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Abstract: The mechanism of the enantioselective (4+3) cycloaddition between furan derivatives and
oxyallylcations, which are generated from the corresponding oxiranes through in situ oxidation of allenamides,
has been studied using DFT methods. The research has revealed that, under acid-catalysis by a chiral non-
racemic phosphoramide, the epoxide ring-opening proceeds without any energy barrier, while the rate-limiting
step is the electrophilic attack of the intermediate enaminium ion on the furan ring. The reaction exhibits low
energy barriers when dealing with furan derivatives unsubstituted at C2 and C5. Calculations predict the
formation of an achiral regioisomer for 2-substituted furans, a prediction that has been experimentally
confirmed. Additionally, the calculations accurately predict the reaction with substituted allenamides.
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Introduction

Cycloaddition reactions represent one of the most
efficient and direct approach for the synthesis of cyclic
molecules.!"! This type of transformations not only
enable the direct construction of the cyclic target in a
single step through the reaction between two compo-
nents involving the consecutive formation of at least
two new C—C or C-heteroatom bonds, but also allow
for an exquisite degree of selectivity when generating
complex molecular scaffolds with multiple stereogenic
centres due to their normally inherent stereospecific
and stereoselective nature.”! In this sense, the vener-
able Diels-Alder reaction stands as the archetypical
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example of a cycloaddition reaction that is regarded a
one of the most widely employed disconnective tools
when planning the synthesis of complex molecules
containing six-membered carbo- or heterocycles.”) As
a matter of fact, the chemical literature provides
multiple methodologies for performing stereocon-
trolled (4+2)" and (3+2)" cycloaddition reactions
that conduct to the formation of five- and six-
membered cyclic entities as single stereoisomers in a
highly reliable manner. In contrast, the formation of
medium-sized seven-membered carbo- or heterocyclic
molecules through cycloaddition reaction still repre-
sents a challenge by itself due to transannular strain
and unfavourable entropic factors involved.[ In partic-
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ular, the stercoselective formation of 7-membered
carbocyclic scaffolds through catalytic enantioselective
cycloaddition chemistry is typically achieved by means
of either (5+2)7 or (4+3)® cycloadditions, with
some very efficient methodologies developed in the
chemical literature.

Specifically, the (4+3) cycloaddition reaction
between furans and oxyallyl cations has attracted an
important deal of attention among the synthetic
community, as it represents a direct approach to the 8-
oxabicyclo[3.2.1]octane scaffold, that is present in a
wide variety of Dbiologically relevant natural
products.'” Despite the intensive efforts in this field,
methods for performing this transformation in an
enantioselective manner are still very limited and
poorly developed. After the initial pioneering report by
Harmata in 2003 and Hsung in 2005,"'" actually only a
few other reports have been published that involve
either the use of transition metal catalysis''*” or moving
to organocatalysis as the methodological tool to
achieve enantiocontrol.!"”!

In this particular context, some time ago we
reported that in situ generated oxyallyl cations react
with furans 2 to provide (4 4 3) cycloaddition products
5 as highly enantioenriched materials when the
reaction is carried out using BINOL-based chiral N-
trifluoromethanesulfonamide 3 as catalyst
(Scheme 1).1*) The key oxyallyl cations were also
formed in the reaction medium through the Brensted
acid-catalyzed-ring opening of alkylideneoxiranes,
which were also generated in situ by chemoselective
oxidation of allenamides 1, following the reaction
design reported by Hsung in his seminal work.""" A
remarkable feature of this reaction is the fact that both
terminally unsubstituted and substituted allenamides 1
react efficiently in this transformation, highlighting the
fact that substituted allenamides provide typically
better levels of enantioselectivity than unsubstituted
ones. This stands in contrast with reported
methodologies'?! in which unsubstituted allenamides 1

(R'=H) perform significantly more efficiently in terms
PMP
Boc— N\_ NPMPO
=% 3(5mol%) Boc R’
1 R DMDO 1 equlv) Boc\ @
; TAcOEt, 78°C J
() Yield: 45-87% R s
e.r.: 86:14 to >99:1 R', R2=H, Alkyl,

R22

functionalized alkyl
SIPh3

’ \NHTf

SlPh3

Scheme 1. Enantioselective oxidative (44 3) cycloadditions
between allenamides and furans
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of stereocontrol. It is important to note that these
terminally substituted allenamides are chiral com-
pounds that are employed as racemic materials, as the
stereochemical information is deleted upon formation
of the oxyallyl cation intermediate.

With this information in mind, we decided to carry
out further investigations in order to gain further
insights into the mechanism of this reaction and,
especially, the activation mode and origin of enantio-
control provided by the phosphoramide catalyst. For
this purpose, we settled on implementing a series of
computational studies to elucidate the reaction pathway
together with several experimental studies and control
reactions that could support the computational data.

Results and Discussion

We studied computationally the transformation of
epoxide 4 formed in situ into final adduct 5. Geometry
full optimizations were made at ®B97X-D/def2SVP
level considering solvent effects (EtOAc) using the
PCM model. Single point calculations using def2TZVP
basis set and also considering solvent effects (PCM,
EtOAc) were carried out over optimized geometries to
obtain the energy values. We considered a simple but
chiral model of the catalyst 3 (CAT-H) with the real
substrates. This approach let us to consider enantiose-
lectivity from the first moment studying the real
reaction. A catalytic cycle for the entire transformation
can be proposed (Scheme 2) in which three stages are
differentiated: a) ring-opening of the allenyl epoxide;

Scheme 2. Proposed catalytic cycle.

© 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

85UB01 SUOLULLIOD BAITER1D) 3|edljdde Bl Ag paueA0B 8.8 Do VO ‘B8N J0'S3INI 10 AXelq 1T BUIIUO AB|IM UO (SUORIPUIOD-PUB-SULIB} 00" 8| 1 AReq 1 jou|uo//SdL) SUORIPUOD PUE SW | 8U} 885 *[r20/20/T] Uo Arigiauliuo As|im ‘ezoberez 8Q peps.AILN Aq 88TTOEZ0Z 2SPR/Z00T OT/I0P/LU0D"AB| 1ARelq 1 jeuluo//Sdiy woy pepeojunmod ‘0 ‘69TYSTIT


http://asc.wiley-vch.de

RESEARCH ARTICLE

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

b) reaction with furan and c) formation of the final
product.

Ring-Opening of Allenyl Epoxide (I)

Coordination of the catalyst to the oxirane ring
promotes the ring-opening to give an oxy-eniminium
that can be formed as Z or E isomers, each of one
could adopt a s-cis or s-trans conformation.

Due to the tautomeric equilibrium in the catalyst,
there are two possible coordination modes with
substrates (See Scheme 3 for details). Both coordinated
species, EP-O and EP-N, actually exist in equilibrium

E-isomer: R' =PMP R? =Boc
Z-isomer: R' =Boc R? =PMP

Scheme 3. Ring-opening of the allenyl epoxide. Only s-trans
conformers are shown for IM.

Scheme 4. Tautomerism of the catalyst. Numbers between
brackets represent the difference in stability in kcal/mol.
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due to the tautomerism of the P(O)NHTTf moiety on the
catalyst (Scheme 4).

The energetic difference between the NH- and OH-
forms is 9.9 kcal/mol in favour of the NH form, which
renders the presence of the OH tautomer negligible
(the corresponding transition structure would have a
minimum value of ca. 10 kcal/mol). However, we
considered both coordination modes for subsequent
reactions because IM-O and IM-N represent two
forms of a single species capable of coordinating with
two different centers of the catalyst, leading to two
distinct geometries that require separate computational
treatments. Consequently, we located four transition
structures corresponding to the formation of £ and Z
isomers under the two coordination modes rendering
four intermediates IM (Figure 1).

The preferred transition structure obtained was the
one that led to an intermediate with (£)-configuration
of the iminium moiety and O-coordinated to the
catalyst. Coordination through the nitrogen was only
1.9 kcal/mol higher in energy. Those transition struc-

TS1-E-O
(0.0) [92.6%)]

TS1-E-N
(1.9) [7.1%]

A
~ot

\

\
7)— >
TS1-Z-N TS1-Z-0

(4.2) [0.3%] (6.7) [0%)]

Figure 1. Optimized transition structures corresponding to the
ring-opening of the allenyl epoxide.
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tures leading to a (Z)-iminium ion were too high in
energy to be considered. In addition to the H-bond
interaction with the oxygen atom of the epoxide, an
additional interaction with the catalyst was detected as
we had initially suggested. For instance, in the case of
N-coordinated species, the S=O group of the triflate is
positioned at 3.04 (TS1-Z-N) and 3.18 (TS1-E-N) A
away from the iminium nitrogen atom, suggesting
some electrostatic interaction. Despite this observation,
the O-coordinated transition structures, which do not
exhibit such interactions, were found to be more stable,
primarily due to steric reasons. This leads to the idea
that additional electrostatic interactions can be dis-
regarded. In general, the lack of planarity of the p-
methoxyphenyl group with the iminium ion moiety,
along with the bulkiness of the tert-butoxycarbonyl
group, creates enough steric hindrance to prevent the
iminium nitrogen atom and the phosphoramide group
from placing in close proximity.

The starting complexes can interconvert since the
obtention of £ or Z iminium ion isomers depends on

_H-CAT real AN
[of \ o
_, 0 p—
Hékg:gggp LK e 7%122”5
G, H- @ Bee s-trans-IM
s-cis-IM E&7

Scheme 5. Obtention of s-cis conformers.
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RE-E-O (3.00 ,*

-10—

relative energy (kcal/mol)

* very low barrier
(within DFT error)

-20—

RE-Z-0
(7.2)

the conformation of the C—N bond. Those complexes
corresponding to a conformation leading to an (E)-
iminium ion intermediate were found to be the most
stable situations, with a negligible difference of
0.2 kcal/mol. In all cases, the s-cis conformers were
formed as a consequence of the anchimeric assistance
of the nitrogen lone pair which forces the oxygen to be
placed opposite to the nitrogen (Scheme 5).

However, these s-cis conformers resulted to be less
stable than their corresponding s-trans conformers. As
a result, we considered the occurrence of a conforma-
tional equilibrium after the ring-opening event and
therefore only the s-trans conformers were taken into
consideration for studying the next step. The ultimate
energy barrier for this step of the reaction, starting
from allenyl epoxide 4 and ending in the eniminium
ion intermediate IM was found to be only 0.2 kcal/
mol. (Figure 2).

Both starting materials (RE) and final intermediates
(IM) can interconvert between each other as indicated
for the former case, due to the above mentioned lability
of the geometry of the iminium ion and the intercon-
version of the NV and O-coordination.

Reaction with the Furan Ring (IT)

The reaction between oxy eniminium ions IM and
furan to give the chiral intermediate carbocation IN
was then approached (Scheme 6).

As mentioned before, out of the two possible
conformations, s-cis and s-trans of IM, we only

TS1-Z-0

(1.0) - -~ " \
="> e == === TS1.E-N
RE-E-N TS1-E-0 \\\'y
(0.0) (0.2)* W
A )
\ W IM-Z-N s-cis
W\ (-9.7)

IM-Z-0 s-cis \ \* IM-E-N s-trans
(-12.1) \ No  (-13.3) IM-Z-0 s-trans
IM-E-N s-cis '== (-14.5)
(-12.4) oubem _ - IM-Z-N s-trans
IM-E-O s-cis — (-14.7)
(-15.3) IM-E-O s-trans
(-16.7)

Figure 2. Energy (relative energies given in kcal/mol) profile of the first stage (I).
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considered the latter for further calculations. The
interconversion between s-cis and s-frans conformers
has been calculated to be less than 1.8 kcal/mol which,
according to the Curtin-Hammett principle can be
considered irrelevant when compared with the reaction
barrier. On the other hand, the presence of the oxygen
atom makes the E/Z-configured iminium ions to be in
equilibrium, and therefore both £ and Z isomers will
be considered. We also studied the four possible
diastereomeric approaches between furan and the oxy
eniminium species IM, considering three staggered
orientations. Additionally, the two coordination modes
were taken into consideration, resulting in a total of 48
transition structures (see Figure 3 and SI).

All the transition structures were located, and they
converged to a total of 33 optimized transition
structures. The best calculated transition structure from
each eniminium isomer led to four transition structures
that account for 100% according to a Boltzmann
distribution (Figure 4).

The reaction was studied through the corresponding
IRC analysis, which confirmed that the transition

a furan attack exo

furan attack endo

c cat ©
® :'
RZ\N,R1 H
| /
H o
H o
Q)
d cat ©
® :'
RZ\N—R1 H
| /
H o
0SH
\H H

Re face of furan

E-isomer: R' = PMP R? =Boc
Z-isomer: R' =Boc R? =PMP

Figure 3. Reaction between the oxy eniminium and the furan
ring. a: Definition of diastereotopic faces of eniminium. b: s-cis
and s-trans conformations. ¢ and d: Three staggered approaches
are shown for the Si (c¢) and Re (d) faces of furan C-2. Only one
diastereotopic face of the eniminium is shown. £ and Z isomers
should be considered as well as two coordination modes of the
catalyst rendering a total of 48 transition structures. For the
nomenclature employed with the different TS2 see SI.
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Scheme 6. Reaction between IM and furan.

TS2-Si-exo-b-Z-N
(0.0) [82.8%]
\
NNy
(X
NS (

‘/\

TS2-Re-endo-a-Z-O
(1.4) [12.5%]

=~ X
TS2-Re-exo-a-E-O TS2-Re-endo-b-E-N
(2.1) [4.6%] (5.2) [0.1%]

Figure 4. The preferred transition structures representing the
two different approaches for the reaction between furan 2 and
eniminium IM.

structures illustrated in Figure 4 connect the eniminium
IM with the intermediate IN, which was stable enough
to be located and optimized in all cases. The stability
of IN is attributed to its coordination with the catalyst,
which prevents the collapse of the alkoxy enamine
moiety, thereby maintaining the furan oxonium cation
scaffold.

The lowest energy transition structure corresponded
to the attack of the Si face of furan-C2 by the exo face
of the (Z2)- eniminium, the latter remaining coordinated
through the nitrogen atom of the catalyst. This
approach leads to (R)-IN intermediate. The other three
transition structures correspond to the attack through
the Re face of furan-C2 leading to the (S)-isomer of
IN. The attack by the endo/exo faces of the eniminium
species is irrelevant for the enantioselectivity since no
stereogenic center is generated at the eniminium
carbon. The generation of the two remaining stereo-
genic centers takes place in the next step and it will be

© 2023 The Authors. Advanced Synthesis & Catalysis
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conditioned by the preferred face of the eniminium ion
intermediate, that is determined at the moment of the
addition to the furan, and the (Z)-configuration of the
aminoenolate, that is determined by the s-trans
conformation of the starting complex. For these
reasons, this step is considered the enantiodifferentiat-
ing one. The corresponding energy profile is illustrated
in Figure 5. Thus, since the process is not reversible
(inverse barrier is almost 4-fold the direct barrier: 11.8
vs 4.4 kcal/mol, respectively) we decided to focus on
the use of (R)-IN-V, coming from the most stable
transition structure, as the starting point for calculating
the next step.

We also calculated this stage for the addition of 2-
methylfuran and very similar energy barriers to those
observed for furan were obtained (see SI). Conse-
quently, we can asssume (R)-IN-N as the starting
material for the next stage also in the case of 2-
methylfuran.

15 T52-Re-endo-b-E-N
(11.7)
= —
2- -E-
g 104 ™ Re(se'g;" 0\ T52.Re-endo-a-2-0
] IOt — )
] .- ,, __F\rszs:exubZN
x 5 IM-Z-(I;I g—)tmns .- - : ’7,1— (6.4)
. -

S —‘E’: o e s - \\
E _ﬂ_,— IM-E-N s-trans AXY
S 0- =mme=""7 IMZOstrans (34) '\
Iy IM-E-O s-trans (-1.8) \‘ \ (S)-IN-N
2 (0.0) \ e (-2.5)
- \ \
8 5 (R)-IN-N
g (5a) A

\

——

-10- (S}IN-0

(-8.8)

Figure 5. Energy profiles (relative energies given in kcal/mol)
for the second stage (II).

R)-IN1a,b PMP 6a,b

TS3a,b

a: R=H 1
b: R=Me

_H—CAT*
PMP o H-CAT*

Boc”N’c ’ 0 Boc
AN K
R R™ ™o “PMP
5a,b 7a,b

Scheme 7. Formation of products from (R)-IN. Blue trace
corresponds to a typical SgAr reaction. Red trace reflects the
experimentally observed (for R=H) product. a and b series refer
to R=H and R=Me, respectively.
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Formation of the Final Products (IIT)

The intermediate (R)-IN-N can be seen as a Wheeland
intermediate formed from a SpAr-type reaction of the
furan ring in which the eniminium ion acts as the
electrophile. The obtention of 5a is explained by the
attack of the enamine-enolate to furan-C4, which can
only take place from the same face where the enamine
is located (Scheme 7, red trace, R=H), a spatial
orientation that has been differentiated in the previous
step (Figure 5, green trace).

The transition structure TS3a for this step was
located after a minimum conformational study, since
the configuration defined in the previous step orien-
tates the alkoxy group towards the furan C2 atom. A
barrier of 3.9 kcal was been calculated for this step.
The alternative completion of the SpAr reaction, not
observed for the situation in which R=H, is the
abstraction of the proton by the catalyst to recover the
aromaticity of the furan (Scheme 7, blue trace). The
abstraction of the proton might be also done by the
aminoenolate rendering 7a directly, but the barrier is
considerable higher (see SI). After the proton abstrac-
tion event, enol 6 a is formed from which product 7a is
obtained. We also calculated this possibility (TS4a),
with a barrier of 5.1 kcal/mol, predicting the obtention
of 5a vs. 7a was obser in excellent agreement with the
experimental observation.

The presence of a substituent at C-2 (not checked in
the previous experimental report) could create a stereo-
chemical hindrance rendering the abstraction of the
proton more favorable than the attack to a substituted
furan-C2.

When we calculated both possibilities for 2-methyl
furan (Scheme 7, R=Me) we obtained barriers of 7.6
and 7.5 kcal/mol for TS3b and TS4b, respectively,
predicting that in the case of 2-methyl furan, mixtures
of the bicycle 5b and the achiral compound 7b should
be obtained. The possibility of direct interactions
between the catalyst and the iminium ion as reported'"*!
for a related system were discarded since any attempt
of optimizing the corresponding intermediates con-
verged to the coordinated compounds IM. This
prediction could be confirmed experimentally when
compound 1 reacted with 2-methylfuran under the
same reaction conditions and compound 7b was
obtained in 57% yield (Scheme 8).

This implies that the first step of the addition had to
take place at furan-CS5, also demonstrating that the
presence of the methyl group prevents the addition
also in that stage. In fact, this was also verified
experimentally when 2,5-dimethylfuran was evaluated
under the optimized reaction conditions, isolating the
starting materials (the furan reagent) unchanged. The
barriers obtained for the transition structures for this
step (Figure 6 and 7) reflect the steric hindrance
exerted by the introduction of the methyl group.

© 2023 The Authors. Advanced Synthesis & Catalysis
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Scheme 8. Experimental reaction with 2-methylfuran.

Figure 6. Optimized geometries of transition structures leading
to final products.

10— TS3-Me

TS4-Me  (7.6)
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Figure 7. Energy profiles (relative energies given in kcal/mol)
for the third stage (III). a (black & red) and b (blue & orange)
series correspond to the reaction with furan and 2-methylfuran,
respectively. Black (a) and red (b) traces correspond to the
reaction with furan. Red (a) and orange traces (b) correspond to
the reaction with 2-methylfuran.
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Higher values were observed for TS3b (3.7 kcal/mol
higher than TS3a) and TS4b (2.5 kcal/mol higher than
TS4a). The optimized geometries also show unfavor-
able interactions of the methyl group with the N-triflate
group of the catalyst in TS3b.

The energy profiles for both series are illustrated in
Figure 7. Admittedly, the energy differences between
TS3b and TS4b do not justify the sole obtention of 7b
but it should be taken into consideration that for the
full study the catalyst has been approached without the
two triphenylsilyl bulky groups. Figure 8 illustrates the
full process with the three stages for both furan and 2-
methylfuran. Whereas the barrier of the rate-limiting
steep for the reaction with furan is 6.4 kcal/mol, the
value for the reaction with 2-methylfuran is 12.2 kcal/
mol as a consequence of the steric hindrance exerted
by the methyl group which is close to the reacting site.

To check the validity of the model, we have grown
the catalyst to the real one for the rate-determining
step. As expected, a higher difference was observed
between TS2-Re-endo-a-Z-O and TS2-Si-exo-b-Z-N as
a consequence of the increased steric hindrance exerted
by the triphenylsilyl substituents (Figure 9).

We also studied the diastereoselectivity of the
process when substituted allenes were used as sub-
strates (Scheme 1, R' #£H). It is assumed that the mere
presence of a methyl group does not alter the observed
preferred transition structures in the initial stages.
Consequently, it is reasonable to assume that the same
model is applicable to substituted allenes. We located
the preferred transition structure TS2-Si-exo-b-Z-N for
both (E)- and (Z)-isomers (Figure 10) which can be
formed during the ring-opening of the oxirane.

The observed preference for the (E)-isomer is in
good agreement with the experimental observations
(the substituent is trans with respect to the amino
group), and it is based on steric considerations. An
inspection of the model for the unsubstituted allene
allows us to conclude that the introduction of an
additional methyl at the allenic position should not
affect the stereochemical course of the reaction with
furan derivative. Therefore, it is expected that the same
trend in reactivity with 2-methylfuran will be observed
for substituted allenamides.

Conclusion

We have studied the regio-, diastereo- and enantiose-
lectivity for the reaction of allenamides 1 with
substituted furans 2 catalyzed by the chiral non-
racemic N-trifluoromethanesulfonamide 3. The model
using BINOL-derived catalyst correctly predicted all
the selectivities, which were mostly dependent on
steric factors. This study demonstrates that substitution
at C-2 forces the SgAr-type reaction of furan leading to
achiral compounds, but it is necessary, in such a case,
to have C5 unsubstituted to allow the first electrophilic
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Figure 8. Energy profiles (relative energies given in kcal/mol) for the whole process. Black trace correspond to the common route).
and 2-methylfuran, respectively.

a (blue) and b (red) series correspond to the reaction with furan

Figure 9. Optimized geometries of transition structures corre-
sponding to the rate limiting step and the real catalyst.
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TS2-Si-exo-b-Z-N TS2-Si-ex0-b-Z-N

allene £ allenez
Rl=Me; R2=H Rl=H; R2= Me
(0.0) (1.6)

Figure 10. Optimized geometries of transition structures TS2
corresponding to the reaction with substituted allenes.

attack of the eniminium salt. If both C2 and C5 in the
furan ring are substituted there is no reaction. In fact,
the reaction with 2-methylfuran showed higher barriers
than the reaction with furan and no reaction was
observed with 2,5-dimethylfuran.
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The rate determining step is the same that the
enantiodifferentiating one, i.e. that in which the first
stereogenic center is formed (Stage 1I). The formation
of the other stereogenic centers, when the bicycle 5 is
obtained, takes place on the same face in which the
furan is. Consequently, the attack at furan-C5 is
conditioned by the configuration obtained in the
previous stage. Nevertheless, the configuration of the
amino group ultimately depends on the configuration
of an intermediate aminoenolate (Z preferred obtained
from s-frans conformers). The configuration of the
allene substituent depends on the E/Z preference when
the oxirane is formed. In summary, calculations
correctly predicted the observed products as well as a
behaviour not previously observed that has been
demonstrated experimentally in this study.
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