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Abstract Accurate “ab initio” calculations (MP2
method) were performed to outline the conformational
profile of a number of six-membered cyclic allyl epoxides
differing either in the nature of the cycle fragment (Y)
bound to the unsaturation, or in the substitution at the
endocyclic carbon bound to the epoxy ring and bridging the
epoxy ring with the Y fragment. In particular, we calcu-
lated structures 4 (Y=CH,), 5 (Y=0), 6 (Y=NH), 7 (Y=S),
8 (Y=CF,), 9 (Y=NH,"), 10 (Y=CO), 11 (Y=BH) and 12
(Y=NCOOH), where the fragment of the endocyclic carbon
bridging “Y” and the epoxy fragment is either non-
substituted (4a-12a) or bears a methyl side chain trans
(4b—12b) or cis (4c—12c¢) to the epoxidic oxygen. Saturated
analogs (Y=0 and Y=CH,) were also computed to test the
method and to evaluate the conformational profile in the
absence of the unsaturation. Minimum energy conforma-
tions were found which differ in the relative position of the
Y group and the epoxy oxygen, with respect to a plane
containing the epoxy ring carbons and the adjacent satu-
rated endocyclic carbon: they may be on the same side
(conformer A) or on opposite sides (conformer B). Con-
formers A are generally more stable. The conjugation
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effect of Y with the double bond lowers the barrier between
the two conformers to the extent that in a few cases only
conformer A is associated with a minimum of energy. On
the basis of the elongation of the allylic oxirane C—O bond,
we postulated the order of reactivity of epoxides 4-12 in
the oxirane ring-opening process, and a mechanism based
on the more reactive conformer A. A comparison was also
made between MP2 and DFT calculation methods.

Keywords Conformational study - Allyl epoxides -
Reactivity - MP2-DFT

1 Introduction

Allyl epoxides are valuable synthetic intermediates
undergoing addition of nucleophiles with high stereo- and
regiochemical control to provide unsaturated compounds
amenable in turn to further stereoselective elaboration [1].
In this connection, we recently found that diastereoiso-
meric D-galactal, p-allal and N-benzyloxycarbonyl-imino
(N-Cbz-imino) glycal-derived allyl epoxides (epoxides 1o
and 1f, as an example) undergo highly stereoselec-
tive glycoside bond formation by 1,4 addition of C- or
O-nucleophiles, to yield 2-unsaturated glycosides (pseudo-
gylcals) (Scheme 1) [2-5]. These compounds can be
further regio- and stereoselectively functionalized at the
double bond, to provide oligosaccharides which would be
difficult to obtain by direct glycosylation of the appropriate
mono- or oligosaccharides [6-9]. The approach could be in
principle applied to glycoside analogs in which the endo-
cyclic oxygen is replaced by another group such as CH,
CF,, C=0, S, N-R.

Conformational analysis is normally the starting-point
in the prediction or rationalization of the regio- and
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Scheme 1 Route of glycal-
derived epoxides to glycosides
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stereochemical outcome of reactions in a cyclic system, but
in the case of heterocyclic allyl epoxides, steric and ste-
reoelectronic factors, strain and conjugation combine in
such a complex way that traditional conformational ana-
lysis, as well as molecular mechanics, cannot be reliably
applied. In order to provide an accurate description of the
ground states of a number of potentially useful heterocyclic
allyl epoxides, and single out different factors contributing
to the complete conformational profile, we decided to
investigate structures 4-12 (Fig. 1), by means of the
“ab initio” MP2 method and to outline how a number of
molecular factors (dipole moment, torsional, steric and
electronic effects) affect conformations. One further reason
for performing these calculations is that the allyl epoxides
are in many cases (Y=0, Y=N-Cbz) not stable enough to

R, Y

p
2a R=H 3a R=H
Y=CH, 2b R =Metrans Y=0 3b R=Metrans
2c R=Mecis 3c R =Mecis

R

4a R=H 8a R=H
Y=CH, {4b R = Me trans Y=CF, 8b R =Metrans
4c R =Mecis 8c R=Mecis
5a R=H 9a R=H
5b R =Metrans Y=NH,* 19b R =Me trans
Y=0 5¢ R =Mecis 9¢c R=Mecis
5d R =CH,0OMe trans 10a R=H
5e R =CH,OMe cis Y=CO 110b R = Me trans
6a R=H 10c R = Mecis
Y=NH {ea R = Me trans 11a R=H
6a R=Mecis Y=BH 111b R = Me trans
7a R=H 11c R =Mecis
Y=8 7b R =Me trans 12a R=H
7c R=Mecis Y=NCOOH j12b R = Me trans
12c R =Mecis

Fig. 1 Epoxides derived from six-membered cyclic systems
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allow accurate conformational analysis by spectroscopic
methods.

As can be seen, structures 4—12 differ in the nature of the
“Y” fragment of the cycle bound to the unsaturation. “Y”
was allowed to vary among groups with different electronic
demands, they include: saturated groups with different
inductive effect such as CH,, CF, and NH," (compounds 4,
8 and 9, respectively); electron-deficient groups such as BH
and C=0 (compounds 10 and 11, respectively); electron-
rich groups such as O, NH, S and NCOOH (5, 6, 7 and 12,
respectively). For each cyclic structure indicated above, we
considered cases in which the carbon atom [C(5)] bridging
“Y” and the epoxy fragment is unsubstituted (4a—12a), and
those in which a methyl side chain is present trans (4b—12b)
or cis (4c—12c¢) with respect to the epoxy oxygen atom. The
methyl group was expected to adequately model the ben-
zyloxymethyl group (CH,OBn) present in pyrane-based
allyl epoxides (epoxides 1a and 1, for example) typically
involved in oligosaccharide chemistry. The methyl group
has the advantage of being less demanding from the point of
view of computing, and free from the complications due to
the presence of rotamers generated by rotation around
the bonds of the —CH,OBn group. The validity of this
assumption was confirmed by comparison of data obtained
for methyl- and methoxymethyl-substituted analogs of the
pyran series 5. In order to test the computational method by
comparison of results with experimental data available for
conformers ratio, and also to evaluate the specific effect of
the molecular factors on conformational profiles in the
absence of the unsaturation, we also preliminarily computed
saturated carbocyclic epoxides 2 and pyran epoxides 3
(Fig. 1).

On the basis of the results of ground state calculations,
we also propose here a mechanistic interpretation of the
reactivity of compounds 4-12. In particular, we suggest
that the order of reactivity in the addition of nucleophiles to
allyl epoxides 4-12 is related to the extent to which “Y”
affects allylic C—O bond elongation, and we postulated a
mechanism for the reaction, which is based on the more
reactive conformer.
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A comparison between the MP2 and B3LYP calculation
methods was also made in order to test the reliability of the
less CPU-expensive DFT method in the computation of the
above-described molecular systems. The applicability of
DFT is also important in view of MD simulations, for
which MP2 is not applicable.

1.1 Computational details

Quantum-chemical computations were carried out with the
Gaussian 03 package [10]. The calculations were per-
formed using the perturbative MP2 frozen core (FC)
method [11-15]. The less CPU-expensive DFT method
(B3LYP) [16] was checked to see if it was suitable for this
family of compounds. Where not otherwise indicated in
the text, 6-31+G(d) [17] was used as the basis set. Both
MP2 and B3LYP methods were used to perform the
relaxed scan (by optimizing all other internal coordinates)
on the PES around the dihedral 6, (H—C(4)—C(5)—R2),
involved in the conformational interconversion of the
saturated (2-3) and allyl epoxides (4-12). Berny analytical
gradient optimization routines [18] were used for optimi-
zation of the stationary points (TSs and minima) on the
PES. The Berny algorithm was used to locate the transition
structures (TSs). All stationary points were characterized
by frequency calculations, in order to verify that minima
and TSs have no or only one imaginary frequency. We also
performed for all the structures the MP2/6-314G(d) SP
(single point) energy calculations on the previously
B3LYP/6-31+G(d) optimized structures, in order to
compare the results obtained with the ones provided by a
full MP2 optimization. In the most interesting case of
epoxide S5, both CCSD (frozen core FC) [19] and MP4
(frozen core FC) [20, 21] SP on the previously optimized
MP2 structure, and full CCSD (FC) optimization were also
performed.

Unless otherwise indicated, NBO analysis was per-
formed using the generalized density obtained at the MP2/
6-31+G(d) level. Enthalpy, entropy, ZPE and Gibbs free
energy values were calculated using the standard
expressions for an ideal gas in the canonical ensemble at
298.15 K and 1 atm pressure [22]. For all structures, the
calculated Gibbs free energy values in the gas phase
(vacuum) were corrected by adding the ZPE and taking
away E-TS rotational and translational terms. These
thermal and entropic corrections were calculated in
accordance with the Ben-Naim scheme for thermochemi-
cal properties in the liquid phase [23]. The IEF-PCM
[24-28] model [atomic radii: simple united atom topo-
logical model (UAO)] was used to include the solvent
(methanol or benzene) in order to examine its influence on
the conformational population for the epoxides 3a, Sa—e,
8a and 9a.

2 Results and discussion

The results of our calculation (AG between minimum
energy conformations and AG* for interconversion barrier)
for epoxides 2-12,! are summarized in Table 1.2 In most
cases, two minimum energy conformations were found,
differing in the relative position of the Y group and the
epoxy oxygen, with respect to a plane containing the epoxy
ring carbons C(3)-C(4) and the adjacent saturated endo-
cyclic carbon C(5): in one conformer (conformer A)
they are on the same side of the plane and in the other
conformer (conformer B) they are on opposite sides
(Scheme 2).

In saturated epoxides 2-3, the conformational equilib-
rium seems to be principally affected by two factors: the
dipole moment difference between the two conformers and
the position of the side chain, when present. In the case of
epoxide 3a, torsional effects in the two conformers A and B
are practically identical, as in the case of the degenerate
conformers 2a-A and 2a-B. The lower free energy asso-
ciated with conformer 3a-B (1.36 kcal/mole) and the
resulting equilibrium ratio (3a-B:3a-A = 91:9, entry 4a)
has been explained in terms of the repulsion between the
dipoles associated with the endocyclic and oxirane oxygen
atoms [31]. In agreement with this explanation, we found
that the lower-energy conformer B has a lower dipole
moment (IpAl — IuBl = 2.05, entry 4a). As expected, sol-
vents of higher polarity shift the equilibrium ratio in favor
of the more polar conformer A (entries 4b—c).

The presence of a methyl group at C(5) has a marked
effect on the conformational profile of 2 and 3, but it can
only be explained on the basis of steric effects, because the
Ap values of conformers seem to be insensitive to alkyl
substitution at C(5) (entries 2, 3 and 5a, 6a). The substitu-
ents have an obvious preference for the equatorial position;
as a consequence, while the presence of the methyl group
trans to the epoxide oxygen (3b) enhances the AG between
conformers A and B (3b-B:3b-A =>99:<1, entry 5a), in the
diastereoisomer epoxide 3¢, the methyl group cis to the
epoxide oxygen lowers the AG between conformers A and
B (3¢-B:3c-A = 38:62, entry 6a, Table 1) [32]. The pref-
erence for the equatorial location seems to have a stronger
effect on the AG value in the case of the pyranic epoxides
3b and 3c, where the variations are 1.99 and 1.64 kcal/mol,
respectively, than in the case of the cyclohexane epoxides
2b and 2¢, where the preference for the conformer bearing
the equatorial methyl group is 1 kcal/mol (entries 2 and 3,
Table 1). It is appropriate to mention here that, for the

! Obviously, for cyclohexene oxide 2a conformer A is equivalent to
conformer B (entry 1, Table 1).

2 The corresponding potential energy values AE and AE* are reported
in Table S4, ESM.
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Table 1 MP2/6-314-G(d) data (kcal/mol) relative to the conformational interconversion for epoxides 2—12

Entry Y Y hybrid® (A) = (B) Ap (D) AG® % (B:A) AG*™®
interconversion (nA-uB)

1° CH, sp’-like 2a-A = 2a-B¢ 0.0 0.00 50:50 +5.08

2° 2b-A = 2b-Bf —-1.01 85:15 +4.92

3¢ 2c-A' = 2¢-B +1.04 15:85 +5.19

4a o} sp>-like 3a-A = 3a-B +2.1 —1.36 91:9 +6.27

4b8 3a-A = 3a-B —1.07 86:14

4ch 3a-A = 3a-B +0.24 40:60

44! 3a-A = 3a-B —0.82 +£ 0.12 80:20

5a 3b-A = 3b-B —335 >99:<1 +4.99

5b) 3b-A = 3b-B >99:<1

6a 3c-A = 3c-B +0.28 38:62 +6.38

6b’ 3c-A = 3c-B +0.24 + 0.12 40:60

7* CH, sp>-like 4a-A = 4a-B —04 +3.21 1:99 +4.95

8 4b-A = 4b-B +2.91 1:99 +5.67

9 4c-A = 4c-B +4.40 >99:<1 +5.83

10a 0 sp>-like 5a-A = 5a-B +1.2 +0.84 19:81 +1.44

10b® 5a-A = 5a-B +0.99 16:84

10c" 5a-A = 5a-B +1.44 8:92

lla 5b-A = 5b-B +0.29 38:62 +1.53

11b® 5b-A = 5b-B +0.52 29:71

11c" 5b-A = 5b-B +1.16 12:88

12 5c-A = 5¢-B Only A!

13a 5d-A = 5d-B 32:68™

13b® 5d-A = 5d-B 18:82™

13ch 5d-A = 5d-B >99:<1™

14 5e-A = 5e-B Only A™™

15 NH sp>-like 6a-A = 6a-B +0.5 +1.09 14:86 +1.41

16 6b-A = 6b-B +0.62 26:74 +1.21

17 6¢c-A = 6¢-B Only A

18 S sp>-like 7a-A = 7a-B +1.7 +0.96 17:83 +2.73

19 7b-A = 7b-B +0.75 22:78 +3.39

20 7c-A = 7¢-B +2.19 2:98 +3.25

2la CF, sp>-like 8a-A = 8a-B +2.5 +1.05 15:85 +3.24

21b8 8a-A = 8a-B +1.33 10:90

21c" 8a-A = 8a-B +2.08 3:97

22 8b-A = 8b-B +0.75 22:78 +4.82

23 8c-A = 8c-B +1.76 5:95 +4.89

24a NH,* sp>-like 9a-A = 9a-B -2.0 +7.17 >99:<1 +9.23

24b8 9a-A = 9a-B +5.68 >99:<1

24ch 9a-A = 9a-B +3.30 >99:<1

25 9b-A = 9b-B +6.60 >99:<1 +9.58

26 9c-A = 9c-B +7.62 >99:<1 +9.37

27 C=0 sp>-like 10a-A = 10a-B Only A

28 10b-A = 10b-B Only A

29 10c-A = 10¢-B Only A

30 BH sp>-like 11a-A = 11a-B Only A

31 11b-A = 11b-B Only A

32 11c-A = 11¢-B Only A
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Table 1 continued

Entry Y Y hybrid® (A) = (B) Ap (D) AG® % (B:A) AG*®
interconversion (LA-uB)

33 NCOOH sp>-like 12a-A = 12a-B Only A

34 12b-A = 12b-B Only A

35 12¢-A = 12¢-B Only B

# Obtained by NBO analysis

° The free energy values calculated in a vacuum (all entries except 4b—c, 10b—c, 11b—c, 13b—c, 21b—c and 24b—c) were corrected by adding the

ZPE and taking away E-TS rotational and translational terms [23]
¢ See [29]

4 See footnote 1

¢ See [30]

T Conformer having the side chain in the equatorial position

€ Results obtained in benzene

" Results obtained in methanol

i Experimental results (benzene and CHCl3): see [31]

i Experimental results (benzene and CHCl3): see [32]

X See [33]

! The same result was obtained also in the presence of a solvent (benzene or methanol)

™ All the rotamers (three for each conformer) around the C(5)-CH,OMe bond in the side chain were also considered (see Figure S3 and Table

S6, ESM)
Ring conformations
Saturated
R2 6 R
= 1 1
R1-', Y. R 5 Y 1 2 5 $ P
D R2 O. R? O
(0) 4 3 4 3
H A H H B H
epoxides 2-3
R',R? = H or Me
Unsaturated
182 6 5R1 . 1
g Y-
R Y- 1 o) \1 R2 YO. N\»
| Rs 4 3
o H* A ®H? H H

epoxides 4-12
R',R2=H or Me

Scheme 2 Conformational equilibrium of epoxides 2-12

equilibrium ratio of epoxides 3a—c, experimental AG values
are available, based on 'H NMR studies [31, 32] (entries 4d,
5b and 6b, Table 1). The close agreement between the MP2
AG and the corresponding experimental data, found for
epoxide 3a—c, is a validation of our calculation method.
With unsubstituted allyl epoxides 4a—12a, regardless
of the nature of “Y”, conformers A are generally the
preferred ones, and in a few cases (epoxides 10a—12a,

entries 27, 30 and 33) they are the only conformers asso-
ciated with a minimum energy. The interactions of the “Y”
group with the unsaturation are mainly responsible for the
effects on the conformational profile in terms of AG, AG*
and the number of energy minima.

Except for derivatives 4a and 9a (Y=CH, and NH,™",
respectively), in which the endocyclic atom of the Y group
is clearly an sp> hybridized atom (as evaluated by NBO
analysis), the AG between the two conformers is unvaried
with respect to Ap (entries 10a, 15, 18 and 21a, Table 1,
and Figure S1, ESM). It is interesting to note that the NBO
analysis reveals for the CF, carbon a situation similar to
that of the carbons involved in three-membered rings, with
two hybrid orbitals sp>? engaged in the endocyclic C—C
bonds and two hybrid orbitals sp*? engaged in the C—F
bonds. As a result, although the CF, carbon geometry is
closer to the tetrahedral one, it affects the six-membered
ring like an unsaturated sp? carbon.

Simulations of the equilibrium in different solvents
(benzene or methanol) of the allyl epoxide Sa, 8a and 9a
confirm the limited dependence of the conformer ratio on
the dipole moment difference Ap, when an sp’-like Y is
present. In fact, while the AG for epoxide 9a drops sub-
stantially, when the medium varies from vacuum to
benzene and to methanol (entries 24a—c, Table 1), epoxides
5a and 8a, which has the largest Ap value (4+2.5 D), reveal
only a modest shift of the conformational equilibrium
toward the more polar conformer A (entries 10a—c and
2la—c, Table 1).
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Looking for the structural parameters, which might be
responsible for the equilibrium profile observed, we
focused on the evaluation of torsional and electronic
effects. While torsional tensions in conformers A and B are
very similar in the case of saturated epoxides 2-3, they
become substantially different in the case of allyl epoxides
4-12, mainly because of the strong preference of the
unsaturated portion of the molecule for a planar geometry.

In the case of allyl epoxides 4-12, the geometry of two
conformers A and B can be visualized by considering the
dihedral angles H-C(4)-C(5)-R* (0;) and C(5)-Y-C(1)—
C(2) (0,), whose values are reported in Table 2 (see
Scheme 3). The dihedral angles 6; and 6, change univo-
cally during the conformational interconversion from
conformer A to conformer B, and for this reason they are
meaningful reaction coordinates. The dihedral angle 0, is
obviously related to the torsional interactions along the
bond between the saturated carbon bound to “Y” and the
adjacent oxirane carbon; these interactions occour between
the two pairs of bonds H—C(4)/C(5)—R2 and O-C(4)/C(5)-
R' and they are indicated by double-headed full-line arrows
in Scheme 3.> This dihedral is approximately 52-72° in
conformers A (staggered substituents), 26-30° in the TSs,
and 3-9° in conformers B (eclipsed substituents). This
torsional energy rises monotonically, moving along the
reaction coordinate from A to B, and makes conformer B
less stable with respect to conformer A, regardless of the
nature of “Y”. The dihedral angle 6, is related to the
distance of the saturated carbon bound to the Y group from
the plane containing “Y” and the double bond. As a con-
sequence, 6, can be considered a measure of the ring
flatness, and it is directly related to “ring strain” (angular
tension + torsional tensions, due to the eclipsed bonds),
which is maximum when its value approaches 0°. The
dihedral 0, has about the same absolute value (10,
approximately 20°-43°) and the opposite sign in conform-
ers A and B, and reaches the 0 value in proximity of the TS
(10,1=5°-10°) (Table 2 and Scheme 3).

The AG* for A and B interconversion decreases as the Y
hybridization turns from sp” into sp” (Table 1) because less
“work” is required to get to the TS: the highest AG* are
associated with derivatives in which A and B have largest
10,| value (epoxides 4a and 9a, entries 7 and 24a, Table 1
and entries 1-3 and 16-18, Table 2) and the lowest AG*
correspond to derivatives bearing an sp*-like Y group
(epoxides Sa and 6a, entries 10a and 15, Table 1 and 4-9,
Table 2). The presence of an sp°-like group substantially

® The eclipsing (or staggering) of H-C(4)/C(5)-R* bonds necessarily
determines the eclipsing (or staggering) of O-C(4)/C(5)-R" bonds.
The value of the dihedral angle 0-C(4)-C(5)-R" in conformer B is
about 20-25°, but it is known that the bond critical point (BCP) in the
bond path, for three-membered rings, is deviated from the bond axis
by about the same amount.

@ Springer

Table 2 MP2/6-314+G(d) 1641, 16, (degrees), C(3)-O and C(4)-O A)
values in epoxides 4a—12a

Entry® Struct. [04] [04] C(3)-0 C4)-0
1 da-A 634 336 1.469 1.443
2 4a-TS 26.0 8.3 1.465 1.450
3 4a-B 3.0 33.1 1.460 1.454
4 5a-A 56.6 236 1.480 1.434
5 5a-TS 26.0 7.9 1.469 1.445
6 5a-B 57 236 1.461 1.451
7 6a-A 542 25.8 1.485 1.435
8 6a-TS 287 9.9 1.482 1.441
9 6a-B 6.4 27.0 1471 1.448
10 7a-A 63.5 26.2 1.472 1.434
11 7a-TS 26.9 54 1.469 1.442
12 7a-B 8.8 274 1.462 1.451
13 8a-A 60.0 26.8 1.464 1438
14 8a-TS 305 7.6 1.461 1.446
15 8a-B 28 339 1458 1452
16 9a-A 718 434 1.468 1.437
17 9a-TS 29.2 10.5 1.455 1.436
18 9a-B 29 375 1.446 1.440
19 10a-A 562 20.1 1.465 1.441
20 11a-A 52.0 12.0 1.460 1.446
21 12a-A 56.2 2.4 1.477 1.435

% No significant differences in the geometrical parameters are found for
epoxides 4b,c-12b,c

sp>-like (Y= CH,, NH,*)

4a-12a: R'=R°=H
4b-12b: R'= H, R%= Me
4c-12c: R'= Me, R2=H

8; = H-C(4)-C(5)-R2
8, = C(5)-Y-C(1)-C(2)

L= lone pair in the case of epoxides 5-7 (Y= O, NH, S)

Scheme 3 Relevant torsional interactions affecting the conforma-
tional equilibrium, depending on the nature of the Y group

lowers the “ring strain” difference between the TS and
conformers A and B, not only by an obvious reduction in
the “angular tension” difference, but also by a lower
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increase in the overall torsional tension, when the system
reaches the TS. In Scheme 3, the double-headed dashed-
line arrows show the two most important torsional tensions
affected by the nature of “Y”, which are those arising from
the interactions of substituents at C(5) with the substituents
and/or lone pair at “Y”. With an sp’-like Y group, both
substituents at C(5) interact with the Y group more strongly
in TS than in the minima, whereas with an spz-like Y
group, only one substituent at C(5) interacts with “Y” in
the minima (the possible second “substituent L” is a lone
pair in the p orbital strongly interacting with the double
bond, and not represented in Scheme 3) and the interaction
is very weak in the TS.

The endocyclic sp® atom Y group can also affect the
conformational profile by means of a resonance effect,
which favors a flatter structure because of a better bonding-
antibonding orbital interaction. The resonance effect
between different Y groups and the double bond were
evaluated in terms of the delocalization energy (E,) cal-
culated by the second-order investigation of the Fock
matrix in the NBO analysis. These values are reported in
Table 3, and the corresponding resonance structure is
presented in Scheme 4: structures II and III correspond to
the conjugative effect (mainly present when Y=0, NH, S,
CO, BH and NCOOR); structures VI and VII correspond to
the hyperconjugative effect (mainly present when Y=CH,,
CF, and NH,"). The larger values of E, are obviously
found in general when a conjugative and no hyperconju-
gative effect takes place, which happens when an sp°-like
Y is present (entries 4—12 and 28-30, Table 3). Table 3
shows that the E, is generally higher for the TS than for
minima (conformers A and B), and about the same for the
two minima; as a consequence, the main effect of the
resonance is to lower the AG*. The stronger the resonance
effect (large E, values), the stronger the effect on the
lowering barrier. It is interesting to note that electron-
donating atoms and electron-deficient atoms have the same
effect.

Epoxide 8a (Y=CF,) presents a special situation: the
more substantial hyperconjugative effect of the CF, group
(compared with the CH, and NH, " group), due also to the
presence of the additional interaction corresponding to the
resonance structure VIII, determines an almost spz-like
hybridization of the orbitals engaged in the endocyclic
bonds (entries 13-21, Table 3). For this reason, the AG
value for 8a is closer to that of 7a (Y=S) than to the cor-
responding values of epoxides 4a (Y=CH,) and 9a
(Y=NH,") (entries 7, 18, 21a and 24a, Table 1). However,
the absence of an orbital p (as in the case of epoxides Sa—
7a and 11a, Y=0, NH, S, BH) or 7 system (as in the case of
epoxides 10a and 12a, Y=CO, NCOOH) strongly inter-
acting with the endocyclic double bond [C(1)=C(2)],
makes the torsional interactions of substituents at C(5) with

Table 3 MP2/6-314-G(d) NBO analysis: Y group-double bond
interactions (kcal/mol) in epoxides 4a—12a

Entry Structure Y Donor- E5 Resonance
acceptor (kcal/mol)  structure

1 4A CH, o (C-H)»n* 1.48,6.10° VII
2 4-TS o (C-H)»n* 6.72,3.16° VII
3 4B ¢ (C-H)>n* 5.53,1.76° VII
4 5A o LP(O)—>n* 39.01 11
5 5-TS LP(O)—>n* 44.89 111
6 5B LP(O)—>n* 39.45 1
7 6A NH LP(N)—>7* 51.92 1

8 6-TS LP(N)—>n* 68.84 1
9 6B LP(N)—>n* 49.38 1
10 7A S LP(S)—>m* 28.94 1
11 7-TS LP(S)—>m* 36.26 111
12 7B LP(S)—>mn* 26.92 1
13 8A CF, n —>a*(C-F) 10.53, 3.40° VI
14 6 (C-F)-»r* 134,053 VII
15 LP(F)—>m* 1.19 VIII
16 8-TS 1 —»6*C-F) 6.5, 8.61> VI
17 o (C-Fy-»n* 095,151 VII
18 LP(F)—m* 1.29, 0.88°  VIII
19 8B n —»o*C-F) 2.04, 10.76° VI
20 o (C-F)»n* 134 VII
21 LP(F)-»r*  1.19 VIII
22 9A NH,* g N-H)-n* 3.34 VII
23 n »>o*(N-H) 2.15 VI
24 9-TS o (N-H)-»n* 2.33,3.68° VII
25 n —>o*(N-H) 2.71,1.98" VI
26 9B o (N-H)->n* 0.70, 3.40° VII
27 T >o*(N-H) 3.04 VI
28 10A C=0 n ->n*C=0) 25.56 1I
29 11A BH n—LP*B)  32.87 11
30 12A NCOOH n(C---N)-»zn* 37.12 I

* Delocalization energy calculated by second-order investigation of
the Fock matrix

® The two values resulted from the two chemically non-equivalent
contributions from above and below the plane

the CF, intermediate between an sp” and sp’ situation. As a
consequence, the AE* and AG* values found for epoxides 8
are intermediate between the corresponding ones calcu-
lated for epoxides 4 (Y=CH,) and epoxides 5-7 (Y=0, NH,
S) (entries 7-9, 10a,11a, 15,16, 18-21a, 22 and 23,
Table 1).

Factors affecting the conformational profile can com-
bine in such a way that no minimum energy corresponding
to conformer B is found. This is the case with the flattest
epoxides 10a-12a (clear sp° Y group hybridization), in
which the stability of conformer B is reduced with respect
to the structure corresponding to “TS” (entries 27, 30 and
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Scheme 4 Resonance structures corresponding to the Y group-
double bond interactions shown in Table 3
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Fig. 2 MP2/6-314+G(d) AE (kcal/mol) scan on the |IA@4l (degrees)
from conformer A (origin) to conformer B, when present, in epoxides
4a-12a

33, Table 1 and 19-21, Table 2). In other words, when AE!
becomes lower than AE, values that can be approximately
extrapolated from the conformational profile for epoxides
10a-12a shown in Fig. 2, B may not be present in the
conformational equilibrium.*

The presence of a side chain (methyl group) in epoxides
4b-12b and 4c-12c¢ modifies the conformational equilib-
rium mainly by the steric effect. The data of Table 1 show
that while frans substitution (epoxides 4b—9b) lowers the
AG between conformers A and B, cis substitution (epox-
ides 4¢-9¢) enhances the AG between conformers A and B
compared with the corresponding unsubstituted epoxides
(4a-9a). The free energy of conformer A of the trans

*“ In the case of epoxides 10-12, and in all cases in which no
minimum energy B-type conformer B and related TS are found, AE
and AE* can be approximately extrapolated by means of 10! values
for conformer A (l6414) and by considering that 1041 value for
conformer B (1604lg) and TS (104lrs) is about 3-9° and 26-30°,
respectively (Table 2). The 16415-10,lg and 1041,-1604l1s differences give
the IA@,| values to be used in Fig. 2 in order to locate, in the
conformational profile, the geometry corresponding to conformer B
and TS, respectively.

@ Springer

diastereoisomer is generally higher (epoxides 4-9) or about
the same (epoxides 10-11) compared with the conformer A
of the corresponding cis diastereoisomer, as indicated by
the free energy differences AG(A) shown in Table 4:
AG(A) is highest for epoxides 6 and 5 (entries 2 and 3) and
negligible for the flattest epoxides 10 and 11 (entries 7 and
8). On the other hand, the free energy of conformer B is
lower in the trans diastereoisomer than in the corre-
sponding cis diastereoisomer, and this energy difference
AG(B) is always higher than the AG(A) (Table 4). The
reason for this is that the C(4)-O/C(5)-H eclipsing, present
in the conformer B of unsubstituted epoxides 4a-9a and
trans epoxides 4b-9b, is replaced in the conformer B of cis
epoxides by the more disfavored C(4)-O/C(5)-CHj3
eclipsing (Scheme 3). Moreover, this eclipsing is absent in
the corresponding TSs, and for this reason the presence of
the methyl group in the cis diastereoisomers enhances the
energy of conformer B more than the energy of TS with
respect to the corresponding unsubstituted or trans epox-
ides. Generally, while the trans substitution enhances the
AE*~AE value (the depth of the minimum corresponding to
conformer B), the cis substitution lowers the AE*_AE, with
respect to the corresponding unsubstituted epoxide
(Table 4). In other words, the existence of the conformer B
as a minimum energy is more likely with trans substituted
epoxides and less likely with cis substituted ones. When the
AE*~AE value calculated for unsubstituted epoxides is very
small, as in the case of epoxides 5a and 6a (about 0.5 kcal/
mol, entries 2 and 3, Table 4), the conformer B of the
corresponding substituted cis epoxides is not a minimum
energy, and only conformer A is found in the equilibrium
(entries 12 and 17, Table 1). Only in the case of epoxides 8
is the AE*~AE value higher for epoxide cis 8¢ with respect
to the unsubstituted epoxide 8a, because of the above-
discussed intermediate nature between sp° and sp” of the
CF, group (entry 5, Table 4). In this case, the methyl group
in the 8b-TS and 8c-TS is eclipsed with the C-F bond
(Scheme 3) and as a consequence, the AE* value of both
epoxides 8b and 8c is higher with respect to the AE* value
of epoxides Sb—7b and 7c.

In the flattest trans epoxides 10b—11b, the effect of trans
substitution is not so strong as to make positive the cor-
responding AE*—AE (negative in the related unsubstituted
epoxide 10a and 11a);* as a consequence, conformer A
only is present in the equilibrium of both trans epoxides
10b-11b and cis epoxides 10c—11c (entries 28-29 and
31-32, Table 1).

The only exception to these generalizations is repre-
sented by epoxides 12b and 12¢ (Y=NCOOH), where the
equilibrium is controlled by the A" strain [34, 35]. In
these epoxides, the eclipsing C(5)-Me/N-COOH makes
the conformer where it occurs (B in 12b and A in 12c¢)
so disfavored that epoxide 12b and 12c¢ exist only as
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Table 4 AG(A), AG(B) for epoxides trans and cis 4b,c—12b,c¢ and AE*-AE for epoxides 4-12

Entry Structure Y AG(A)? AG(B)° AEa*-AEa® AEb*-AEbY AEc*-AEc®
1 4 CH, +0.46 —1.03 +1.74 +2.76 +1.43

2 5 o) +1.13 - +0.60 +1.24 <0f

3 6 NH +1.29 - +0.32 +0.59 <0f

4 7 S +0.38 —1.06 +1.77 +2.64 +1.06

5 8 CF, +0.36 —0.65 +2.19 +4.07 +3.13

6 9 NH, ™" +0.50 —0.51 +2.06 +2.98 +1.75

7 10 BH —0.12 <0f <0f <0f

8 11 C=0 +0.14 <0f <0f <0f

9 12 NCOOH - <0f <0f <0f

1 G(xb-A)-G(xc-A)

® G(xb-B)-G(xc-B)

¢ Unsubstituted epoxide
4 Epoxide trans

¢ Epoxide cis

" Extrapolated value

conformer A and B, respectively, in which such eclipsing is
absent (see Scheme 3 and entries 34-35, Table 1).

Calculations of equilibria in different solvents (benzene
and methanol) on epoxides 5b and Sc confirmed that
epoxide Sc exists only as conformer A, regardless of the
nature of the solvent, and indicated for epoxide Sb a low
dependence of the conformational equilibrium on the dipole
moment difference Ap (entries 11a—c and 12, Table 1).

The replacement of the methyl group with the more
polar —-CH,OMe group (epoxides Sd and Se) does not
substantially affect the overall conformational population
(entries 13a—c and 14, Table 1). However, the presence of
the -CH,OMe group makes the conformer population of
5d a little more sensitive than Sb to the polarity of the
solvent, which favors conformation A (entries 11a—c and
13a—c, Table 1).

2.1 Prediction of reactivity in the oxirane ring-opening
for epoxides 4-12

An important reactivity of allyl epoxides is the addition of
nucleophiles. Experimental results have shown that car-
bocylic epoxide analogs of 4a are stable and isolable [30],
whereas heterocycle epoxides related to Sa (the glycal-
derived epoxides 1a and 18 [2—4], Scheme 1) or 12a (the
N-Cbz-imino glycal-derived epoxides 13a and 13,
Scheme 5 [5]), are too reactive to be isolated. However,
while 1o and 1f and epoxide 13a must be allowed to react
shortly after they have been generated in situ, a solution of
epoxide 13f has a shelf life of 2 days at —20° (see
Scheme 5).

Searching for a molecular paramenter which could be
related to the reactivity, the elongation of the allyl C(3)-O

COOBn BnO
N COOBn
BnOU N TN
o H H
B
136

Scheme 5 Single minimum energy conformations of epoxides 13a
and 13

bond appeared to be an interesting candidate, because it is
the bond which is broken in the ring-opening process.
Table 2 shows the values of the C(3)-O bond for con-
formers A and B and related TS corresponding to
unsubstituted epoxides 4a—12a only, but no significant
differences are found when the side chain (methyl group) is
present in position 5 (epoxides 4b,c—12b,c). The compari-
son of the homogeneous values -corresponding to
conformers A reveals that the elongation of the C(3)-O
bond follows the donating ability of the Y group quantified
by the E, of the Y/double bond interaction:
Y=CH, < Y=S < Y=NCOOH < Y=0 < Y=NH (entries
1,4,7,10, 21, Table 2 and 1, 4, 7, 10, 30, Table 3). On the
basis of these data, it is possible to predict that epoxides
8a—11a (Y=CF,, NH,", CO and BH), in which an electron-
deficient Y group is present, should be less reactive in the
opening process than carbocyclic epoxide 4a, taken as a
reference compound, with epoxide 1la being the least
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reactive one (entry 20, Table 2). On the other hand,
epoxides bearing an electron-donating Y group (epoxides
5a-7a and 12a) should be more reactive than epoxide 4a,
and among them, epoxides 5a and 6a should be the most
reactive ones, in accordance with experimental evidence
(entries 4 and 7, Table 2).

As a general observation, conformers A exhibit a longer
C(3)-O bond than corresponding conformers B. As the C(3)—
O bond becomes longer, the C(4)-O bond becomes shorter
during the A to B interconversion, with the consequent
reduction of the asymmetry of the oxirane ring (see Table 2).
We thus postulated that the opening process of epoxides 4—12
should take place when the compound is in the A conforma-
tion. This hypothesis explains the different stability and
reactivity in the oxirane nucleophilic ring-opening process of
epoxides 13a and 13 [5], for which only one minimum
energy conformation was found: conformer A for trans
epoxide 13« (similar to epoxide 12b) and conformer B for cis
epoxide 13p similar to epoxide 12¢ (Scheme 5). We also
performed a scan on the PES along the values of angle C(3)—
C(4)-O (a measure of the oxirane ring-opening degree) with
the conformer 5a-B as the starting geometry: when the C(3)-
C(4)-0 angle reaches the value of about 70°, a conformational
change to conformer A takes place, with an associated
reduction in the potential energy.

The reason for the larger asymmetry of the oxirane ring
in conformer A is an overall larger interaction of the
0(C(3)-0) orbital, and at the same time, an overall smaller
interaction of the ¢(C(4)-O) with several ¢* bonds in
conformer A with respect to conformer B: the AE, between
the two conformers A and B relative to the delocalization
of the C(3)-O bond in the ¢* bonds is about 2-3 kcal/mol.
The AE, between conformers A and B calculated for the
interaction 71— ¢ *(C(3)-0) is only 1 kcal/mol, but in this
case, it is conformer B that presents the higher E, (Table
S7, ESM), and for this reason this interaction does not
explain the longer C(3)-O bond found in conformer A.

3 Comparison of different calculation methods

In the case of saturated epoxides 2-3, the results obtained
with B3LYP are very similar to those obtained using MP2,
particularly for cyclohexene oxide 2a [29], 2b and 2¢. As
regards the allyl epoxides 4-12, the geometries obtained by
DFT generally show a flatter ring, and the corresponding
AG(AE) and AG*(AE*) are somewhat lower than the ones
calculated by MP2 (Table S5, ESM). However, this energy
difference cannot be attributed to the increase in the cycle
flatness, because the results obtained by performing an MP2
Single Point calculation on the previously B3LYP optimized
structures are very similar to those obtained by performing
the complete and substantially more CPU-expensive MP2
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Fig. 3 B3LYP, MP2 and CCSD AE (kcal/mol) scan on the A6yl
(degree) from the more stable conformer A (origin) to the less stable
conformer B, when present, for epoxides Sa—c

optimization (Table S4, ESM). Furthermore, a larger basis
set [6-311++(d,p)] does not have any influence on the
B3LYP results. The difference is intrinsic to the methodo-
logy, and in particular to the method used for the calculation
of the delocalization energies. In fact, the E, values obtained
in the NBO analysis using B3LYP are somewhat different
from the corresponding ones obtained by MP2. The E,
values corresponding to the interactions between the Y
group and the double bond, as well as the AE, values
between the minima (conformers A and B) and the corre-
sponding TS, are generally lower if B3LYP is used.

The shape of the |IA84] scan curves is generally flatter, and
the potential holes, corresponding to the minima, are less
deep, if B3LYP is used. This determines the absence of the
minimum corresponding to conformer B also in epoxides 4c,
5a, 6a and 7c¢, contrary to MP2 findings (entries 9, 10a—c, 13
and 18, Table S4, and entries 9, 10a—c, 15 and 20, Table S5,
ESM). The different shape of the scan on |IA@yl, using both
MP2 and B3LYP, for epoxides Sa—c is shown in Fig. 3. The
charts corresponding to the remaining saturated and allyl
epoxides (2—4 and 6-12) and the comparison of the MP2 and
B3LYP energies for these epoxides may be found in Figure S2
and Tables S4, S5, respectively (ESM).

As no experimental data for allyl epoxides 4-12 is
available for comparison with our theoretical results, we
decided to perform calculations at a higher level of theory, in
particular MP4 and CCSD, to see whether MP2 or B3LYP is
in better agreement with these presumably more accurate
calculations. The CCSD level of theory, in particular, has
been shown to be very reliable for computing energies for a
large number of systems, and without experimental data, this
is the best comparison available to us.” For this purpose,
epoxide Sa, in which a strong conjugative effect between the

> Generally, a larger basis set than 6-31+G(d) is employed in MP4
and CCSD calculations, but in this case it would have been too
expensive from a computational point of view.
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Table 5 AE and AE*(kcal/mol) of epoxide 5a obtained by different
calculation methods

Entry Method AE AE*

1 MP2 +0.87 +1.16
2 MP4 +0.77* +1.09*
3 CCSD +0.69* +1.02*
4 CCSD +0.70

* SP on the previously MP2 optimized geometries

double bond and the endocyclic oxygen is present, was
chosen. The MP4 and CCSD results essentially confirm the
geometries, energy differences, and NBO analysis obtained
by MP2 calculations. Furthermore, the complete energetic
profile, performed by CCSD AE scan on the IAf4l for
epoxide Sa, turned out to be practically superimposable on
the one obtained by MP2 calculation (Fig. 3). As CCSD,
MP4 and MP2 are wave function-based methods, while
B3LYP is a hybrid density functional method, it was not
unexpected that CCSD, MP4 and MP2 gave results which
are close to each other (Table 5).

4 Conclusions

In most cases of all epoxides derived from six-membered
cyclic systems, two minimum energy conformations were
found, which differ in the relative position of the Y group
and the epoxy oxygen, with respect to a plane containing
the epoxy ring carbons and the adjacent saturated endo-
cyclic carbon: they may be on the same side (conformer A)
or on opposite sides (conformer B).

While in the saturated cyclic epoxides 2-3, the dipole
moment and the steric interactions of the side chain (when
present) are the principal factors influencing the confor-
mational equilibrium, when the double bond is present
(allyl epoxides 4-12), except for the epoxides bearing an
sp’-like Y group, the AG is unvaried with respect to the
dipole moment difference. The conformational profile (AG
and AG*) of cyclic allyl epoxides depends rather on tor-
sional tension factors and electronic interactions (electron-
donating or electron-withdrawing effects) of the Y group
with the double bond. Generally, conformer A is favored
because of the greater torsional strain present in conformer
B. The interconversion barrier (AGi) between conformers
A and B decreases as the Y group hybridization turns from
sp>- into sp’~like and, as a consequence, the absence of the
less deep minimum corresponding to conformer B is more
likely, as actually found in epoxides 10a—12a.

The presence of a side chain (methyl group) in epoxides
4b-12b and 4c-12¢ modifies the conformational equilib-
rium mainly by its steric effects. Apart from epoxides 12b

and 12¢, in which a particular repulsive interaction (Al’3
strain) is present between the side chain on C(5) and the Y
group (NCOOH), the AG between conformers A and B is
lowered by frans substitution (epoxides 4b-9b) and
enhanced by cis substitution (epoxides 4c—9c¢) with respect
to the corresponding unsubstituted epoxides (4a—9a).
Generally, the existence of a conformer B as a minimum
energy is more likely with trans substituted epoxides and
less likely with cis substituted ones.

On the basis of the elongation of the allylic oxirane
C(3)-0 bond, the reactivity of epoxides 4-12 in the ring-
opening process was predicted to depend on the electron-
donating ability of the Y group: the more electron-donating
the Y group is, the higher the reactivity and consequently
the less stable the molecule is, in agreement with experi-
mental evidence, obtained with carbocylic, oxygen and
nitrogen allyl epoxides. As conformer A exhibits a larger
C(3)-O bond length than conformer B, we postulated that
the opening process should take place, when the compound
is in the A conformation. This hypothesis explains the
lower stability and reactivity of epoxides 13 with respect
to epoxide 13« in the nucleophilic addition.

DFT and the perturbative MP2 method do not give
substantially different results, particularly in the case of
saturated epoxides 2-3. The most substantial differences
between different calculation methods adopted are found
when the double bond is present in the cycle. In particular,
the DFT-optimized structures are flatter and the DFT-cal-
culated AG* and AE* are lower than found by MP2. This
fact is responsible for the absence of minima corresponding
to the less stable conformer B, in a larger number of
epoxides.
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