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termination, a value of 1.055 ± 0.001 was obtained (data not 
shown) and demonstrates the reproducibility of this technique. 
The open circles are for an uncatalyzed reaction and provide D(ku) 
= 1.044 ±0.001. 

D(£<*«d) reflects the isotope effects for both the enzyme-catalyzed 
and uncatalyzed reactions and can be expressed as D(&obs<j) = 
D(kE)CE + D(ku)Cu, where CE and Cu are fractional contributions 
to rate limitation of the observed reaction by the enzyme-catalyzed 
and uncatalyzed reactions.7 In the present case, Cu = kjk0bsi 
and, by definition, CE = 1 - C11.

1 Rate constants were determined 
spectrophotometrically4 and are &obsd = 0.0119 s"1 and ku = 
0.00421 s-'. Using D(*u) = 1.044 and D(fcobsd) = 1.081, we 
calculate D(ke) = 1.106 ± 0.016.8 

The solid line in the lower half of Figure 1 was drawn according 
to eq 3 with a = 1.047 ["(A^) = 0.955] and models the situation 
claimed by Fischer3 where of D(*u) = 1.05 and D(/tE) = 0.91. This 
further illustrates that our data cannot be fit to a model incor
porating an inverse value for D(kE). 

In summary, the /3-deuterium isotope effect of 1.10 that we 
determined in this study confirms our earlier finding of 1.134 and 
does not lend support to any mechanism involving nucleophilic 
catalysis. Mechanisms for this enzyme will likely employ some 
form of catalysis by distortion.4 
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One of the most important biochemical oxygen atom transfer 
reactions involves catalysis by flavoenzymes.1"* The flavin co
enzyme functions as an electron conduit between a variety of 
substrates. These tricyclic isoalloxazine moieties are among the 
more versatile of the redox cofactors in biochemistry. When 
molecular oxygen is the reducible substrate for dihydroflavin 
reoxidation, the highly cited flavin 4a-hydroperoxide (la) has been 

' s f H la R=H 
R I ° lb R=Et 

OH 
4a, Flavin Hydroperoxide 
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implicated as the key intermediate that serves as either the oxygen 
donor or its immediate precursor. The generally accepted 
mechanism for oxygen transfer is attack by the substrate on the 
distal oxygen with a direct nucleophilic displacement of the 0-
peroxy oxygen (eq l). lc Model enzyme lb is intermediate in 

4a-FIEt— < \ / ^ " : X • 4o-FlEt—0^ + O — X { 1 ) 

X: = ^ N : . - S M -

reactivity between a peracid and an alkyl hydrogen peroxide.7 In 
discussions of this mechanism to date, no provision has been made 
for the energy requirements of the 1,2-hydrogen shift. In the 
following paper in this issue8 we established the potential energy 
surface for oxygen donation from H2O2 to amines and alkenes 
in the gas phase to be almost entirely dominated by the energetic 
requirements (56.0 kcal/mol)9 for the 1,2-hydrogen migration to 
afford water oxide. We now describe the remarkable catalytic 
effect of one and two molecules of water on the transition state 
for the oxidation of ammonia.9,10 

Although the barriers (Table I) for a concerted SN2 dis
placement by ammonia on hydrogen peroxide are surprisingly high 
(51.4 kcal/mol), a direct displacement of OH" from H2O2 without 
a 1,2-hydrogen shift would afford OH" and H3NOH+ that is 198.2 
kcal/mol (HF/6-3IG*) above the energy of the reactants in the 
gas phase. Solvation of a hydroxide ion by one water molecule 
affording bihydroxide ion (H3O2") is accompanied by only 35.2 
kcal/mol (HF/6-31G*) of stabilization. Consequently, the ox
idation of NH3 must be accompanied by a formal 1,2-hydrogen 
migration that is complete prior to N-O bond making in the 
transition state. The overall oxygen transfer is therefore very likely 
a two-step process involving SN2 attack by ammonia on water 
oxide.8 By analogy, a comparable reaction occurring in a fla
vin-mediated oxygen atom donation in the absence of solvent 
participation must also involve a similar hydrogen shift to the 
a-oxygen prior to displacement of the pseudobase (4a-F10H). 
Secondly, the transition structure for this type of concerted reaction 
also has a complete octet of electrons around the so-called 
"electrophilic" oxygen. Given the observed half-life for native la 
(~2.5 ms),2b such a process involving a simple 1,2-hydrogen 
migration (eq 1) would exhibit an energy barrier that is far in 
excess of that of an oxygen donor that is capable of achieving 
aromatic hydroxylation. 

The origin of the barrier for a 1,2-hydrogen shift across an O-O 
bond may be attributed in part to the fact that the rearrangement 
is a four-electron process involving a filled-in-plane c-type O-O 
bond at the migration terminus that has pseudo-ir* symmetry11 

and the concerted process is formally forbidden on the basis of 
symmetry arguments. The barrier for formation of water oxide 
is 56.0 kcal/mol8 while a concerted rearrangement of H2O2 hy
drogen bonded to one molecule of water (TS-I) still exhibits a 
barrier of 44.1 kcal/mol (MP4SDTQ/6-31G*//HF/6-31G*) 
from the H2O2-H2O complex. In principle, a water molecule 
serving as a catalyst can circumvent this problem in an alkyl 
hydrogen peroxide like la by accepting a proton from the distal 
peroxide oxygen and transferring one of its hydrogens to the 

(7) The Ns-ethylflavin lb is about a 103-fold better oxygen donor than 
m-chloroperbenzoic acid but 103-106-fold less reactive than ROOH.2" 
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Table I. Barriers" Relative to Isolated Reactants for NH3 + H2O2 + "(H2O) [n - 0, 1, 2] 
HF/6-31G*// MP4/6-31G*// MP2/6-31G*// MP4/6-31G*// 

HF/6-31G* HF/6-31G** MP2/6-31G*' MP2/6-31G» t j 

(M = O)'' 41.7 52.1' 57.5 51.4^ 
T S - 2 ( « - l ) 28.8 31.8 34.6 29.4(39.1)* 
TS-3 (n = 2) 18J5 1^9 1^0 11.2(33.1)* 

"In kilocalories per mole. 6AIl MP4 calculations used a frozen core and include single, double, triple, and quadruple excitations. 'AU MP2 
calculations used full orbital space. ''See ref 8 for transition structure. 'The barrier relative to the H2O2-NH3 linear complex is 62.9 kcal/mol.8 -^The 
barrier relative to the water oxide + NH3 cyclic complex is 24.3 kcal/mol.8 *The barrier relative to the H2O2-H2O complex and isolated NHj. *The 
barrier relative to the H202-2H20 complex and isolated NH3. 

proximal oxygen (a-oxygen of the R O O H ) effecting a formal 
1,4-hydrogen shift as depicted in TS-2. The reaction path for 

TRANSITION STRUCTURES FOR OXYGEN ATOM TRANSFER 
MP2/6-31G* (VALUES IN PARENTHESES ARE HF/6-310*) 

TS-2 

oxygen transfer to NH3 was followed in internal coordinates12 and 
led from TS-2 back to solvated water oxide and ammonia, sup
porting a simple protonation-deprotonation pathway. Although 
a remarkable decrease in the A£*2 results from this water catalysis 
(TS-2),13 the barrier of 29.4 kcal/mol relative to the isolated 
reactants and 39.1 from hydrogen-bonded H2O2 would still be 
much too high to be commensurate with the oxygen donation 
potential of native la. We therefore employed a second water 
molecule (TS-3), and the barrier for oxygen atom transfer from 
hydrogen peroxide and two isolated water molecules dropped to 
11.2 kcal/mol for an overall decrease in activation energy of 40.2 
kcal/mol.13 A decrease in barrier of 18.3 kcal/mol for H2O2 

relative to H2O2 + 2H2O reflects the energy difference of 28.9 
kcal/mol for the H202-2H20 complex and water oxide solvated 
by two water molecules. More significantly, the barrier for oxygen 
transfer (TS-3) from solvated water oxide is only 4.2 kcal/mol, 
which falls in an energy range that would be consistent with the 
extremely high oxidizing capacity exhibited by native la. Such 
a dramatic energy decrease is far in excess of that which would 
be anticipated on the basis of simple hydrogen bonding.14 

Although the reduction in the barrier must reflect both the 
amelioration of the 1,2-hydrogen shift barrier and a decrease in 
electron density at the "electrophilic" oxygen, the greatest effect 
comes from stabilization of water oxide itself by the water 
molecules.13 Since alky! hydrogen peroxide lb has been established 
to be 104 times more reactive than H2O2 as an oxygen donor,7 

comparable inductive effects should further lower the energy of 
TS-3. The present study strongly suggests that a simple SN2 
displacement (eq 1) cannot account for the oxygen donation 
potential of la. The oxygen transfer process requires an oxenoid 

(12) Gonzalez, G.; Schlegel, H. B. /. Chem. Phys. 1989, 90, 2154. 
(13) Water oxide complexed by one water molecule in a cyclic array 

resembling that in TS-2 exists at an energy minimum that is stabilized by 21.6 
kcal/mol. The hydrogen-bonded bicyclic array, involving two water molecules, 
is 42.7 kcal/mol lower in energy than its separated entities and only 7.0 
kcal/mol above the energy of isolated H2O2 plus two water molecules. 

(14) For example, the enthalpy values for the formation of water dimer 
at the MP4SDTQ/6-31GV/HF/6-31G* and MP4/6-31+G(2d,2p) levels are 
-7.4 and -3.6 kcal/mol, respectively: Del Bene, J. E. J. Phys. Chem. 1988, 
92, 2874. At the former level the hydrogen-bonding stabilization of H2O2 and 
H2O is 9.3 kcal/mol. 

oxygen atom and a neutral leaving group. The hydrogen transfer 
can also be achieved by simple protonation-deprotonation cir
cumventing the more energetically demanding 1,2-hydrogen shift. 
We therefore suggest that hydrogen bonding by the N5 hydrogen 
on one side15 and one (or two) water molecule(s) on the other 
would afford a transition structure in native flavin la that re
sembles TS-3, providing a novel explanation for the unusual 
monooxygenase reactivity of flavins. Hence, the potentially ex
orbitant barrier for this overall process may be abated by the 
stabilizing influence of one or more water molecules.16 The data 
in the present study also strongly suggests that a structure re
sembling TS-3 is involved in a great many reactions of hydrogen 
peroxide in protic solvents. 
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The transfer of an oxygen atom involving cleavage of an oxy
gen-oxygen a bond is one of the most significant biological 
transformations known,1 and this type of oxidative insertion also 
enjoys a unique status in synthetic organic chemistry.2 Despite 
the generality of such reactions, the literature is essentially void 
of high level ab initio calculations involving oxygen transfer where 
an O-O bond is involved.3 Pople et al. reported4 that a 1,2-
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