of pyruvic acid (0.10 
M) with 1.5-dihydroflavin-3-acetic acid (3.2 X 1O-5 M) at 30 0 C w = 1.0 
with KCl, and pH 3.42. The arrow indicates the point in time when an 
aliquot of CH2O was added to the reaction mixture (anaerobically), The 
burst in Fl0x production is due to reaction of CH2O with remaining dihy
droflavin. Final concentrations in the cell were [F1H 2 T ] • 2,9 X IO -5 M, 
[CH2O] =0,10 M, and [pyruvic acid] =0,09 M, 

12.3% free F1H2T (Figure 6C), The pyruvic acid reaction 
(Figure 5) exhibits 7% free F1H2T by the addition of formal
dehyde while the analog solution shows 8.1% free F1H2T 

(Figure 6B). 
The observation (spectral) of transient species, assignable 

on the basis of Xmax values to carbinolamine (CA) and imine 

CHyCOCOM ( 

~ - - - ^ -.Ca 

^T HH , 

f ^ , CT-T" 

H 4,901 9 

Hj1 -*r-'< 

C 200 400 600 800 'OCO '!00 " 

1ST 6'3 »10 I I I ' '333 

Figure 6. Representative examples of analog computer fittings of Scheme 
Il to the formation of Fl0x in the reactions of CH3COCO2H, CH3CO-
CONH2 and CH3COCO2C2H5 with l,5-dihydrolumiflavin-3-acetic acid. 
The points are experimental, and the solid lines are theoretical for the 
production and/or disappearance of starting material, intermediates, and 
products. (A) [CH3COCO2H] = 0,20 M, [FlH-.,.] = 3.5 X 10"5 pH 3.30; 
(B) [CH3COCO2H] = 0.10 M, [FIH17] = 7,0 X 10"5 M, pH 4,90; (C) 
[CH3COCO2Et] = 0.10 M, [FlH27] = 6,5 X 10"5 M, pH 5.90; (D) 
[CH3COCONH2] = 0.10 M, [FlH27] = 7,0 X IQ-' M, pH 7,2, 

(Im) and the trapping of Im by cyanoborohydride (eq 2) plus 
the finding that the rate of disappearance of dihydroflavin 
exceeds the rate of appearance of Fl0x, provides substantial 
support to the reactions a and b of Scheme I. However, these 
reactions by themselves do not provide a quantitative de
scription of the time course for Fl0x appearance on reaction of 
pyruvates with FlHj1 . Thus, analog simulation of the Fl0x 

absorbance vs, time plots for the reaction of pyruvic acid with 
F1H2T using only reactions a and b of Scheme I provided ac
ceptable results only at acidic pH values. For ethyl pyruvate 
and pyruvamide, acceptable fits could not be obtained at any 
pH studied, 

On the basis that the 5-carbinolamine (CA) has a formal 
/V(5)-alkyl-l,5-dihydroflavin structure, it would be anticipated 
that a comproportionation reaction between CA and Fl0x 

(reaction c of Scheme I) might occur. In separate experiments, 
and as predicted by the disproportionation mechanism of eq 
3, the addition of Fl0x (7.0 X 10"5 and 2.1 X 10"4 M) was 
shown to catalyze the second slower reaction (by two- to 
threefold) but to leave the initial burst unaffected (see also ref 
21). Attempts to identify the flavin radical species (spectrally) 
as an intermediate met with limited success. Curve E of Figure 
3 depicts the typical spectrum of the flavin aminium cation 
radical, FlH-4" (normalized to 0.5 at Xmax 468 nm to show curve 

C=O 

X 

FlR 

CH1 

I 0" 
H 3 C-C-OH 

C=O 

X 

CH, 

complex 

CH, 

H °" 
Fl1111-FlR 

+ 
O 
Il 

H3CCCX 

FlH2,,. + Fl1111 (3) 
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shape only). Clearly, both the "carbinolamine" and "imine" 
absorbances could have a flavin radical component during the 
course of the reaction of pyruvic acid with FTH27. Therefore, 
the production of radicals by comproportionation (reaction c, 
Scheme I) is consistent with the observed spectral results 
(similar spectral changes have been observed in an enzymatic 
system, see Miiller et al.26). The inset of Figure 3 is a plot of 
the absorbance at 515 nm which increases, decreases, and then 
increases again. The initial increase may be attributed to for
mation of the flavinium cation radical whose disappearance 
is followed in time by the first-order formation of imine. Within 
the time period observed (~20 min) the "burst" reaction 
predominates, and, since the flavin aminium cation radical will 
contribute at this wavelength, the direct oxidation of FlFh7 (eq 
b, Scheme I) would appear to produce the flavin radical cation. 
A maximum in absorbance at 515 nm is reached as the FlH27 

partitions between CA (k\) and Fl0x (kj). Then a decrease in 
absorbance follows until the production of imine contributes 
to the absorbance at 515 nm. Scheme I represents, as we shall 
see, the minimum set of equations necessary to account 
quantitatively for all the kinetic observations of this study (and 
the other studies which will follow).21 

For the purpose of analog simulation of the time dependence 
for Fl0x appearance, the reactions c and d of Scheme I need not 
be considered in toto. It has been established,28-30 in the 
comproportionation of other flavins, that the rate of formation 
of the intermediate dimer from FlH27 + Fl0x or 2F1H-T greatly 
exceeds dimer dissociation to FlH2 + Fl0x and 2F1H-. Thus 
reactions c and d of Scheme I have been replaced by eq 4 to 
provide Scheme II. 

Scheme II 

, / 
C = O 

^ 2 
SN 

O 

Il 
+ CH3COOX 

(4) 

CH3 

The reaction of ethyl pyruvate, pyruvamide, and pyruvic 
acid with FlH2x exhibits the time dependencies shown in Figure 
6A-D for all species in Scheme II. The solution of the differ
ential equations for Scheme II, as generated by the analog 
computer, provides excellent fits to the experimental points of 
^443 vs. time. This is a most important observation since the 
validity of this study rests upon the analog simulation of 
Scheme II to experimental data (see Appendix). 

Of the three carbonyl compounds investigated in this study, 
pyruvic acid has been chosen for the most extensive investi
gation. Even though the hydration equilibrium is invariant for 
ethyl pyruvate between pH 2 and 6,31 the hydrolysis of the ester 

\ *• h 
FlH21. -I- .C=O = * CA = t Im 

T / A-, A-, 

(a) 

\ V F1H2T -I- E = O = = Fl0x + H - ^ C - O H (b) 

Fl0x + CA —•• CT(compiex)| + C = O 

/ 

^ * FlH27 + Fl0x (C) 
A-s 

was considered as a likely problem due to the extended time 
required for reaction with dihydroflavin. For pyruvamide at 
concentrations >0.1 M there is seen, in the absence of dihy
droflavin, a disappearance (?i/2 ~ 3-4 h) of the pyruvamide 
absorbance (Xmax 343 nm). Hydration of pyruvamide may be 
followed by NMR and is very rapid with an equilibrium con
stant of ~ 1 . 3 2 The decrease in absorbance was found to be 
dependent upon [pyruvamide]2 in accord with a dimerization 
reaction.32 Though pyruvic acid also undergoes a dimerization 
reaction, the slowness of this process, even at high pyruvic acid 
concentrations,33 assured the unimportance of this reaction 
in the time period required for its reduction by dihydroflavin. 
The limited kinetic observations made on the dihydroflavin 
reduction of ethyl pyruvate and pyruvamide will be presented, 
followed by the results of the pyruvic acid study. 

The reduction of ethyl pyruvate to ethyl lactate15 by 1,5-
dihydrolumiflavin-3-acetic acid at pH 5.9 and 6.6 [ethyl pyr
uvate] = 0.1 M is accompanied by the Fl0x appearance time 
courses of Figure 6C and ID, respectively. In both figures the 
points are experimental and the curve computer generated. The 
apparent rate constants required to fit the curves are included 
in Table I. The initial burst reaction, in cases where it is large 
and well defined, can be treated in the ordinary fashion for 
competitive formation of two products from a single reactant 
(kp = k] + /C3). Following the initial burst, the change of /I443 
with time is virtually a straight line (apparent zero-order 
production of Fl0x). Extrapolation of this linear plot to t = O 
provides an intercept on the absorbance ordinate which equals 
k}/(k\ + £3) if the simplifying assumption is made that only 
reactions a and b of Scheme I are in effect. At FlH21- = 6 X 
1O-5 M and ethyl pyruvate at 0.10 M, the ratio /fc3/(£i + it3) 
= 0.091 and kp = (k\ + k3) = 0.127 min"1. Solution of the two 
simultaneous equations provides £3 = 0.116 M - 1 min - 1 and 
k\ = 1.15 M - 1 min - ' (ref 15, pH 5.9), while the computer fit 
to Scheme II provides &3 = 0.100 M - 1 min - 1 and Jt 1 = 8.20 
X 10_1 M - 1 min - 1 at pH 5.9 (Table I). However, only the rate 
constants for ethyl pyruvate can be approximated in this 
manner since the increase in ^443 with time for pyruvamide 
or pyruvic acid is not linear following the initial burst. At 
constant pH, plots of kp vs. ethyl pyruvate concentration are 
linear with a zero intercept establishing that the initial reaction 
is first order in both FlH2 7 and ethyl pyruvate. Table II pre
sents the rate constants (kp) calculated from the initial burst 
by using the simple first-order analysis assuming an infinity 
extrapolated from the slower second phase of the reaction. 
From the dependence of the kp constants upon [ethyl pyruvate] 
the apparent second-order rate constant for reaction of ethyl 
pyruvate with FlH27 is kp = 1.25 M - 1 min"-1 (at pH 5.9). The 
rate of production of Fl0x following the initial burst, /ts, is in
dependent of the concentration of ethyl pyruvate (Table II) 
as expected from Scheme I. Finally the product analysis (Ex
perimental Section) establishes that ethyl lactate is produced 
as the sole product from ethyl pyruvate. 

Figure 7 depicts the variation of the absorbance-time course 
as the pH is varied for the reaction of pyruvamide (0.1 M) with 
FlH27 (7 X 10-5 M, n= 1.0,30 0C). The initial burst increases 
as the pH becomes more acidic and concomitantly the second 
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Table I. Rate Constants Evaluated Employing the Analog Computer Simulation Based on Scheme III for the Reaction of FlH2 (7 X 10 ""* M) 
with 0.1 M Carbonyl Substrate 

Caibonyl 
sub strate 

Ethyl pyruvate 

Pyruvamide 

pH 

5.90 
6.60 
7.20 

M ' min ' 

8.20 X 10_ 1 

3.02 
2.74 X 10_1 

mm 

1.89 X 10"» 
6.03 X 1O-* 
1.51 X 10-* 

min ' 

4.94 X 1 0 ^ 
1.06 X 10 "' 
1.34 X 10"" 

min - 1 

2.29 X 10"* 
2.42 X 10 "' 
6.31 X 1O -3 

M - ' min - 1 

1.00 X 10_1 

1.51 X 10 "' 
2.76 X 10"* 

M - ' m i n - ' 

3.97 X 103 

7.89 X 103 

2.05 X 102 

min - 1 M - 1 min ' 

2.79 X 10- ' 40.6 
5.74 X 10"' 92.8 
1.52 X 10 - 2 217 

0.6 

0.5 

0.4 
a> 
O 
C 
O 
-£ 0.3 
O 
.a 
< 0.2 

0.1 

-

-

^ ^ r 2.9 

2J5 

1 I 

7.8^-

^- - Xe 

4.8 
-T 

= — = S = = 3 ^ 6 = ^ ^ 

520 2080 2600 1040 1560 

Time (min) 
Figure 7. Absorbance vs. time plots for the reaction of pyruvamide (0.10 
M) with l,5-dihydrolumiflavin-3-acetic acid (7.0 X 10"5 M) at 30 °C. 
iu = 1.0 with KCl, and 0.1 M buffer at various pH values. More acidic pH's 
show larger burst reactions and conversely more basic pH's show less burst 
and more rapid secondary reaction. All traces shown start at 0 absorb
ance. 

following reaction is slowed. Conversely, the second phase 
becomes more facile as the pH becomes more basic. This be
havior is also observed with other carbonyl substrates. Com
puter fits of the time courses for the reaction of FlH27 with 
pyruvamide were not reliable beyond 50% production of Fl0x. 
Figures IC and 6D demonstrate the anlog solution applied to 
the absorbance-time course of pyruvamide (0.1 M) with FlH27 
(7 X 10-5M, n= 1.0, 30 0 C p H 7.2,0.1 M phosphate buffer). 
The fit is good for the portion of the reaction shown. However, 
the analog solution predicts continuing production of Fl0x after 
ca. 23 h; whereas, from separate experiments in the absence 
of F1H2T and at pH 7.0, it can be shown that all pyruvamide 
has disappeared from solution at ~23 h (due to its dimerization 
as followed at 343 nm). Table I lists the computer generated 
apparent rate constants for this one reaction at pH 7.2. No 
attempt has been made to obtain rate constants by fitting the 
other plots of Figure 7 to the computer program for Scheme 
II. 

From the pH dependence of the calculated (see Discussion) 
AG° for the equilibrium F1H2T + pyruvamide-r <=* Fl0x + 
lactamide-r, it is apparent that the reaction should proceed in 
forward and reverse directions depending upon pH and the 
initial concentrations of pyruvamide and lactamide, respec
tively. Further, in the direction lactamide + Fl0x —• pyru
vamide + F1H2T, the product pyruvamide is removed from 
solution by its self-condensation. At 0.1 M lactamide and 6 X 
10-5 M Fl0x the observed first-order rate constants for disap
pearance of Fl0x were found to be 2.49 X 10-2 min-1 (pH 12.4) 
and 2.74 X 10 -3 min-1 (pH 11.6) after correcting for the 
concurrent hydrolysis of Fl0x. The hydrolytic rate for Fl0x is 
1.6 X 10-3 min-' at pH 12.4 and 2.4X10~4 min-' at pH 11.6. 
A product analysis for pyruvamide was not attempted due to 
the presence of Fl0x hydrolytic products, the assured self-
condensation of pyruvamide32 and the relatively high con
centration of lactamide employed. In a following study, how-

Table II. Effect of the Concentration of Ethyl Pyruvate on kp = 
k3 + k{, the Rate Constant for Partitioning Between the Direct 
Production of F l 0 x and 5-Carbinolamine and ks (Calculated as an 
Apparent Zero-Order Constant), the Slow Secondary Production of 
F l 0 x (pH 5.90, M = 1.0, 30 0C) 

[Ethyl pyruvate], M 

0.055 
0.092 
0.100 
0.183 
0.275 
0.366 

k„, min ' 

0.039 
0.116 
0.127 
0.231 
0.358 
0.453 

ks, M min ' 

1.13 X 10-7 

1.07 X 10 - 7 

1.10 X 1O-7 

1.30 X 10"1 

1.27 X 1O-7 

1.12 X 10 - 1 

\ J-

6.0 

4.0 

2.0 

0.0 

0.0 0.2 0 . 4 0 . 6 O.i 

B 
pH=3 .3 

k, = 5 . 3 0 x ICT4M"'mm"' 

0.0 0.2 0.4 0.6 0.8 1.0 

[Pyruvic A c i d ] M 

Figure 8. Dependence of k \ and ky on the concentration of pyruvic acid 
when [ 1,5-dihydrolumiflavin-3-acetic acid] = 7.0 X 10~5 M at 30 0C, n 
= 1.0 with KCl. 

ever, it is established that the co-product of reduction of Fl0x 
by methanol is formaldehyde.21 

Figures IA and IB exhibit the typical analog solutions for 
the reaction of pyruvic acid (0.1 M) with FlH2x (7 X 10-5 M) 
at two widely separated pH's. As the pH becomes more acidic 
the initial burst ceases to be a distinct portion of the trace. 
Figures 6A and 6B show the computed time dependencies of 
the concentrations of all reactants, intermediates, and products 
according to Scheme III. The dependence of the various rate 
constants upon pyruvic acid concentration was determined by 
the computer fitting of the time courses for two pyruvic acid 
dilution experiments one above (pH 3.3) and the other below 
(pH 1.1) the P-K3 of pyruvic acid (2.2).12'13 Nine pyruvate 
dilutions (0.1 to 1.0 M) were employed at pH 1.1 and seven 
(0.1 to 0.8 M) dilutions at pH 3.3. At pH 3.3 precipitation of 
sodium pyruvate occurred at 0.7 M and above. Only the k\ and 
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Table III. Rate Constants Obtained from the Analog Simulation of Scheme III for the Reaction of FlH2 j with Pyruvic Acid at pH's Above 
and Below the pKa of Pyruvic Acid" 

[Pyruvic acid] pH 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1.0 

Av 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 

Av 

1.10 

3.30 

k, X 10', 
m i n - 1 

0.395 
1.32 
1.35 
1.49 
1.85 
2.45 
2.87 
2.82 
2.35 

/t, X 102 

0.624 
0.917 
1.51 
2.02 
2.71 
3.25 

/t_, X 10', 
min - 1 

4.31 
1.64 
2.09 
2.04 
2.34 
1.94 
1.76 
1.99 
3.50 
2.4 ± 0.9 

Jt_, X 102 

5.33 
4.64 
5.81 
5.46 
5.34 
5.71 
5.38 ±0.4 

k2X 
min 

9.34 
7.13 
9.28 
9.04 
9.39 

10.9 
9.23 
9.03 
8.88 
9.36 + 

k2 x 

2.29 
2.17 
2.08 
2.19 
2.08 
2.12 
2.16 i 

10', 

"' 

0.6 

102 

0.1 

fc_2X 104, 
min - 1 

8.68 
7.98 
8.46 
8.67 
8.55 
8.56 
8.50 
8.64 
8.43 
8.50 ±0.2 

k2 X 102 

2.00 
2.12 
2.21 
2.11 
2.05 
2.15 
2.11 ±0.1 

k,X 103 

min - 1 

1.36 
1.82 
2.98 
3.37 
4.60 
5.59 
6.85 
7.92 

10.2 

k; X 10' 

1.10 
2.68 
5.16 
7.71 

12.2 
21.0 

ktX LO^, 
M~' m i n - 1 

1.34 
1.32 
1.47 
1.30 
1.80 
1.83 
1.52 
1.39 
1.28 
1.47 

kt X 

6.98 
5.53 
7.24 
7.66 
7.54 
7.66 
7.10 

t 0.2 

io-2 

t 0.8 

ksX 10', 
M - 'min - 1 

9.02 
8.84 
8.98 
8.72 

12.1 
12.3 

9.45 
8.85 
8.10 
9.60 ± 1.5 

ksX 1O - 2 

5.32 
4.26 
5.43 
5.61 
5.54 
5.61 
5.30 ±0.5 

*_,. 
M - ' min -1 

0.295 
0.303 
0.356 
0.284 
0.415 
0.421 
0.402 
0.394 
0.314 
0.359 ± 0.06 

*_s 

1.98 
1.53 
2.11 
2.16 
2.08 
2.27 
2.02 ± 0.3 

a [Pyruvic acid] 
deviation. 

was varied, and the average values for the concentration independent steps are given with their corresponding standard 

Table IV. Rate Constants ks and k_s Generated from Analog 
Simulation of Scheme III for the Reaction of Pyruvic Acid (0.1 M) 
with FlHj1 (7 X 10"5 M) at Varying pH Values 

pH ,M-

0.07 
0.07 
0.13 
0.15 
0.46 
0.53 
0.79 
0.86 
0.89 
1.07 
1.10 
1.52 
1.90 
1.91 
1.93 
2.02 
2.09 
2.13 
2.32 
2.83 
2.88 
3.27 
3.33 
3.86 
4.05 
4.69 
4.89 
5.74 

9.13 X 
9.20 X 
1.13 X 
9.62 X 
1.25 X 
1.36 X 
9.20 X 
1.05 x 
6.22 X 
9.26 X 
9.02 X 
8.22 X 
2.01 X 
1.06 X 
1.11 X 
3.02 X 
2.45 X 
2.44 X 
3.14 X 
1.78 X 
1.02 X 
3.44 X 
4.26 X 
6.32 X 
3.42 X 
5.24 X 
1.34 X 
2.68 X 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

0.357 
0.357 
0.841 
0.373 
0.357 
0.962 
0.527 
0.411 
0.342 
0.276 
0.295 
0.334 
0.411 
0.810 
0.922 
1.49 
1.73 
1.68 
1.62 
1.08 
0.944 
1.45 
1.53 
1.80 
1.52 
1.72 
1.73 
1.73 

Zc3 steps of Scheme I should be pyruvic acid dependent, and this 
expectation is supported by the analog solution for the pyruvate 
dilution experiments. Figures 8A and 8B present plots of k\ 
(Scheme I) vs. [pyruvic acid] at pH's 1.1 and 3.3. The plots are 
linear establishing a first-order dependence of k \ on [pyruvate]. 
The second-order rate constants, obtained from the slopes of 
the lines are 3.95 X 1(T3 M"1 min"1 at pH 1.1 and 5.30 X 
10 - 2 M - 1 at pH 3.3. A similar pyruvic acid concentration 
dependence is obtained (Figure 8C) for the observed &3 step 
at pH 1.1 allowing calculation of a second-order rate constant 
of 9.69 X 1 0 - 3 M - 1 S -1 . However, at pH 3.3 the dependence 
of £3 on pyruvic acid becomes nonlinear as evidenced by Figure 
9A. A second-order dependence upon pyruvic acid is shown 

0.0 

2.0 

0.0 
0.0 

sS 

0.2 0.4 0.6 0.6 0.0 

[Pyruvic Acid]M 

Figure 9. Dependence of ky on the concentration of pyruvic acid at pH 3.3 
when [l,5-dihydrolumiflavin-3-aceticacid] = 7.0 X 10-5 Mat 30 0C and 
M = 1.0 with KCl. 

in Figure 9B where Zc3/[pyruvic acid] is plotted vs. [pyruvic 
acid]. From the intercept of the plot ([pyruvic acid] = 0), there 
is obtained the apparent first-order dependence on pyruvic acid 
(k/ = 7.30 X 10 - 3 M - 1 min - 1) and from the slope the ap
parent second-order dependence on [pyruvic acid] (£3" = 3.20 
X 10 - 2 M - 2 min - 1 ) . The remaining rate constants derived 
from the analog solutions were, as expected, independent of 
[pyruvic acid]. Table III lists the individual constants of 
Scheme III at the various pyruvate concentrations and at pH's 
1.1 and 3.3. 

The pH dependence of the reaction of pyruvic acid (0.1 M) 
with FlH21- (7 X 10 - 5 M) was determined over the pH range 
of 0 to 6. The computed values of £-5 and Zc5 are listed in Table 
IV and log /crate vs. pH profiles for k\, k-\, k2, k-2, &3, and 
kt, are plotted in Figures 10A-F, respectively. At 0.1 M pyruvic 
acid the contribution of Zc3" and &3' are almost equivalent so 
that the plot of log kobsd vs. Zc3 (Figure 10E) may be employed 
to determine the pH dependence of &3'. 

Discussion 

It has been suggested that the dihydroflavin (FlH2 + FlH - ) 
reduction of carbonyl compounds can occur through either a 
I e - + H-, a I e - + I e - + H + reaction, or both depending upon 
the acidity of the C-H bond of the resultant H - C - O H moi-
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Figure 10. Log krM vs. pH profile for the rate constants derived from the analog solution of Scheme II for the reaction of pyruvic acid (0.10 M) with 
[l,5-dihydrolumiflavin-3-acetic acid] = 7.0 X 10~5 M. 

ety.2'4 Part I3 has established that I e - transfer from N(5)-
alkyl-l,5-dihydroflavins to carbonyl compounds to provide the 
/V(5)-alkylflavinium cation radical occurs when the difference 
in potentials of oxidant and reductant were sufficiently great. 
The primary purpose of the present investigation and the fol
lowing papers of this series has been threefold: (1) to establish 
if, as suggested by others,19 the dihydroflavin derived carbi-
nolamines and imines are involved as intermediates in the 
dihydroflavin reduction of carbonyl substrates; (2) to evaluate 
the overall kinetic scheme for reaction of dihydroflavins with 
carbonyl substrates; and (3) to determine if radical interme
diates are thermodynamically allowed in the reduction process. 
Employing ethyl pyruvate, pyruvamide, and pyruvic acid 
(aqueous solution in the pH range from 0-9), both 5-carbi-
nolamine (Xmax ~350 nm) and the corresponding imine (Xmax 
~500) are observed and the imine may be trapped with 
NaCNBH3. The product of NaCNBH3 trapping is an N(5) 
-alkyl-l,5-dihydroflavin (obtained even at pH 7 with pyruvate 
where essentially no reduction of pyruvate by F1H2T occurs), 
and this may be assayed by 3C^ oxidation to the relatively 
stable flavin aminium cation radical (Experimental Section). 
Therefore, there is no doubt that a N(5) adduct forms on re
action of a carbonyl compound with a dihydroflavin. However, 

the spectral buildup of the 5-carbinolamine and derived imine 
species is concomitant with a decrease in Fl0x production 
(initial burst). The reactions of Scheme I have now been es
tablished for pyruvic acid, pyruvamide, and ethyl pyruvate. 
The production of Fl0x in an "initial burst" is dependent upon 
the partitioning of F1H2T between carbinolamine (k\) and Fl0x 

(ki). The percent conversion of initial F1H2T to Fl0x, when 
NaCNBH3 is present at the beginning of the reaction, is 
quantitatively coincident with that expected from the ratio of 
k\ to ki obtained from the analog solutions of the time de
pendence of Fl0x production according to Scheme II (Results). 
Since trapping of the imines by NaCNBH3 is very rapid and 
&2 > k-\ then the Fl0x produced must come from a direct re
action (A:3 step). Clearly, the 5-carbinolamine and imine 
species are not on the reaction pathway but exist as products 
of a nonproductive equilibria. 

Because of unwanted side reactions, ethyl pyruvate (hy
drolysis) and pyruvamide (condensation) have received only 
cursory examination in their reaction with F1H2T. Nonetheless, 
these studies are sufficient to establish that both substrates are 
reduced by F1H2T, and in the case of ethyl pyruvate it has been 
shown that ethyl lactate and Fl0x are the only products. The 
oxidation-reduction reaction (reaction b of Scheme II) has 
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been shown to be first order in FlH2x and ethyl pyruvate or 
pyruvamide, respectively. The kinetic data and derived con
stants for these substrates are contained in the Results section. 
The reaction of pyruvic acid and pyruvate with FlH2 plus FlH -

has been more extensively investigated. The pH and [pyruvate 
+ pyruvic acid] dependence of the rate constants of Scheme 
II has been determined (Table III and Figure 10A-F). The 
values of Ic5 and k-5 (Table IV) show very little or no pH de
pendence. Since the pH dependence for the comproportiona-
tion of an N(5)-alkyldihydroflavin with oxidized flavin is yet 
to be investigated, there is no basis for judging the reason
ableness of this finding. Although it has been established that 
Fl0x does not produce an observable amount of 7V(5)-alkyl 
radical when it is reacted with either the Ar(5)-methyl- or 
/V(5)-ethyl-l,5-dihydrolumiflavin,20a it has been shown to 
enter into complexation with the 7V(5)-alkyl reduced species.20 

The carbinolamine-imine moiety on the iV(5) position would 
be expected to facilitate electron transfer and subsequent 
radical formation. As the analog solutions show (Figure 
6A-D), radical complex (indicated CT) does not accumulate 
to any extent. Electron transfer may occur with loss of the al
dehyde moiety of the carbinolamine. No further comment upon 
the comproportionation step is allowed. Log &rate vs. pH pro
files have been constructed for the remaining rate constants 
at a value of [pyruvic acid + pyruvate] = 0.10 M. These are 
presented in Figure 10A-F. What remains is a discussion of 
the reasonableness of the profiles for the forward and reverse 
reactions attributed to carbinolamine and imine formation and, 
most importantly, the mechanistic evaluation of the log Ac3 vs. 
pH profile for direct reduction of pyruvic acid and pyruvate 
by dihydroflavin. 

The log fcrate vs. pH profiles of Figures 10A to 10F have been 
fitted via the rate expressions of eq 5 to 10: 

Scheme III. Carbinolamine Formation 

A l , = ' 
AlI11OH3 + feibflH 

( f l H + K11)(AH + *a 2 ) 

or (5) 

• _ /CI11QH3 + AnboH
2 + k]caH 

' " (flH+*.,)(flH + tf.2) 
k_ _ k-\„aH

2 + k-\baH + Ai-I0 

OH2 + CH^m + A-H1Â 2 

or (6) 

A:-, = (A I - I 1 1 OH 2 + Ai- ibOH)/(oH2 + A H ^ 1 + ^a1Ka2) 

k _ A^11QH3 + Ai2bgH2 + A:;cflH + Ai2d , ^ 

«H2 + OH^ai + K&lKa2 

_ k-2aClH2 + Al-2baH + Al-2C + Al-2d/gH 
OH2 + OH^a, + # a i # a 2 

k _ AI311OH3 + A:3baH
2 + Ai-eQH 

3 " (OH + K81)(OH + *a2) 

k _ Ac4aOH2 + Ai4boH + Ai4e 

OH2 + OH^ai + K&tK&2 

* - 2 - " (8) 

(9) 

(10) 

The kinetic expressions of eq 5 to 10 are in accord with the 
mechanisms of Schemes III to VI. 

Though Scheme III represents the simplest reaction se
quence which allows a fit of the pH dependence of carbino
lamine formation, it is not unique. The log Ai 1 vs. pH plot of 
Figure 1OA may be duplicated by employing the reaction se
quence of Scheme VII. The order of the rate constants for ei
ther scheme is reasonable and the pH-log k\ profile (Figure 
1 OA) is of a form not unexpected for carbinolamine formation 
involving a weakly basic amine (see examples in ref 23, 34). 
The equilibrium constant for carbinolamine formation, k\/k-\, 
is 3.3 M - ' at pH 2 when the rate constants of either Scheme 
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III or VII are used in the calculation. Applying a correction 
for the amount of hydrated pyruvic acid (̂ Hyd = [hydrate] 
/[pyruvic acid] = 0.7 at pH 2)12 gives An/Ac-, =5.7 M - 1 . The 
N(S) position of the flavin is very weakly basic. The equilib
rium constant for carbinolamine formation between pyri-
dine-4-carboxaldehyde and urea, a very weak base, is KQA = 
1.3.34d Several other amines show equilibrium constants of the 
same order of magnitude34-1 as observed for the carbinolamine 
formation between 1,5-dihydroflavin and pyruvic acid. Of the 
four reaction steps for interconversion of carbinolamine and 
imine (Scheme IV) the second and fourth are kinetically 
equivalent. According to Scheme IV, the greater the electron 
derealization to the (+)N(5) position, the more favorable the 
equilibrium constant for imine formation (k^Jk-i = 0.19, 50, 
8150). This is due primarily to the greater driving force for the 
forward dehydration steps (Ai2a:Ai2b:Ai2c • 1:7.3 X 103:7.2 X 
108), The equilibrium constants for imine formation of several 
substituted p-chlorobenzaldehyde hydrazones lie between 104 

and 105 (p-toluenesulfonylhydrazide: Kc\ = 1.7, K\w = 1.4 
X 104).23a The rate of hydration of imine is actually decreased 
by the same electronic effects, this being due, no doubt, to 
greater electron release to the (+)N(5) position (A-_2a:Ai-2b: 
Ai_2e = 1:28:1.69 X 104). The overall result is a lowering of the 
AG* barriers in going from the reactions of Ai2a/A:-2a to 
kis/k-iQ. Rate constants for the oxidation of carbinolamine 
species by Fl0x (Scheme V) are in the order anticipated. Thus, 
the greater the electron density of the carbinolamine the more 
facile the electron-transfer reaction (i.e., k^.k^k^ = 1: 
38:2445). 

The reaction of primary concern to this study involves the 
reduction of pyruvic acid and pyruvate to lactic acid by dihy
droflavin (Scheme VI). Three terms are required to fit the 
pH-log Ac3 profile (Figure 1OE), and these are Ai 3a, Ai3b, and /c3c. 
The reaction associated with Ai3a is unambiguously hydronium 
ion catalyzed reduction of pyruvic acid by undissociated 
1,5-dihydroflavin. In the case of /c3b and Ai 3c, choices are al
lowed between three kinetically equivalent mechanisms (see 
Scheme VI). 

Mechanisms involving 2e~ transfer via covalent interme
diates have been proposed to be ubiquitous for flavin oxidation 
and reduction of organic substrates.35=37 The proposal of 
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Scheme IV. Imine Formation 
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Scheme V. Oxidation of Carbinolamine by Fl0x 
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Blankenhorn, Ghisla, and Hemmerich19 that the 5-carbino-
lamine is an intermediate in carbonyl group reduction is ob
viously not correct. Brown and Hamilton36 have suggested the 
4a-mechanism of eq 11 to which may be added the mechanism 

H V H 
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O O 

A Il 
-f-c—c— 

V H — A 

A:-> O O 
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AH O 0 
I Il 

- C - C -

H 

of eq 12.4 A 4a-addition-elimination reaction has been es
tablished for the oxidation of thiols by Fl0x (eq 13).38 General 
acid protonation of the N(5) position accompanying nucleo-

Fl0x + 
. 5.94 X ICT2 M"1 min- .N. .N. 

Fl0x + 
ft,,. - a79 X 10"' M"1 min" 

CH3CCOf 

philic attack at the 4a-position is anticipated (eq 11 and 12). 
This feature has been established for oxidation of thiols by 
Fl0x

38 and for addition of S O 3
2 - to the 4a-position.39 From 

Figure 9 it may be seen that the reduction of pyruvic acid is 
catalyzed by pyruvic acid. 

H 
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Since there appears to be no spectral or kinetic requirement 
for an. intermediate in the reduction of pyruvate by dihydro-
flavin, the correctness of the mechanisms of either eq 11 or 12 
requires that the respective 4a-adduct be at steady state: 

*l H 3O+ k-, H1O 
FlH2 + > C = 0 = = * 4a-adduct - ^ - Fl0x + > C-OH 

*- i H2O 

/C1^2[Fl0 xH)C=O][H3O+] 

k-x+k2 

(14) 
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Scheme VI. Reduction of Pyruvate by Dihydroflavin 
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On this basis, the mechanism of eq 11 may be dismissed. Thus, 
the formation of carbinolamine is competitive with the direct 
reduction of carbonyl compound. Comparison of the rate 
constants for H30+-catalyzed carbinolamine and reduction 
of carbonyl compound (i.e., &ia/^3a) reveals that they are 
essentially equal. For the mechanism of eq 11 to be correct it 
is required that acid-catalyzed enamine attack upon carbonyl 
oxygen be as facile as acid-catalyzed attack of the N(5) ni
trogen upon carbonyl carbon (eq 15). The mechanism of eq 12 
may not be dismissed on this basis since enamine attack upon 
carbonyl carbon might well be competitive with carbinolamine 
formation. In addition, as shown in the following study,27 the 

Scheme VII. Alternate Scheme for Carbinolamine Formation 
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carbanion rather than the alkoxide ion is the direct substrate 
for the Fl0x oxidation of benzoin to benzil. This feature would 
be in accord with the mechanism of eq 12 but clearly not with 
that of eq 11. 
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An alternative to the 2e reduction of pyruvate via the 
formation of a 4a-adduct (eq 14) is a mechanism involving the 
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Table V. 
Couples 

AJF111 Values and Corresponding AG0 for the Potential Difference Between Lactate/Pyruvate and Dihydroflavin/Oxidized Flavin 

PH 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

^m 

C H 3 C H ( O H ) C O O H J / C H 3 C ( = 0 ) C O O H T 

+0.224* 
+0.162 
+0.095 
+0.016 
-0.064 
-0.132 
-0.193 
-0.255 
-0.316 
-0.377 
-0.438 
-0.499 
-0.560 
-0.622 

(+0.25 3)c 
(+0.191) 
(+0.124) 
(+0.045) 
(-0.035) 
(-0.103) 
(-0.164) 
(-0.226) 
(-0.287) 
(-0.348) 
(-0.409) 
(-0.470) 
(-0.S31) 
(-0.593) 

FlH j T /FloX 

+0.201 
+0.140 
+0.079 
+0.018 
-0 .043 
-0.104 
-0.160 
-0.202 
-0.235 
-0.266 
-0.305 
-0.358 
-0.418 
-0.479 

-0 .023* 
-0.022 
-0.016 
+0.002 
+0.021 
+0.028 
+0.033 
+0.053 
+0.081 
+0.111 
+0.133 
+0.141 
+0.142 
+0.143 

A£m 

(-0.052K 
(-0.051) 
(-0.045) 
(-0.027) 
(-0.008) 
(-0.001) 
(+0.004) 
(+0.024) 
(+0.052) 
(+0.082) 
(+0.104) 
(+0.112) 
(+0.113) 
(+0.114) 

- 1 . 0 6 6 

-1 .02 
-0.74 
+0.09 
+0.97 
+ 1.29 
+1.52 
+2.44 
+3.74 
+5.12 
+6.13 
+6.50 
+6.55 
+6.60 

AG°a 

(-2.40)c 
(-2.35) 
(-2.08) 
(-1.24) 
(-0.37) 
(-0.05) 
(+0.18) 
(+1.11) 
(+2.40) 
(+3.78) 
(+4.80) 
(+5.17) 
(+5.21) 
(+5.26) 

a AG0 represents the free energy difference between the initial and final ground states. bValues obtained from an E0 determined from ther
modynamic calculations by Burton.45 ^Values obtained from E0 determined to be the best measured value by Clark.4 0^CH3CH(OH)COOHJ/ 
CH3C(=0)COOHT. 
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radical species FlH2
1+ and FlH-. In Scheme VIII the redox 

reactions are envisioned to occur by way of general acid cata

lyzed I e - transfer from dihydroflavin species to pyruvic acid 
or pyruvate to form radical pairs which go on to form product 
via H- or a second I e - transfer reaction from flavin radical to 
•C-OH. Suggestive spectral evidence for the intermediacy of 
the flavin radical species during the direct reduction of pyruvic 
acid (Scheme VIII) is observed at 515 nm (inset, Figure 3). 
However, although the comproportionation reaction between 
Fl0x and F1H2T to produce FlH-r is probably slow at acidic 
pH,20b it is not possible to completely rule out this possibility 
for production of the transient absorbance observed. 

Assuming a relationship between AG0 and AG*, the ratio 
of the rate constants for dihydroflavin reduction of pyruvate 
+ pyruvic acid are not unreasonable [i.e., (FIH2 + PyrH + 
H30+) :(F1H2 + Pyr" + H30+):(F1H- -I- Pyr~ + H 3 O + ) = 
1:43:5 X 105], as can be seen from electrochemical data. Thus, 
the maximal tenfold change in /c3 (Figure 3) with pH is in 
accord with expectations based on the differences in the mid
point potentials (A£m) of the couples pyruvate/lactate40 and 
dihydroflavin/oxidized flavin41 (Table V). Examination of 
Table V reveals that the value of A£ m is positive and virtually 
invariant between pH 3.5-6.0. From Figure 10E it may be seen 
that log ^ 3 is virtually constant in this pH range. The AEm 

becomes more positive above 6.0. At pH's >7.0, A£ m indicates 
that the reduction of pyruvate by F l H - is thermodynamically 
unfavorable. As indicated (Results), lactate acts as a reducing 
agent for Fl0x at high pH. At pH values less than 3.5 the value 
of AEm decreases steadily until a plateau is reached at pH 
values below 1.3. This plateau arises due to the formation of 
FlH3

+ . A calculation based on A£m , assuming a relationship 

CH3 

•Nv 

XXM - X - C H , 

O 
FlH3

+ 

between AG0 and AG*, indicates that fc3 should exhibit a 
maximal change of ca. tenfold, as observed between pH 0 and 
3. 

Sufficient electrochemical data exist to assess the reason
ableness of radical pathways for the dihydroflavin reduction 
of the carbonyl compounds of this study. The computations 
which will be offered are based on the potential difference 
between the half-cell reactions of eq 16A and 16B which de-
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0(H) 0 Table VI. 

—C—T 5=t —C—T + e 

FlH21. 5=t FlH-T + e" 

0(H) 0 

A 

B (16) 

—C—T + FlH- - C - T FlH2. 

termine the potential of 16C (where F1H2T <=* FlF^a + FlH - b, 
a and b being mole fraction of FIH2 and F l H - , respectively, 
at a given pH). All computations have been carried out for the 
standard state of 1 M reactants, intermediates, and products, 
but at stipulated pH values. Thus, no corrections have been 
estimated or applied to the calculated free-energy levels for 
what are proposed to be solvent caged free radical pair inter
mediates. For this reason allowances for any stabilization by 
cage effects, charge transfer interactions, etc. have not been 
made and consequently, the calculated AG0 levels are probably 
maximized. However, the potentials of Rao and Hayon (eq 17, 

E" 
OH O 

(A) CH3CCO2H *=£ CH3CCO2H + e" + H+ +0.25 

OH O 

(B) CH3CCO2" •=£ CH3CCO2" + e" + H+ -0.12 

O - O (17) 

(C) CH3CCO2- *=± CH3CCO2- + e" 

OH O 

-0.47 

(D) CH3CCONH2 «= 

O -

I 
(E) CH3C-CONH2 

CH3CCONH2 + e" + H+ +0.05 

O 

CH3CCONH2 + e" -0.34 

where EQ represents the potential of the reaction at 7)42 have 
been employed. These EQ values do not truly represent E° 
values but are kinetic potentials,43 and this feature undoubtedly 
minimizes (by perhaps 5 kcal M - 1 ) the computed AG° values 
of formation of the radical intermediates. These two features 
should tend to cancel any errors in the computed standard free 
energies of formation. In any event, the computed energy levels 
could be in error by up to 10 kcal M - ' without altering our 
conclusions! The Em values for the I e - half-cell reactions of 
eq 17A, 17B, and 17E were corrected to the appropriate pH 
(Nernst equation at 30 0 C stipulates (—) 60.15 mV for each 
pH unit below 7 or (+) 60.15 mV for each pH above 7.0). 
Application of the pH correction provides Table VI. The five 
dihydroflavin half-cell reactions of eq 18 are required. Draper 
and Ingraham41 have presented a comprehensive study of the 
pH behavior of the midpoint potentials for the semiquinone/ 
oxidized flavin and reduced flavin/semiquinone couples. In 
their study riboflavin was employed. Since small structural 
changes in the flavin moiety do not alter the determined E0' 
values (i.e., 2e~ conversion of F1H2T —* Fl0x) for a variety of 
flavins (riboflavin; E0' = -0.201 V42 and lumiflavin; E0' = 
—0.233 V44), the E0' values which are employed in these cal
culations have been interpolated from their data. 

FlH2 ?=t FlH- + e - + H + 

FlH- *± FlH- + e~ 
F lH- «=> Fl-- + e" + H + 

Fl-- ^ Fl0x + e- + H + 

Fl-- *± Fl0x + e-

A 
B 
C 
D 
E 

(18) 

For the half-cell reaction of eq 19A the species FlH2 and 
FIH- exhibit no ionic equilibria at low pH. Thus, the experi-

OH OH OH 

PH CH3C-CO2H CH3C-CO2- CH3C-CONH2 

+0.67 
+0.61 
+0.49 
+0.37 
+0.25 

+0.30 
+0.24 
+0.12 
+0.00 
-0.12 

+0.48 
+0.42 
+0.30 
+0.18 
+0.006 

mental Em values of Draper and Ingraham for the reduced 
flavin semiquinone couple41 may be employed to interpolate 
the required Em values for 18A at desired pH values (eq 
19): 

FlH2 

pH 
0 
1 
3 
5 
7 

FlH 
-Cm 

+0.232 
+0.172 
+0.052 
-0.069 
-0.189 

+ e- + W (19) 

The Em values for eq 18B at low pH may be obtained by 
applying a pH correction to the values determined by Draper 
and Ingraham above pH 1041 to give eq 20: 

PH 
0 
1 
3 
5 
7 

FlH- f± Fl-- + e 
•Cm 

+0.351 
+0.291 
+0.170 
+0.050 
-0.070 

+ H^ (20) 

In a similar manner the Em values for the half-cell reactions 
of eq 18D and 18E can be obtained from the semiquinone ox
idized flavin couple (eq 21): 

FlH- <=> Fl0x + e" 
pH 

+ H + 

En 

Fl-- ^ F L x + e" (21 

+0.168 
+0.108 
-0.012 
-0.132 
-0.253 -0 .340 

Having determined the individual potential values of eq 18, 
it is necessary to compute the potentials at a given pH where 
all pertinent ionic species are taken into account. Conversion 
of the potentials to their corresponding free energies [AG = 
nFE; AG = (E m + 60.15 pH)/0.04336], correction of each 
free energy based upon the contribution of the mole fraction 
of each species at the pH under consideration, and reconversion 
to Em provides eq 22: 

FlH2x 

+ e-
F± FlH-T 
+ H+ 

^ H 

0 
1 
3 
5 
7 

FlH-T +* Fl0 

+ H+ + e-
(22) 

+0.232 
+0.172 
+0.052 
-0.073 
-0.168 

+0.168 
+0.108 
-0.012 
-0 .133 
-0.245 

The Em values of the half-cell reactions for pyruvic acid or 
pyruvamide were added to the £ m values of the flavin half-cell 
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20 I 

CH,C-CO,H- + Fr, 

CH5C-COjH-. F / O I 

CH3C-CONHj^Fi0 1 

REACTION COORDNATE 

Figure 11. Reaction coordinate diagrams for the reaction of pyruvic acid 
and pyruvamide with l,5-dihydroflavin-3-acetic acid under standard 
conditions of 1 M, 30 0C. The highest free energy barries corresponds to 
the observed AG*expti-

reactions to give a resultant A£m expressed as a standard free 
energy for formation of the "radical pair" moieties at 1 M 
(AG0 = AEm 23.0603 at 30° for a Ie - process as shown in eq 
23 for pyruvic acid). In a like manner, the free-energy levels 

F1H 2 T *=Z FlH-T + e~ + H+ 

OH o 

C H 3 C - C O O H T 5=± CH3CCOOHT + e" + H + 

O 

Il 
FlH21 + C H 3 C C O O H T * = t FlH 

PH AEm 

0 -0.439 

1 -0.439 

3 -0.437 

5 -0.320 

OH 
I 
I 

T + C H 3 C - C O O H T 

AG0 

10.12 

10.12 

10.07 

7.37 

(23) 

for CH3C(OH)CONH2 and CH3C(0-)CONH2 were de
termined. Since no experimental data are available for the 
species CH3C(O-)CO2H the potentials obtained for the amide 
radical anion were employed. It is expected that this would 
represent a maximum value (i.e., compare the potentials for 
the protonated radical acid, CH3C(OH)COOH, and amide, 
CH3C(OH)CONH2, Table VI). 

Finally, it is necessary to compute the free-energy differ
ences between the initial and final states. The potential for the 
F1H2/F10X couple is obtained by summing the calculated 
half-cell reactions (eq 24). The values obtained (listed in Table 

F1H2T *± FlH-T + e~ + H+ 

FlH-T ^ Fl0x + e~ + H+ 

F1H2T f± Fl0x + 2e~ + 2H+ 

(24) 

V) are in substantial agreement with published values for the 
F1H2/F10X couple.40-44 The standard potential, E", for the 
pyruvate couple has been determined by Burton45 from a 
thermodynamic calculation as +0.2238. A comprehensive 
compilation of E° values has been prepared by Clark.40 The 
values range from +0.221 to +0.263. Burton's value45 of 
+0.224 was employed in these calculations since the E° values 
of the other substrates in this study could only be estimated 
from thermodynamic calculations based on standard free 
energies of formation. Employing a E° = +0.253 changes the 
A-Em between the flavin and pyruvate couples but does not alter 
the conclusions. In fact, the agreement between the changes 
observed in log &3 vs. pH (Figure 10E) is better supported by 
the more positive E° (see Table V). A reasonable value for 
pyruvamide was estimated to be E° = +0.2185 from ther
modynamic free energies of formation (AG0 = 10.08). 
Equation 25 provides the proper pH corrections to yield the 

OH O 

CH3CCONH2 

I 
H 

PH 
0 
1 
3 
5 
7 

^=* CH3CCC DNH2 + 2e 

Em 

+0.2185 

+0.1584 

+0.0381 

-0.0822 

-0.2025 

+ 2H+ 

(25) 

Em values necessary to obtain the free-energy change from 
initial to final states. In a manner analogous to the determi
nation of the free-energy levels of the radical species, the free 
energy between the final and initial states is obtained by 
summing the appropriate half-cell reactions (AG0 = Em 
46.1206 at 30 0C for a 2e~ process) as shown in eq 26. The 

OH 
I 

C H 3 - C - C O R T 

H 

FlH, 

O 

C H 1 - C — C O R 1 + 2e" + 2H+ 

Fl0x + 2e + 2H+ (26) 

FlH2, + CH3-C-COR1 

OH 

Fl0x + CH,—C—C0RT 

H 

values of AG0 for the overall reaction are given in Table V for 
a number of pH's. 

The computed standard free energies of formation of in
termediates and products have been employed (Figure 1 IA-C) 
to construct alternate route reaction coordinate diagrams 
which involve radical pair intermediates. In Figures 1IA and 
HC preequilibrium protonation of the carbonyl oxygen is 
followed by rate determining I e - transfer from the 1,5-dihy-
droflavin to yield the | FIH-T -C-OH | pair which then goes on 
to products via Ie - + H+ or H- transfer from | FlH- to -C-OH | 
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(vide infra). The computed reaction coordinates predict 
that a decrease in the rate for I e - transfer from F1H2T to 
> C = O H + should occur with a decrease in pH because the 
difference in the standard free energy of (CH3-C(=+OH) 
COOH)x and (CH3C(OH)COOH)T becomes less negative. 
It is an experimental fact that the rate constant for Ie - transfer 
is a function of the potential difference between oxidant and 
reductant.4647 In Figure HB I e - transfer from F1H2 T to 
> C = 0 yields the radical pair |F1H-T -C-O-I which is con
verted in an encounter controlled proton transfer (IO9 M - 1 s -1; 
p/sTa of -C-OH ^ -C-O- + H+ is 9.642) to the more stable 
I FlH-T -C-OHI radical pair which then goes on to products via 
I e - + H+ or H- transfer. In construction of the reaction 
coordinates of Figure 11 the rate constants for I e - and H+ 

transfer reactions have been taken as 109s_1 in the thermo-
dynamically favored direction42'47'48 and the microscopic pKa 
for dissociation of >C= + OH has been reasonably chosen as 
1O+649 [AG0 = -1.387 (pH - ptfa)]. Inspection of the re
action coordinates for pyruvic acid and pyruvamide reveals that 
either radical species, -C-O - or -C-OH, could serve as an in
termediate since the AG° for either pair is less than AG*expti 
by ~12 to ~17 kcal mol-1. The pathways involving protonation 
of the carbonyl group followed by 1 e - transfer on the one hand 
and Ie - transfer followed by radical anion protonation on the 
other are the stepwise routes to generation of the neutral rad
ical species. Concertedness in the H+ and I e - transfer step 
yielding | FlH- -C-OH | directly must also be considered 
(Scheme VIII). The concerted reaction requires general acid 
catalysis and would allow an explanation for the observation 
of catalysis by pyruvic acid in the reduction of pyruvic acid. 

Regardless of the details of proton transfer leading to a 
radical intermediate, the termination step of the radical 
mechanism must involve I e - transfer to provide a carbanion, 
followed by H+ transfer or alternatively H- transfer to provide 
the carbon acid directly (eq 27). The microscopic pA"a of the 

H-

OH 

I 
H 3 C - C - C O R =*=*= 

+ 
R 

Xl 
• N V N ^ | 

H 0 -

FlH-

OH 

H 3 C - C - C O R 
H 

+ 
R 

(27) 

•£$ 
F L H + 

H 

FL1 

/3-CH moieties of pyruvic acid, pyruvamide, or ethyl pyruvate 
are unknown. The values of AG*eXpti for oxidation of lactic acid 
and pyruvamide (Figure 1 IA-C) are 23 to 26 kcal mol-1 be
tween pH 1 to 7. The AG0 of formation of the carbanion from 
a lactic acid derivative will exceed AG*expti in this pH range 
(carbanion formation forbidden) if the p̂ Ta of the carbon acid 
exceeds 25. However, Ie - transfer leading to the intimate ion 
pair of eq 27 followed by H+ transfer prior to dissociation of 
the partners is eminently reasonable. A preference for this 
mechanism over the kinetically equivalent mechanism of H-
transfer rests on the known propensity for Fl0x to act as a 
carbanion oxidant (dehydrogenation of dimethyl trans-dihy-
drophthalate,50 oxidation of nitroalkanes,51 and benzyl27). The 
reversibility of the flavin mediated pyruvate <=t lactate reaction 
(even below pH 7; AG0 1 to 2 kcal) and the fact that this re
action becomes favored at alkaline pH (Experimental Section) 
are in accord with a carbanion mechanism. 

O 200 -400 600 SOO 1000 1200 O ZOO *00 600 SOO 1000 « 0 0 

Time (mm) 

Figure 12. Sensitivity of the analog solution of Scheme II for the reaction 
of ethyl pyruvate (0.10 M) with l,5-dihydrolumiflavin-3-acetic acid (6.5 
X 10-5M). 
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Appendix 

The conclusions of the present investigation are dependent 
upon the analog simulation of the differential equations derived 
from the abbreviated mechanism of Scheme II. The analog 
solutions were carried out with the program of Scheme IX. 

Scheme IX 

Although eight individual constants can be varied, the sensi
tivity of the overall fits of ^443 vs. time were very good in all 
cases (some 36 kinetic runs). Figures 12A to 12D represent 
actual kinetic runs for which the best solution is indicated by 
a solid line and six of the eight constants have been varied by 
changing the attenuator pot settings (which represent the ac
tual rate constants) by ±5%. The two rate constants not in-
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Table VII. Values for the Rate Constants of Scheme III with Ethyl 
Pyruvate (0.10 M) as the Carbonyl Substrate at pH 5.90 (M = 1.0, 
30°C)a 

Attenuator variation 

Rate constant 

klt M"1 min"1 

k.lt min"' 
k2, min"1 

k_2, min"1 

fc3, M"1 min"1 

kt, M"1 min"1 

ks, min"1 

k_5, M"1 min -1 

Best solution 

8.20 X 10"1 

1.89 X 10"2 

4.94 X 10"2 

2.29 X 10 "2 

1.00 X 10"1 

3.97 X 103 

2.79 X 10"1 

4.06 X 10' 

+5% 

8.62 X 10"1 

1.98 X 10"2 

5.20 X 10 "2 

2.41 X 10"2 

1.06 X 10"1 

4.17 X 103 

2.93 X 10"' 
4.24 X 10' 

- 5 % 

7.78 X 10": 

1.79 X 10": 

4.68 X 10": 

2.18X 10": 

9.53 X 10": 

3.77 X 103 

2.65 X 10"' 
3.86 X 10' 

"The best analog solution and a ±5% variation of each rate con
stant is compared to show sensitivity and uniqueness of the analog 
model solution. 

eluded are k=, and k-$. For these constants a ±5% variation 
in the attenuators produce lines that are easily discernible as 
slightly poorer fits. Since ks » kt, and k=, is about 100 times 
£-5 the solution is less sensitive to those rate constants which 
represent the comproportionation reaction of Fl0x plus carbi-
nolamine. In viewing Figure 12, the reader should be aware 
that the graphical fits were carried out with an x-y recorder 
employing a 40 X 25 cm plotting area so that the variations are 
quite sizable. Table VII lists, as an example, the determined 
rate constants of Scheme III for a particular run and the re
sultant changes in constants accompanying a ±5% variation 
of the attenuator pot settings. For the pyruvic acid experiments 
less than 10% of the parts for any trace of ^443 vs. time, re
gardless of pH or pyruvic acid concentration, exhibited de
viations from the best solutions of more than 0.005 optical 
density units. All experiments could be fit within 0.01 OD units 
(scale 0 to 1.0) for every portion of the curve. Thus, the com
puter determination of the rate constants for pyruvic acid were 
within the accuracy of the spectrophotometer. 
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