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Spiro versus Planar Transition Structures in the Epoxidation of Simple Alkenes. A
Reassessment of the Level of Theory Required
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Receied: February 14, 2003

High level ab initio and CASSCF calculations on the transition structure for the peroxyformic acid epoxidation
of ethylene have been carried out to distinguish between a spiro versus a planar orientation of the peracid.
The optimized spiro CASSCF (12,12)/6-8G(d,p) transition structure (Figure 1a) is a first-order saddle
point that is 4.0 kcal/mol lower in energy than the corresponding planar TS after correction for dynamic
correlation [CASSCF(MP2)]. The planar TS is 11.5 kcal/mol higher in energy than an unsymmetrical spiro
TS. A RSPT2 (6,6)//CAS(12,12)/6-31G(d) correction also favors the spiro TS by 5.3 kcal/mol. Single-point
calculations on the spiro and planar CASSCF (12,12)/63(d,p) transition structures at the UB3LYP,
UQCSD(T)and UBD(T) levels favor the spiro symmetrical TS by 9.0, 7.9, and 5.4 kcal/mol {#&8&4,p)].

The objective choice of the active space is demonstrated to be critical to the transition structure obtained.

Introduction There has also been some controversy over the symmetrical
versus asymmetrical approach of the peroxyacid to theCC

Thg transfer of oxygen atoms to carbﬂmrbon.doub!e bonds ~ double bond. Second-order MoltePlesset theory (MP2) was

remains one of the most important reactions in organic ysed initially for most ab initio calculations involving -€D

chemistry’-> The mechanism of the peracid epoxidation of pond cleavage and seemed to provide adequate energetics for

alkenes, a subset of this class of reactions, has been the subjegfch epoxidation reactiofid%2The MP2 method, however, gave

of both experimental and theoretical study for many years. More gp, unsymmetrical structuirfewhere the two developing €0

than 50 years ago, Bartlett propoded mechanism where the  ponds were of unequal length 4@ =1.805 and 2.263 A) that

terminal oxygen atom of the peroxy acid was transferred to the was 0.2 kcal/mol lower in energy than a symmetrical spiro

carbon-carbon double bond with simultaneous transfer of the structure (a second-order saddle po}PﬂMore h|gh|y correlated

proton of the peracid to the carbonyl oxygen. This was the methods (QCISD, CCSD, and CCSD(T)) however, gave very

accepted mechanism for many years and became known as theymmetrical spiro transition structures with synchronous forma-

“butterfly mechanism” because of its shape. We are not aware tion of the developing €O oxirane bonds for symmetrically

of the actual origin of this term but it was not in the original substituted alkene$® This controversi?11.12was rather short-

lecture delivered at Wayne State Universityin our earlier Jived since more efficient density functional calculations (DFT)
theoretical studies, we found that the plane of the peroxyacid came into general use and produced symmetrical spiro transition
moiety preferred to be perpendicular to thesC bond axis;  structures, and consequently, the use of MP2 theory f6©O

we coined the term “spiro transition stetéd describe the local  bond cleavage reactions has been largely discontinued. Most
tetrahedral environment about the attacking electrophilic oxygen have assumed that this problem was behind us.

atom. In an idealized spiro orientation, the-B—C—C dihedral A recent report by Leszcznski and co-workers has called both
angle is 90.0. During the past decadewe have continued to  the preferred transition structure for peracid epoxidation and
describe various aspects of the epoxidation reaction and havethe use of DFT calculations for such reactions into question.
reported the activation energies for numerous epoxidation Based upon a series of CASSCF calculations including the
reactions; the spiro orientation, with symmetrically substituted CASSCF(12,12)/6-31+G(d,p) level, they suggest a nearly
alkenes, has always been of lower energy than a planar approaciplanar orientation of the peroxyformic acid relative to the
where the peroxyacid is parallel with the=C bond axis ethylene double bond (first-order saddle point). It was concluded
(<H—0—C—C=0.0°). The preferred spiro approach is thought that the electronic structure of this TS could only be described
to be due to a small back-bonding interaction of the distal correctly by quantum-mechanical methods that are based upon
oxygen lone-pair of electrons with the=€C s* orbital. This multideterminantal approaches. We have reexamined this ques-
favorable electronic interaction is maximized with a tetrahedral tion at several levels of theory and remain convinced that the
array around the developing oxirane oxygen and is “turned off” spiro orientation is in fact the preferred approach for alkene
in the planar transition structure. However, these energy epoxidation with peracids and that the B3LYP variant of DFT
differences have also been reported by other grodps be calculations remain a useful and reasonably accurate method
relatively small, and it is has been almost universally assumed of choice for such studies.

that the spiro TS is operating. Recent experiméntahd

theoretical® studies involving sterically encumbered alkenes also Computational Methods

suggest that the spiro TS is favored over a planar one. Molecular orbital calculations using density functional theory
(DFT) method*, quadratic configuration interaction restricted
*To whom correspondence should be addressed. and unrestricted procedures [QCISD and QCISD{dJand
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Brueckner theors#c¢ [BD(T)] were performed with the Gauss-
ian 98 packagé® The Becke three-parameter hybrid func-
tional 1617 combined with the Lee, Yang, and Parr (LYP)
correlation functionat® denoted B3LYP? was employed in the
calculations. Geometries were optimizédt the B3LYP and

1.904 A
QCISD levels using the 6-31G(d), 6-8G(d,p), and 6-314G- 15 1991 A
(3df,2p) basis sets (the latter was used only for the B3LYP @o i @9 1o1cr.c2-535
optimizations). The CCSD(T) calculations have been performed HOL-CHE2 =22 .
using the ACES Il prograf that implements the coupled- 2024 A 2465A 181

cluster and many-body-perturbation-theory methods. The CASS- —

CF theory?2was used as given in the GAMESS progréh. .==Q¢°=.

Multireference second-order perturbation theory corrections to

the CASSCF wave function were also implemented mostly with (a) sym-spiro TS (b) unsym-spiro TS
the GAMESS? program and in part (multireference RS

perturbation theory, RSPT2) using the MOLPRGuite of

programs. The stationary points on the potential energy surfaces

were characterized by calculations of vibrational frequencies —

at the level of theory used in the geometry optimization. 2.045A

&z-qo H-01-C1-C2 =-0.2 °

2611 A 1.877 A

Results and Discussion

(a) CASSCF Calculations.In an earlier paper, we carried

out a thorough systematic comparison of B3LYP density ‘oyﬁ
functional theory with higher computational methods including
QCISD, CCSD, CCSD(T), and CASSCF methdfis.We () planar TS

concluded that the preferred orientation for peracid epoxidation Figure 1. Three transition structures for ethylene epoxidation with
of symmetrically substituted alkenes was the symmetrical spiro peroxyformic acid optimized at the CASSCF(12,12)/6+&(d,p) level
approach € H—O—C—C = 90.0°) albeit that the potential  ©f theory.
energy surface for the approach of the peracid was soft. The ) ] o
choice of the active space proved to be crucial in defining the character as previously noté®.The most important excitation
geometry of the TS for CASSCF calculations. Although a UNO i transfer of electron density from the ethyleméond to the
analysis suggested that only four electrons and four orbitals were?” o1-o2 orbital. This HOMO-LUMO interaction, based upon
active, with only two virtual orbitals (4,4), we got a highly simple frontier molecular orbrgal theory, was postulated |n|_t|aIIy
unsymmetrical TS that was similar to that obtained at the MP2 some 25 years agoThe TS is nearly perfectly symmetrical
level1! Even when the space was extended to 14 electrons in@nd spiro with an HO—C—C dihedral angle of 895
10 orbitals (14,10), reoptimization of the geometry still led to C1—0O1=2.024 A c2o01= 2.063 A; its overall geometry
a highly unsymmetrical structure. It was only when we included iS remarkably close to that derived from QCISD, CCSD, and
in the virtual space botly and z orbitals of the G-C—0O B3LYP calculations®
fragment that we got a symmetrical transition structure with a  Using a slightly modified active space (Figure 2S in the
CASSCF(10,10). Supporting Information), we located another first-order saddle-
The present CASSCF calculations are based largely upon apoint, spiro TS (Figure 1by; = 752.3I cn?) but with an
set of six filled orbitals and six virtual orbitals in the active asymmetric approach. The TS deviates somewhat from spiro
space (12,12) and are performed with the relatively flexible With an H-O—C—C dihedral angle of 53’C1-01= 1.813
[6-31+G(d,p)] basis set. These orbitals were chosen by exami- A, C2—01= 2.466 A). Its orbital occupations were: 1.94, 1.94,
nation of the molecular orbitals derived from UHF calculations. 1.87, 1.96, 1.94, and 1.72 and 0.31, 012, 0.10, 0.05, 0.03 and
We used the aforementioned CASSCF(10,10)/6-31G(d) geom-0.02 electrons. This TS has an even more pronounced diradical
etry and orbitals as a starting point and reoptimized the TS at c_haracter due to about one-half an electron excitation to the
the CASSCF(10,10)/6-31G(d,p) first. As the geometry opti-  Virtual space.
mization proceeded, several orbitals were rotated until we got We were also able to locate a planar TS similar to the one
what we considered to be the best choice based upon chemicateported by Leszczynski et &.Starting with a highly unsym-
intuition and our past experience with this ¥8The optimized metrical spiro MP2 optimized structdfé!! and using the
spiro CASSCF (12,12)/6-31G(d,p) transition structure (Figure  CASSCF(6,6) approach, we located a nearly planar TS with a
1a) is a first-order saddle point;(= 550.1I cnT?). It includes 6-31G* basis set using the Gaussian 98 protédedlhe active
all of the orbitals from the previous CASSCF(10,10) calculation space was expanded to (8,8), and then using GAMESS and a
[ orbitals of ethylene, 0102, and O2-C—03; o orbitals of 6-31+G(d,p) basis set, we arrived at a CASSCF (12,12) planar
01-02 and Ot-H; and an oxygen lone pair [Ip(O1)] plus their TS (Figure 1c) with an HO—C—C dihedral angle of-0.2°.
antibonding counterparts] with an addition of the bonding The active space for this planar orientation differs from that of
combination of a diffuse s orbital at O1 ancrg- orbital. The the symmetrical and unsymmetrical spiro TSs (Figure 3S in the
most active molecular orbitals of that TS are discussed below Supporting Information) mainly by the absence of any contribu-
in connection with other transition structures found while the tion of an oxygen lone pair [I[p(O1)]. This is in logical agreement
complete set of orbitals is given in the Supporting Information, with the suggestion that the distal oxygen lone-pair of electrons
Figure S1. The orbital occupations for the 12 orbitals are 1.99, interacting with the &C x* orbital is the most important
1.97,1.90, 1.93, 1.96, and 1.89 and 0.17, 0.09, 0.03, 0.03, 0.02 electronic interaction responsible for the spiro orientation. The
and 0.02 electrons. Excitation of 0.36 electrons into the virtual orbital occupations are 1.98, 1.97, 1.98, 1.95, 1.87, and 1.53
space clearly suggests that this spiro TS has some diradicaland 0.53, 0.08, 0.05, 0.02, 0.03, and 0.02 electrons. Thus, the
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planar TS is close to becoming a diradical with 0.73 electrons TABLE 1: Most Active Molecular Orbitals (from HOMO -3

in the virtual space. Lesczcynski et!dlalso reported a high %;r%moon+53t)rusc(telljergtse?ozrgm;|r§r1 Qcégfxigﬁgisvﬁwhree
depopulation of the HOMO (0.47 e) and occupation of the Peroxyformic Acid Optimized at the CAS(12,12)/

LUMO (0.54 e) for this radicaloid planar transition state. We §.314+G(d.n) Level of Theor?
did arrive at slightly different C+O1 and C2-O1 distances
(C1-01=1.877 A, C201=2.611 A vs C+01=1.761

A, C2—01 = 2.505 A), which could be the result of slightly
different basis sets [6-31G(d,p) versus their 6-31+G(d,p)]

and active space. The single imaginary frequencies for the TSs
are comparable since we observg & 851.21 cnt! compared

to their 8711 cnT?. This series of CASSCF calculations clearly
demonstrate the subjective nature of choosing the active space
and how relatively small changes can dramatically affect the
outcome.

To get a better idea how the choice of active space affects
the approach of peroxyformic acid attack on the ethylene HOMO-I
molecule, we summarized the most active 4 occupied and 4
virtual orbitals selected from the active spaces of three
CAS(12,12)/6-3%G(d,p)-optimized TSs (Table 1). The com-
parison of the HOMOs (antibonding combination/of. and
001-02) suggests that it's occupation decreases with a decrease
in symmetry, minimizing in the case of the planar TS. The next
to the highest occupied molecular (HOMQ) orbitals, (which
are all bonding combinations af.—; andoo;1-02) have almost
identical occupations. The significant qualitative differences
between these three TSs starts with the (HOMRD orbitals.
In the case of the symmetrical spiro TS, (HOMQ) is a HOMO-3
combination ofm.—. and Ip(O1), whereas the unsymmetrical
spiro TS has a bonding combinationa@$,-c3-03 and Ip(O1).
In both cases, the occupation is identical, 1.93 electrons. In the
planar TS, (HOMG-2) has a slightly higher occupation (1.95),
and it does not contain any contribution of Ip(O1); it is an
antibonding combination of Ip(02) andos-c3. Interestingly, LUMO
the (HOMO-3) of the symmetrical spiro TS still has a
contribution of the Ip(O1) thereby providing a nearly perfect
symmetrical approach. In the unsymmetrical spiro TS, (HGMO 017 (47% of *virtual® 032 (50% of “virtual"™ Hﬁif.:ﬁuﬂimm
3) is replaced by the orbital of the C3-0O2 bond. (HOMG- electrons) electrons)
3) of planar TS isvo1-n- :

The two lowest virtual orbitals [LUMO and (LUM®1)] are
all of similar character (with the largest contribution from
0*01-02). The quantitative difference between the spiro and UMO+
planar approaches becomes apparent when you analyze thi
distribution of electrons over the virtual space. In both spiro
TSs, about 50% of electrons in the virtual space reside on the
LUMO, whereas 72% of the virtual electrons belong to the
lowest unoccupied orbital in the planar TS. The (LUMO)
orbital of unsymmetrical spiro and planar TSs has ttie-¢ LUMO+2
orbital as a major component. In the case of the symmetrical
spiro TS, the combination of the Ip*(O1) witl* .—. character-

A
a2
izes this virtual molecular orbital (with about 25% of the overall ._“'
o

orbital sym-spiro TS unsym-spiro TS planar TS

HOMO

HOMO-2

012

0.10 0.05

virtual orbital electron population) thereby suggesting again the

decisive role of the transferring oxygen lone-pair orbital for both

symmetrical spiro approaches. Interestingly, the unsymmetrical !

spiro TS has the most highly occupied (LUMQ) [7* 03-c3-02] o

and (LUMO+3) [0* c3-02] orbitals of the three TSs. The sum 0.03 0.05 ¥ 0.03

of electron occupation for (LUM®2) and (LUMO+3) is about aThe numbers given with each orbital are corresponding electron

25% of the virtual orbital electron population, which emphasizes occupations.

the importance of the virtual orbitals of the OCO moiety in  «orhjtal activity” is focused on the two highest occupied and

stabilization of the unsymmetrical structure. two lowest virtual orbitals. It is essential for the spiro approach
The present comparison of the MOs and their occupations that the renowned oxygen lone-pait* interaction be included

given in Table 1 clearly demonstrates the necessity for at leastin the active space.

8 active orbitals and 8 active electrons for the location of spiro A comparison between the total energies of the spiro and

TSs. Otherwise [CAS(4,4) and CAS(6,6)], optimizations will planar TSs that we have found is also informative. Indeed, the

collapse to the planar transition structures because the greategplanar TS is lower in energy than both the symmetrical and

UMO+3

' X ? # P e T &

-
G
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Figure 2. Selected structures from IRC calculations on the symmetrical spiro peroxyfomic acid/ethylene TS at the B3L¥B(6;p) level.

Structures a and d are extreme points of the IRC calculation (reverse and forward) representing geometries close to reactant and product. Structures
b and c represent the TS (saddle point of first-order) and one of the intermediate points (between the TS and an end-point structure before the
1,4-hydrogen migration to the carbonyl oxygen) of the IRC directed to the product.

TABLE 2: CASSCF(e,0)/6-3HG(d,p) Total Energies Ert, TABLE 3: Relative Energies (kcal/mol) of the

a.u.), Imaginary Frequencies (im.freq., cn?), the CASSCF(12,12)-Optimized TSs for the Epoxidation of
CASSCF(e,0)/6-31+G(d,p) Energies with MP2 Dynamic Ethylene with Peroxyformic Acid Derived from Single-Point
Correlation Corrections (CAS(e,0+MP2) and Relative Energy Corrections Using Different Methodst

Energies (B, kcal/mol) of Three Transition Structures for
Ethylene Epoxidation with Peroxyformic Acid Optimized by
Using Different Active Space3

sym-spiro  unsym-spiro planar
method TS TS TS

; UB3LYP/6-31H-G(3df,2p) 0.0 4.6 9.0
(e,0) TS Erot im.freq CAS(e,0fMP2 Eg CCSD(T)/6-31G(D) 0.0 50
10,10 planar —341.67508 804.91 —342.50146 4.2 UCCSD(T)/6-31G(D) 0.0 9.0
10,10 sym-spiro —341.66296 638.71 —342.50188 3.9 BD(T)/6-31G(D) 0.0 6.0
10,10 unsym-spiro —341.65515 803.4] —342.50813 0.0 BD(T)/6-311H-G(d,p) 0.0 14 5.4
14,11 sym-spiro —341.64724 786.8] —342.51743 5.8 UCCSD(T)-FC\6-3%+G(d,p) 0.0 8.8
14,11 unsym-spiro —341.65642 779.41 —342.52493 0.0 RCCSD(T)-FC\6-3+G(d,p) 0.0 4.9
12,12 planar —341.71510 851.51 —34250200 11.5 UQCISD(T)-FC/6-33-G(d,p) 0.0 4.4 7.9
12,12 sym-spiro —341.69961 550.11 —342.50829 7.5 RSPT2 (6,6)/6-31G* 0.0 5.3

12,12 unsym-spiro —341.69567 752.31 —342.52030 0.0 )
ym-sp 2The numbers in bold are calculated for the CASSCF(12,12)/
2*"e” is the number of electrons and “0” is the number of orbitals in  6-31+G(d,p)-optimized TSs; plain numbers correspond to CASS-
the CASSCF active space. CF(12,12)/6-31G(d)-optimized structures.

unsymmetrical spiro TSs by 9.7 and 12.2 kcal/mol at CASS- support the contention that the spiro approach is favored in this
CF(12,12)/6-3%G(d,p) [compare total energies given in Table epoxidation reaction. With all methods, the symmetrical spiro
2, 3rd column]. However, as it is well-known, such total energies TS exhibits the lowest total energy, whereas the planar structure
can vary markedly with the chosen active space. The planaris the least stable.
TS is clearly a diradicaloid, and the CASSCF method tends o The peroxyformic acid/ethylene TS located with the CCSD
overemphasize the diradical character (and stabilize the planarnjeihodo also gives a symmetrical spiro structure. Geometry
TS). The CASSCF model is designed for recovering the effects optimization with the triples contributiofCCSD(T)] gave a
of static correlation, whereas the MP2 method provides a low- nearly identical spiro transition structure. Single-point calcula-
order description of dynamical correlation. tions of the spiro and planar (12,12) TSs (Table 3) with the
When we correct for dynamic electron correlation with single- CCSD/6-31G* and UCCSD/6-31G* methods favors the spiro
point CASSCF(MP2) calculations (Table 2yve find the TS by 5.0 and 9.0 kcal/mol. With the more flexible 6-3%(d,p)
unsymmetrical spiro TS to be 7.5 kcal/mol lower in enethgn basis set, these energy differences are essentially unchanged at
the corresponding symmetrical spiro TS, whereas the planar TS4.9 and 8.8 kcal/mol (Table 3). The Brueckner doubles (BD)
is the least stable TS in this series (11.5 kcal/mol higher than model is closely related to the QCISD and CCSD wave functions
the unsymmetrical spiro TS). but differs in that the contribution of the singles excitations is
CASSCF(MP2) calculations with active spaces (10,10) and eliminated and the orbitals relax in the presence of the dynamic
(14,11) also suggest that the unsymmetrical spiro TS is the correlation (double excitations). A BD(T)/6-31G* calculation
lowest-energy transition structure (Table 2). It should be noted on the (12,12) geometries suggested an energy difference of
that all of the MP2 energy corrected wave functions disfavor 6.0 kcal/mol (Table 3).
the planar TS. The CASPT2 calculations based upon a e also present an indirect argument for the well-accepted
CASSCEF(6,6) reference wave function for optimized structures spiro epoxidation mechanism. Intrinsic reaction coordinate (IRC)
at the CASSCF(12,12)/6-31G(d) level [RSPT2 correction using analysis for the spiro TS (B3LYP) clearly leads to the ethylene
MOLPRO] also suggest that the symmetrical spiro orientation epoxide (Figure 2). However, an IRC calculation on the
is favored by 5.3 kcal/mol (Table 3). CAS(6,6)/6-31G(d) planar TS (Figure 3) suggests that it does
To compare the stability of all three CAS-optimized transition not appear to be connected directly to the ethylene oxide product.
structures employing a common energy scale, single-point The product-like structure derived from the IRC analysis at the
energy calculations using several single reference methodsCAS(6,6)/6-31G(d) level is the 2-hydroxy ethyl cation H-bonded
have been performed (Table 3). We have performed single with the formate anion. This result may be due to an exaggera-
point calculations on this series of TSs using UB3LYP/6- tion of the stability of a diradical-like structure attributable to
311+G(3df,2p), UBD(T)/6-31%+G(d,p), and UQCISD(T)-FC\6-  the CASSCF method. When re-optimized from the end-point
31+G(d,p). These relative energies provide additional data to of the IRC calculation, this gas phase complex is only 6.4 kcal/
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Figure 3. Selected structures from IRC calculations on the planar peroxyfomic acid/ethylene TS at the cas(6,6)/6-31G(d) level. Structures a and
c are extreme points of the IRC calculations (reverse and forward) representing geometries close to reactant and product. Structures b and d
represent the TS (saddle point of first-order) and the final product (local minimum) optimized at the cas(6,6)/6-31G(d) level of theory.

mol lower in energy than the corresponding planar TS. The -'E_AB'-.E ‘tl.: C"?;Séitﬁat Activag?g Barrie;rsa.(k%u/_gml)éor_ the
o . : ; poxidation o ylene with Peroxyformic Acid in Spiro
epoxidation reaction leading to ethylene oxuSJIce has an overall 504 Planar Approaches onto the Alkene Optimized at the
heat of reacltlondof 48.? kcsl/;nol [GZ(29f8.°;)]5 'rl]'héere ;/sf no B3LYP/6-31+G(d,p) Level of Theory’
experimental evidence for the formation of a 1,2-hydroxyformate A " "
adduct under typical epoxidation conditions. Our best estimate, alkene AE(spiro) AE(planar) AAE
based upon existing information, is that the planar TS is not Etgy:)er;e ﬁ-g ig-g 32
connected to the anticipated ethylene oxide product! Thus, we .~~~ utene ; ' ‘
. . . - . . tetramethylethylene 7.9 9.7 1.8
remain convinced that the spiro orientation of the peroxy acid
epoxidation reaction is highly favored. 3 Barriers are relative to the isolated reactahf&nergy differences
(b) QCISD Calculations. Leszczynski et al. also reported a (AAE¥, kcal/mol) between spiro and planar transition structures are

" . . given in the last column. Planar structures are optimized with fixed
transition structure for the peroxyformic acid/ethylene TS atthe |5cc = o dinedral angle to produce saddle points of second order.

UQCISD level'? Starting from the initial RQCISD symmetrical  second imaginary frequencies (174.71, 76.11, and 521'dor ethylene,
structure, they obtained a highly unsymmetrical transition state E-2-butene, and tetramethylene systems) represent a twisting vibration
that had a spiro rather than a planar structure, This first-order of the peroxyformic acid between spiro and planar positions.
saddle point had a single imaginary frequengy= 8391 cnt?,
C—0 = 1.845 and 2.380 A} However, we were puzzled by ined several peroxyformic acid epoxidation transition structures
this result since we found that removal of the closed-shell with particular emphasis upon the spiro versus planar orientation
restriction and reoptimization of the symmetrical RQCISD/6- at the B3LYP level. The spiro transition structures were fully
31G* ethylene/peroxyformic acid TS at the unrestricted level optimized without constraint. The planar TSs were optimized
lead to a UQCISD structure with the same geometry and total albeit with the G=C and C=O bond or the &C and G-H
energy in a single gradient cycle. This suggests that the RQCISDbonds constrained to a 0.@dihedral angle. The energy differ-
solution for the spiro TS is stable2 ®r the exact ground-state  ences between the ethylee2-butene and tetramethylethylene
wave function is zero**20is 0.0). To examine this point  TSs at B3LYP/6-33+G(d,p) were 3.7, 2.6, and 1.8 kcal/mol
more closely, we took the unsymmetrical geometry reported (Table 4).
by LeszczynsKe generating the force constants and initial wave ~ These energy differences are relatively small and suggest that
functions from a single-point MP2/6-31G* (or UMP2/6-31G*) one should expect a lesser energy penalty for a planar-like
frequency calculation. In both cases, the symmetrical TS, approach as the carbewcarbon double bond becomes more
identical to the spiro RQCISD reported by us previolsiyas highly substituted. The tetra substituted alkene has a higher
located in about 20 and 30 gradient cycles. To re-produce theHOMO and a much earlier TS (longer developing G bond
unsymmetrical UQCISD TS reported by Leszczynski et al., we and a shorter 60).5¢ Alkenes strained by twist or-bond
performed a UQCISD reoptimization of our CASSCF(6,6)/6- torsion, such ag-cyclooctene, have TSs that deviate markedly
31G(d) planar transition structure using force constants from a (H—O—C—C = 52°) from the idealized spiro one, have a highly
UMP2 frequency calculation and the Gaussian 98 option asymmetric approach to the=€C, but yet can have a very low
guess= mix (mixing of HOMO and LUMO). After about 50 activation barrier AE* = 8.2 kcal/mol, B3LYP/6313G(3df,2p)//
gradient cycles, this lead to the highly unsymmetrical spiro TS B3LYP/6-314+G(d,p))>¢ Thus, too much emphasis should not
that was very close to that reported in ref 13 (Cartesian be placed upon the question of spiro versus planar orientations
coordinates and total energies are given in the Supporting because the peracid approach can be affected by a number of
Information). This structure however, has a large spin contami- geometric variables. This is especially true when more realistic
nation (B**20is 1.002) and its total energy is 4.3 kcal/mol substrates other than ethylene are considered. We reiterate, the
higher than that of the symmetrical transition structure. The PES for approach of the peracid to the=C double bond is
calculated activation barriers, from isolated reactants, for the typically quite soft.
RQCISD and UQCISD TSs are 25.0 and 29.3 kcal/mol. The  The classical activation barriers for the spiro (first-order) and
activation barriers are significantly reduced when corrected for constrained-planar (second-order) TSs for the epoxidation of
the triples contribution (18.8 and 25.8 kcal/mol). These data E-2-butene with peroxyformic acid only differ by 2.6 kcal/mol
are quite consistent with our earlier suggestion that the sym- (Table 4, B3LYP/6-3%+G(d,p)). Release of the planar constraint
metrical spiro approach is favored both on the grounds of leads directly to the first-order spif®-2-butene/peroxyformic
energetics and wave function stabilft}? acid TS. When the closed-shell restriction is released and both
(c) B3LYP Calculations. Finally, because the single refer- TSs are re-optimized at UB3LYP/6-315(d,p) they have
ence DFT method had been called into questione reexam- identical total energies with the RB3LYP calculations indicating




The Epoxidation of Simple Alkenes J. Phys. Chem. A, Vol. 107, No. 21, 2008305

that the restricted solution fdsoth TSs is stable. The planar CAS(0,e)/6-3%+G(d,p) levels of theory [Figures S1S3] with

TS is a second-order saddle point at this level with two o (number of orbitals) and e (number of electrons) varying from
imaginary frequenciesy( = 373l cntt and 571 cn1?). The 8 to 14, Cartesian coordinates, active spaces, and energies of
second imaginary frequency corresponds to rotation of the the CAS(12,12)/6-31G(d)-optimized planar and spiro sym-
peracid moiety toward a spiro orientation. However, on the metrical TSs; single-point corrections at the different level of
B3LYP surface, where the planar TS is second-order, this TS theories [Tables S1 and S2]. Cartesian coordinates and total
is connected to the epoxide and the attacking oxygen is bondingenergies [Table S3] of symmetrical and unsymmetrical TSs
to both alkene carbon atoms. An intrinsic reaction coordinate optimized at the QCISD-FC\6-31G(d) level of theory; B3LYP/
(IRC) analysis from the plandt-2-butene TS leads directly to  6-31+G(d,p) total energies [Table S4]. This material is available
the protonated epoxide with the proton being transferred to the free of charge via the Internet at http://pubs.acs.org
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