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Claisen Rearrangement of Aliphatic Allyl Vinyl Ethers in the
Presence of Copper(Il) Bisoxazoline
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The Claisen rearrangement of 1-methyl-2-isopropyoxycarbonyl-6-propyl allyl vinyl ether catalyzed by
copper(Il) bisoxazoline (Cu-box) has been investigated using density functional theory. Both the phenyl-
and fert-butyl-substituted Cu-box systems have been studied. Three different reaction media (vacuum,
CH,Cl,, CH3CN) have been considered. In vacuum, the phenyl Cu-box catalyzed reaction yields a (1R,6R)
configured major product with a low selectivity. The solvent induces a higher selectivity and a reversal
of the absolute configuration (15,6S). However, the tert-butyl Cu-box catalyzed reaction yields (1R,6R)
as the major product both in the gas phase and in the solvent with a good selectivity. Although chair-like
TSs are lower in energy than boat-like TSs, the energy difference is small. This is because in the presence
of the catalyst the distance between the allyl and vinyl parts of the substrate is relatively large, and thus
the steric repulsion between them is smaller than would normally be expected for boat-like structures.
The enantioselectivity of fert-butyl Cu-box originates from the steric interactions between the substrate
and the catalyst, which are less important for the phenyl Cu-box where the enantioselectivity is determined

by the solvent effects.

Introduction

The Claisen rearrangement, the [3,3]-sigmatropic rearrange-
ment of allyl vinyl ethers, is a synthetically important reaction
because it converts a C—O single bond to a C—C single bond,
creating two new stereocenters.' The reaction has an inherent
diastereoselectivity, explained by the preference for chair-like
transition states (TSs) over boat-like ones (note, however, that
boat-like TSs were found to be more favorable in some
Ireland—Claisen rearrangements due to the steric effects).?
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1-Methyl-2-isopropyoxycarbonyl-6-propyl allyl vinyl ether 1
rearranges to 2 as a single diastereomer (Scheme 1).* However,
this reaction is not enantioselective, a racemic mixture of
(1R,65)-2 and (1S,6R)-2 being obtained through two possible
chair-like TSs (Scheme 1). The reaction is completed in 24 h
at 100 °C in CICH,CH,CI with 99% yield.?

The Claisen rearrangement TSs are early with the C—O bond
breaking being more advanced than the formation of the new
C—C bond."*” The TSs are thought to have dipolar nature,
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SCHEME 1. Thermal Claisen rearrangement of Aliphatic
Allyl Vinyl Ether 1
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consisting of an enolate-like moiety and an allylic cation-like
moiety."® However, some kinetic isotope effect measurements
argue against the involvement of an ionic TS.”° Hartree—Fock
(HF) and density functional theory (DFT) calculations predict
a more ionic TS than does the CASSCF method, which indicates
a wave function with biradical character.'®!! On the other hand,
according to experiments, the presence of an ion pair as a stable
intermediate is unlikely.® Polar solvents were found to enhance
the reaction rate.'>® Computational studies suggest that the rate
acceleration in water originates from the electrostatic solvation
effects and electronic polarization of the solute.'>”'® Hydro-
phobic effects were computed to be smaller.'*'*'¢ In addition,
hydrogen bonding to the ether oxygen was found to be stronger
in the TS than in the ground state.'>'®"°

A number of Lewis acids such as Sc™, Yb'l, and Cu! catalyze
Claisen rearrangements."*** The Lewis acid was thought to
coordinate to the ether O, to destabilize the breaking O—C bond
and to stabilize the developing negative charge on the oxygen
atom of the enolate-like moiety. None of the experimentally
studied Lewis acid catalyzed reactions was enantioselective.

The C, symmetric catalyst Cu' bisoxazoline (Cu-box)*'~2*
was used to combine the inherent diastereoselectivity of the
Claisen rearrangement with a good level of enantioselect-
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SCHEME 2. (S,S)-Cu-box
2+
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3a: R=t-butyl, X=0Tf
3b: R=t-butyl, X=Sblk4
3c: R=phenyl, X=0Tf
3d: R=phenyl, X=SbI'y

ivity.**~2° The two most commonly used Cu-box catalysts have
tert-butyl or phenyl groups as substituents with triflate (OTf™)
or SbFs~ employed as counterions (Scheme 2).

Some experimental results by Hiersemann and co-workers
are summarized in Scheme 3.*2>27 Z-Configured allyl groups
give very good diastereoselectivities and enantioselectivities.
On the other hand, E-configured allyl groups give lower
diastereoselectivities, and in some cases, unexpected diastere-
omers (thought to arise from boat-like TSs) are observed
(Scheme 3, entries 9, 15). Catalysts 3b and 3¢ give the opposite
enantiomers as major products. The sterically more demanding
catalyst 3b is more enantioselective. (R,R)-Configured catalysts
yield the opposite enantiomer with respect to (S,S)-configured
ones (not shown).

Scheme 4 displays the proposed chair-like TS for the Claisen
rearrangement catalyzed by 3b.**>27 The ether O and the
carbonyl O of the alkoxycarbonyl substituent at C2 chelate the
copper atom in a square planar geometry. The allylic moiety is
expected to be mostly situated at the unhindered side of the
vinyl group, resulting in enantioselectivity.

X-ray crystallography showed that ligands around the terz-
butyl Cu-box are positioned as in Scheme 5 (counterions and
hydrogens omitted).>">*3° The space around the catalyst is
divided into four quadrants for ease of discussion. The tert-
butyl substituents occupy regions A and C, whereas the ligands
are situated in regions B and D, probably because of steric
interactions. On the other hand, ligands around the phenyl Cu-
box can be positioned as in either Scheme 5 or Scheme 6
(hereafter called type I and type IT arrangements, respectively).>
In the latter case, ligands are situated in quadrants A and C
already occupied by the phenyl groups. When the ligands are
Br™, a type I arrangement is observed, while a type II pattern
is seen for water.®> Upon complexation with a 2-alkoxycarbonyl-
substituted allyl vinyl ether, the ligands seen in the crystal
structures are replaced by the oxygen atoms of the substrate
chelating to the Cu.

Cu-box has also been used as a stereoselective catalyst for
several related reactions, such as cyclopropanation, aziridination,
aldol, Diels—Alder, and carbonyl-ene reactions.>' 2* In Diels—
Alder reactions, Jgrgensen and co-workers observed that the
selectivity of the phenyl-substituted Cu-box changed with the
solvent polarity, whereas the tert-butyl-substituted catalyst did
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SCHEME 3.

Balta et al.

Experimental Results by Hiersemann and Co-workers>>>?’ on Various Claisen Rearrangements®
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Substituents catalyst time (h) syn/anti  cc% absolute configuration

R'E = methy!l, RSF = n-propyl : E.E-4a

kN 12 86/14 82 (1S.6R)
R'Z = methyi, RS = n-propyl : 7 .E-4a 3¢ 4 28/72 72 (1R.6R)
R™E = methyi, R% = n-propyl : .Z-4a 3b 3 3/97 98 (IR,61)
R'E = methyl. R% = n-propyl : E.Z-4a 3¢ 38 3/97 88 (15,65)
R'? = methyl, R% = n-propyl : Z.Z-4a 3b 3 99/1 99 (1S,6R)
R1Z = methyl, R = n-propyl : Z.Z-4a 3¢ 38 99/1 84 (1R.6S)
R = benzyl, R = n-propyl : Z.E-4b 3¢ 6 44/56 n.d.
R = benzyl, R% = n-propyl : Z,Z-4b 3¢ 48 95/5 82 (IR.6S)
R = isopropyl, RS = n-propyl : Z.L-4¢ 3¢ 7 85/15 nd
R1? = isopropyl, R% = n-propyl : Z.Z-4¢ 3¢ 24 94/6 nd
R1?= isopropenyl, R% = n-propyl : Z.Z-4d 3¢ 24 92/8 86 (1R.6S5)
R'™=0Bn, R =0Bn:E.Z-de 3b 24 1/99 99 (1S,6R)
R"”=0Bn,R¥=0Bn:Z.7Z-4e 3b 12 99/1 99 (IR.6R)
RIE=(OBn, R = O1PS : EE-4f 3b 4 89/11 94 (15,65
R'2=0Bn, RE= OTPS : Z.E-4f 3b 4 63/37 99 (1R,6R)
R'"™=0RBn, R% = OTPS : K/-4f 3b ] 14/86 98 (1S,6R)
R =0Bn, R%=01PS : 2, 7-4f 3b 3 99/1 98 (1R,6R)
RE=OTPS, R = 0OBn : E.Z-4g 3b 15 1/99 99 (18.6R)
RZ=0TPS,R% =0Bn: /./-4g 3b 1.5 99/1 99 (1R,6R)
R =(CH,0Bn, R%=0OTPS: E,7-4h 3b 6 1799 99 (1R.6R)
R!2=CH,0Bn, R = OTPS : Z,7-4h 3b 48 99/1 99 (1S,6R)

“Bn = benzyl, TPS = tert-butyldiphenylsilyl. The entries with which our results are compared are shown in the frame.

SCHEME 4. Proposed TS for the Major Product in the
Claisen Rearrangement Catalyzed by fert-Butyl Cu-box
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SCHEME 5. Type I Arrangement
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not display a solvent-dependent selectivity.”>*' Among the
recent computational studies of the Cu-box catalyst is one by
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Eur. J. 2002, 8 (8), 1888-1898.
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SCHEME 6. Type II Arrangement
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DeChancie et al.** that rationalizes the enantioselectivity of the

Diels—Alder reactions. The carbonyl-ene reactions have been
studied by Morao et al.** Garcfa and co-workers report on the
enantioselectivity of the Cu-box catalysts in the cyclopropana-
tion of alkenes.***

To the best of our knowledge, there is no computational study
on the Cu-box-catalyzed Claisen rearrangement in the literature.
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FIGURE 1. Optimized transition structures for the uncatalyzed Claisen rearrangement of E,Z-4a. Distances in angstroms (green, C; violet, O;

hydrogens omitted).

In this work, our aim is to locate the TSs of the tert-butyl- or
phenyl-substituted Cu-box-catalyzed Claisen rearrangements, as
well as that of the uncatalyzed reaction including solvation
effects, in order to rationalize the stereochemical outcomes.
(E,Z)-4a has been chosen as the substrate because it is known
to give high stereoselectivities. X-ray structures show that the
OT{~ counterion coordinates to Cu whereas SbFs~ does not.
To save computational time, we have not considered any
counterion, assuming that the results should not be too far from
the ones in the presence of SbFs~. The oxidation state of copper
has been taken to be +2 as in the experiments.**>?’

Methods

All stationary point geometries have been optimized at the
B3LYP/6-314+G* level of theory®®=° in the gas phase using the
Gaussian03 program.*® We have computed the harmonic vibra-
tional frequencies for the uncatalyzed reaction, but for the
catalyzed reactions we encountered CPHF convergence problems,
presumably because of the diffuse functions in the basis set.
Therefore, we have reoptimized the structures in the catalyzed
reactions using the B3LYP/6-31G* method and computed their
harmonic frequencies. Although the lengths of the forming or
breaking bonds may differ by 0.08 A, and the ether O—Cu distance
by 0.03 A between the two basis sets, there is no difference that
indicates a change in the nature of the stationary points. Therefore,
stationary points in the catalyzed reactions have been characterized
at the B3LYP/6-31G* level with local minima having all real
frequencies and transition structures having only one imaginary
frequency, corresponding to the reaction coordinate. Whether the
transition states correspond to the process under consideration is
ascertained by animating the transition vectors. Also, thermal and
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G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo,
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entropic contributions to the Gibbs free energies have been obtained
from these frequency calculations.

The geometry optimization for one structure, ph1S6S, would
only converge when an Ultrafine grid in the numerical DFT
calculations was used (B3LYP/6-31+G* level). However, to be
consistent with the other structures, a final single point energy
evaluation has been carried out using the fine grid, which is the
default in Gaussian03.*°

B3LYP is known to give quite good geometries and ground-
state properties but usually underestimates activation barriers and
weak interaction energies. We have tested the density functional
methods BP86,°>*' BMK,** PBEIPBE,**** MPWIK,* and
MPWB1K*® via single point energy calculations using the B3LYP/
6-31+G* geometries. The results are given in Tables S1—S3 as
Supporting Information. It is known that increasing the amount of
the exact exchange in DFT methods leads to an increase in the
barrier heights,*> and our results follow this trend. The functionals
that are particularly developed to yield good results for kinetics
and that contain high exact exchange (BMK, MPW1K, MPWB1K)
give higher (and presumably more realistic) barrier heights. There
is a discussion on the choice of the functional and the role of the
exact exchange in metal—metal or metal—ligand binding energies
in the literature.*”**®* However, in this study, the investigation of
the stereoselectivities does not involve any bond formation or
dissociation with the metal. The transition states compared with
each other can be viewed as different conformers of the same
system. Hence, any error coming from the metal—ligand interaction
is likely to largely cancel in the study of the stereoselectivities,
which is our main concern. Such cancelation is expected to be less
marked for the structures that differ more in the environment of
the Cu ion. Most TSs display a distorted square planar arrangement
around Cu. The structures that deviate more from such planarity
are expected to show less error cancelation. Also, the computed
activation energies may involve methodological errors. All the tested
functionals give quite similar results for selectivities, which are
also in reasonable agreement with the experimental observations
given in Scheme 3. We have decided to use the MPWB1K/6-
31+G* single point results to draw conclusions, because it is known
to perform well in describing activation energies and nonbonded
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TABLE 1. Relative Energies (AE) and Free Energies (AG) of
Transition Structures in the Uncatalyzed Reaction and Energy and
Free Energy of Activation (AE* and AG*, Respectively) of the
Reaction Computed Using the Lowest Energy Transition Structure”

relative and free energies

AE g AEcy,Cly AGcu,Cly
unlS6S 0.0 0.0 (0.0) 0.0
unlR6R 0.0 0.1 (0.1) 0.1
unlS6R 6.0 6.1 (5.6) 52
unlR6S 6.0 6.1(5.7) 52
activation energies
AE¥ g AEfen,Cla AG*en,Cly
unlS6S-E.Z-4a 29.9 28.1(28.7) 29.6

“ Subscripts gas and CH)Cl, indicate the gas phase and CH)Cl,
solution results, respectively. The numbers in parentheses are computed
by taking into account only the electrostatic part of the solvation free
energy. All values are in kcal/mol.

interactions which are important in determining the selectivities.*
The systems under consideration in the catalyzed reactions are
doublets, whereas the system in the uncatalyzed reaction is closed-
shell singlet. Therefore, we used unrestricted and restricted methods
for the catalyzed and uncatalyzed reactions, respectively. For the
uncatalyzed reaction, we have not considered a biradicaloid TS
because the closed-shell B3LYP calculations give better agreement
with the experimental activation energy than do the CASSCF
calculations, which suggest a biradicaloid electronic structure.'®
Moreover, the more recent kinetic isotope effect measurements by
Meyer et al. are in better agreement with the closed-shell B3LYP
or MP4 calculations than with the CASSCF results.”

We have attempted to optimize all of the geometries using the
MPWBIK functional but encountered geometry convergence
problems, probably because of a numerical problem discussed by
Zhao and Truhlar.*® Therefore, we have used B3LYP geometries
for the MPWBIK single point energy evaluations.

Solvent effects have been taken into account via single point
calculations in a dielectric continuum representing CH,Cl, or
CH3CN as the solvent. CH,Cl, is the solvent in which the Cu-box-
catalyzed Claisen rearrangement was experimentally studied. The
related Diels—Alder reaction was studied in various solvents,?>>!
CHiCN being the solvent with the largest dielectric constant.
CH3CN is a coordinating solvent for which continuum methods
are usually not appropriate. However, in the case of Cu-box-
catalyzed Diels—Alder reactions, the substrate displaces the solvent
around Cu.?' We assume that the same phenomenon occurs in the
Claisen rearrangement too. Therefore, in the absence of coordination
with Cu, the continuum representation of CH3;CN is expected to
be appropriate.

The IEFPCM>°>? continuum method has been used along with
the UAOQ atomic radii to create the cavity except where indicated.
In theory, the free energy (G) of a given structure in the solvent
should include the following terms:

G=E, +E, + AG +AE,,, +

sol geom

AE, ZPE+thermal ( 1 )

where Ej; is the gas phase electronic energy (without the zero point
energy), Ezpg+ermal gas 18 the sum of the thermal and entropic
contributions to the gas phase energy at 298.15 K and the zero
point energy (ZPE). AGy, is the work required for transferring a

PE+thermal gas

(49) Zhao, Y.; Truhlar, D. G. J. Chem. Theory Comput. 2005, 1 (3), 415—
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system of a given geometry and standard state in vacuum to the
solvent. Because it is a work term, AG;, corresponds to a free
energy and contains not only the energy of solvation but also the
thermal and entropic contributions of the solvent to the free energy
of solvation, implicitly. AEg.m is the electronic energy cost of
changing the gas phase geometry to the solution phase geometry.
AEzpg+merma 18 the difference between gas phase and solution phase
ZPE, thermal and entropic contributions of the solute to the free
energy. In practice, we have carried out geometry optimizations in
the gas phase and assumed that no significant change in geometries
occurs in the solvent. Similarly, ZPE, thermal, and entropic
contributions to the free energy have been computed only in
vacuum. Hence, the last two terms in eq 1 are neglected in free
energy calculations.

The electronic energy (E) of the solvated system should contain
the energy of solvation added to the gas phase electronic energy.
However, continuum calculations yield directly the free energy of
solvation. We assume that the thermal and entropic contributions
of the solvent to AGy, are more or less similar among different
structures and hence, cancel out when computing the relative
energies (AE) which are the values discussed in this paper.
Therefore, the electronic energies in solution are evaluated according
to

E=E, +AG,, )

To analyze the solvent effects in more detail, we divide the
solvation free energy (AG;,) into an electrostatic (AGy®") and a
nonelectrostatic component (AG,™" ), the former being computed
quantum mechanically, whereas AG,™" ¢ is calculated empirically:

AGS()]HOH el _ AGSOICM + AGSOIrep + AGgoldisp (3)

where AG* is the energy required to form a cavity of the size
of the solute in the bulk solvent (cavitation energy), AGy,"P is the
repulsion energy between the solute and the solvent, and AGy, i
is the solute—solvent dispersion energy. The effect of the solvent
polarity on the solute—solvent interactions is contained in AGg°.
In order to show the effect of electrostatic solvation more clearly,
the relative energies computed by taking into account only AG;® are
given in parentheses in the tables. Individual AG,,® and AGg™
avalues in CH,Cl, are given as Supporting Information in Table
S4. However, it should be borne in mind that continuum models
are not generally accurate to a few tenths of a kilocalorie and hence
should be used to predict trends rather than absolute values.

In the uncatalyzed reaction, the activation free energy is
calculated with respect to the most stable conformer of the reactant,
whereas in the catalyzed reactions, it is calculated with respect to
the most stable conformer of the substrate—catalyst complex.

Results and Discussion

Uncatalyzed Reaction. Geometries of the four transition
states leading to the four different stereoisomers are shown in
Figure 1. Relative energies and activation energies are given in
Table 1. Cartesian coordinates of all the TSs and the reactant
are given as Supporting Information. The structures are named
according to the stereochemistry of the related products at the
carbon atoms 1 and 6, along with the prefix un, standing for
uncatalyzed.

The lowest energy transition states are unlS6S and un1R6R,
which display chair-like structures, as expected. Because of the
steric repulsion between C2 and C5 atoms, the boat-like TSs
unlR6S and un1S6R are higher in free energy by 5 kcal/mol,
in agreement with the high diastereoselectivity of the Claisen
rearrangements. This steric effect is also reflected in the lengths
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FIGURE 2. Transition structures for the phenyl Cu-box-catalyzed Claisen rearrangement of E,Z-4a (green, substrate C; yellow, substrate H; violet,
substrate O; grey, catalyst C; white, catalyst H; red, catalyst O; blue, N; dark grey, Cu). Some hydrogens are omitted. The angles between the
normal vectors to the O—Cu—O and N—Cu—N planes are also shown. Distances in angstroms, angles in degrees.

of the forming and breaking bonds, which are longer by
0.08—0.11 A in boat-like TSs than in chair-like TSs. For all
TSs the breaking bond distances are shorter than the forming
bond distances by 0.36—0.39 A. Enantiomeric TSs have
identical energies in the gas phase as expected. However, due
to numerical errors in the solution phase calculations a 0.1 kcal/
mol energy difference between un1S6S and un1R6R has been
found. This value has no physical significance and comes
entirely from a computational artifact.

The free energy of activation (29.6 kcal/mol) has been
computed with respect to the lowest energy TS unlS6S and
the most stable conformer of the reactant (not shown). Similar
values of the free energy of activation are commonly observed
in Claisen rearrangements.>~*

The effect of the solvent on the relative energies of the TSs
is at most 0.1 kcal/mol. The decrease in AE¥ upon solvation is
1.8 kcal/mol. We have checked whether the atomic radii used
to create the solute—cavity have any effect on the computed
activation energy. We have carried out single point energy
calculations using some of the standard radii avalaible in
Gaussian03. The AE*cp,c, value is 29.8 (28.2), 30.6 (28.9), 28.7
(28.7), and 28.1 (28.7) kcal/mol, respectively, for the Bondi,
UAHF, UFF and UAO radii, the numbers in parentheses being
the values computed taking into account only the electrostatic
part of the solvation energy. These results suggest a small
decrease in the barrier height due to electrostatic solvation
effects. However, the nonelectrostatic part of the solvent effect
is not consistent between different radii, the overall AE‘*CHZCI2
value being either similar (Bondi), higher (UAHF), or lower
than AE*gaS (UFF, UAO). In all cases, the effect of the solvent
on the barrier height is small and we thus find that the reaction
is not very sensitive to solvent effects.

(53) Schuler, F. W.; Murphy, G. W. J. Am. Chem. Soc. 1950, 72 (7), 3155—
3159.

(54) Burrows, C. J.; Carpenter, B. K. J. Am. Chem. Soc. 1981, 103 (23),
6983-6984.

TABLE 2. Relative Energies (AE) and Free Energies (AG) of
Transition Structures in the Reaction Catalyzed by phenyl Cu-box
and Energy and Free Energy of Activation (AE* and AG¥,
Respectively) of the Reaction Computed Using the Lowest Energy
Transition Structure®

relative and free energies

AE g AEcu,cl, AEch,cN AGcn,ci,
ph1S6S 0.0 0.0 (0.0) 0.0 (0.0) 0.0
ph1S6R 1.1 2.6 (1.8) 2.7 (1.8) 2.6
phIR6R ~05 3.6(0.3) 40(0.4) 35
phIR6S 1.0 6.7(3.1) 75(3.5) 6.8
activation energies
AE¥ g AE*cu,01, AEFcn,en AG¥cny01,
ph1S6S-rph1S6R 166 15.0(167) 153 (17.1) 13.8

ph1R6R-rphext 18.4

“ Subscripts gas, CH>Cl,, and CH3CN indicate the reaction medium.
The numbers in parentheses are computed by taking into account only
the electrostatic part of the solvation free energy. All values are in kcal/
mol.

Phenyl-Substituted Cu-box Catalyzed Reaction. Transition
structure searches starting with various substrate—catalyst
orientations have yielded four TSs. The optimized geometries
of these TSs are displayed in Figure 2. Relative energies and
activation energies are given in Table 2. Cartesian coordinates
of all the TSs and related reactants are given as Supporting
Information. The structures are named according to the stere-
ochemistry of the related products at the carbon atoms 1 and 6,
along with the prefix ph, standing for phenyl. The prefix r
indicates a reactant complex. An extended conformer of the
reactant complex is named rphext.

There are a number of common properties for all the
structures. First, in all TSs in the catalyzed reaction, the distances
between the allyl and enolate moieties, i.e., the forming and
breaking bonds, are longer than the corresponding distances in
the uncatalyzed reaction by 0.3—0.5 A. Apparently, the Lewis
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acid attracts part of the electron density of the substrate,
weakening the forming and breaking bonds in the TSs.

Second, the isopropyl ester part displays a different confor-
mation than in the uncatalyzed reaction. In the presence of the
catalyst, the carbonyl O is oriented toward Cu and is cis to the
ether O, while the isopropyl group stays away from box,
avoiding steric interactions.

Structures ph1S6S and ph1S6R exhibit a type II arrangement,
whereas ph1R6R and ph1R6S show a type I orientation. In
ph1R6R and phlR6S, the isopropyl ester part is situated in
quadrant B, while the vinyl part is in quadrant D. This
arrangement leaves enough space for the allyl part in quadrants
C and D, minimizing steric interactions (Figure 2). For instance,
the closest H—H contacts between the substrate and the catalyst
are 2.710—2.847 A. These contacts involve a hydrogen on the
isopropyl group and a hydrogen on the phenyl group in quadrant
C. The distance between the hydrogen on C4 and the closest
carbon atom of the phenyl group in quadrant C is also large
(3.211—3.406 A). A possible unfavorable interaction can occur
between O3 carrying a partial negative charge and the delocal-
ized electron cloud of the phenyl group in quadrant A. The
shortest distance between O3 and a phenyl C is 3.370—3.386
A, slightly larger than the sum of their van der Waals radii.

Because the phenyl group is planar and is not too bulky, it
may adapt its conformation according to its environment. Hence,
in ph1S6S and ph1S6R, the isopropyl group of the substrate
can be situated in the same quadrant as one of the phenyl groups
without significant steric interactions (Figure 2). For instance,
the shortest distance between an isopropyl H and a phenyl
carbon in quadrant C is 2.945—2.946 A. However, if the
substrate had a more branched group such as fers-butyl in the
ester part, there would probably not be enough room for it in
quadrant C. Therefore, ph1S6S and ph1S6R would be highly
destabilized. Conversely, the replacement of the isopropyl group
by -CHj3 would not provide an important stabilization of ph1S6S
and ph1S6R, because the terminal C atoms of the isopropyl
are already oriented away from the catalyst. Therefore, the
interaction of the isopropyl with phenyl would be practically
the same as that of the methyl, in agreement with experiment.’®
On the other hand, the distance between O3 and the closest C
of the phenyl group in quadrant A is similar as in the type I
structures (3.342—3.385 A). The hydrogen on C4 makes close
contacts with the phenyl group (2.734—2.806 A). It is not clear
whether this interaction is repulsive or a T-shaped sr-stacking
type attractive interaction. For instance, NBO™-*¢ calculations
yield a charge transfer energy of 1.8 kcal/mol between phenyl
and allyl in ph1S6S. The charge transfer energy between allyl
and phenyl in ph1R6R is negligible (0.1 kcal/mol).

To sum up, in any TS the isopropyl group is not involved in
important steric interactions. The O3-phenyl distances are similar
in all TSs, but, since O3 is in the direction of the p orbitals of
the phenyl group in type II TSs, the repulsive interactions may
be slightly more important. This may be partially compensated
by the T-shaped attractive interactions between the C4 hydrogen
and phenyl (if any). As a result, enantiomeric TSs have very
similar energies in the gas phase, the type II ones being slightly
higher in energy than the enatiomeric type I, resulting in low
enantioselectivity.

(55) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88 (6),
899-926.

(56) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83
(2), 735-746.
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Since ph1S6R and ph1R6S display boat-like structures, they
are less stable by 1.1 and 1.5 kcal/mol than the chair-like
ph1S6S and ph1R6R, respectively, in the gas phase. These
values are surprisingly low compared to the chair-TS/boat-TS
energy difference in the uncatalyzed reaction. The differences
in the substrate-Cu or substrate-box interaction distances among
the TSs do not seem to be responsible for the decrease in the
chair-boat TS energy difference (Figure 2). For instance, the
03—Cu distances differ by only 0.01 A among diastereomeric
TSs. The isopropyl H-phenyl C or O3-phenyl C distance are
also very similar. Apparently, because the vinyl and allyl
moieties are farther away from each other in the presence of
the catalyst with respect to the uncatalyzed reaction, the steric
repulsion between C2 and CS is less important. For instance,
the C2—C5 distance is 2.999 A in both ph1S6R and ph1R6S.
As a result, ph1R6S and ph1S6R have low AE values for boat-
like TSs.

In Figure 2, the angles between the vectors normal to the
O—Cu—O0 and N—Cu—N planes are displayed. In a perfect
square planar arrangement these angles should be 0°, whereas
in a perfect tetrahedral arrangement they should be 90°. Thus,
all the TSs in Figure 2 show a distorted square planar
arrangement rather than a tetrahedral one. The distortion is larger
in the type I structures.

Both the enantioselectivity and diastereoselectivity are solvent
dependent. In going from vacuum to CH)Cl,, the energy
difference between the TSs yielding enantiomeric products
changes by about 4 kcal/mol in favor of ph1S6S and ph1S6R
with respect to ph1R6R and ph1R6S, respectively. Also, the
energy difference between the TSs yielding diastereomeric
products changes by about 1.5 kcal/mol in favor of ph1S6S
and ph1R6R with respect to ph1S6R and ph1R6S, respectively.
In the gas phase, ph1R6R is slightly lower in energy than
ph1S6S, but in CH,Cl,, ph1S6S becomes the lowest energy
TS. The more polar solvent CH3CN has little effect on the
selectivity and this effect is in the same direction as that of
CH,CL.

To make sure that the solvent dependence of the stereose-
lectivity with phenyl Cu-box does not originate from a
computational artifact, we have computed the relative energy
of ph1R6R with respect to ph1S6S in the gas phase and in
CH,Cl, using various DFT functionals. The AE,,, values are
—2.0,—1.9, —1.5, 0.4, —1.7, and —0.5 kcal/mol for the BP86,
B3LYP, PBEIPBE, BMK, MPW1K, and MPWBIK function-
als, respectively. The corresponding AEcn,ci, values are 1.8
(—1.5), 2.1 (—1.2), 2.5 (—0.8), 4.4 (1.1), 2.5 (—0.9), and 3.6
(0.3) kcal/mol, the numbers in parentheses being the values
computed by taking into account only the electrostatic part of
the solvation energy. Moreover, in order to see the effect of
the radii of the spheres used to create the solute—cavity in the
solvent, we have computed AEcy,cy, using some of the standard
radii available in Gaussian03 in combination with the MPWB1K
method. The AEcp,ci, values are 3.2 (1.5), 4.0 (3.0), 3.7 (0.6),
1.5 (—0.1), and 3.6 (0.3) using the Bondi, Pauling, UFF, UAHF,
and UAQO radii, respectively. In the gas phase all methods except
BMK predict that ph1R6R is the lowest energy TS. On the
other hand, in CH,Cl,, calculations with all methods and all
radii find ph1S6S as the lowest energy TS. However, the
quantitative results and the relative importance of the electro-
static and nonelectrostatic parts of the solvent effects are
different. If only the electrostatic solvent effects are considered,
BP86, B3LYP, PBEIPBE, and MPWIK along with the UAO
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radii, and MPWB 1K with the UAHF radii predict that ph1R6R
is lower in energy than ph1S6S. Nevertheless, in all these cases
AEcu,ci, (see the numbers in parentheses) is less negative than
AE,, indicating that solvation of electrostatic nature favors
ph1S6S with respect to ph1R6R. Also, the non electrostatic
solvent effects favor ph1S6S, yielding positive AEcu,ci, values.
Since AGy"" ¢ is computed empirically, it may yield unreliable
results as in the uncatalyzed reaction above. Nevertheless, the
more favorable nonelectrostatic solvation energy for ph1S6S
can be rationalized in part by considering the geometries of
ph1S6S and ph1R6R. Since the substrate and the substituents
of the catalyst are situated in the same quadrants of the space,
ph1S6S is more compact (the cavity volume is 905.410 and
938.164 A3 for ph1S6S and ph1R6R, respectively). Hence,
less energy is required to create a cavity in the solvent. Indeed,
AGg o™ is 55.7 and 58.1 kcal/mol for ph1S6S and ph1R6R,
respectively (MPWBI1K/UAQO). The other contributions to
AGg,™" ¢! exhibit smaller variations between these structures
(AGsor™P is 1.6 and 1.5 kcal/mol, AG®P is —32.8 and —31.8
kcal/mol for ph1S6S and ph1R6R, respectively). Thus, although
we do not expect to obtain quantitatively accurate results for
the large systems studied here using DFT and continuum
methods, we are confident that the stereoselectivity of the
Claisen rearrangement with the phenyl Cu-box is solvent
dependent and that both the electrostatic and nonelectrostatic
parts of the solvent effect favor ph1S6S. The experimental
observations for E,Z-4a (Scheme 3),3’25 27 which is the system
studied in this work, are in reasonable agreement with our
computational results in CH,Cl,.

It is not only the lowest energy TS but also the most stable
reactant complex that is different in the solvent (rph1S6R)
compared to the vacuum state (rphext). The activation energies
in Table 2 are computed as the energy difference between the
lowest energy TS and the most stable reactant complex in each
medium. Thus, AE¢gas is the energy difference between ph1R6R
and rphext while AE*CHZCI2 and AE¢CH3CN refer to the energy
difference between phl1S6S and rphlS6R. It is useful to
compare the solution phase activation energies, i.e., the energy
difference between ph1S6S and rph1S6R in CH,Cl, or CH3CN,
with the gas phase energy difference between ph1S6S and
rph1S6R, in order to monitor the solvent effects on this value.
Therefore, the gas phase energy difference between ph1S6S
and rph1S6R is also included in Table 2, although it does not
correspond to the gas phase activation energy. The AG* value
of 13.8 kcal/mol in CH,Cl, seems to be somewhat smaller than
expected considering the experimental completion times™*>>’
probably because of the omission of the counterions. The
activation energy decreases in going from vacuum to CH,Cl,,
then slightly increases in CH3CN with respect to the one in
CH,Cl,. If only the electrostatic part of the solvation energy is
considered, an insignificant increase in the barrier height
(computed as the ph1S6S-rph1S6R energy difference in all
three media) with increasing dielectric constant is observed.
Thus, we conclude that the reaction rate is insensitive to the
dielectric constant.

It is interesting to compare the —TAS* term in the uncatalyzed
(3.0 kcal/mol) and catalyzed reactions (0.6 kcal/mol). Note that
this term includes only the solute entropy in our calculations.
The small value for the catalyzed reaction suggests that the
motion of the reactant state is already quite restricted in the
presence of the catalyst and not too much entropy loss takes
place in going to the transition state.

JOC Article

tert-Butyl-Substituted Cu-box Catalyzed Reaction. The
optimized geometries of the transition states for the trert-butyl-
substituted Cu-box catalyzed reaction leading to the different
stereoisomers are shown in Figure 3. Relative energies and
activation energies are given in Table 3. Unlike the phenyl-
substituted Cu-box, two different TSs have been located for each
of the (15,6S) and (1S,6R) stereoisomers. The structures are
named according to the stereochemistry of the related products
at the carbon atoms 1 and 6, along with the prefix tb, standing
for tert-butyl. In the case of th1S6S and th1S6R, the two TSs
are differentiated by suffices a or b. The prefix r denotes a
reactant complex. Cartesian coordinates of all the TSs and
related reactants are given as Supporting Information. The
reactant complex corresponding to tb1S6Sa collapses to
rtb1R6S upon optimization.

The tert-butyl group is bulkier than the phenyl group and in
addition because of its Cs, local symmetry, it cannot assume
various conformations to accommodate a given conformation
of the substrate. Therefore, only in tb1R6R and tb1R6S can
large steric interactions between box and the substrate be
avoided (Figure 3). Even in these structures, there are short H—H
contact distances in quadrant C (2.386—2.460 A). Both struc-
tures display a type I arrangement, putting the allyl moiety in
quadrants C and D, away from the catalyst. Among these two
structures, th1R6R is of lower energy due to the chair-like shape
of the substrate. As in the case of the phenyl Cu-box, the boat-
like TS tb1R6S is not too high in energy with respect to
tb1R6R, because of the relatively large distance between the
enolate and allyl moieties, leading to decreasing the steric
interactions between them.

Species th1S6Sa and tb1S6Ra also have type I arrangements.
However, in these structures the allyl part is located in quadrant
D, putting the allylic protons at C4 in close contacts with the
catalyst (Figure 3). Short H—H contact distances of 2.2 A occur
in quadrant D. If the substrate rotates counter clockwise to
remove these interactions, then the isopropyl ester and vinyl
groups intrude into quadrants A and C, respectively, making
close contacts with the catalyst. Steric interactions also push
the substrate away from the catalyst as shown by the Cu—O
distances (Figure 3). The boat-like TS th1S6Ra has a higher
energy than th1S6Sa.

Structures tb1S6Sb and tb1S6Rb exhibit type II arrange-
ments. However, because the allyl part and a fert-butyl group
cannot be accommodated in quadrant A, and the isopropyl group
and the other fert-butyl in quadrant C, without large steric
contacts, the plane of the catalyst bends. As such, in th1S6Sb,
the unfavorable interaction distances are larger than in th1S6Sa.
This bending of the catalyst has an energy cost. These two
effects together render tb1S6Sb lower in energy than tb1S6Sa.
On the other hand, in tb1S6Rb, even the bending of the catalyst
is not enough to remove the steric interactions. For example, a
proton on C4 is situated at a distance of 2.239 A from a proton
of the tert-butyl group in quadrant A (Figure 3).

Structures tb1IR6R and tb1R6S display distorted square
planar geometries around Cu as shown by the angles given in
Figure 3. The extent of the distortion is similar as the type I
TSs in the phenyl Cu-box catalyzed reaction. Structures th1S6Sa
and tb1S6Ra display larger deviations from square planarity
because of the large steric interactions involving the allyl moiety
in quadrant D; they are between a square planar and a tetrahedral
geometry. The bending of the catalyst in th1S6Sb and tb1S6Rb
does not involve the coordination of Cu. These two type II TSs
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FIGURE 3. Transition structures for the zerr-butyl Cu-box catalyzed Claisen rearrangement of E,Z-4a (green, substrate C; yellow, substrate H;
violet, substrate O; grey, catalyst C; white, catalyst H; red, catalyst O; blue, N; dark grey, Cu). Some hydrogens are omitted. The angles between
the normal vectors to the O—Cu—O and N—Cu—N planes are also shown. Distances in angstroms, angles in degrees.

TABLE 3. Relative Energies (AE) and Free Energies (AG) of
Transition Structures in the Reaction Catalyzed by fert-Butyl
Cu-box and Energy and Free Energy of Activation (AE* and AG*,
Respectively) of the Reaction Computed Using the Lowest Energy
Transition Structure®

relative and free energies

AEgy AEcu,cl, AEch,cN AGcn,cl,
tb1R6R 0.0 0.0 (0.0) 0.0 (0.0) 0.0
tb1R6S 1.1 1.4 (1.8) 1.6 (1.8) 1.3
tb1S6Sa 7.4 6.9 (7.7) 7.3 (8.2) 6.5
tb1S6Sb 6.9 6.7 (6.5) 6.6 (6.4) 5.8
tb1S6Ra 7.8 7.6 (8.5) 8.1(9.0) 7.4
tb1S6Rb 9.9 11.4 (10.4) 12.2 (10.8) 9.7
activation energies
AE¥ g AE*cn 0, AE*ch,en AG*cnl,
tb1R6R-rtb1R6S 19.2 18.4 (17.9) 18.1 (17.7) 17.4

“ Subscripts gas, CH>Cl, and CH3CN indicate the reaction medium.
The numbers in parentheses are computed by taking into account only
the electrostatic part of the solvation free energy. All values are in kcal/
mol.

show small deviations from square planarity, not too far from
the deviations in ph1S6S and ph1S6R, the type II TSs in the
phenyl Cu-box catalyzed reaction.
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Solvent effects do not change the order of relative energies.
Neither the enantioselectivity, nor the diastereoselectivity is very
sensitive to the solvation effects. The diasteroselectivity is
expected to increase only slightly with increasing polarity of
the solvent whereas the decrease in the relative energy of
th1S6Sb leads to a very small decrease in the enantioselectivity.
Note, however, that the relative energy of th1S6Sb is still too
large.

Some experimental results using tert-butyl Cu-box along with
SbFe~ as counterion and CH,Cl, as the solvent are summarized
in Scheme 3.2’ Our results are in agreement with experiments
in that tb1R6R is the lowest energy TS for E,Z-4a.

The activation free energy has been computed as the free
energy difference between tb1R6R and the most stable reactant
complex which is the precursor of tb1R6S (not shown). The
AG¥ value of 17.4 kcal/mol seems to be somewhat smaller than
expected for a reaction with a completion time of 3 h, probably
because of the omission of the counterions. The activation free
energy with tert-butyl Cu-box is higher than with phenyl Cu-
box. The activation energy with fert-butyl Cu-box decreases
only slightly in going from vacuum to CH,Cl, then to CH3;CN.

The —TAS ¥ term is again much smaller (0.8 kcal/mol) for
the catalyzed reaction than for the uncatalyzed reaction (3.0 kcal/
mol). Thus, in the tert-butyl Cu-box, as in phenyl Cu-box, the
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motion of the reactant state is already quite restricted and part
of the catalytic effect comes from the reduction of the activation
entropy.

Solvent Effects. In Table S4, three trends can be observed.
First, the structures with a chair-like TS are better solvated
electrostatically with respect to the boat-like TSs, leading to
the corresponding diastereomeric products, except the ones
involved in the uncatalyzed reaction. This is also true for the
corresponding conformers of the reactant complexes. Second,
type II structures have more negative AGyy® values as compared
with type I structures yielding the corresponding enantiomeric
products (rtb1S6Sb is an exception). Third, in general, the TSs
are better solvated electrostatically than the corresponding
reactant complexes with the exception of ph1S6S and ph1S6R.
The small differences in AGy,® values make it difficult to
attribute the observed trends to a particular reason.

Conclusion

Phenyl- and tert-butyl-substituted Cu-box catalyzed Claisen
rearrangement reactions of E,Z-4a as well as the uncatalyzed
reaction have been studied computationally. Reaction with
phenyl Cu-box has a low enantioselectivity and diastereoselec-
tivity in the gas phase, giving (1R,6R) as the major product.
The phenyl group is not too bulky and can adapt its conforma-
tion to that of the substrate. Therefore, two different arrange-
ments, called type I and type II here, are energetically close to
each other in the gas phase. Moreover, the distance between
the enolate and allyl moieties in the TS is relatively large,
reducing the steric repulsions in boat-like TSs. The low degree
of steric interactions between the substrate and the catalyst as
well as between different parts of the substrate is responsible
for the low selectivity in vacuum. The CH,Cl, solvent induces
a good level of selectivity and a reversal of the absolute
configuration (15,6S). On the other hand, with the bulkier tert-
butyl group, only tb1R6R and tb1R6S can avoid large steric
interactions between the substrate and box. Among these two
structures, the chair-like one, tb1R6R, is the lowest energy one
both in the gas phase and in CH,Cl,.

To our knowledge, Cu-box catalyzed Claisen rearrangements
were studied experimentally only in CH,Cl,. Therefore, experi-
ments in different media are required to validate our compu-
tational predictions concerning the impact of the solvent on the
stereoselectivity. On the other hand, solvent effects on the Cu-
box catalyzed Diels—Alder reactions were studied and it was
found that the selectivity with phenyl Cu-box is very sensitive
to the solvent dielectric constant.>**! However, in these experi-
ments, it was observed that at low dielectric, phenyl Cu-box
gives the opposite absolute configuration with respect to tert-
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butyl Cu-box, whereas at high dielectric, it gives the same
absolute configuration. In our work, we find that in vacuum
(i.e., at the lowest limit of the dielectric) both catalysts yield
the same absolute configuration whereas with increasing di-
electric, the selectivity is reversed. An explanation for the
different behavior of Claisen and Diels—Alder reactions needs
further studies.

The investigation of the electrostatic part of the solvent effects
indicates three trends (Table S4, Supporting Information): (i)
chair-like TSs are better solvated than the boat-like TSs yielding
the corresponding diastereomeric product (except in the un-
catalyzed reaction), (ii) type II structures are favored by the
solvent with respect to the type I TSs leading to the enantiomeric
products (rtb1S6Sb is an exception), and (iii) the TSs are better
solvated electrostatically than the corresponding reactant com-
plexes with the exception of ph1S6S and ph1S6R.

The —TAS ¥ term in the presence of the catalyst is much
smaller than the one in the uncatalyzed reaction. Hence, part of
the catalytic action of Cu-box comes from the entropic effects.

Although our work is concerned only with E,Z-4a, it gives
insight about other experimentally studied systems. For example,
Z.,7-4a is expected to pass through TSs like ph1S6S or tb1R6R
in order to give the observed selectivity with the phenyl or tert-
butyl Cu-box, respectively (Scheme 3).*2>?” Considering the
optimized geometries of ph1S6S and tb1R6R it can be said
that putting the methyl group at the Z position would not yield
any new interaction that might change the basic features of the
TSs. On the other hand, experiments indicate a competiton
between chair and boat-like TSs for E-configured allyl
groups.®?>?” Our calculations show that the boat-chair TS
energy difference is greatly reduced in the presence of the
catalyst, making the competition between them possible.
However, the reason why the competition happens particularly
in systems with E-configured allyl groups requires further study.
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