Downloaded via UNIV OF CALIFORNIA LOS ANGELES on July 14,2020 at 01:28:23 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

' { ; ( ' S @ Cite This: J. Am. Chem. Soc. 2019, 141, 12382-12387
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Origins of Selective Formation of 5-Vinyl-2-methylene Furans from
Oxyallyl/Diene (3+2) Cycloadditions with Pd(0) Catalysis

Yike Zou, Shuming Chen,*® and K. N. Houk*

Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095-1569, United States

© Supporting Information

ABSTRACT: The (3+2) cycloadditions between electron-
deficient Pd-oxyallyls and conjugated dienes have been
investigated with density functional theory calculations. A
stepwise mechanism with C—C bond formation occurring first
is supported by computations. The key electron-withdrawing
ester substituent on the Pd-oxyallyl species decreases the
migratory insertion barrier by both lowering the LUMO
energy and enabling a less-strained six-membered coordina-
tion mode. The lack of (3+2) reactivity with monoenes is
attributed to higher migratory insertion barriers due to a
lower-energy HOMO, as well as high C—O reductive
elimination barriers, which become rate-determining. Con-
jugated dienes enable the formation of a highly electrophilic
1 Pd-allyl species and greatly facilitates C—O formation.
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B INTRODUCTION

Cycloaddition reactions are invaluable synthetic tools to
organic chemistry, as they enable the expedient and convergent
construction of cyclic motifs." Reactions of oxyallyl cations
with dienes” are an attractive method to access challenging
seven-membered rings through symmetry-allowed (4+3)
cycloadditions (Scheme 1).> Due to the thermally forbidden
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nature of the uncatalyzed concerted (3+2) cycloaddition
pathway, however, it has proven much more difficult to
leverage the synthetic potential of oxyallyl cations for the
construction of five-membered rings.* Prior to Trost’s work,’
only a limited number of stepwise (3+2) cycloadditions
employ1n§ stoichiometric metal-based reagents were re-
ported.®

In 2018, Trost et al. disclosed a successful catalytic (3+2)
cycloaddition involving Pd-oxyallyl species to yield a diverse
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range of cis-fused methylene tetrahydrofurans (Scheme 2).°
The (3+2) cycloaddition involving reaction of the oxyallyl
moiety was observed when a Pd(0) source, CpPd(cinnamyl),
was used as the precatalyst in conjunction with a monodentate
triarylphosphine ligand, P(0-OMeC4H,);. A variety of cyclic
and acyclic conjugated dienes served as effective (3+2)
partners. This breakthrough in harnessing (3+2) cycloaddition
reactivity of oxyallyls depended upon the employment of a Pd-
oxyallyl bearing an electron-withdrawing ester (CO,Et)
substituent, as well as a conjugated diene as the coupling
partner. When the electron-withdrawing ester was substituted
with a phenyl ring or a hydrogen, no (3+2) cycloadduct was
observed. Monoenes were also completely unreactive toward
the (3+2) cycloaddition.

Our group’s continued interest in oxyallyl cycloadditions'’
led us to investigate the factors that facilitate the unique (3+2)
reactivity exhibited in Trost’s practical and powerful trans-
formation. Using density functional theory (DFT) calculations,
we demonstrate how the combination of an electron-deficient
Pd-oxyallyl and a conjugated diene enables the catalytic (3+2)
cycloaddition mode.

B COMPUTATIONAL METHODS

Density functional theory computations were performed in Gaussian
09." Molecular geometries were optimized using the @wB97X-D
functional,'” which has been shown to give accurate geometries for
transition metal complexes The LANL2DZ basis set (including
effective core potential)'* was used for Pd, and the 6-31G(d) basis set
was used for all other atoms. Solvation effects were incorporated
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Scheme 2. Pd-Oxyallyl/Diene (3+2) Cycloaddition
Reported by Trost et al.”
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during geometry optimizations using the SMD' solvation model.
Frequency calculations were performed at the same level of theory as
for geometry optimization to characterize the stationary points as
either minima (no imaginary frequencies) or first-order saddle points
(one imaginary frequency) on the potential energy surface, as well as
to obtain thermal Gibbs free energy corrections. Intrinsic reaction
coordinate calculations were performed to ensure that the first-order
saddle points found were true transition states (TS) connecting the
reactants and the products. Single-point energies were calculated with
the @wB97X-D functional, with the SDD'® basis set for Pd and the 6-
311++G(d,p) basis set for all other atoms. Molecular structure
visualizations were obtained using CYLview.'” Monte Carlo
conformational searches were performed with the Merck molecular
force field implemented in Spartan’l6 to locate the low-energy
conformations.

B RESULTS AND DISCUSSION

Experimentally, the Pd-oxyallyl species is generated from
bifunctional precursor 1 containing both a silyl enol ether and
an allyl carbonate. Oxidative addition, followed by extrusion of
CO, and alkoxide, furnishes 2. Desilylation by the nucleophilic
alkoxide anion leads to Pd-oxyallyl 3 (Figure 1a). The possible
resting states of the purported Pd-oxyallyl species are shown in
Figure 1b. The #°-coordinated isomer 3a is calculated to be the
most stable resting state. However, the presence of the ester
group enables alternative coordination modes, including 3b,
which lies only 2.8 kcal/mol above 3a in energy. In both 3a
and 3b, the ortho methoxy group on the phosphine ligand
stabilizes the complex by coordinating to the Pd center (Figure
lc).

We explored the possible concerted and stepwise mecha-
nisms for the (3+2) cycloaddition. A concerted (3+2)
cycloaddition TS could not be located. For the rest of our
investigation, we turned our attention to the stepwise
pathways.

Stepwise Cycloaddition Mechanism. The stepwise
pathway for the (3+2) cycloaddition between Pd-oxyallyl 3
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Figure 1. (a) Generation of Pd-oxyallyl species 3. (b) Computed free
energies (in kcal/mol) of the isomers of 3. (c¢) Computed structures
of Pd-oxyallyl isomers 3a and 3b. Hydrogen atoms are omitted for
clarity. Interatomic distances are in angstroms.

and diene species proceeds in two stages. In the first stage, C—
C bond formation occurs through a nucleophilic attack on Pd-
oxyallyl 3 by the diene. The second stage, C—O bond
formation, can take place either directly via C—O reductive
elimination or though the nucleophilic attack of oxygen on a
newly formed Pd-allyl moiety. The alternative pathway, a C—O
bond formation followed by C—C reductive elimination, was
ruled out because the C—O formation TS has a free energy
barrier of 42.1 kcal/mol (see Figure S1 in the Supporting
Information).

Role of the Ester Substituent on Pd-Oxyallyl. Trost et
al. found that the electron-withdrawing ester substituent on
Pd-oxyallyl 1 (R’ in Figure 1a) is instrumental in promoting
the desired (3+2) reaction. Replacement of the ester R" group
with either phenyl or hydrogen resulted in 0% vyield of the
(3+2) adduct. To elucidate the role of the electron-
withdrawing ester substituent, we calculated the transition
states for the C—C bond formation step (migratory insertion
of 1,3-cyclohexadiene into Pd—C of 3) with different Pd-
oxyallyl structures.

The calculated transition states for the C—C forming
migratory insertion step are shown in Figure 2. TS-2, the
migratory insertion TS for 1,3-cyclohexadiene with the
unsubstituted Pd-oxyallyl 4, has a very high free energy barrier
of 39.5 kcal/mol. In the analogous TS-3a, where the ester-
substituted Pd-oxyallyl 3¢ reacts with 1,3-cyclohexadiene, the
free energy barrier is reduced to 30.6 kcal/mol. The 8.9 kcal/
mol difference in free energies of activation can be partly
attributed to the electron-withdrawing effects of the ester,
which lowers the energy of the Pd-oxyallyl LUMO from 0.98
eVin 5 to 0.86 eV in 3c (Figure 2), leading to more favorable
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Figure 2. Computed transition state structures for the C—C forming
migratory insertion of 1,3-cyclohexadiene into Pd-oxyallyl species
with and without an electron-withdrawing ester. Hydrogen atoms are
omitted for clarity. Interatomic distances are in angstroms, and
energies are in kcal/mol. Activation free energies are calculated with
respect to the isolated reactants 1,3-cyclohexadiene and 3a.
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interactions with the diene HOMO. More importantly, the
ester moiety also enables the migratory insertion to proceed
through TS-3b, in which the Pd-oxyallyl species adopts a six-
membered coordinating mode. TS-3b further lowers the C—C
formation barrier by 2.4 kcal/mol compared to TS-3a. This
decrease in barrier height is partly due to a less strained six-
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Figure 4. (a) Computed transition structures for the C—C forming
migratory insertion of 1,3-cyclohexadiene and cyclohexene into Pd-
oxyallyl 3b. Hydrogen atoms are omitted for clarity. Interatomic
distances are in angstroms, and energies are in kcal/mol. Activation
free energies are calculated with respect to the isolated reactants
(alkene and 3a). (b) Calculated HOMO energies of alkenes.

membered ring in the Pd-oxyallyl portion compared to the
more strained four-membered ring in TS-3a. In addition, the
LUMO of 3b, the active Pd-oxyallyl species leading to TS-3b,
is lower (0.63 eV) than the LUMO of 3c (0.86 V) due to its
more extensive conjugation (Figure 3). The electron-with-
drawing ester substituent serves two functions in promoting
the migratory insertion step: (1) lowering the Pd-oxyallyl
LUMO and (2) enabling a less-strained six-membered
coordination mode in the TS.

Role of Conjugated Diene in (3+2) Reactivity. Another
notable feature of the Pd-oxyallyl (3+2) cycloaddition is the
necessity of having a conjugated diene as the 27 partner.
Attempts to access five-membered rings through (3+2)
cycloadditions of Pd—oxzallyls with unconjugated alkenes all
proved unsuccessful.'®*™*' To elucidate the origins of this
striking difference in (3+2) reactivity between monoenes and
dienes, we computationally compared the performances of
cyclohexene and 1,3-cyclohexadiene in the stepwise reaction
pathway.

The calculated C—C forming migratory insertion transition
states for 1,3-cyclohexadiene and cyclohexene reacting with
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Scheme 3. Possible Mechanistic Pathways Leading to Fused
Tetrahydrofuran Product
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Pd-oxyallyl 3b are shown in Figure 4. Similar to the case of 1,3-
cyclohexadiene, a TS containing a less-strained six-membered
ring (TS-4) is also found to be preferred for cyclohexene.
However, the migratory insertion of cyclohexene proceeds with
a barrier of 33.3 kcal/mol, 5.1 kcal/mol higher than that of 1,3-
cyclohexadiene. This difference is largely due to the higher
HOMO energy of the conjugated 1,3-cyclohexadiene (—7.64
eV) compared to cyclohexene (—8.45 eV), which enables
stronger interactions with the Pd-oxyallyl LUMO,** as well as
better stabilization of the partial positive charge in the TS.

In addition to lowering the C—C formation barrier, the
conjugated diene promotes the C—O formation step via the
formation of a highly electrophilic 7* Pd-allyl species (Scheme
3). The migratory insertion TS, TS-3b, leads to intermediate S,
which contains an eight-membered palladacycle. For the
tetrahydrofuran C—O bond to form, § must undergo a Pd—
O coordination mode change to 7' Pd-allyl 6. Two ways of C—
O formation are possible: Pd-allyl 6 either undergoes C—O
reductive elimination directly or experiences n' — #°
isomerization to 7, calculated to be 3.8 kcal/mol more stable
than 6. Intramolecular nucleophilic attack on the 7° Pd-allyl
moiety by oxygen from 7 then leads to the tetrahydrofuran
product 8.

Our calculations (Figure 5) show that direct C—O reductive
elimination from 7' Pd-allyl 6 has a very high free energy
barrier of 36.0 kcal/mol (TS-5). The magnitude of this barrier
is similar to the 37.0 kcal/mol barrier predicted for the direct
C—O0 reductive elimination in the reaction of the unconjugated
cyclohexene (TS-6). However, the intramolecular nucleophilic
attack (TS-7a) on 5® Pd-allyl 7 is facile, with a barrier of only
17.9 kcal/mol.* Interestingly, the lowest-energy intramolecu-
lar nucleophilic attack TS (TS-7a) from 7 exhibits a partially
inner-sphere geometry, with the nucleophilic oxygen mostly
dissociated but still maintaining interaction with the Pd center
(Pd---O distance 2.85 A). A fully outer-sphere intramolecular
nucleophilic attack TS (TS-7b), with the incoming oxygen
completely dissociated from Pd and approaching the 7° Pd-
allyl moiety from the alternate 7 face, was calculated to be 0.9
kcal/mol higher in energy. Considering the relatively small
magnitude of these barriers, both the partially inner-sphere and
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Figure 5. Computed transition state structures for the C—O forming
mechanistic steps for the formal (3+2) cycloaddition of 1,3-
cyclohexadiene and cyclohexene with Pd-oxyallyl 3. Hydrogen
atoms are omitted for clarity. Interatomic distances are in angstroms,
and energies are in kcal/mol. Activation free energies are calculated
with respect to the most stable resting states preceding the TSs (see
Supporting Information).
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the outer-sphere nucleophilic attacks are likely operational in
the C—O formation step, leading to the same cis-fused
stereochemistry in the tetrahydrofuran product.

Overall, our results suggest that the observed lack of (3+2)
reactivity when Pd-oxyallyls are paired with monoenes can be
attributed primarily to two factors. First, monoenes are not
sufficiently nucleophilic to effectively interact with the Pd-
oxyallyl LUMO, resulting in high migratory insertion (C—C
formation) barriers and less stabilization of the partial positive
charge in the TS. Second, monoenes also have prohibitively
high C—O formation barriers because they lack a conjugated 7
bond, which would enable the formation of a highly
electrophilic 7#° Pd-allyl species that can be intramolecularly
attacked with ease.

B CONCLUSIONS

DFT calculations demonstrated why the combination of an
electron-deficient Pd-oxyallyl and a conjugated diene permits
access to the previously elusive (3+2) reactivity mode, enabling
the expedient construction of fused tetrahydrofurans. Compar-
ison with an unsubstituted system showed that the electron-
withdrawing ester substituent on the Pd-oxyallyl is key to
decreasing the barrier height of the C—C forming migratory
insertion step. In addition to lowering the energy of the Pd-
oxyallyl LUMO, the ester group also facilitates the migratory
insertion by enabling a less-strained, six-membered coordina-
tion mode in the TS. The conjugated diene reaction partner
promotes migratory insertion due to its higher-energy HOMO
and drastically lowers the C—O formation barrier by enabling
the formation of a highly electrophilic 7> Pd-allyl species,
which undergoes facile intramolecular nucleophilic attack to
furnish the methylenetetrahydrofuran product.
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