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Abstract: Potential energy surfaces for the epoxidations of 2-propen-l-ol with dioxirane (DHD) and
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Geometries and energics of two of them clearly demonstrate that stabilizing hydrogen bonding interactions can be at

work and that they involve both the dioxirane oxygens. Calculations indicate that the electron attracting effect of the
allylic hydroxy group has a relatively small rate retarding effect. Calculations predict higher reactivity for propenol
with respect to propene reaction in gas phase but introduction of electrostatic solvation effects (acctone. Tomasi
model) leads to reactivity reversal in substantial agreement with cxperimental data.
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INTRODUCTION
In a faw vears dioxirane oxidations!™ hove ranidlv orown into one of the most useful oxidation nrocesses
Lt a 1vw yCald UiUAH 4allC VAlUaliVI HaVvVe 1apiuly slUWIL HILU ULIC UL LG HIUDL OViUl UAIUGQLIVIL PHULVGODUD
anr‘ are now irmlv nlaced in the arcenal af aroaniec reactione In narticnlar thev rival the lono ectabliched
118 al QU GiTLy pralla il uwhl aistiial Ui Ulgaliil iLdlualne. i pairusdial LIIUJ HiVar uiC aULg Uolalnsinld
peroxyacid epoxidation of olefin owing to their neutral and very mild reaction conditions as well as to

comparable or even higher reaction rates.

The reaction rate of olefin epoxidation by dimethyldioxirane” (DMD) in acetone/water (the protocol more
frequently used) benefits both from the medium polarity and from the hydrogen bond donor property of
water.™'’ In fact on passing from reactants to transition state there is a sizable increase in the dipole moment of
the system (by ca. 2 D in the reaction of DMD with ethene and other simple alkenes) while the electron density
transfer from the olefin to DMD (ca. 0.3 electrons in the reaction with ethylene, propene and 2-butenes) together
with the O----O bond cleavage, with net charge increase on the distal oxygen, sets the stage for intermolecular
(and intramolecular)'™™* hydrogen bonding interactions. Convincing experimental evidence of rate acceleration
attributable to intermolecular hydrogen bonding interactions has been reported: for example, passing from pure

acetone to acetone/water (36:64) leads to decrease in activation free enthalpy (at 23 °C) by 6.3 ki mol”
P o 1A LN o b e\t ab i i ki AL TARATY - abe o sl ok e a o 10
[C()n- bp numg 1O d 14-1010 rate ennancemeriit ) ll' e 1€4CLI0T1 O LJIVILD) Wit p— NCLIOXYSLYICHC.
Tha nrahlam ~AF intarmalanslar hodraoan handiaas in dinvirana annvidatinne (mathannl ac enlvent) hac
11n PIUUIC i1 Ul 1nmclilliuicvulatl I UlUsCll vu lullls 11l Ul1uAiiaiic DPUAIUQLIUIID UHviiiaivl as suvivuiily nas
computationally been addressed very recently by Houk, Jorgensen an  co- -workers with the B3LYP/6-31G*
method and Montecarlo simulations."” Their results suggest that, at va cc with gualitative models in which
. 3,14
hydrogen bonding with the distal oxygen is assumed,™'* e.g. A in Schem a strong hydrogen bond bridges
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Scheme 1. A and C: intermolecular (with solvent) and, respectively, intramolecular hydrogen bonding
models suggested by experimentalists. B: intermolecular hydrogen bonding interactions (methanol as solvent) as
suggested by computational data.
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Intramolecular hydrogen bonding interactions seem to play an important role in controlling facial
selectivity of epoxidation of allylic alcohols by DMD. These effects clearly emerge in solvents, such as carbon
tetrachloride, which can not act either as hydrogen bond donors or hydrogen bond acceptors. Actually, going
from solvents such as acetone or acetone/methanol (10:90) to acetone/carbon tetrachloride mixtures (5:95 and
10:90) adds a significant favor (<6.3 kJ mol") to syn attack in the DMD epoxidation of 2-cyclohexen-1-ol
derivatives."* Involvement of the sole distal oxygen of the dioxirane moiety is always assumed when qualitative
and schematic transition structures are depicted in order to illustrate this effect, e.g. C in Scheme 1.

Curci et al.* questioned the role of intramolecular hydrogen bonding by allylic hydroxy groups as facial
selectivity directing factor on the basis of absolute rate epoxidation data. They reasoned that intramolecular
hydrogen bonding in the transition state should lead to enhancement in reaction rates of DMD epoxidations of
allylic alcohols in comparison to those of the corresponding alkenes. However, they emphasized that, at odds
with this conclusion, the opposite is observed experimentaily: i.e., on going from 3-methyi-i-pentene and 3,3-
dimethyl-1-butene to 3-methyl-1-penten-3-ol and 3-methyl-1 buten 3-ol, respectively, the reaction rate constant

of DMD epoxidation halves. Muiray ef al. ~ suggested that the electron withdrawing inductive effect of the

hydroxy group retards reaction rate and in allylic alcohols (as well as in homoallylic alcohols) it prevails over

possible rate enhancing intramolecular hydrogen bonding effects. They also stressed that in acyclic derivatives

the latter factors clearly show them up only when there is a tether of two methylene groups between the double

bond and the CH,OH center (as in 2-methy!hex-5-en-2-ol): this ki d_ of ther allows the activated complex to
nin

easily assume a conformation
and the distal oxygen of the dloxmme mmety can be at work.

It is quite clear that, in order to throw light on the structural details of activated complexes (geometries,
charge transfer, etc.) suggested by experimentalists to explain their interesting kinetic and diastereoselectivity
results in dioxirane epoxidation of unsaturated alcohols, it is necessary to calculate transition structures at good
theory level. Fortunately, density functional theory provides us with methods, such as the B3LYP/6-31G*
method, which give reliable transition structure geometries for dioxirane epoxidations '*'* In contrast these
reactions are not treated correctly by HF methods such as the HF/6-31G* method." Moreover, the B3LYP/6-
31G* method, taking into account substantial amounts of electron correlation,”*" satisfactorily reproduces not
only relative reactivity but also absolute reactivity data and it seems to perform definitely better (at least for these
reactions) and at lower costs than the simplest post HF method, i.e., the MP2/6-31G* method.*

We started to compuianonally address the problem of mtramolewlar hydrogen bonding in dioxirane
reactions by studying the reaction of DHD with propenol. We were able to find seven TSs for this reaction. Then
we passed to the reaction of DMD and located the four (out of seven) chemically more interesting TSs.

In these studies we aimed at precisely defining the geometries of all transition structures and thelr relative
energies in systems in which steric effect are missing as far as possible. In particular we were interested to
evaluate whether intramolecular hydrogen bonding can be at work in epoxidation of allylic alcohols and which
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oxygen of the dioxirane moiety is involved in this interaction. Moreover we hoped to answer the question
whether the energy gain attributable to hydrogen bonding can override the rate retarding electron withdrawing
effect of the hydroxy group.

When our study was almost complete, Miaskiewicz ef al.” published their investigation of the epoxidation
of 3-methyl-2-butenol with DMD by the B3LYP/6-31G* method. Only two TSs were located by these authors.
Our study, while substantially confirming their results, offers a much more detailed and complete description of
the dioxirane epoxidation of allylic alcohols (in a context free from steric complications).
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COMPUTATIONAL METHODS

Electronic energies (Table 1, 2 and 4) and geometries (Table 1, 3 and 5) of the reactants as well as of the
transition structures [TSs] were calculated with density functional theory (DFT) using the Becke3-LYP
f'unctionalz”5 and the 6-31G* basis set. All calculations were performed with the Gaussian 94 suite of
programs.”® Critical points have been characterized by dlagonauzmg the Hessian mairices caiculated for the

opurmzea structures, transition structures have Unly one ncgauvc t:lg envalue Ullbl. order saddle |‘") s) with the

corresponding eigenvector involving the expected formation of the two new oxirane bonds, the cleavage of the
nd O l'\A diovir

0,05 and C¢O, dioxirane bonds and the shortening of the OsC; bond. The transition mode imaginary frequencies
(¢cm™) of the TSs are reported in Table 2 and 4. The search for TSs was limited to concerted transition
structures, ie., only the restricted B3LYP method has been used. However, Houk er al/. have recently

demonstrated that transition structures at the unrestricted BSLYP level are very similar to those at the restricted
B3LYP level in the case of dioxirane epox1dat10ns of alkenes.'® We have confirmed this conclusion by carrying
out unrestricted B3LYP/6-31G* optimization of the syn,exo-2a TS (see Scheme 4): geometry and energy almost
exactly reproduce those of the restricted B3LYP calculations.

In Table 3 and 5, in addition to some relevant bond lengths (forming bond lengths are reported in Scheme
4 and 5), the following angles are gathered:

1) the torsional angies (H-O-C,-C; and O-C,
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Scheme 2), which reflects distortion out of planarity of the olefinic moiety

iv) B and B’ (Scheme 2), i.¢., the dihedral angles between the forming oxirane plane and the mean planes
C,-C,-C;-H. and H,-C,-C;-Hs, respectively

v) v; the angle between the attacking dioxirane plane (Cs040s) and the C bond axis. A value of 9
Corresponas to an exact spiro structure while a value larger (smaller) than 90° means that the dioxirane plane i
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In order to produce theoretical activation parameters, vibrational frequencies in the harmonic
approximation were calculated for all the optimized B3LYP/6-31G* structures and used, unscaled,” to compute
the zero point energies, their thermal corrections, the vibrational entropies, and their contributions to activation
enthalpies, entropies and free enthalpies (Table 6).

The contribution of solvent effects to the activation free enthalpy of the reactions under study are
calculated via the seif-consistent reaction field (SCRF) using the Tomasi model (interiocking spheres) by single
point calculations (i.e., with unrelaxed gas-phase geometries of reactants and TSs) at the B3ZLYP/6-31G* level

Fia 2B I 29-32 o

(raoie /} E Cartesian coordinates ofali T Ss are dlelleC on quUCbl

RESULTS

First we investigated the conformational profile of 2-propen-1-ol and our results show that it closely
parallels that of 3-buten-2-ol studied by Hehre at the HF/3-21G level* Five minima were located on the
conformational potential energy surface, i.e., 1a-e (Scheme 3 and Table 1). Two of them (i.e., 1a and 1b) have
almost the same energy and are definitely more stable than the other three (1c, 1d, le) so that they should be, by
far, the most populated conformers. ‘

In the most stable conformer 1b the C-O bond approximately eclipses the CC double bond while the other
conformer of similar stability, i.e. 1a, features eclipsing between a C-H bond and the double bond. The
hydroxylic hydrogen points toward the double bond in both these conformers thus suggesting the presence of a
weak hydrogen bonding interaction between the OH group and the © bond. ** ** Consistently the calculated OH
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Scheme 3. B3LYP Conformational minima of 2-propen-1-ol and their relative energies.



Table 1. Electronic energies (E), relative electronic energies (E,.;). dipole moment (), bond lengths
(angstroms) and angles (degrees) of 2-propen-1-ol conformers, i.e., 1a-e.

Conformer E (hartree) E..: (kJ/mol) L Debye) O-H HOC,C, OC,C,C,s
la -193.110842 0.16 1.59 0.970 -57.4 123.6
ib -193.110903 0.00 1.56 0.971 59.9 7.8
ic -193.107845 8.03 1.64 0.969 i70.9 1293
1d -193.108045 7.49 1.68 0.970 63.8 120.9
le =193.108419 6.53 1.79 0.968 -179.2 0.4
In both 1a and 1b the hydroxylic hydrogen is properly oriented to be involved, without a deep molecular
structure reorganization, in hydrogen bonding with the dioxirane proximal oxygen from the very beginning of a

$piro-exo attack.

In the other three conformers the hydroxylic hydrogen points away from the double bond. Their relative
instability is attributable both to the absence of the stabilizing hydrogen bonding interaction and to the repulsion
between the electron cloud of the oxygen lone pairs and that of the double bond.

Transition structures of the reaction with DHD

Seven transition structures for the reaction of DHD are depicted in Scheme 4 (see also Tables 2 and 3). All
of them exhibit the now well established spiro-butterfly array“’ % of reacting centers, i.e., the plane of the
dioxirane ring and the plane of the forming oxirane rmg are almost perpendicular to each other Inspection of

Scheme 4 makes it apparent that all the related to a grounu state propenol conformer. Thus, the

We did not manage to find the syn, end -2a transition structure, while both the endo and exo orientation in
the anti attack, by DHD on 1a, lead to a first order saddle point. It is quite evident that in syn attack on 1a an
endo orientation of DHD can not take advantage of hydrogen bonding. Moreover the endo, ,syn approach should
experience strong steric repulsion, between the hydrogens of DHD and the CH,OH group, which can be
alleviated by rotation about C,-C, bond leading the system eventually to collapse to anti,endo-2a TS. An
alternative possibility is rotation of the dioxirane moiety with formation of syn,exo-2a.

We have previously demonstrated that the endo orientation in the reaction of DHD with propene is less
stable by 1.0 kcal/mol than the corresponding exo one'’: this observation is confirmed by the relative energies of
anti.endo-2a and anti,endo-2c, respectively, in comparison to those of anti,exo-2a and anti,exo-2¢. Given that
the energy difference between exo and endo TSs is steric in origin it certainly increases on passing from DHD to

AAAAAAA [ — ~ I

DMD reaction: this is why we did not calculate endo TSs for the reaction of the latter dioxirane (see below).

Table 2. Electronic energies (E)°, relative electronic energies (E..), electronic activation energies (AE” )P dipolc moments (u),
transition mode imaginary frequencics, charge transfer and net atomic charges (CHELPG) of TSs for the DHD epoudauons.

Transition E E. AE™® n transition net charge nct atomic
structure (hartree) {kJ\motl) {kI\moi) (Debye) mode transfer n:hargesd
e em) O+  Os
syn,exo-2a -382.714102 0.00 32.26 4.73 410.0 -0.27 -0.27 -0.42
syn.exo-2b -382.713456 1.67 34.14 4.54 409.7 -0.30 -0.30 -0.42
anti.cxo-2a -382.706478 20.00 52.30 4.95 4559 -0.30 -0.29 -0.43
anti.exo-2c¢ -382.705077 23.68 48.12 3.69 444 8 -0.32 0.31 -0.43
anti.exo-2d -382.705197 23.39 48.32 4.13 439.1 -0.32 -0.30 -0.42
anti_endo-2a -382.705073 23.72 55.98 4.93 460.4 -0.29 -0.28 -0.42
anti,endo-2¢ -382.703226 23.53 5253 4.44 449 8 -0.31 -0.30 -0.41
*DHD: E = -189 615552 hartree 1#=253D PCalculated with respect to the corresponding ground state ﬁrﬁpena} conforiner

From propenol to DHD “*Net atomlc charge on DHD oxygens =-0.21
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As quoted above the lower energy of conformer 1a (by ca. 7.5 kI/mol) than that of both 1c¢ and 1d can be
traced back to OH--r hydrogen bonding (in the former) and the lone pair-n bond repulsion (in the latters). Both
these effects should be reduced as a result of the electrophilic attack on the double bond by DHD so that one
would have expected a decrease in the favor of anti,exo-2a over anti,exo-2c¢ and anti,exo-2d. This is what has
been observed: anti,exo-2a is more stable than both anti,exo-2¢ and anti,exo-2d by only ca. 3.8 kI/mol.

All of the transition structures 2 are characterized by low asynchrony in C----O bond formation. They also
feature a pronounced O--O bond breaking while shortening of the Cs---Os bond and lengthening of the Cg-O4
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Table 3. Geometrical parameters™ b (bond lengths i in A, anglcs in dcgrccs) of the TSs for the DHD cpox1datlons
Parameter  synexo-2a  syncxo-2b  anti.cxo-2a ‘anu_,exp-_ »du anti,exo-2¢  anti,endo-2a anu endo Zc

C-Cs 1.371 1.370 1.372 1.371 1.370 1.372 1.372
0.0 1.855 1.866 1.873 1.869 1.872 1.868 1.869
04Cs 1.447 1.449 1.453 1.450 1.451 1.450 1.449
Cs05 1.330 1.326 1323 1.324 1.324 1.324 1.324
OH 0.975 0.974 0.971 0.970 0.970 0.970 0.971
HOC,C2 -56.4 60.3 66.6 -79.2 -166.2 63.8 -163.7
0C,C,C, 135.9 19.5 -1184 -111.8 1218 1211 -122.9
H,C,C,Cs 10.8 =994 6.6 5.9 03 3.5 0.9
X,0,0, 168.4 1648 165.8 166.3 166.4
[ 180—0c| 43 46 6.9 6.1 5.9 8.4 7.1
B 87.9 86. 7 88.6 88.5 893 973 96.0
" 963 97.5 96.2 94.5 95.0 895 90.7
v 72.4 91.6 95.7 91.8 93.8 104.1 102.5

“DHD ground state bond lengths: 040s= 1.506 A, O,,Ch =1.353 A bAcelone ground state C=0 bond length: 1.215 A,

vector, clearly suggest that these TSs will collapse directly to final epoxide without prior formation of an
intermediate such as a diradical.

A diradical intermediate has recently been advanced by Minisci and coworkers™ on the basis of
cucumstantlal expenmental evidence in the context of an interesting mechanistic proposal for dioxirane
{ hese authors empna51ze in a hot debate with other researcners U’\C pOSSlDlC role of a

radical nathuway eve av alea ninderline the A enly 16 nambioianady dieerming o hatwepn the raneo
radical pathway even if they also underline the difficulty to unambiguously discriminate between the concerted
and stepwise mechanism.

To date, all the reported calculations, in particular restricted and unrestricted B3LYP calculations, do not
provide support for the presence of biradical intermediates in dioxirane epoxidation of alkyl substituted alkenes

Other aspects of dioxirane epoxidations will be discussed in the following section.

Transition structures of the reaction with DMD

Electron attracting effect of the OH group

TS structures of the reaction of DMD closely resemble those of DHD reaction and, in particular, also in
the case of DMD there is a nice correspondence between geometries of TSs and those of propenol ground state
conformers.

On the basis of TSs located for the DHD reaction we decided to limit our TS search to the chemically
more significant T ms i.e, to the two syn,exo TS8s and to two anti,exo TSs (the most stabie one and that one in

= PR

5 antiperiplanar to the C,C, bond). The transition structure geometries are

anti,exo- 33 On passing from 1a to this TS there is a small clockw1se rotatlon
> C-C, h ond wh:lp th hyr‘lrg‘ vlic hy

t th
not any possibility of hydrogen bon i -ar ] n t
that of the exo TS from the reaction of DMD w:th propene ( ie., 4 reoorted fo oanson] in order to find out
what are the differences induced by the presence of an allylic electron—w1thdrawmg group. The dioxirane ring is
almost exactly perpendicular to the C=C bond axis (y = 93.5° in anti,exo-3a vs y = 96.8°in 4) with small tilting
away from the CH,OH group. The asynchrony in C---O bond formation is small and it is smaller than that in the
epoxidation of propene (difference in forming bond lengths A = 0.07 A in anti,exo-3a vs A = 0.15 A in 4; in both
TSs the incipient C---O bond next to the CH,X group is longer than the other) and the average incipient bond C-
--O length is similar. As asynchrony in bond formation in anti,exo-3a and 4 must be mostly the result of double
bond polarization our results suggest that the double bond of propenol is slightly less polarized than that of
propene.
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Scheme 5. TSs for the reactions of DMD with propene (4) and propenol (syn,exo-3a, syn.exo-3b, anti,exo-3a.
and anti,exo-c). Bond lengths in A
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Table 4. Electronic energies (E)®, relative electronic energies (E.), electronic activation energies (AE ), dipole moments ().
transition mode imaginary frequencics, charge transfer and net atomic charges (CHELPG) of the TSs for the DMD epoxidations.
Transition E E.o AE?™ il transition net charge net atomic
structure (hartree) (kJ\mol) (kN\mol) (Debye) mode transfer® charges®

. (cm?) o O, 0Os
SYiLexo-3a  _461.361074 0.00 49.12 451 479.1 -0.29 -0.30 -0.49
cun ovnolh P, P 27 49 4 89 AR 1 N2 ik N s
O'Yll-\n\\l ~ R _40|A’)\}B Iy )_14 o ot W et T TOU.1 T )l . bV N 4
anti.exo-3a  _461.352124 23.51 72.63 4.57 529.3 -0.32 -0.35 -0.50
antiexo-3¢ 461350646 2736 68.62 3.21 517.8 -0.33 -0.36 -0.50
4 -386.151167 66.53 4.76 500.1 -0.29 -0.30 -0.51

M"DMD E =-268.208944 hartree, n=289D bCalculated with respect to the corresponding ground state propenol conformer
“From propenol to DMD  “Net atomic charge on DMD oxygens = -0.26

Table 5. Geometrical parameters® (bond lengths in angstroms, angles in degrees)
of the TSs for the DMD epoxidations.

Parameter  synexo-3a  synexo-3b  antiexo-3a  anticxo-3c 4
C.C; 1.374 1374 1.376 1.374 1.375
0,0, 1.868 1.885 1.888 1.887 1.880
04Cs 1.497 1.502 1.509 1.506 1.495
CeOs 1.332 1.324 1.322 1.322 1.320
OH 0.976 0.976 0.970 0.970

HOC,C2 -57.4 58.3 66.6 -167.4

OC GG, 135.9 208 -1145 -1155

H,C,C,C, 11.0 145.9 103 6.5

X,0,05 168.7 174.5 1723 172.2 171.8
| 180—a] 54 50 7.6 6.8 6.8
) 87.4 86.8 91.0 89.7 920
g’ 97.6 98.1 95.6 96.5 96.0
Y 70.5 92.1 93.5 91.9 96.8

*DMD ground state bond lengths: 0,05 = 1.505 A, 0,C,s = 1.4034A.

The side views of anti,exo-3a and 4 illustrate other geometry details. The forming oxirane plane is slightly
inclined toward the CH,OH group, i.e, B (91.0° in anti,exo-3a vs 92.0°in 4) is smaller than B’ (95.6°in
anti,exo-3a vs 96.0°in 4), in order to aileviate the steric interaction between the methyl groups of the dioxirane
moiety and the olefinic hydrogens (i.e., H, and Hy).

The breakdown of the O---O bond is the dominant change observed in the dioxirane geometry on going
from reactants to TS (Table 5). The O----0 bond, while subqtantlally aqsummg an orientation w1th respect to the
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172° both in anti,exo-3a and 4, X, is a dummy

well as the small out-plane deformation of the olefinic moiety (
o angle is defined in Scheme 2) seem to be an inherent characteristic of transmon structure
epoxidation of alkenes as they are present in all the TSs calculated by us.

The above observations demonstrate that, as far as geometry is concerned, there are not any dramatic
difference in anti,exo-3a, induced by the presence of the OH group, with respect to 4.

Given the electrophilic nature of dioxirane attack on double bonds one can anticipate that there should be a
larger electron density transfer from olefin to DMD in the case of 4 than in the case of anti,exo-3a and that there
should be a decrease in reactivity, as far as electronic factors are concerned, on going from attack of DMD on
propene to give 4 to the anti attack of DMD on 1a to give anti,exo-3a. The latter prediction is borne out by the
calculated electronic activation energies: AE o ani-3a (72.63 kJ mol'l) is higher by about 6.3 kJ mol™ than AE™,



(66.53 kJ mol™"). However, calculated CHELPG™ atomic net charges (as well as Mulliken charges)*® do not
provide any evidence that electron transfer is higher in 4 than in anti,exo-3a: actually the predicted charge
transfer as well as the atomic net charges on the peroxy oxygens are similar in the two TSs (Table 4).

Smerz and Adam suggested that introduction of a methyl group on the double bond should induce a higher
electron density transfer from olefin to dioxirane as well as a more pronounced polarization and heteroiysis of
the dioxirane peroxide bond. Our previous resuits on dioxirane epoxidation of ethene, propene and 2-butenes'’
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as well as all transition structures repor[eu nere are IH blrlKll’lg contrast 1o lﬂlb statement. In ldLL Ca umuuns

clearly indicate that both the electron density transfer and the breakdown of the O----O bond do not change
annrecishly ac a racnlt nf a relativaly emall variatinn af Adonhle hand nncleanhilicity 1 o nr avamnle An naccinog
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from ethene to cis and trans 2-butenes or to propenol

The observations reported above for exo,anti-3a also hold for exo,anti-3¢ (the latter is less stable than the

former by 3.8 k) mol™). For example conformation of 1¢ is substantially retained during the anti approach to it
by DMD and, in particular, the hydroxylic hydrogen keeps on being antiperiplanar with respect to the C;-C;
bond. The forming oxirane plane is slightly inclined toward the CH,OH group (i.e., B = 89.7° and [}’ = 96.5°)
while the incipient C---O bond next to the CH,OH group is longer than the other (A = 0.04 A). The rate
retarding effect of the OH group is smaller (AE” = 68.62 kJ mol™') than in anti exo0-3a.

In summary, calculations suggest that the hyperconjugative (the C;-O bond is almost parallel to the n
cloud, i.e. it features an ideal orientation for an efficient 6.,*-n interaction) and inductive electron attracting
effect of the hydroxy group give rise to relatively small rate retarding effect.

Hydrogen bonding interaction

Tha Athar t1ira TQo lanatad 1~ otinids A gun oavn_2a and cun ava_2h (Cahama §Y ~an ha ~rancidarad
1 ¢ otiner twWo 158 iocateq in our study, 1.C., syn,exXo0-3a and syn,exo-so {(dScneme Jj, can o consigeread
derived from the attack of DN on the eun {(with reenect to OH) face nf 1a and 1h recnectively and chow a
Gerveq irom tne attack of VL) On Ing syn (with respect 10 L) 1ace Of 1a and 1D, respectively, and snow a
-1
potential energy much lower (by ca. 25.10 kJ mol™) than that of the anti TSs.

Formation of spiro-exo 3b is accompanied by a small anticlockwise rotation about the C,C, bond while the
orientation of the hydroxylic hydrogen does not appreciably change. As in the anti TSs described above, also in
this TS asynchrony in bond formation is very small (A = 0.065 A, once again with the C---O bond next to
CH,;OH group longer than the other), the plane of the dioxirane part is almost perpendicular (y = 92.1°) to the
C-C bond axis and the forming oxirane plane is inclined toward the CH,OH group [3 = 86.8° vs * = 98.1°].

It is quite clear that the only underlying reason that can explain the lower potential energy of syn.exo-3b in
comparison to that of the anti,exo TSs is hydrogen bonding. A convincing evidence in favor of an hydrogen
bonding interaction can be found in the calculated O-H stretching frequency. O-H frequencies in syn TSs are
sizabie iower than those ones of the corresponding conformer of propenoi (by ca. 50 cm™ in syn,exo-3b and by
ca. 80 cm™ in syn,exo-3a), while in anti TSs there is not any dev1at1on from the olefm trequency value (3734
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than ca. 2.5-6.3 kJ mol'. TS geometry also mdlcate that hydrog n bondmg should involve the proximal 04
more than the distal Os. The latter oxygen has a larger negative net charge (-0.51) but is much more far away
(3.20 A) from the hydroxylic hydrogen than the former oxygen (2.15 A) which also bears a sizable negative
charge (-0.37). The latter conclusion apparently stands in contrast with the qualitative model of intramolecular
(see C in Figure 1) hydrogen bonding proposed so far by researchers which suggests the preferential
involvement of the dioxirane distal oxygen atom

However, one can argue that unsaturated cyclic alcohols'" are prevented from assuming a conformation
(for the CH,OH moiety) similar to that present in syn,exo-3b and most of the experimental studies deal with this
kind of alcohols. TS syn,exo-3a (the most stable of our TSs) is more adequate to provide an answer to the
question whether Os can strongly be involved in hydrogen bonding or not . Actually it exhibits a conformation of
the CH,OH group that can be adopted also by unsaturated cyclic allylic alcohols without any added strain.



Hydrogen bonding in syn,exo-3a certainly involves both the oxygen atoms. Here again the distance
between the hydroxylic hydrogen and the proximal O, (with -0.30 net charge) is lower (2.16 A vs 2.56 A) than
that between the hydroxylic hydrogen and the distal Os (with -0.49 net charge). However, both distances are
consistent with noticeable hydrogen bonding interaction.

From a geometrical standpoint in syn,exo-3a there is a pronounced asynchrony of the forming C----O

bonds (A = 0.189 A) that is unique with respect to ali the other TSs described here. Even more, in contrast to ali
the other TSs, the shorter incipient C---O bond is that one next to the CHOH group. This “inverse” asynchrony
in bond formation is accompanied by an “inverse” sirong tilting of the dioxirane plane (04Cs0Os) toward the
CH;OH group. This plane is now far from being perpendicular to the C=C bond axis (y = 73°). Both these
deformations in an exo-spiro structure lead to a decrease in the H-----0O; distance: the energy gain due to
enhancement of hydrogen bonding interaction overcomes the energy loss which certainly accompanies these
deformations.

Thus, geometry details of syn,exo-3a, while confirming that the overlooked OH------ O, interaction plays a

role in favoring the attack of dioxirane to both cyclic and acyclic allylic alcohols, also support previous
hypothesis of the possible involvement of the distal Os in hydrogen bonding interactions.

Smerz and Adam stated that the OC,C,C: torsional angle is decisive for stereocontrol of dioxirane attack
on the diastereotopic faces of allylic alcohols."* On the basis of PM3 conformational analysis of 2-cyclohexen-1-
ol derivatives, they suggested a value of ca. 137-139° as the most favorable one for the association between the
allylic hydroxy group and the dioxirane in the transition state. Transition structure syn,exo-3a with its OC,C,Cz
=135.9° fullv onﬁrmq their suggestlon

involving the peroxide oxygens is present also in epoxidations of allylic alcohols by peroxyacids. Very recently
Bach ef al* located on!" two TSs for the reaction of propenol with peroxyformic acid. In both of them hydrogen
bonding involves only the carbonyl moiety of the peroxyacid. We also investigated the same reaction and were
able to locate five TSS in wddltl(m to those characterized by Bach ef al. Geometries and energies of two of them
provide support for the hypothesis that hydrogen bonding involving the peroxide moiety of the peroxyacid is

operative. We will refer on these results in due course.

Activation free enthalpy of propenol vs propene epoxidation by DMD

Geometries of syn,exo-3a-b transition structures demonstrate that hydrogen bonding can be at work in the
epoxidation of allylic alcohols by dioxiranes and that this stabilizing interaction leads to a substantial decrease in
the potential energy of the system (by = 25 kJ mol™ in syn,exo-3a, syn,exo-3b vs anti,exo-3c¢ and anti,exo-3a).
Hydrogen bonding, present in syn attacks, gives rise to more ordered TSs (syn,exo-3a and syn,exo-3b) and this
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i1s reflected in their iower entropy (by 17-21 J moi* K, Tabie 6) with respect to anti TSs.

_______ P By ~en o L g e o -
The propenol and propene epoxidations with DMD can be taken as reasonable computauonal modelis for
acyclic allylic alcohols and related olefin whose DMD epoxidation rate has been measured. As a consequerce it

as
is of interest to compare their reaction rate constants (relative as well as

predmted hv calculationsg

—

?\“

The computational reaction rate constant in the case of 2-propen-1-0l is given by: +

of given by: Kepparent = NiaKsynexo-3a
b Koyn.exo-3b + Mia Kantiexo-3a T Dic kgg._.,‘;;;_w.sr ... (nisthe molar fraction of the propenol conformer and k its reaction
rate constant via the indicated TS*'). In fact equilibration between propenol conformers is certainly very fast,
relative to epoxidation rate,*” so that we are in the presence of a Curtin-Hammet system **

The apparent gas phase reaction rate constant thus evaluated (neglecting other reaction pathways which
give a negligible contribute to reaction rate) is: keypp= 1.3 10 L' mol s at 298 K corresponding to AG” app. =
95.19 kJ mol”'. This means that propenol is predicted by calculations much more reactive than propene (AG™ =
104.14 kJ mol” and Kapp. = 3.5 10° L' mol s' at 298 K)l7 in striking contrast to the experimental results by
Baumstark er a/ ' and Murray et al.” which indicate an enhancement in reactivity (ca. twice) on passing from
allylic alcohols (e.g., 3-methyi-1-penten-3-ol: AG" = 84.14 ki mol' and k =89+ 0.4 10° L mol™ s at 296 K)



Table 6. Electronic activation energies(AE")*, computed kinetic contributions to the thermodynamic properties® relative free enthalpy
(G..1) and calculated activation parameter® (at 298K) for the gas phase DMD cpoxidations.

Structwre  AE” ZPE" S s ¢ Gu __ AH™  AS™  AG™C
1a 224.26 239.66 290.41 153.05 0.00

ib 224.30 23941 287.23 153.76 0.54

ic 223.13 238.86 292.84 151.54 6.36

DMD 232.96 250.16 300.49 160.54

TS

syn,exo-3a 49.12 460.95 491.41 414.93 367.69 0.00 53.18 -141.08 9531
syn,exo-3b 52.42 459.70 490.74 422.79 364.68 0.12 5607 -130.04 9489
anti.exo-3a 72.63 458.15 490,28 436.81 360.03 15.86 75.56  -119.20 111.17
anti.exo-3¢ 68.62 457.06 489.65 440.78 35823 17.91 7171 -117.65 106.86

*Evaluated with respect to the corresponding ground state propenol conformer.

"Harmonic approximation assumed; standard state (298K) of the fugacily scale (pure perfect gas at 1 atm): energies in kJ/mol and
entropies in J/mol K; ZPE: zero point energy, SH, 8G are the kinetic contributions to molar enthalpy and free enthalpy (to be added
to electronic energy); S is the molar entropy; symmetry numbers used to calculate entropy are ¢ = 2 for dioxirane and o = 1 for 2-
propen-1-o0l conformer and all of the transition structures

“Energies in kJ/mol, entropy in J/mol K; standard state (298K) of the molar concentration scale (gas in ideal mixture at 1 mol/L,
P=1 atin). AH, AG™ are the miolar activation enthalpy and {ree enthalpy, AS™ is the miolar activation entropy. For conversion from 1
atm standard state to 1 mol/L standard state (both for gas phase) the following contributions need to be added to standard enthalpy.
free enthalpy and entropy, respectively: -RT, RT In R’T, -R In R’T - R, where R’ (0.082) is the value of the R constant given in L
atm/mol K. For a rcaction with A + B = C stoichiometry at 298 K, the corrections for AH", AG” and AS® (RT, -RT In R'T, R InR’T

4D ragrants v amamnnt 4 ) AT and 7 Q5 LTmaal and 14 QO T/maal 7 rasmantivaly
+ R lbapbbll\rbly} amiGuny 0 2.4/ ana -/.55 Ky/mil1 ana 54.67 41101 K lbapbbuvbly

Table 7. Solvent effect (kJ/mol) on free enthalpy (8G” ), activation free enthalpy (8AG™ ) and comparison between the
corrected theoretical [AGgas and AG”, (apparent) at 298 K] and experimental _(AG’QXE, at 296 K) data for DMD epoxidations.

TS AGg  AG, G o™ Gy OAG M AGW  AG AG o
(apparent) ; , . (apparent)

svnexo-3a 9531 -4142 272 -7.41 87.91

syn.exo-3b  94.89 95.18 -4427 000  -10.00  84.89 86.32 84.14

antiexo-3a 111.17 -54.06 594 -2004 9113

aiiti.exo-3¢ 106.86 -50.46 11.59 -15.15 91.71

4 10431  104.14°  -4238 -25.23  79.08 78.95¢ 82.51

Elcctrosranc solvent effect accordi ngto Tomasi model (acetone, £ = 21) at
® 1a, 1b. and 1c: 3Gy, = -17.11, -16.86 and -18.16, respectively: Gy o = 0

DMD: 8G,,, = -17.15.

¢ AG’,, includes the & AG,, correction (AG™,, = AG" + 8 AG ).

i1t includes contribution of endo TS.

v LEIEL sol T 5ol T jas

the
.00, 9, 5.31, respectively; propene: 8G;, = -3.47;

_BBI YP/6-31G* level of theory; 8 G =G -G
0.7

to the corresponding alkenes (e.g., 3-methyl-1-pentene: AG” = 82.51 kI mol and k = 17.4 + 0.4 10> L mol s
at 296 K), however in acetone solution.

Given that B3LYP calculations seem to perform quite well in reproducing relative reactivity in dioxirane
epoxmauon 7 we suggest that [l'llb dramatic reversal ll'] relative reacuvuy on paSSmg [TOHI computanon io

avnarimant chnnld ha attrihiitad tA cnluntinn affanta
\/AlJbl 1HIICEIL DHUUIU UL QLU IUULUOU LU DU VAativll GLLIUULD.

In fact, it is quite evident that the DMD (u = D) epoxidation of propene (u = 0.36 D) should take
advantage from a strong solvation of the polar transition state (i.e., 4, u = 4.76 D) which overcomes that of

reactants. This reasoning is supported by introduction of electrostatlc solvation effects through the Tomasi
model by single point calculations: a remarkable decrease in activation free enthalpy of DMD epoxidation of
propene (8AG . = 25.2 kJ mol™, in acetone, Table 7)'"is observed.

In the case of propenol epoxidation solvation effects on activation free enthalpies should be less
pronounced because also propenol conformers are significantly stabilized by solvation. In fact, solvent



stabilization of TSs with respect to reactants (SAG ;. Table 7) are 15.1-20.1 kJ mol' for the anti TSs and 7.5-
10.0 kJ mol" for the syn TSs. This means that on the basis of activation free enthalpies corrected for
electrostatic solvation effects propene should be oxidized by DMD faster (AG”.pp = 78.95 kJ mol™ and ko, =
9.1 102 L mol” s at 298 K) than propenol (AG”,p, = 86.31 kJ mol™ and k., = 4.7 107 L mol s” at 298 K) in
acetone solution. Even a very crude evaluation of solvation effects seems to substantially reconcile
computational results on relative reactivity of allylic alcohols vs related alkenes with experimental data.

interactions are possible in the epoxidation of allylic alcohols with dioxiranes. Both the oxygen atoms of the
dioxirane are involved in these interactions: not only the distal oxygen but also the proximal one. Transition
structures with hydrogen bonding interactions show potential energies which are lower by > 25 kJ mol™ than that
of TSs in which hydrogen bonding is absent while, consistently, entropies of the former TSs are lower than those
of the latter ones.

Calculations indicate that the electron attracting effect of the allylic hydroxy group has a relative small rate
retarding effect. A much higher reactivity of propenol with respect to propene in gas phase is predicted by
calculations but introduction of electrostatic solvation effects (acetone, Tomasi model) leads to a reversal of
reactivity in substantial agreement with experimental data.

. Curci, R.; Fiorentino, M.; Troisi, L.; Edwards, J. O ; Pater, R. H. J. Org. Chem. 1980, 45, 4758.

. Murray, R. W, eyarama R,; Mohan, L. Teirahedron Leti. 1986
; bl)
¢ A

O 1
o
o
£ E
"s
c
§ <
Q

2800

7. Adam, W.; Hadjiarapoglou, L., Bialas, J. Chem. Ber. 1991, 124, 2377.

8. Adam, W_; Hadjiarapoglou, L.; Bialas, J. Topics in Current Chemistry 1993, 164, 46.

9. Murray, R. W.; Daquan Gu J. J. Chem. Soc. Perkin Trans. 2 1993, 2203,

10. Baumastark; A. L.; Vasquez, P.C. J. Org. Chem. 1988, 53, 3437.

11. Murray, R. W; Singh, M_; Williams, B. L.; Moncrieff, H. M. Tetrahedron Lett. 1995, 36, 2437.
12. Murray, R. W.; Hong Gu J. Phys. Org. Chem. 1996, 9, 751

13. Adam, W_; Smerz, A. K Tetrahedron 1995, 51, 13039.

4. Adam, W.; Smerz, A. K. J. Org. Chem. 1996, 6/, 3506
5

i

TE Tamen oA s o4 Pt o sqaam 7710 1A00A

123, Jenson, l_ 5 l’lOUK K.INL Jorgensen W. L JoAmM. Lhaem. dOC. 133/, 117, 1L98L.

16. Houk, K. N Liu, J.; DeMello, N. C.; Condroski, K. R..J. Am. Chem. Soc. 1997, 119, 10147

17 Ciandnl R  Frorecarn M - Qar -_Am-x A NM - DR BRagtalli Tosfernhodrn 1008 §4 A197

17 A e S I AT R v Vv AV N lVl,1 x_)alLl AMHAUL, VI IN. INGOLUIL (ST WICUIr v L. 770, J”" VidLJd.

18 Bach. R. D: Glukhovtsev. M. N yonzales C - Marauez M Estevez C M : Raboul A G- Schlegel
1 G, D2aull, N L7, IR LVISCV, Vi N ASVNLGITS, .y VAGIYUTL, VR, ALSCV UL, UL VAL, 2avVu, 3RS, Sviulall,
H B .J Phys. Chem. A 1997 101 60‘92

A R TiRARe S8 2SS0, SIS, WV A&

19. Bach, R. D.; Andres, ... Owensby, A. L..; Schlegel, H. B; McDouall, J. J. W. J. Am. Chem. Soc.
1992, /14, 7207.



12336 M

LL220

™y

vi. rreccerc et ai.

20 Kraka, E.; Konkoli, Z.; Cremer, D.; Fowler, J.; Schaefer IIl, H. F. J. Am. Chem. Soc. 1996, 118,

10595.

21. Gutbrod, R.; Schindler, R. N.; Kraka, E.; Konkoli, Z.; Cremer, D. Chem. Phys. Lett. 1996, 252 221

22. Singleton, D. A ; Merrigan, S. R.; Jian Liu; Houk, K. N. J. Am. Chem. Soc. 1997, 119, 3385

23. Miaskiewicz, K; Smith, D. A. J. Am. Chem. Soc. 1998, 120, 1872

24. Becke, A. D..J. Chem. Phys. 1993, 98, 1372

25. Lee, C.; Yang, W ; Parr, R.G. Phys. Rev. B 1988, 37, 785.

26. Gaussian 94, Frisch, M., J.; Trucks, G. W.; Schiegel, H. B.; Gili, P. M. W_; Johnson, B. G.; Robb, M.
J

B g T . et . PUpE . o emd e e PR R, P P I,
A.;, Cheeseman, J. R ; Keith, T.; Peterson, G. A; Montgomery, J. A.; Raghavachari, K ;Al-Laham, M. A ;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A ;
Challacombe, M.; Peng, C. Y., Ayal la P. Y., Chen, W.; Wong, M. W.; Andres S;

Gompert, R, Mamn, R L; me D J Bmklev 1 S: Defrees D. J.. Baker, 1;
Gordon, M.; Gonzales C.; Pople, J. A. Gaussmm Inc.: Plttsbu,,rg,hﬁ PA, 1995,

27. Deviation from 90° may be the conseguence not only of dioxirane plane tilting but also of rotation of
this plane about O5-O4 axis. The former effect is largely dominant in the reported structures.

28. Rastelli, A.; Bagatti, M.; Gandolfi, R. J. Am. Chem. Soc. 1995, 117, 4965.

29 Miertus, S.; Tomasi, J. J. Chem. Phys. 1982, 65, 2392.

30. Miertus, S.; Scrocco, E ; Tomasi, J J. Chem. Phys. 1981, 55, 117.

. Coitino, E. L.; Tomasi, J.; Ventura, O. N. J. Chem. Soc. Faraday Trans. 1994, 90, 1745.

(98]
—

32. Tomasi, J.; Persico, M. Chem Rev. 1997, 94, 2027.

33. Kahn, S. D.; Hehre, W_ J. Tetrahedron Lert. 1985, 26, 3647.

34. Smith, S.; Carballo, N.; Wilson, E. B.; Marstokk, K. M ; Mollendal, H. J. Am. C# Soc. 1985, 107
1951.

35 Morokuma, K.; Wipft, G. Chem. Phys. Lett. 1980, 74, 400.

36 Minisci, F; Bravo, A ; Fontana, F; Fronza G;Zha@L J. Org. Chem. 1998 63, 254.

37. Adam, W, Curci, R.; D’Accolti, L.; Dinoi, A.; Fusco, C.; Gasparrini, F; Kluge, R.; Paredes, R ;

Schulz, M ; ‘Smerz A K Veloza L. A; Weinkotz, S.; Winde, R. Chem. kur. J, 1997, 3, 105.
38. Hehre, W. J; Radom, L, Sch]eyer, P. vR; Pople, J. A. Ab initio molecular orbital theory Wiley-
Interscience 1986, 25

39. Mulliken charge distribution in TSs 2 and 3 is similar to CHELPG one. For example, charge transfer
from propenol to DMD, evaluated on the basis of Mulliken partition is -0.31 and -0.33 in syn,exo-2a and
syn,exo-2b, respectively, vs -0.29 and -0.32 on the basis of CHELPG partition. Also atomic net charges on
DMD oxygens are similar in the two methods (Mulliken vs CHELPG, respectively: on O,: -0.37 vs -0.30
in syn,exo-2a and -0.38 vs -0.37 in syn,exo-2b; on Os: -0.47 vs -0.49 in syn,exo-2a and -0.49 vs -0.51 in
syn,exo-2b).

40. Bach, R. D ; Estévez, C. M_; Winter J. E.; Glukhovtsev, M.N. J. Am. Chem. Soc. 1998, 120, 680.
41. For sake of simplicity only the three conformatlons 1a, lb and 1c of pmpenol were considered for the
hiatinn nft Ty n 1 nta

42 Barrier to rotations about Csps;-Csp; as well as Csn3-Csp, single bonds in simple derivatives are lower

UL a3 a ad _-r w2 wa Qi

than 21-25 kJ mol”. For example in n-butane the highest energy conformation, that one which features
eclipsing of the two methyl groups, is 21 kJ less stable than the lowest energy anti conformation,***

43 Eliel, E. L.; Wilen, S. H. Stereochemistry of Carbon Compounds Wiley, New York, 1994, Chapt. 10
44 Allinger, NL.; Grev, R.S.; Yates, B.F.; Schaefer IIl, H F..J Am. Chem. Soc. 1990, 112, 114.

45 Seeman, ). 1. Chem. Rev. 1983, 83, 83,



