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Abstract: The origin of stereoselectivity in the (3+2) annula-
tion of allenes and enones catalyzed by an amino acid derived
phosphine catalyst has been investigated by the use of
dispersion-corrected density functional theory. An intermolec-
ular hydrogen bond between the intermediate zwitterion and
the enone was found to be the key interaction in the two
enantiomeric transition states. Additional stabilization is
provided by intermolecular hydrogen-bonding interactions
between acidic positions on the catalyst backbone and the
substrate. Enantioselectivity occurs because the intermolecular
hydrogen bond in the transition state leading to the minor
enantiomer is only possible at the expense of reactant
distortion.

P hosphines are powerful nucleophilic organocatalysts that
continue to find application in the rapid construction of
densely functionalized cyclic and acyclic biologically impor-
tant molecules.!'! Their significance is beautifully exemplified
by (342) annulation reactions of allenes and activated olefins
or imines under the catalysis of PR; derivatives.”! Since the
initial report of this transformation in 1995, asymmetric
variants of this reaction have been developed relatively slowly
despite their potential in natural product total synthesis.’ The
seminal example of an enantioselective (3+2) annulation with
an amino acid derived phosphine catalyst was reported by
Cowen and Miller in 2007 (Scheme 1, top).”! This reaction
unifies simple allenoate esters and enones under the catalysis
of an amino acid derived (-aminophosphine with good to
excellent selectivity. Since then, several other organophos-
phine catalysts derived from amino acids have been reported
for this and related reactions.”®! All these catalysts feature
a hydrogen-bonding group (amide or thiourea) vicinal to
a diphenylphosphine group. To delineate the interactions
responsible for enantioselectivity in this important class of
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transformations, we studied the initial reaction reported by
Cowen and Miller. The role of the functional groups and the
origin of stereoselectivity in this transformation were estab-
lished by computational investigation of the bond-forming
steps of the reaction mechanism. Elucidation of the key
stabilizing interactions in the enantiodetermining transition
state will assist the development of novel organocatalysts for
related transformations and assist the formulation of induc-
tion models.

The mechanism (Scheme 1, bottom) and the origins of
regioselectivity of the corresponding achiral reaction with
PMe; have been studied previously.! These studies have
demonstrated that the catalyst initially undergoes addition to
the pB-position of the allenoate to give a zwitterionic species.
The backbone geometry of this intermediate is rigidified by
a close contact between the negatively charged oxygen atom
and the phosphonium ion. To ensure that the same interaction
controls the geometry of the reactive intermediate when
a bulkier phosphine catalyst is used, we studied the zwitterion
resulting from the addition of PPh; (Figure 1). The same
conformation in which the negatively charged oxygen atom is
located cis to the phosphonium moiety is lowest in energy,
even though the energetic difference is slightly less than for
the PMe; case. The addition of the catalyst to the allenoate
was found to be the rate-determining step. The isomerization
of cis/trans allenoates has been studied by NMR spectroscopic
analysis,”® and consistent with these experiments, it was found
that the isomers are very close in energy (AAG =0.2 kcal
mol ). The barrier for the addition of PPh; to the cis
allenoate is 1.3 kcalmol ™" lower than for addition to the trans
allenoate (Figure 2). Furthermore, the formation of the
zwitterion was found to be the rate-determining step
(AAG* =25.2 kcalmol™'; compare with Figure 3).

Detailed investigations of the achiral reaction have shown
that the cycloaddition occurs by a stepwise mechanism. The
reaction coordinate leading to both the major and the minor
enantiomer with the Miller catalyst was investigated, and the
first bond-forming event was identified as the enantiodeter-
mining step in both pathways (Figure 3). A proton-transfer
sequence catalyzed by trace amounts of water is likely to be
responsible for elimination of the catalyst.”

We focused on the structural features of the transition
state of the stereodetermining first step of the annulation
reaction (see the Supporting Information for the energetically
lowest lying conformations of the other intermediates and
transition states of the reaction pathway). In their seminal
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Figure 1. The intermediate zwitterion prefers a geometry that allows for a stabilizing contact between the
charges, both for PMe; and PPh;. Distances are given in angstroms (A) and relative free energies (AAG)
in kcalmol™" (B3LYP-D3(BJ)/def2-TZVPP/IEF-PCM (toluene) //B3LYP/6-31G (d)/IEF-PCM (toluene) (MO6-
2X/def2-TZVPP/IEF-PCM (toluene) //B3LYP/6-31G (d)/IEF-PCM (toluene)); O red, P orange.

report, Cowen and Miller proposed a stereoselectivity model
in which an intramolecular hydrogen bond is responsible for
preorganizing the zwitterion in such a way that one face is
blocked by a phenyl group, thus ensuring selectivity in the
subsequent nucleophilic attack (Scheme 2A).! This model
was also proposed by Zhao and co-workers for a related
reaction.® An alternative explanation was offered by Fang
and Jacobsen for the (342) annulation of an imine and an
allene under the catalysis of a structurally related amino acid
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Qg:)@%ygzd moiety and the substrate (Sche-
me 2B). Several subsequent
reports have adopted one of

o ®F’thﬂ* the two models, but mechanis-
0 tic proof for either proposal

remains scarce. We have found
only two previous computa-
tional studies on aminophos-
phine-catalyzed reactions. Lu,
Huang and co-workers studied
an aza-Morita-Baylis—Hillman
reaction promoted by a catalyst
related to the Miller catalyst."”
Their study suggests that an
intramolecular hydrogen bond
is responsible for the high

O
(90 —.
‘O

Bn\

Int2

levels of stereoselectivity
(Scheme 2C). In contrast,
Lan, Lu, and co-workers

found an intermolecular hydro-
gen bond to be responsible for
good levels of asymmetric
induction in the y-addition of
5H-thiazol/oxazol-4-ones to
allenoates (Scheme 2 D).l
Our computations show
that the lowest-energy transi-
tion state features an intermo-
lecular hydrogen bond (1.92 A,
(S)-TS; Figure 4, top) between
the carbamate and the sub-
strate and is thus similar to the
models proposed by Jacobsen
and Lu (Scheme 2). Further
stabilization comes from hydro-
gen-bonding interactions
between two of the acidic
hydrogen substituents o and 3
to the phosphonium ion (2.20
234 A, respectively).

PPh,
5.2} and
These three noncovalent inter-
actions efficiently bind the sub-
strate in a chiral pocket that is

5:2:(

reminiscent of biomolecular
catalysis. Another important
feature is the previously dis-
cussed rigid conformation around the zwitterionic backbone.
This conformation allows for close contact between the
negatively charged oxygen atom and the phosphonium ion
(2.92 A). One transition-state conformation that only differs
in the positioning of the benzyl group was found to be close in
energy to the discussed minimum conformation (AAG™ =
0.32 (0.12) kcalmol™'; see the Supporting Information). All
other located conformations are >2.5 kcalmol™" higher in
energy. A transition state featuring an intramolecular hydro-
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Figure 3. Free-energy reaction profile of the two bond-forming events of the (3+2) annulation reaction. The black pathway leads to the major
enantiomer; the gray pathway leads to the minor enantiomer. Only structures of the major pathway are shown. Relative free energies (AAG) are
given in kcalmol ™' (M06-2X/def2-TZVPP/IEF-PCM (toluene)//B3LYP/6-31G (d)/IEF-PCM (toluene).

gen bond (236 A) as proposed by Miller and Huang
(Scheme 2) was found to be 10-13 kcalmol™' higher in
energy ((S)-TS; Figure 4, bottom).

The lowest-lying transition state leading to the minor
enantiomer (R)-TS (Figure 5) was found to be 3.0 kcalmol !
higher in energy, which is in agreement with, but over-
estimates, the experimentally observed selectivity of 80 % ee
at —25°C. Like (S)-TS, it is preorganized by the same kind of
hydrogen-bonding interactions. The considerable overestima-
tion of selectivity can partially be explained by the existence
of a number of other transition-state geometries leading to
the minor enantiomer that are close in energy (eight
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structures within 1.5 kcalmol™'; see the Supporting Informa-
tion). Interestingly, some of these structures feature an
intramolecular hydrogen bond similar to the key interaction
proposed by Miller and Huang (see Scheme?2 and the
Supporting Information).

The lowest transition states were further investigated by
overlaying (S)-TS and (R)-TS along the chiral backbone and
the zwitterionic moieties (Figure 6). The overlay along the
zwitterion reveals that in (S)-TS, the chiral chain is placed
over the substrate. Conversely, in (R)-TS, this group is rotated
into a more unfavorable orientation to allow for an optimal
hydrogen-bonding pattern, thus bringing the carbamate

Angew. Chem. Int. Ed. 2016, 55, 2022 —2027
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and co-workers to rationalize observed stereoselectivity.
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the forming charge

substrate approaches opposite
to phenyl group

Figure 4. The transition-state model based on DFT analysis features an intermolecular hydrogen bond
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TZVPP/IEF-PCM(toluene) shows that distortion is solely
responsible for the discrimination of (R)-TS (AAE 4=
3.2 kcalmol '), whereas the interactions in this transition
state are in fact slightly more favorable (AAE™,, = —0.9 kcal
mol 1).

In summary, we have elucidated the origins of stereose-
lectivity in the allene-enone (3+2) annulation reaction
reported by Cowen and Miller. The enantiodetermining
transition states that lead to both the major and the minor
enantiomer are highly preorganized owing to an intermolec-
ular hydrogen bond between the amide vicinal to the
phosphonium ion and the substrate. Stabilization of the
system is further enhanced by additional intermolecular
hydrogen-bonding interactions between acidic C—H groups
of the catalyst and the substrate. To enable these stabilizing
interactions to occur, the reactant has to undergo significant
distortion in the transition state leading to the minor
enantiomer. A repulsive interaction between the carbamate
carbonyl oxygen atom and the
oxygen atom of the zwitterion is
proposed to be largely respon-

sible for the experimentally
MeO.C,  poo observed enantioselectivity.
@}/N Owing to the structural similar-

o PP~ H .-
w\ ities between the catalyst that
BnO \\:63 we studied and other amino-
phosphine catalysts, our study
This work should provide valuable insight

intermolecular H-bond model
0.0 (0.0) kcal/mol

into catalyst design for this and
related reactions.

Experimental Section

Boc .
N _.COMe Conformational searches were per-
H \Ebf}_f\Ph formed by using the OPLS-2005
©0 O 5 force field in MacroModel 10.0.*?
)k\\/\\' All structures within 5 kcalmol™ of
Bno — the energetic minimum were subse-
o quently optimized by using Gaus-

Miller-like

sian091% at the B3LYP!'/6-31G(d)
level of theory. Solvation by toluene
was taken into account by using the
integral equation formalism polar-
izable continuum model (IEF-
PCM).I"! All optimized geometries
were verified by frequency calcula-
tions as minima or transition struc-
tures (zero or a single imaginary
frequency, respectively). Single-

intramolecular H-bond model

11.8 (10.0) kecal/mol
without solvation:
13.4 (11.2) keal/mol

between the chiral chain of the catalyst and the enone. A transition state featuring an intramolecular
hydrogen bond was found to be more than 10 kcal mol™" higher in energy. Distances are given in
angstroms (A) and relative free energies (AAG) in kcalmol™' (B3LYP-D3(B))/def2-TZVPP/IEF-PCM-

point energies, including empirical
dispersion correction, were obtained

(toluene)//B3LYP/6-31G (d)/IEF-PCM (toluene) (M06-2X/def2-TZVPP/IEF-PCM (toluene)//B3LYP/

6-31G(d)/IEF-PCM (toluene)); O red, N blue, P orange.

group into close proximity to the partially negatively charged
ester group (3.60 A). Interestingly, the overlay of the struc-
tures along the chiral backbone reveals that the conformation
within this chain remains identical in both transition states.
Distortion/interaction analysis by the use of M06-2X/def2-
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by using B3LYP-D3(BJ)"Vdef2-
TZVPPUVIEF-PCM  and  MO6-
2X"¥/def2-TZVPP/IEF-PCM.
Entropic corrections to the free
energies were calculated by using
the Truhlar quasiharmonic approxi-
mation (vibrational frequencies lower than 100 cm ™' are set equal to
100 cm™' to correct for the breakdown of the harmonic oscillator
approximation for low frequencies).'”) GaussView 5.0 was used to
generate input and visualize output structures. CYLview! and
MacPyMOLP? were used to render computed structures.
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Figure 5. Transition state leading to the minor enantiomer. A repulsive interaction between the carbamate carbonyl oxygen atom and the oxygen
atom of the zwitterion is proposed to be responsible for enantioselectivity. Distances are given in angstroms (A) and relative free energies (AAG)
in kcalmol™' (B3LYP-D3 (BJ)/def2-TZVPP/IEF-PCM (toluene)//B3LYP/6-31G (d) /IEF-PCM (toluene) (M06-2X/def2-TZVPP/IEF-PCM (toluene)//B3LYP/
6-31G(d)/IEF-PCM (toluene)); O red, N blue, P orange.

chiral backbon®

Zzwitterion

overlay

zwitterion overiay ¥

chiral backbone

Figure 6. Overlay of the transition states leading to the major and the minor enantiomer along the zwitterion (left) and the chiral backbone
(right). The blue structures correspond to the TS leading to the major enantiomer and the green structures to the TS leading to the minor
enantiomer. O red, N blue, P orange.
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