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Abstract: Ab initio molecular orbital methods have been used to study the oxidation of ammonia, dihydrogen sulfide, 
and dimethyl sulfide by hydrogen peroxide and methyl hydroperoxide. Geometries of reactants, complexes, transition 
states, and products were fully optimized at the MP2/6-31G* level, and relative energies were computed at the MP4/ 
6-3 IG*//MP2/6-31G* level. Without protic solvent catalysis, a 1,2-hydrogen shift is needed before oxygen transfer 
from H202 takes place and the barriers are much too high (ca. 50 kcal/mol). One or two molecules of protic solvent 
reduce these barriers by ca. 10 kcal/mol. In the absence of protic solvents, the hydroperoxide itself can act as a general 
acid catalyst, leading to second-order kinetics in H202 (in agreement with experiment). An increase in pK, of the 
general acid catalyst results in a decrease in activation energy for oxygen atom transfer from hydrogen peroxide. The 
mechanism for oxidation of sulfur is similar to that of oxidation of "3, and methyl substitution at  sulfur results in 
a modest stabilization of the transition state. For methyl hydroperoxide oxidation of ammonia, an ionic pathway is 
slightly lower in energy and involves a proton shift occurring after transfer of HO+. In agreement with experiment, 
protonation by strong acids has a much larger effect on the barrier than catalysis by weak acids such as H20, H202, 
and "3. However, the calculations show that under acidic conditions protonation occurs at the nucleophile rather 
than the peroxide, thereby greatly diminishing the catalytic effect. Nevertheless, all of these oxidation reactions have 
calculated barriers that are unreasonably high, in the range 35-50 kcal/mol. However, if proton transfer from solvent 
is combined with protic solvent stabilization of an ionic transition state, the calculated barriers are reduced to 5-1 5 
kcal/mol, in good agreement with experiment. Thus the mechanism for amine or sulfide oxidation involves a protonated 
solvent molecule transferring a proton to the distal oxygen of the hydroperoxide in concert with a second molecule of 
solvent stabilizing the transfer of HO+ from the hydroperoxide to the nucleophile. 

Introduction 

A detailed mechanistic picture of oxygen atom transfer from 
hydroperoxides to nucleophilic substrates remains a goal of both 
experimental and theoretical chemists.' Earlier mechanistic 
studies were aimed at the elucidation of the mechanism of the 
oxidation of amines, sulfides, and sulfoxides.' More recent efforts 
have concentrated on the design of model systems to examine the 
mechanism of oxygen donation from 4a-flavin hydroperoxide% 
and iron-mediated catalase oxidations.2b.c Despite the importance 
of such reactions, until recently, very few high-level ab initio 
calculations involving oxygen4xygen bond cleavage have ap- 
peared in the l i t e r a t~ re .~  

The generally accepted mechanism for oxygen transfer from 
an alkyl hydroperoxide involves attack by the nucleophilic 
substrate (:NUC) on the distal oxygen with a direct S N ~  type 
displacement of the 6-peroxy oxygen. Hydrogen migration to 
the departing alkoxide group is typically assumed to occur 
simultaneously (eq 1). However, a 1,Zhydrogen shift to a hetero 

(1 )  (a) Curci, R. Advances in Oxygenated Processes; Baumstark, A. L., 
Ed.; JAI Press: Greenwich, CT, 1990; Vol. 2, Chapter 1, pp 1-59. (b) Curci, 
R.; Edwards, J. 0. In Catalytic Oxidations with HzO2 as oxidants; Strukul, 
G., Ed.; Series: Catalysis by Metal Complexes; Reidel-Kiuwer: Dordrecht, 
The Netherlands, 1992; Chapter 3. (c) Sharpless, K. B.; Wocdard, S. S.; 
Finn, M. G. Pure Appl. Chem. 1983,55,1823. (d) DiFuria, F.; Mcdean, G. 
Pure Appl. Chem. 1982,54, 1853. (e )  Swern, D. Organic Peroxides; Wiley 
Interscience: New York, 1971; Vol. 2, pp 73-74. 

(2) (a) Bal1,S.; Bruice, T. C. J .  Am. Chem. SOC. 1980,102,6498. (b) Lee, 
W. Q.; Bruice, T. C. J. Am. Chem. SOC. 1986,108,4433. (c) Traylor, T. G.; 
Xu, F. J .  Am. Chem. SOC. 1990, 112, 178. 

(3) (a) For a highly detailed theoretical study of the reaction of ozone with 
alkenes, see: Cremer, D.; Bock, C. W. J.  Am. Chem. Soc. 1986, 108, 3375 
and references therein. (b) For an earlier theoretical description of the 
molecular orbitals of water oxide, see: Cremer, D. In The Chemistry of 
Peroxides; Patai, S . ,  Ed.; John Wiley & Sons: New York, 1983; p 1. 
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atom with a lone pair of electrons in molecules like H202, HO-  
"2, and HO-F is typically associated with activation energies 
of ca. 50 kcal/mol.4 The barrier height for the 1,Zhydrogen 
shift in hydrogen peroxide to form the dipolar molecule water 
oxide (HO-HO - H20+-O-)3b is predicted to be 56.0 kcal/mol 
(MP4//MP2/6-31G*).Sa The reverse reaction, affording the 
normal covalent hydrogen peroxide structure, has a very low 
activation barrier. We reported a barrier of 3.7 kcal/mol (with 
ZPE) for reversion of water oxide to hydrogen peroxide.sa Water 
oxide is a genuine minimum on the H202 potential energy 
hypersurface, and a recently reported6 activation barrier of 3.2 
kcal/mol for HzOO - H202 using couple cluster methods with 
single and double excitations (CCSD) with a triple-rplus double 
polarization (TZ2p+f) basis set is in excellent accord with the 
MP4//MP2/6-3 1G* barr ie~.5~ Since comparable barriers exist 
for 1,Zhydrogen shifts in alkyl hydrogen peroxides, we have 
suggested that a general mechanism for oxygen transfer from a 
hydroperoxide must accommodate the energetic requirements 
for the 1,2-hydrogen shift.5 

(4) (a)Pople,J. A.;Raghavachari,K.;Frisch.M. J.;Binkley, J.S.;Schleyer, 
P. v. R. J .  Am. Chem. Soc. 1983,105, 6389. 

(5) (a) Bach, R. D.; Owensby, A. L.; Gonzalez, C.; Schlegel, H. B.; 
McDouall, J. J. W .  J .  Am. Chem. SOC. 1991, 113, 6001. (b) Bach, R. D.; 
Andres, J. L.; Owensby, A. L.; Schlegel, H. B.; McDouall, J. J. W. J.  Am. 
Chem. Soc. 1992,114,7207. (c) Bach, R. D.; Owensby, A.; Andres, J. L.; 
Schlegel, H. B. J .  Am. Chem. Soc. 1991,113,7031. (d) Bach, R. D.; Gonzalez, 
C.; Andres, J. L.; Schlegel, H. B. J.  Am. Chem. Soc., to be submitted. (e) 
Bach, R. D.; Su, M.-D. J.  Am. Chem. Soc., in press. (f) Bach, R. D.; Su, 
M.-D. J.  Am. Chem. Soc., following article in this issue. 

(6) Meredith, C.; Hamilton, T. P.; Schaefer, H. F., 111. J.  Phys. Chem. 
1992, 96, 9250. 
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In the present study we address questions concerning the 
position of the hydrogen in the transition state and the solvation 
and catalysis requirements for facile 0-0 bond cleavage in oxygen 
atom transfer from a hydroperoxide. It is a well-established fact 
that hydroxide or alkoxide ion is a particularly poor leaving group 
in an S N ~  nucleophilic displacement reaction. We initiated this 
theoretical study with a probe of both dynamic and static 
correlation effects on the transition state for oxygen atom transfer 
from water oxide to ammonia. We then examined the relative 
activation barriers for the oxidation of ammonia by HOOH and 
CHsOOH with particular emphasis upon whether the proton of 
the hydroperoxy group (-OOH) is transferred prior to or after 
the oxygen-transfer step. We have also examined the effect of 
the pKa of the protic solvent upon the activation barrier for 
oxidation. Finally we examined the catalytic effect of transferring 
a proton to the departing hydroxide group of HO-OH in concert 
with 0-0 bond rupture. 

Method of Calculation 
Molecular orbital calculations were carried out using the Gaussian 92 

program system's utilizing gradient geometry ~ p t i m i z a t i o n . ~ ~  The 
structures for the minima, reactant clusters, and the transition states for 
oxygen transfer have been optimized at  the MP2 level with the 3-21G 
and 6-3 IG* basis sets. A full set of vibrational frequencies was calculated 
for all minima and transition structures usinganalytical second derivatives 
a t  the MP2/6-3 IG* level. Self-consistent reaction field (SCRF) 
calculations of solvation effects were carried out a t  the MP2/6-31G* 
level without further geometry optimization. Each TS is a first-order 
saddle point with only one imaginary frequency. All the post-SCF 
optimizations were carried out by including all the MOs, and the energies 
were computed with the frozen-core approximation. To answer some of 
the questions about the significance of electron transfer and biradical 
character in the transition states, a series of complete active-space 
multiconfigurational S C F  (CASSCF) calculations were carried out for 
oxygen transfer from water oxide using geometries optimized by the 
QCISD(T) method with the 6-31G* basis set. The geometry of TS-1 
was fully optimized at  CASSCF. Unless noted otherwise, all relative 
energies and activation energies given below were computed at  the 
MP4SDTQ/6-3lG*//MP2/6-3lG* level of theory and all hE* were 
computed relative to a reactant cluster. 

Results and Discussion 
Oxygen Transfer from Water Oxide to Ammonia. The amount 

of enthalpy (A") required to cleave homolytically a generic 
peroxide ZOOY (eq 2) varies from 47 kcal/mol for HOOH to 

n 
u) -OY- -U*+Yo .  v 

23 kcal/mol for phenylacetyl peroxide [ P ~ C H ~ C O O I Z . ' ~  Because 
of the historical difficulty attending the theoretical description 
of the dissociation of the 0-0 bond, we examined the potential 
energy curve for 0-0 bond rupture in hydrogen peroxide in both 
covalent (HO-OH) and dipolar (HzO-0) f0rms.5~ For calcula- 
tions involving the 0-0 bond, dynamic correlation is essential 
in order to accurately estimate bond dissociation energies (De). 
For example, at  the HF/6-3 lG* level, the 0-0 bond in H202 
has a calculated De of only 0.14 kcal/mol. At the MP4SDTQ/ 
6-31G*//MP2/6-31G* level, the 0-0 bond energy in H202, 
relative to two hydroxyl radicals, is 49.2 kcal/mol and Do 
(corrected for zero point energy) is 43.2 kcal/mol.a The predicted 
Deand Dovaluesfor H202at theMP4//MP2/6-31+G* level are 
48.0 and 42.3 kcal/mol, respectively.8c A scan of the total energies 
as a function of increased 0-0 bond length for both H202 and 

(7) (a) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; 
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. 
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, 
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, 
J. J. P.; Pople, J. A. GAUSSIAN 92; Gaussian, Inc.: Pittsburgh, PA, 1992. 
(b) Schlege1,H. B.J. Compur. Chem. 1982,3,214. (c) Gonzalez, C.; Schlegel, 
H. B. J .  Chem. Phys. 1989, 90, 2154. 
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Figure 1. Transition structure (TS-1) for oxygen transfer from water 
oxide to ammonia. Geometry fully optimized at  the QCISD(T)/6-3 IG* 
level. 

H 2 0 0  showed that energies calculated with the 6-3 lG* basis set 
at spin-restricted MP4SDTQ, QCISD(T), and conventional CI 
including the Davidson correction (CISD+DAV) give consistent 
results at 0-0 bond distances up to 2.5 A. Only as the 0-0 
bond stretches beyond 2.5 A toward dissociation does the 
convergence of the Mdler-Plesset series become sufficiently poor 
that the MP2, MP3, and MP4 surfaces are highly distorted and 
the corresponding calculated energies fall below that of the 
dissociation limit for the two oxygen-containing fragments. Since 
the transition structures that we have reported typically have 
0-0 bond lengths less than 2.5 A, we feel that the MP4//MP2/ 
6-3 lG* level adequately reflects the energetic requirements for 
0-0 bond s t re t~hing.~ Theoretically predicted activation barriers 
for the epoxidation of alkenes with peroxyformic acid are also in 
excellent agreement with experiment.9asb 

The reliability of the H F  single-reference wave function as an 
adequate reference for oxygen-transfer reactions must also be 
tested. Consequently, we studied the effects of static correlation 
corrections with complete active space SCF (CASSCF) calcula- 
tions on a relatively small oxygen-transfer system. Fundamental 
questions that we wish to address are the extent of the electron 
population in the u* 0-0 orbital and its contribution to the 
reactivity of water oxide as an oxygen donor. Hydrogen peroxide 
is a powerful oxidant, but in the absence of a catalyst, it reacts 
slowly with some substrates such as alkenes. The reactive form 
of hydrogen peroxide in the gas phase is predicted to be water 
oxide.5a Bothdynamicand static electron correlation effects have 
been examined for the transfer of an oxygen atom from H2OO 
to ammonia (TS-1, Figure 1). The ratio of 0-0 to N-0 bonds 
in TS-1 has been examined a t  MP2, QCISD, QCISD(T), and 
CASSCF with the 6-31G* basis set (Table 1). The MP2 level 
slightly underestimates these bond distances, while CASSCF 
affords longer bond distances relative to geometry optimization 
at  the QCISD level. A relatively small active space with only one 
virtual orbital (12 electrons, 7 orbitals) showed a surprisingly 
small occupancy (0.05 electrons) for the LUMO.Sa In this study 
the size of the active space was increased to 12 electrons and 9 
orbitals (2 250 configurations) which should be capable of 
accounting for the structure-dependent internal correlation. The 
natural orbital occupations of the three lowest virtual orbitals of 
TS-1 were 0.025, 0.032, and 0.02 electrons, indicating that the 
u* orbital is relatively unaffected at  this point along the reaction 
path. The value for the coefficient of the reference configuration 
was 0.976, suggesting that in a basis of CASSCF orbitals oxygen 
transfer from water oxide to ammonia can be adequately described 
as an essentially closed shell transformation. Geometry opti- 
mization at  the CASSCFlevel resulted in an 0-0 bond elongation 

(8) (a) Cremer, D. The Chemistry of Peroxides; Patai, S.,  Ed.; Wiley 
Interscience: New York, 1983;Chapter 1. (b) Richardson, W. H. Ibid. 1983; 
Chapter 5. (c) Mimoun, H. Ibid. 1983; Chapter 15. (d) For a discussion of 
homolytic dissociation energies employing generalized valence bond (GVB) 
in connection with localized spin density correlation (LSDC), see: Kraka, E. 
Chem. Phys. 1992,161, 149. At the GVB-LSCD level, the predicted D, for 
Hz02 is 50.9 kcal/mol while the experimental De (corrected for zero point 
energy)is 55.1 kcal/mol. (e) AttheG21eveloftheoryDefor H~O~ispredicted 
to be 48.9 kcal/mol: Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, 
J. A. J .  Chem. Phys. 1991, 94, 7221. 

(9) (a) Bach, R. D.; Owensby, A.; Gonzalez, C.; Schlegel, H. B. J.  Am. 
Chem. SOC. 1991, 113, 2238. (b) Bach, R. D.; And& J. L.; Su, M.-D.; 
Gonzalez, C.; Schlegel, H. B. J. Am. Chem. Soc., manuscript in preparation. 
(c) Bach, R. D.; Andrb, J. L.; Su, M.-D.; McDouall, J. J. W. J.  Am. Chem. 
SOC. 1993, 115, 5768. 
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T8blc 1. 
Water Oxide to Ammonia.# 

Transition Structure (TS-I) for Oxygen Transfer from 

"1 

H2 

M PZ 

R(O1O# 1.679 
R(OlH1) 0.974 
R ( O N  2.161 
R(NH1) 1.014 
R(NH2) 1.017 
L0102N' 175.2 
LHIO,O> 94.73 
LHlO,H? 105.3 
LHINOl 96.33 
LH,NH, 108.5 
E' -207.439 34, 
AE'(from 51.9 

HOOHV 

QCISD QCISD(T) 

AE'(from 2.2 2. I I .6 
H > 0 0 )  

CASSCF CASSCF 
(12e.7arb) (I2c.9orb) 
1.836 1.829 

2.302 2.157 
1.001 1.001 
1.002 1.002 
176.8 179.8 
96.84 91.42 
106.4 105.1 
99.47 105.5 
108.3 108.0 

0.948 0.974 

'Gcomctry fully optimized with a 6-31G' basis set at the Iwds 
Bond lengths i n  A: Angles in deg. *Total energies in indicated. 

hartrees. ' MP4/6-31G8//MP2/6-31G*. IBarricn in kcal/mal. 

of0.15 A relative to the MP2 geometry. The barrier heights for 
the formation of ammonia oxidevary from 2.9 (MP4//MP2) to 
1.64 kcal/mol (QCISD(T)) when measured from water oxide 
(Table I ) .  Thecontributionofthetriplesat theQClSDlevel has 
virtually no effect upon either the geometry or the activation 
energy. The QCISD(T) barrier based upon the MP2 geometry 
( I  .55  kcal/mol)J'suggeststhat the tripleexcitationsdonotappear 
tobeessential for an accuratedescription ofthis relativelysimple 
oxygen atom transfer process. These trends are quite consistent 
with previous calculations of the oxidation of ethane with water 
oxide where we also concluded that the 0-0 bond length was too 
long (0.3 A) with CASSCF geometry o p t i m i z a t i ~ n . ~ ~  Thus, 
dynamiccorrelation effects are much more important than static 
correlation effects for treating theO-0 bond for oxygen transfer 
at least in this model system. Dynamic correlation also plays a 
significant role in oxygen donation from peroxy acid~.~a.b The 
shorteningofthe0-ObondinTS-I atQClSDcould beafunction 
of much greater correlation effects in the QCISD wave function. 
The theoretical gas-phase barrier heights for oxygen transfer to 
ammonia are approximately 50 kcal/mol when measured from 
hydrogen peroxide. Since these energies approach the magnitude 
of homolytic bond dissociation for the 0-0 bond, solvent effects 
must obviously play a major role in oxidation reactions in the 
condensed phase where HzOz is an effective oxygen donor. 

General Acid Catalysis in Oxidations with Hydrogen Peroxide. 
Much of what is understood today about the influence of solvent 
on rates of oxidation reactions with hydrogen peroxide. alkyl 
hydroperoxides, and peroxyacidscan beattributed tothe seminal 
studies by Edwards and his collaborators.1° They provided 
convincing experimental data that show that a hydroxylicsolvent 
(e.& ROH) can participate in a cyclic transition state where a 
proton relay can in principle afford a neutral leaving group (eq 
3). On the basis of their kinetic data, they suggested that 
appreciable charge separation in the activated complex (eq 3) 
could be avoided by means of such proton transfers, where HA 
is a general acid (H20.  ROH, ROOH). Upon change from a 
polar protic solvent to the nonpolar solvent dioxane, the reaction 
wasfound tobesecondorderin hydrogen peroxideand thesecond 
molecule of H 2 0 2  obviously played the role of HA in the 1.4- 
proton shift. Therateofoxidation was shown toincrease linearly 

(IO) (4 Foradiwurrion afralvent-assirled proton tranrferinalkyl hydrogcn 
peroxides. scc: Danklcff, M. A. P.: Ruggem. C.: Edwards. J. 0.; Pyun. H. 
Y.J.Am.Ch~m.Sor.196(1.W.3209. IblCurci.R.:DiPrctc.R.A.:Edwardr. 
J .  0.; Modcna. G .  J .  Ort.  C h m  1910. 35, 740 
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E = -263.92739 hati- 
nE.tlb= -21.4 kcnllmol 

Figure 2. Oxygen atom transfer from hydrogen pcroxidc to ammonia 
catalyzed by one molecule of ammonia. Geometries arc at MP2/6- 
31G*, and cncrgia are at MP4/6-3IGW//MP2/6-31G'. 

r R I S ,  R 1  

( 3 )  

with the pK. of solvent HA. In this part o f the  study we assess 
the effect of an increase of the pK. of the general acid catalyst 
HA on the barriers for oxidation of ammonia by hydrogen 
peroxide. 

(a) Ammonia Catalysis in Oxygen Atom Transfer from 
Hydrogen Peroxide. Although ammonia is a much weaker acid 
than water. it is also a stronger base and the possibility exists for 
ammonium ion catalysis resulting from partial proton transfer 
from HzO2 toNH3.  Theenthalpy ofcomplex formation between 
pyridine and ten-butyl hydroperoxide is about AH = -8 kcal/ 
mol.8b Theequilibrium constant for complex formation between 
triethylamine and cumyl hydroperoxide in aqueous solution is K 
= 0.18 M-I. The reactant cluster of Hz0y2NHl (2) isstabilized 
(-21.4kcal/mol)duetorelativelystronghydrogen bonds(Figure 
3) to about the same extent as two water molecules hydrogen 
bonding to H202 (4 and 7). The barrier height for the oxidation 
ofammonia (55.0 kcal/mol) isslightly higher than thatcalculated 
for oxidation with H202 without ammonia catalysis (51.9 kcal/ 
mol. Figure I ) ,  reflecting the stabilization of reactant cluster 2. 
Although proton transfer from HZOZ lo NH3 was not in evidence 
in the ground state (2). the hydrogen wascompletely transferred 
from the proximal oxygen to catalyst ammonia in the transition 
state for the oxidation of ammonia (TS-3). The relatively high 
barrier (55.0 kcal/mol) is consistent with the water oxide nature 
of the transition structure resulting from a IC-hydrogen shift to 
form neutral water as a leaving group. A molecule of ammonia 
hydrogen bonded to oxygen donor HZOZ does not exert a 
meanin~ulraralyficeffecr upon rherareofoxygenarom transfer. 

(b) Water Catalysis in Oxygen Atom Transfer from Hydrogen 
Peroxide. The potentially exorbitant barrier for oxygen transfer 
from HZOZ discussed above can be partially abated by the 
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0.9926 
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E = -359.91795 ban- 
AE-= +33.6 kcallmol 

0 9926 

0 9946 

E = -359.91795 ban- 
AE-= +33 6 kcallmol 

Figure 3. Hydrogen peroxide (4) and water oxide (5) hydrogen bonded 
to two water molecules and the transition state for oxygen atom transfer 
from water oxide complex 5 to ammonia (TS-6). Geometries were fully 
optimized at the MP2/6-31G* level, relative energies (MP4//MP2/6- 
31G') far 4 and 5 are measured from isolated H z O ~  and two water 
molecules. and the barrier for TS-6 is computed relative to the reactant 
cluster with hydrogen peroxide 4. The total energies for "3. HzO. 
H2O1. and HzOO are -56.371 26. -76.20733, -151.15074, and 
-151.071 56 a". respectively. 

intervention of protic solvent molecules. The primary objective 
ofthis part ofthe study is todetermine whether the proton shift 
in H 2 0 2  occurs prior to or after the oxygen atom is transferred. 
Germane to this question is the relative energy of HzO2 and its 
dioxygen ylide form water oxide (HzOf-O-) in solution. In a 
priorstudysa we compared theoxygen donor potentialof hydrogen 
peroxide hydrogen bonded to two molecules of H2O (4) to the 

Bach et al. 

comparable water oxidecomplexS(Figure3). WhileH2Or2H2O 
(4) is stabilized by 21.9 kcal/mol, H200.2H20 is stabilized by 
42.7 kcal/mol and is only 7.0 kcal/mol higher in energy than 
isolated H 2 0 2  and 2H20.  Significantly, the energy difference 
between H2O2 and H 2 0 0  is reduced from 49.7 to 28.9 kcal/mol 
when each isstabilized by two water molecules. Although water 
oxide is 49.7 kcal/mol higher in energy than its normal covalent 
form HZOz, it also is considerably more basic and forms much 
stronger hydrogen bonds to water. 

We observed a profound catalytic effect of water solvent upon 
oxygendonation from HzOz(Figure 3).5a On the basisofintrinsic 
reaction coordinate (IRC)7C following, the I.2-hydrogen shift 
occurred prior to oxygen donation and the actual oxygen donor 
was solvated water oxide complex 5. Reactant cluster 5 is 28.9 
kcal/mol higher in energy than 4, reflecting the higher energy 
of water oxide. The mechanism is consistent with an S N ~  attack 
on solvated water oxide 5 forming HIN-0 and 3 mol of water 
(TS-6). The barrier for theoxidation ofammonia by water oxide 
complexed to two molecules of water (TS-6) dropped to 11.2 
kcal/mol when the barrier height was measured from isolated 
H 2 0 2  and two H 2 0  molecules. However, the overall activation 
energy when computed from reactant cluster 4, comprising 
solvated hydrogen peroxide, is predicted to be 33.6 kcal/mol.sa 

An alternative mechanism involves proton transfer after 0-0 
cleavage,asshown in Figure4. In thisionicmechanism,solvated 
hydrogen peroxide (7) reacts with NHI to form NH30Hf  and 
the leaving group is solvated hydroxide ion (HO.ZHzO-). 
Hydrogen transfer from NHIOH+ to solvated hydroxide ion 
occurs after rate-limiting oxygen atom transfer. At this level of 
theory (MP4JMP2J6-3 lG*), hydroxide ion complexed to two 
water molecules (9 )  is stabilized by 73.8 kcal/mol and reactant 
complex 7 is stabilized by 23.7 kcal/mol. Although cyclic 
hydrogen peroxide cluster (HzOZ.2HzO) 7 is 1.8 kcal/mol lower 
in energy than more symmetrical dihydrate 4, we found that 
TS-8 was 6.1 kcal/mol higher in energy than TS-6. The wave 
function for TS-6 is R H F  - U H F  stable. Although TS-8 has 
a small R H F  - U H F  instability with a negative eigenvalue 
(4.036),  the energy changes by less than I kcal/mol when 
recalculated at the PMP4 level (unrestricted MP4 with spin 
projection). Additional interactions with bulksolvent may further 
stabilize the ionic transition state (TS-8). Self-consistent reaction 
field (SCRF) calculations a t  the MP2/6-31G* level using a 
dielectric constant of 2.2 (dioxane solvent) predict that TS-8 
(dipole moment p = 8.48 D) is stabilized by 3.0 kcal/mol. and 
in a more polar solvent like acetonitrile (t = 37.5),TS-8 is lowered 
by 7.6 kcal/mol. These data suggest that proton transfer might 
occur after oxygen donation if the TS is adequately solvated. 
lrrespectiveofthe position ofthe hydrogen in the transitionstate, 
the barrier heights for hydrogen peroxide solvated by zero, one, 

- NHlOH' 

I .o 
+ NHI 

0.9 

Figure 4. Ionic pathway for oxygen atom transfer from hydrogen peroxide catalyzed by two water molecules. Geometries arc at MP2/6-31C8. and 
energies are at MP4//MP2/6-31G8. The activation energy (AE') is computed relative to isolated NH, and hydrogen bonded complex 7. The 
MP4//MP2/6-31Gw energy of NH, is -56.37 26 au. 
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12 
W 

E = 402.31987 haflrew 
-8; -11.54 kcallrnol 

10 
E i -227.37350 har tmi  
A E m  i -0.71 ksallrnol 

! -302.31745 hlflrus 
b E s m  = 40.0 kullmol 

Figure 5. Hydrogen bonded complexes of hydrogen peroxide. Geometries 
are at MP2/6-31GS, and energies are at MP4/6-3lGS//MP2/6-31G*. 

or two molecules of water (40-55 kcal/mol) are still too high to 
be commensurate with the known oxygen donor potential of H202 
in solution. Consequently, in order to get agreement with 
experiment, we must examine other ways of stabilizing the 
transition state for oxygen atom transfer from H202. 

(c) Hydrogen Peroxide as the General Acid Catalyst. Spectral 
evidencesb suggests that hydroperoxide molecules may exist as 
cyclic hydrogen bonded dimers. Our calculations predict that 
the cyclic dimer of hydrogen peroxide with a water molecule (10) 
has a stabilization energy of 9.7 kcal/mol (Figure 5). The 
corresponding cyclic dimer of H202 (11) lies in a potential energy 
well that is 10.0 kcal/mol below two isolated HzOz molecules. 
The more symmetrical chairlike H202 dimer 12 has a predicted 
&ub = -1 1.5 kcal/mol. It was anticipated that H2Oz would 
hydrogen bond more strongly than H2O because it is more acidic 
and the gas-phase proton affinity of its conjugate base calculated 
at  the same level of theory (MP4//MP2/6-31G*) is 27.2 kcal/ 
mol higher in energy (Table 2). 

The stabilization energy for the complexation of Hz020H20 
(10) with NH3 is 9.7 kcal/mol, and the barrier height for oxygen 
atom transfer from this reactant complex to ammonia is 39.1 
kcal/mol.5a Reactant cluster 13 (Figure 6) derived from the 
lower energy chairlike H2Oz dimer 12 and ammonia has u s t a b  

= -24.6 kcal/mol. Despite the potential for a proton relay 
involving HzO2 in the transition state, the barrier height for the 
oxidation of ammonia is still predicted to be 50.7 kcal/mol, (TS- 
14, Figure 6). When H20z was used as acid catalyst H A  (eq 3), 
the activation barrier for TS-14 actually increased by 11.6 kcal/ 
mol relative to the comparable water-catalyzed oxidative prms.Sa 
Although we anticipated an increased catalytic activity of H202 
due to its lower pKa of 1 1.75,IOb much of this energy requirement 
is due to the fact that reactant cluster 13 lies 24.6 kcal/mol below 
isolated reactants H202 and "3. When the barrier height is 
computed relative to isolated reactants (Le. 16 and NH3), it is 
reduced to 37.6 kcal/mol (Table 2). The magnitude of this barrier 
is still too high to commensurate with typically observed 
experimental activation energies of 15-20 kcal/mol.IO 
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Comparable results were obtained when five-membered ring 
H202 dimer 11 was attacked in an S N ~  manner by ammonia. The 
barrier height predicted for oxygen atom transfer (TS-16) was 
48.1 kcal/mol when calculated from reactant cluster 15 (Figure 
6). An SCRF calculation (MP2/6-31G*) using dioxane solvent 
(c = 2.2) lowered the energy of reactant cluster 15 by only 2.5 
kcal/mol while TS-16 was stabilized by 3.4 kcal/mol. Thus, the 
oxygen-transfer barrier in this nonpolar condensed phase is 
estimated to be only - 1 kcal/mollower than the gas-phase barrier. 
In a manner analogous to that for oxidation with hydrogen 
peroxide catalyzed by two water molecules (TS-8, Figure 4), 
both TS-14 and TS-16 also involve hydroxyl transfer (HO+) and 
the proton is transferred from the distal hydroxyl moiety on the 
product side of the reaction coordinate. It is particularly relevant 
that TS-17, which resembles water oxide solvated with a hydrogen 
peroxide molecule, is 4.0 kcal/mol higher in energy than TS-16. 
These data suggest that those oxidation reactions that were found 
to be second order in H202 in anhydrous nonpolar dioxane solventlo 
involved a transition statewhere proton transfer from the proximal 
oxygen (-OH) occurred after the oxygen-transfer step. The ionic 
pathway in TS-16 also contrasts the preferred mode of water- 
catalyzed ammonia oxidation by C H 3 0 0 H  (TS-33) where proton 
transfer occurred prior to oxygen transfer (see below). Despite 
the apparent conformity of these transition structures to experi- 
mental kinetic data, the magnitudes of predicted activation 
barriers are still at least a factor of 2 higher than experimental 
barriers. 

Since the actual experimental rate datal0 pertain to the 
oxidation of sulfur, we have also examined the preferred pathway 
for oxygen atom transfer to H2S and (CH&S. We chose the 
higher energy H2Oz dimer 11 as the oxygen donor since it exhibited 
the lower barrier for oxidation of ammonia. We located a reactant 
cluster for H202 dimer complexed to HzS (18a) and water oxide 
complexed to H202 and H2S (18b). The barrier heights for H2S 
oxidation relative to 18a and 18b are predicted to be 45.7 and 
12.8 kcal/mol, respectively (Figure 7). This significant difference 
in barrier heights is a reflection of the higher ground state energy 
difference of water oxide (H200) and the fact that 18b is 32.9 
kcal/mol higher in energy than 18a. The barrier computed from 
isolated H2S and dimer 11 is predicted to be 41.6 kcal/mol (TS- 
19). The comparable barrier for oxidation of ammonia calculated 
from dimer 11 and NH3 is 35.7 kcal/mol. This relative order of 
reactivity for HIS versus NH3 is consistent with predicted gas- 
phase oxidation barriers with peroxyformic acid." 

We have also examined the effect on the activation barrier 
when the sulfur nucleophile is substituted with methyl groups 
(Figure 8). The barrier for the oxidation of dimethyl sulfide is 
40.8 kcal/mol (TS-21) when the barrier is measured relative to 
reactant cluster 20a. This is a reduction in activation energy of 
4.9 kcal/mol when compared to the oxidation of H2S at the same 

Table 2. Effect of the pK, of the General Acid (HA) on the Activation Energy (kcal/mol) for the Oxidation of Nucleophiles (:NUC = NH3, 
H2S, (CHp)2S) by Hydrogen Peroxide Complexed to HA (H20rHA, as in eq 3). 

pK. of HA gas-phase gas-phase transition 
reactant complex :NUC (re1 to H20) proton affinity, A proton affinity, :NUC state AE* 

H20rNHa "3 38 -443.w -218.Sd TS-3 44.5 (55.0) 
H202~H20 (49)b "3 15.7 -430.4 -218.5 TS-5V 39.6 
H202"202 (12) "3 11.6 -403.2 -218.5 TS-14 37.6 (50.7) 
H20yNH4+ (22) "3 9.2 -218.5 -218.5 TS-35 6.7 (30.1) 
H20r(CH3)20H+ (39) NH3 -3.5 -196.7 -218.5 TS-41 -3.9 (33.6) 
HzOZ*H~O+ (36) "3 -1.7 -175.4 -218.5 TS-38 -13.8 (36.9) 
I320244202 (11) H2S 11.6 -403.2 -174.0 TS-23 41.6 (45.7) 
H202"202 (12) ( C H M  11.6 -403.2 -203.8 TS-21 37.3 (40.8) 
H20r(CH&OH+ (39) H2S -3.5 -196.7 -174.0 TS-44 6.3 (15.1) 
H202.H+ e "3 -218.5 TS-24 -25.0 (47.8) 
H202*H+ e ( C H M  -203.8 TS-29 -21.1 (33.2) 

The activation energies are computed relative to isolated reactants (i.e. H20rHA and :NUC). The barriers in parentheses are computed relative 
to the reactant cluster (H20rHA.NUC). All energies are at the MP4//MP2/6-31G* level. See ref Sa for the structure and energies. "2- + H+ - NH3 + 443.0 kcal/mol at the MP4//MP2/6-31GS level. NH3 + H+ - NH4+ + 218.5 kcal/mol. Protonated hydrogen peroxide (H3O2+) in 
the absence of A-. The gas-phase proton affinities of H202 and H200 are -167.5 and -217.1 kcal/mol, respectively. 
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Figure 6. Optimized geometries for reactant clusters I3 and 15 and the transition structures for oxygen atom transfer from hydroger 
(TS-14. TS-16) and water oxide ('E-17) wmplcxcd to a molecule of hydrogen peroxide ammonia. 

level of theory (Figure 7). The predicted barrier height from 
H 2 0 0  cluster 20b is predicted to be 4.7 kcal/mol. The enthalpy 
of activation for the oxidation of thioxane in anhydrous dioxane 
solvent is reported to be 15.7 kcal/mol.'h While the peroxide 
fragment in TS-19 (Figure 7) resembles water oxide, it appears 
that the I.4-proton transfer to the leaving group is actually part 
of the reaction vector. In TS-21, as evidenced by the normal 
mode of the imaginary frequency in the TS and by the O-H bond 
distances for the transferring hydrogen of 1.576 and 1.032 A, 
proton transfer also occurs in concert with 0-0 bond cleavage. 
The methyl groups do exert a modest stabilizing influence on the 
TS  for dimethyl sulfoxide formation. However, the activation 
barrierforTS-21 isnot yet consistent withexperiment,suggesting 
thatgeneraiacidcaralysis bysuch weakacidsas ROHand H30, 
cannofprouidea suf~cienfreductioninactiuarionenergy lo render 
alkyl hydroperoxides useful as oxidants in solution. Although 
these calculations do provide excellent support for the observed 

I peroxide dimer 

kinetic behavior and for the involvement of a proton shift (eq 
3),'0our theoretical data suggest that additional catalytic forces 
must be brought into play. It should beemphasizedat thisjuncture 
that activation barriers for proxy acid epoxidation of alkenes 
computed at  this level of theory are in excellent agreement with 
experiment.'d 

Specific Acid Catalysis in Oxidations with Hydrogen Peroxide. 
The above calculations suggest that the activation barriers for 
oxygen atom transfer from H 2 0 2  are only modestly decreased by 
general acid catalysis of HA (eq 3) when the acids ("3, H2O. 
HzOz) are relatively weak. Fully protonated hydrogen peroxide 
(HO-OH,') is at  the other end of this reactivity spectrum. 
Addition of a strong acid to H 2 0 2  to the level of 1 M in Hf can 
raise the rate of oxidation by 2 powers of 10. In the presence of 
strong acids, the concentration of hydroperoxonium ion should 
be significant and hydroxylation by this powerful oxygen donor 
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Figure 7. Oxygen atom transfer from hydrogen pcroridc dimer to HZS. Geometries arc at MP2/6-31G*. and energies arc at MP4/6-31C*//MP2/ 
6-31G.. The total energy of H2S is -398.812 00 au. 

occurs by specific acid catalysis involving a two-step process (eq 
4).Iz Hydroperoxonium ion is also a strong acid, and in solution, 

0 HOOH+FF z H%+OHz :NUC NUC--OH+HD (4) 

NHI + HOO'H2 z I H , N - - - H M H * I +  

A!? I 13.7 tewml 

it could rapidly transfer a proton to the attacking nucleophile. 
Upon the basis of proton affinities (Table 2). HO-+OHz is a 
stronger acid than HIO+ (7.9 kcal/mol) and much stronger than 
NH4+(51.0kcal/mol). Inthissection weexaminetheactivation 
barrier for the hydroxylation of ammonia by the highly activated 

( I  I )  Predicted activation barricn (MP2/6-3lG*) for the oxidation of 
ammonia and dihydrogen sulfide with peroxyfarmic acid are 21.5 and 24.9 
keal/mol. respectively (unpublished results). 

hydroperoxonium ion (eq 5 ) .  In order to examine its oxygen 
donor potential and even attempt to relate these gas-phase data 
tosolution chemistry, therelativeenergiesoftheprotonated s p i e s  
and gas-phase reactant clusters must be examined. We first 
considered the isolated reactants H+, NH,. and H z 0 2  and their 
energiesofcomplexation (Figure9). Ammonia f o r m a  hydrogen 
bonded complex with hydrogen peroxide with the libcration of 
11.4 kcal/mol, while the complexation of ammonium ion with 
hydrogen peroxide has a stabilization energy of 22.3 kcal/mol 
(22, Figure 9). I n  order to generate reactant cluster 23, which 
has an effective nucleophile with a lone pair of electrons on 
nitrogen. a proton shift within global minimum 22 is required. 
Intramolecular proton transfer from the ammonium ion of 
complex 22 to the hydrogen peroxide moiety affording reactant 
cluster 23 as a local minimum (Figure 9) is endothermic by 34.1 
kcal/mol as a consequence of the differences in proton affinity 
between ",and HOOH (Table2). Asanticipated. the barrier 

(12) Edwards. J. 0. In Peroxide Reoclion Mechanisms; Edwards. J. 0.. 
Ed.; Interscience: New York. 1962~~67-106 .  Sccdataandrefcrencesciled 
in  this review. 
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TS-21 
E i - m . U Y S  halimes 

Figure 8. Oxygen atom transfer from hydrogen peroxide dimer to ( C H M .  Geometries are at MP2/6-31G8. and energies are at MP4/6-31G8// 
MP2/6-31G*. The total energy of ( C H M  is 471.114 981 au. 

":*WOO" 
22 3 ~ 

Hrn-.H-N& 

22 HINOH.. " 2 0  

Fiprc9. Relative energies (MP4//MP2/6-3 IC*) for the complexation 
of ammonium ion with hydrogen peroxide and the hydroxylation of 
ammonia by hydroproxonium ion. 

height for hydroxylation of ammonia (23 - TS-24) affording 
product cluster (H3NOH+ + H 2 0 )  25 is only 13.7 kcal/mol. 
reflecting the greatly enhanced reactivity ofthe hydroperoxonium 
ion as an oxidizing agent (Figure IO).  This is a relatively early 
TS since the developing N-0 bond is quite long (2 .25 A) while 
the G O  bond is shorter ( I  , 5 5 6  A) than that typically observed 
(Figure However, it should be recognized that at 
equilibrium an effective concentration of complex 23 would be 
insignificant and the overall gas-phase barrier from HdN+--- 
HOOH comolex 22 to TS-24 is 47.8 kcal/mol. Barriers of this 

15 

23 E..m-1- E.SOlsmOh"I7." 

Figure 10. Optimized geometries of the complex of HIOZ with NHd+ 
(22). NH3 with HO+-OH2 (23). the transition state for oxygen atom 
transfer from the hydroperoronium ion to ammonia (TS-24). and the 
reaction product (25). Geometries are at MP2/6-3lGw. and energies 
are at MP4//MP2/6-31Gw. The total energies of "3. "I+ ,  and 
HO-OH2 are -56.31 I 26, -56.7 I 8  61, and -I  5 I ,411 60  au. respectively. 

between dimethyl sulfide and neutral H202 (26) is stabilized by 
8.9 kcal/mol (Figure I I ) .  Duetothedifferencesin protonaffinity 
O ~ ( C H ~ ) ~ S  and H Z 0 2  (36.3 kcal/mol), the initial complex (27) 
formed between dimethyl sulfide and protonated hydrogen 
peroxideshould resemble hydrogen peroxide hydrogen bonded to 
protonated dimethyl sulfide, = -1 7.9 kcal/mol (Figure 
I I ) .  Intramolecular proton transferin 21  toafford reactantcluster 
28 is endothermic by 28.0 kcal/mol. The barrier height for 
hydroxylation of dimethyl sulfide (28 - 29) in this gas-phase 
reaction is markedly reduced relative to the uncatalyzed oxygen- 

magnitudecan be partially abated by solvation phenomena in the 
condensed phase. 

We have also examined the barrier height for the oxidation of 
the more experimentally relevant substrate dimethyl sulfide by 
the highly reactive hydroperoxonium ion. A reactant complex 

transfer reactions described above. The AE' = S.lkcal /mZ for 
TS-29 is consistent with the established reactivity of hydrogen 
peroxide in the presence of strong acids. For example, the 
predicted barrier height for the hydroxylation of isobutane a t  
this level of theory is 2.16  kcal/mol when computed relative to 
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.28.0 
1.8056 kcaumol 

3 ' 1 . 8 0 8 A  28 

E = 428.62906 h a m  

Figure 11. Oxygen atom transfer from protonated hydrogen peroxide to dimethyl sulfide. Geometries arc at MP2/6-3IG9. and energies are at 
MQ4/lMP2/6-3IC*. The total energies of ( C H M .  ( C H M H + ,  and H 2 0 2  are 4 7 7 . 1 6 9  68. 4 7 7 . 4 9 4  51. and -151.150 74 au. respectively. 

a gas-phase reactant c I ~ s t e r . ~ ~  The overall gas-phase barrier (27 - 29) of 33.2 kcal/mol represents a significant reduction in 
activation energy for this type of oxidation reaction. These data 
also point outaseriousdilemma fortheexperimentalist. Although 
a protonated hydroperoxide is a powerful oxidant, in the presence 
of strong acid, the nucleophile is typically a stronger base and it 
is also protonated, incapacitating its nucleophilicity. However, 
a comparison of the barrier heights for TS-29 when measured 
from 21  versus 28 strongly implicates a mechanism in the 
condensed phase where 28 can be derived from a proton relay 
involving bulk solvent. 

A study of this nature also presents a dilemma for the 
theoretician. Ideally gas-phase barriers should be reported relative 
to a gas-phase reactant cluster. However, the series of general 
acids (HA) included in this study covers a wide range ofacidities 
that markedly influence the depth of the potential energy well 
for the reactant cluster. The nucleophiles employed also exhibit 
differences in basicity that influence the relative energy of the 
starting material (cluster) and the transition state. For example, 
reactant cluster 18a derived from HZOZ dimer and the weakly 
basicnucleophileH2S hasa AE31ab= -14.2 kcal/mol. Bycontrast, 
AESISb for reactant cluster 40 comprising (CH,)zOH+, H2OZr 
and NHI is 62.9 kcal/mol below the energy of its isolated 
components. If solvation effects in the condensed phase do not 
parallel the gas-phase stabilities then a comparison between 
relative activation barriers in the two phases may be in error. The 
effect of the pK. on these activations barriers is dramatically 
demonstrated by a calculation of AE' from isolated reactants 
(Table 2). When thepK%isvaried from 38 ("1) 10-1.7 (H,O+). 
the activation barrier decreases from 44.5 to -13.8 kcal/mol. 

Oxygen Atom Transfer from Methyl Hydroperoxide. Re- 
placement of one of the hydrogens of H202  with an alkyl group 
has an effect upon the dissociation enthalpy (AH') of the 0-0 
bond. For example, while HO-OH has a bond energy of 49.7 
kcal/mol.8c the 0-0 bond energies of CHIO-OH and CHI& 
OCH, are 45 and 38 kcal/mol. respectively?' However, the 
activation energy for unimolecular heterolysis (eq 6)  in the gas 

zo-OY -Yo+ + Yo- (6) 

phase is predicted to be 5-8 times larger than that for homolytic 
cleavage. The estimated energies required for heterolyticcleavage 
of HO-OH. CHJO-OH. and CH,O-OCH, are 313. 194, and 

193 kcalfmol, respectively?. Replacement of a hydrogen with 
a methyl group has a significant effect upon the stability of 
oxacation CH,O+. In the gas phase, a larger alkyl group such 
as terr-butyl would have an even greater effect upon heterolytic 
cleavage, while in solution in protic solvent, it may not be as well 
solvated as the smaller methyl group. Obviously solvent polarity 
and a reduction in charge separation in the transition state for 
oxygen atom transfer will play a major role in oxygen-transfer 
reactions involving the formation of ion pairs in solution. 
Coulombic effects that serve to stabilize the developing negative 
charge of an alkoxide leaving group can also dramatically lower 
the activation barrier for oxygen transfer.s' - 

We next examined the effect of replacing a hydrogen with an 
alkyl group on the position of the proton in the transition state 
for oxygen atom transfer. In heterolytic S N ~  displacement 
reactions of this type the net atomic event is the transfer of an 
electrophilic HO+ to thenuclwphilicsubstrate. A majorquestion 
to be addressed in this part ofthe study is whether the stabilizing 
influence of a methyl substituent wuld alter the mechanism for 
oxygen atom transfer from a hydroperoxide. We first examined 
the pathway similar to that found for HOOH (TS-1) where the 
proton is transferred prior to oxygen transfer. The predicted 
barrier height for direct oxygen transfer from methanol oxide to 
ammonia (TS-30) is 53.0 kcal/mol when the barrier is measured 
from CH,OOH (Figure 12). This barrier is actually 1.1 kcal/ 
mol higher than that for TS-1. Although we were unable to 
locate a transition state for oxygen atom transfer from HZO2 to 
ammonia whereOH-is theleaving group in theabsenceofwater 
catalysis,J* the stabilizing influence of the methyl group does 
providea pathway where the proton shift occurs affer the oxygen- 
transferstep(TS-31, Figure 12). In this reaction thenucleophile 
electron pair of NH, attacks the distal peroxide oxygen, with a 
transition state involving N - O  bond formation in wncert with 
O-Obond breaking. An IRCanalysi~~~hasestablished the proton 
shift from HINOH+ to CHI@ tooccur after the barrier iscrossed 
(Figure 13). However,thenormal modefor thesingleimaginary 
frequency for TS-31 still has a large component of hydrogen 
transfer. Significantly, TS-31 is 6.5 kcal/mol lower in energy 
than oxygen atom transfer from methanol oxide (TS-30) where 
proton transfer has occurred prior to oxygen atom transfer. The 
reversal in the mechanism for CHIOOH versus HOOH'. is a 
reflection of the stabilizing influence of a methyl group on a 
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E i .246.62436 hsrtress 
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Figure 12. Transition structures for oxygen atom transfer from methyl hydroperoxide with proton transfer before (TS-30) and after (TS-31) oxygen 
atom transfer with (TS-33) and without (TS-31) water catalysis. Geometries were calculated at MP2/6-31Gw and barriers at MP4/6-3IG9//MP2/ 
6-31G'. The total energy of CHlOOH is -190.327 24 au. 

Figure 13. Three points along the reaction path for oxidationofammonia 
by methyl hydroperoxide by the reaction path following the algorithm 
at the MP2/6-3 I G' level of theory: SM, a paint along the reaction path 
from starting materials: TS. transition state (TS-31); P. a paint on the 
reaction path toward the products. 
gas-phase anion. A qualitative estimate of the greater stability 
of CH3O- as a leaving group can be obtained by calculating the 
difference in proton affinityofCH3O-and OH- (22.3 kcal/mol). 
In the absence of water catalysis, these data are consistent with 
a reaction pathway for oxygen atom transfer from an alkyl 
hydroperoxide where proton transfer to the departing alkoxide 
group occurs a/rer the barrier is crossed. A similar mechanism 
has been invoked for oxygen transfer from peroxy acids where 
an intramolecular IC-hydrogen transfer to the carbonyl oxygen 
isinvolved.",b However,at thisleveloftheory, the barrier heights 
for oxidation of ammonia by HCOlH and CHlOOH are 21.5 
and 46.5 kcal/mol in the absence of water catalysis. 

As a compliment toourearlierworkon the roleof water catalysis 
with hydrogen peroxide?' we have also the examined the 
stabilizing influence of a water molecule upon the heterolytic 
cleavage of the 0-0 bond in CH,OOH. Nucleophilic attack by 
ammonia on the reactant cluster of CHlOOH and H2O (32, 
Figure 12) resulted in oxygen atom transfer (TS-33) with an 
activation barrier (42.0 kcal/mol) that is 4.5 kcal/mol lower 
than oxidation in the absence of water catalysis (TS-31). When 
a water molecule is present, the reaction pathways involves a 
1.4-hydrogen shift from the water catalyst to the departing 
methoxide anion prior to the oxygen-transfer step (TS-33) in 
excellent agreement with the mechanism suggested by eq 3. 

Proton Transfer to Hydrogen Peroxide in theoxygen-Transfer 
Step. Both H202  and ROOH are viable oxidizing agents of 

moderate reactivityat room temperature. Some form ofactivation 
of the 0-0 bond such as an a-carbonyl group in a peroxy acid 
or metalcatalysis isoften employed in order to increasetheefficacy 
of the -0OH moiety as an oxidizing agent. Indeed, the 
magnitudes of the predicted barrier heights (48-52 kcal/mol) 
for general acid catalyzed oxidation with hydrogen peroxide 
dimers 11 and 12 strongly suggest that some additional type of 
catalysis is essential in order to get agreement with experiment. 
Wethereforedevised a modelsystemthatexamined thepossibility 
that a concerted proton transfer from bulk solvent to the leaving 
group was actually responsible for thediscrepancies between the 
computed and experimentally observed activation barriers. To 
test this hypothesis we utilized initially the ammonion ion as a 
weakacid catalyst. In principle,as noted above, thisacidcatalyst 
can be derived in solution by a proton transfer from H202 to an 
amine. The binding energy of the initial complex between NHIC 
and H202affording26(Figure IO) is22.3 kcal/mol. Thereactant 
cluster (34) derived from 26 and the nucleophile ammonia is 
furtherstabilized by23.4 kcal/mol (Figure 14). Theammonium 
ion exerts a strong catalytic influence upon the activation energy 
for oxygen atom transfer from H202. In the absence of NH4+ 
catalysis, the barrier height for the oxidation of NHl  is 62.8 
kcal/mol when calculated relative to the HlN.H202 cluster.Js 
Oxygen atom transfer for reactant cluster 2 (H2012NH1) has 
a barrierof55.0kcal/mol (TS-3). However,with NH4+catalysis, 
TS-35 is only 30.1 kcal/mol above reactant cluster 34 and 6.1 
kcal/mol above the energies of isolated reactants 22 and "3. 
Weattributethe24.9 kcal/mol reduction in theactivationenergy 
to the acidity of NH4+ but, more specifically. to the concerted 
proton transfer in the TS that affords water as a neutral leaving 
group. Significantly, the proton transfer from NH.+ to the 
departing hydroxide ion leaving group is part of the reaction 
vector. In TS-35 the N-H bond that is breaking and the 
developing H-0 bond have bond distances of 1.398 and I .  141 A, 
respectively. 

If the above contention concerning the concerted nature of the 
intermolecular proton transfer in the transition state has merit, 
then the hydronium ion, a much stronger acid than NH4+ (AAE 
= 43.1 kcal/mol). should prove to be an even more effective 
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Figure 14. Concerted oxygen atom transfer from hydrogen proride to ammonia catalyzed by the ammonium ion. Geometries are at MP2/6-31G', 
and energies are at MP4//MP2/6-3IG*. The total energy is NH, is -56.371 26 au. 

37 
E -284.14132 hennas 
AEw i 4 . 6  kullmol 

Figure IS. Hydronium ion catalyzed oxygen atom transfer from hydrogen peroxide to ammonia. Geometries are at MP2/6-31GW. and cncrgics arc 
at MP4//MP2/6-31G*. The total energies of H,O+. "I, and H202 are -76.486 87. -56.371 26, and -151.150 74  au. respectively. 

catalyst. The binding energy of H,O+ and H 2 0 2  (36) is -32.4 
kcal/mol (Figure IS) .  However, formationofthereactant cluster 
31 between 36 and NHl is attended by a proton transfer to NH, 
and 31 is 40.6 kcal/mol below its isolated reactants. Although 
the transition state (TS-38) for theoxidation ofammonia is 13.8 
kcal/mol below isolated reactants 36and NH]. its barrier height 
relative to reactant cluster 31 is 36.9 kcal/mol as a consequence 
of the depth of the potential well for the reactant cluster. As 
anticipated on the basis of the increased acidity of catalyst H30+  
relative to NH,+, TS-38 comes earlier along the reaction 
coordinate than TS-35 and the proton transfer is more complete. 

The fundamental reaction studied by Edwards and his 
collaboratorsI0 in their definitive kinetic experiments on the 
oxidation of disulfides employed H 2 0 2  in anhydrous dioxane 
solvent (e = 2.2). In an effort to mimic this experiment. we 
utilized initially NH, as thesubstrateand dimethyl etheroxonium 
ion as the putative acid catalyst produced in bulk solvent from 
proton transfer from hydrogen peroxide to dioxane (Figure 16). 
Although these oxidation reactions weresecond order in hydrogen 
peroxide, computational limitations preclude our using the dimer 
of hydrogen peroxide for the oxidation of NH,. Using H 2 0 z  
monomer as the oxygen donor. our calculations predict that 
reactant cluster 40 is 37.5 kcal/mol below NH, and hydrogen 
bonded complex 39 (Figure 16). The barrier height for the 
oxidation of NHl (TS-41) is predicted to be 33.6 kcal/mol above 

reactant cluster 40 as a consequence of the depth of the potential 
energy well for 40relative toits isolated components ( 4 2 . 9  kcal/ 
mol). In TS-41 proton transfer from protonated dimethyl ether 
tothedeparting hydroxideion leavinggroup takesplaceinconcert 
with the transfer of HO+ to the nucleophile ammonia. 

When a weaker base such as H2S is used as the nucleophile, 
reactant complex 43  (Figure 17) is predicted lo be stabilized by 
only 8.75 kcal/mol relative to its isolated components (H2S + 
42). However.43is 34.1 kcal/mol lowerinenergythan its isolated 
components. Significantly, the barrier height for the oxidation 
of HzS (TS-44) is only 15.1 kcal/mol. This barrier is now in 
good accord with experiment where the E. for the oxidation of 
thioxane in dioxane is reported to be 16.3 kcal/mol. If we were 
to use dimethyl sulfide as the substrate and thedimer of hydrogen 
peroxide as the oxidant then this barrier would obviously be 
lowered. A word of caution is in order when discussing the 
magnitude of these barrier heights because as noted above the 
basicity of the nucleophile determines the depth of the potential 
energy well for these gas-phase clusters. Consequently, the 
activation barriers will also parallel to some extent the relative 
stability of these reactant clusters. Therefore in the absence of 
solvation, we place much more emphasis upon the reduction in 
activation barriers within a given series that has a common 
nucleophile (Table 2). 
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Figure 16. Concerted oxygen atom transfer from hydrogen peroxide toammonia catalyzed by ammonium and dimethyl ethcroronivm ions. Geometries 
are at MP2/6-31G8. and energies are at MP4//MP2/6-3lGo. 
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Figure 17. Oxygen atom transfer todihydrogensulfidecatalyred bydimethyletheroronium ion. Gwmetricsarcat MP2//MP2/6-3lG..andenergia 
are a1 MP4//MP2/6-31G'. The total energies for (CHI)IOH+. H202, and HzS are -154.861 65, -151.15014. and -398.81200 au. rcspcctivcly. 

Summary 

Two of the most fundamental questions concerning the 
mechanism of oxygen atom transfer from the hydroperoxy 
functional group (-OOH) have been examined firstly. the 
position ofthe hydrogen in the transition state, and secondly. the 
effect of acid catalysis on the activation barrier for the oxygen- 
transfer step. In the absence of general acid catalysis by water, 
oxidation reactions involving an alkyl hydrogen peroxide (CHI- 
OOH) proceed by an ionic pathway where proton transfer takes 
place after rate-limiting oxygen transfer (TS-31). With water 
catalysis, a 1,Chydrogen shift precedes the oxygen-transfer step 
and methanol is formed as a neutral leaving group (TS-33). 

With general acid catalysis by weak acids (H20. H202). 
oxidation by hydrogen peroxide involves proton transfer after 
0-0 bond cleavage (TS-8, TS-16) and the net atomic motion 
involves transfer of a "hydroxyl cation" to the nucleophile. A 
1,Chydrogen shift mechanism is favored for oxidation of H2S 
and (CH&S by hydrogen peroxide dimer 11 (TS-19, TS-21) in 
excellent accord with experiment. Thus, a delicate balance exists 
between an ionic mechanism and a concerted 1,Chydrogen shift 
that is a function of both the alkyl group on the ROOH and the 
nature of the nucleophile. However, a / /  of the above oxidation 
reactions have activation barriers ranging from 36 to 48 kcall 
mol. Barrier heights of this magnitude tend to exclude general 
acidcatalysis by weak acids as the primary sourceof activation 
of 0-0 bond rupture in hydroperoxides. 

Hydroperoxonium ion is a highly reactive hydroxylation 
reagent, and the hydrogen remains firmly bonded to the 

'electrophilic" oxygen atom until after the oxygen-transfer step 
(TS-24. TS-29). The low barrier heights and transition stmctures 
support the two-step specific acid-catalyzed pathway suggestion 
by eqs 4 and 5.  

Ab initio calculations provide strong support for the kinetic 
data,IOimplicating general acid catalysis with weak acids HA for 
hydroperoxides in both nonpolar and protic solvents (q 3). 
Additionally, a concerted proton transfer from bulk solvent to 
the departing hydroxide (alkoxide) ion has been invoked in order 
to reduce the overall activation energy to a point where it is 
consistent with experiment (TS-44). 

As a result of the above theoretical study on the nature of the 
transition state for oxygen transfer from a hydroperoxide. we 
now suggest a unifying mechanism that is consistent with both 
experiment and theory. We propose a reaction pathway where 
HA (e.g. H 2 0 )  serves to stabilize the O H  group of -OOH by 
hydrogen bonding (45) and a proton transfer from bulk solvent 
that provides a neutral leaving group (46, Figure 18). Although 
inclusions ofprotonated bulk solvent in the TS for HzS onidation 
reduced the barrier for TS-44 to 15.1 kcal/mol, when both 
protonatedsolvent (HIO+) and ageneralacidcatalyst HA(Hz0) 
areemployed,the barrier height forthetransferofHO+is reduccd 
to 5.96 kcal/mol (TS-47) when computed relative to reactant 
cluster 46. It is significant that the barrier height for H B  
oxidation is less than 6 kcal/mol despite the fact that the reactant 
cluster is 60.6 kcal/mol below its isolated components. The 
stabilization energy of46  relative to 45 and HzS is only 7.5 kcall 
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Figure 18. Oxidation of H B  by H202 with H,Ot catalysis and H2O stabilization of H?SOH+. Gcornetriw are at MP2/6-3IG*. and energies arc 
at MP4//MP2/6-31G8. 

mol, reflecting the weakly basic nucleophile H2S. These data for oxygen atom transfer is now reduced to a point consistent 
suggest that the primary role of HA in eq 7 is to stabilize the with the observed reactivityofhydroperoxides. Consistent with 

thissuggestion. the rateofsulfideoxidation doesexhibita linear 
relationship with the pK. of the protic solvent.I0 The overall 

R.~S+HOOR- e[ "-o'.~-q]- R.>S -&...AH+R-oH+R~~ mechanism involves proton transfer from the solvent to the 
peroxide. transfer of OH+ to the nucleophile stabilized by HA, 
and deprotonation of the product. 

+ RkS R' 

i lA 

(7) 
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