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Abstract: The ability of cyclooctatetraene oxide to undergo two sequential ring contraction events under mild
conditions, using Brønsted acid catalysis, has been studied in detail. We have found that the selectivity can be
controlled by the acidity of the catalyst and by the temperature, being able to obtain selectively either the
cycloheptatriene carbaldehyde product, arising from a single ring-contraction event, or phenylacetaldehyde
that is formed after a second ring contraction process. A complete mechanistic picture of the reaction and a
rationale behind the influence of the catalyst is provided based on both experimental and computational data.
Finally, this acid-catalyzed ring contraction has been coupled with an in situ enantioselective allylation
reaction, delivering enantioenriched cycloheptatrienyl-substituted homoallylic alcohols when it is carried out
in the presence of a chiral phosphoric acid catalyst. These homoallylic alcohols have also been converted into
enantioenriched oxaborinanes through copper-catalyzed nucleophilic borylation/cyclization protocol.
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Introduction

The cycloheptatriene (CHT, homobenzene) scaffold is
an intriguing molecular architecture that has attracted
the attention of organic chemists due to its particular
reactivity profile[1] and the well-known equilibrium
with its valence tautomer norcaradiene (NCD).[2] In
addition, it serves as suitable starting material in the
preparation of interesting synthetic targets that incor-

porate seven-membered carbocyclic units within their
molecular framework, whose synthesis is a particular
challenge by itself due to the more limited number of
available reactions that enable the construction of
functionalized cycloheptanes.[3] In this sense, the
conventional approach to functionalized cyclohepta-
trienes makes use of the Buchner reaction that involves
metal-catalyzed cyclopropanation of arene derivatives
to give the norcaradiene system A in equilibrium with
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the cycloheptatriene system B (Scheme 1).[4] The A:B
ratio depends on the substituents[5] and in most
occasions B has prevalence, although it is not
uncommon to find A as the major isomer.[6] Actually,
both isomers are connected by a disrotatory 6π electro-
cyclic ring-opening reaction under thermal conditions,
with a highly aromatic transition structure.[7] More
recent investigations based on FMO theory confirms
the homoaromaticity of NCD.[8] As an alternative to
the Buchner reaction, very early reports showed that
the reaction of cyclooctatetraene oxide (COT oxide)
with a handful of Grignard reagents, in refluxing Et2O,
leads to cycloheptatrienes through ring contraction.[9]
However, this reaction is very limited in scope and
also phenylacetaldehyde was identified as one of the
major side products (see also Scheme 1). Pyrolysis of
COT oxide at 260 °C provides cycloheptatrienyl
carbaldehyde which further evolves to phenylacetalde-
hyde at temperatures over 400 °C[10] and another report
shows the possibility of tuning the first ring contraction
under Rh(I) catalysis at � 50 °C.[11]

It has also been shown that acids can promote the
transformation of COT oxide into
phenylacetaldehyde.[12] Some of these reports also tried
to provide a possible mechanistic rationale for this
behavior, making several proposals for the formation
of the cycloheptatriene products but mentioning that
the formation of phenylacetaldehyde “remains mecha-
nistically obscure and it is conceivable that an acid-
catalyzed rather than a thermal process is
involved”.[10] More recent progress in the field has led
to other authors to evaluate the reactivity of COT oxide
towards other different organometallic reagents, ob-
serving that the natural reactivity of this substrate
involves conjugate addition rather than direct epoxide
ring-opening.[13]

Considering all these precedents, we decided to
explore the reactivity of COT oxide 1, in the presence
of Brønsted acid catalysts with different pKa. The

reaction outcome showed an influence of the pKa
along the ring contraction process of 1 generating
either cyclohepta-2,4,6-triene-1-carbaldehyde 2 or phe-
nylacetaldehyde 4 (Scheme 2).

Since Brønsted acids are also known to catalyze the
addition of allylboronates to aldehydes,[14] we also
envisaged that this switchable ring contraction could
be coupled with an allylation process, incorporating
the allylboronate reagent within the reaction medium.
In addition, through the participation of a chiral
Brønsted acid, the enantioselective access to 1-(cyclo-
hepta-2,4,6-trien-1-yl)but-3-en-1-ol 5 is feasible. Fur-
ther Cu-catalyzed borylation of the homoallylic alcohol
moiety allows its transformation into enantioenriched
oxaborinanes 7 incorporating the valuable cyclohepta-
trienyl substituent in the heterocycle, with stereo-
retention (Scheme 2).

Results and Discussion
We started our work by evaluating the performance of
different Brønsted acid catalysts in the ring contrac-
tion/allylation of COT oxide 1, using allylborane 8a,
in toluene as solvent at room temperature, as the model
system (Scheme 3). Our first experiments directly
showed that the reaction in the presence of diphenyl-
phosphoric acid (catalyst 9a) generated exclusively the
cycloheptatriene-containing allylic alcohol 5a. On the
other hand, when we employed the more acidic
diphenylphosphoramide catalyst (9b), the reaction
furnished alcohol 6 without detecting any trace of
compound 5a in the crude reaction mixture. It should
also be noticed that the reaction catalyzed by 9b
leading to product 6 was found to be faster than the
one under 9a catalysts, that provided 5a.

Scheme 1. Conventional approach to cycloheptatrienes and the
alternative use of COT oxide described previously.

Scheme 2. Switchable acid catalyzed COT oxide ring contrac-
tion/allylation towards enantioselective homoallylic alcohols
and oxaborinanes.
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Interestingly, when the reaction was carried out at
lower temperature using 9b as catalyst, mixtures of 5a
and 6 were obtained. This result might suggest some
sort of kinetic/thermodynamic control; however when
either pure 5a or mixtures of 5a/6 were stirred in the
presence of 10 mol% of 9b, at ambient temperature
for 16 h, the reactants remained unaltered, concluding
that the reaction was not reversible and the thermody-
namic control can be discarded to justify the observed
regioselectivity. In fact, the 5a/6 ratio observed at 0 °C
and � 20 °C pointed out that aldehyde 2 might be an
intermediate in the formation of 4, both undergoing
irreversible allylation. In this context, the reaction was
investigated by NMR and using DFT methods. On the
other hand, the mixture of 1 and 8a, without any
Brønsted acid catalyst, did not evolve towards any
product, recovering all starting materials unchanged
(see ESI for details), which rules out the possible
participation of the boronate reagent as Lewis acid
promotor of the ring contraction processes.

Mechanistic studies. Preliminary 1H-NMR experi-
ments were carried out monitoring the reaction in
absence of the allyl reagent to locate the intermediate
aldehydes. First, COT oxide 1 was treated with
10 mol% of each catalyst in CDCl3 and 1H-NMR
spectra were recorded at varying reaction times (Fig-
ure 1).

These experiments show that when catalyst 9a was
employed, the formation of cycloheptatriene carbox-
aldehyde intermediate 2 could be observed, increasing
its concentration as the reaction evolved. Actually, as
reported before,[6a] compound 2 is accompanied by a
considerable proportion of its valence tautomer 3 and
an average spectrum is observed. The same experiment
using catalyst 9b showed the instantaneous disappear-
ance of substrate 1 and the clean formation of phenyl-
acetaldehyde 4 after 10 min. Remarkably, aldehyde 2
can be observed in the initially registered 1H NMR
spectrum, which showed the presence of both alde-
hydes 2 and 4 in an almost 1:2 ratio after 2 min,
pointing towards the possibility that aldehyde 2 might

be converted into 4 by the action of the stronger
Brønsted acid catalyst.

For this reason, and in a different experiment
(Scheme 4), COT oxide 1 was subjected to the 9a-
catalyzed ring contraction reaction under the standard
conditions, also in the absence of allylboronate 8a.
After 5 h, 1H NMR analysis of the crude reaction
mixture showed a 60% conversion of the starting
material into aldehyde 2 without observing any
formation of aldehyde 4. Next, the catalyst 9b
(10 mol%) was added at once to this mixture, leading
to the clean formation of phenylacetaldehyde 4 and
without detecting any trace of aldehyde 2. This experi-

Scheme 3. Reaction optimization with a model system. Reac-
tions at 0 °C and � 20 °C were conducted until total consumption
of the starting material.

Figure 1. 1H-NMR spectra of the crude reaction mixture of
COT oxide 1 with 10 mol% of catalyst 9a (top) and 9b
(bottom).
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ment demonstrates that aldehyde 2 (or its valence
isomer 3) undergoes conversion into 4 in the presence
of a strong Brønsted acid such as 9b, supporting the
reaction sequence illustrated in Scheme 2.

We next carried out a computational study of this
transformation at DFT level (all discussed energies are
free energies; for details see SI). We first studied the
neutral approach reported by Buchi and Burguess[10]
who suggested the formation of 4 through the grey
(full arrows) route depicted in Scheme 5, i. e. contrac-
tion of 1 to 2 which lead to species 10, then to 11 and
finally to 4. The compound exo-3 was captured
through a Diels-Alder reaction.[10] Compounds 2, 10,
and 11 are subjected to the CHT-NCD isomerism
mentioned above. We located the transition structure
for the first step and verified the connection between 1
and endo-2 through the corresponding IRC, which
showed the presence of a hidden intermediate (see
below). The barrier for this transformation was found
to be of 39.1 kcal/mol. On the other hand, the energy
barrier for the formation of the valence tautomer endo-
3 was found to be of only 9 kcal/mol. In any case, the
barrier of 39.1 kcal/mol precludes completely the
possibility of the neutral route under our reaction

conditions. Therefore, we then moved to study the
acid-catalyzed reaction. (For a detailed study of the
neutral mechanism see SI).

When the transformation of 1 into endo-2 was
calculated in the presence of 9a (See Figure 2), the
barrier (TS1a) was found to be 22.6 kcal/mol. For the
isomerization between endo-2 and endo-3 through a 6
electrocyclic reaction the barrier (TS2a) was found to
be 8.7 kcal/mol. The IRC of TS1a identified endo-1 as
the starting point and endo-2 as the final point but it
showed the presence of a plateau, longer than that
found in the neutral model (Figure 2a and SI), which is
characteristic of the presence of a hidden
intermediate,[15] according to our experience.[16]

Thus, we decided to study in detail the evolution of
the electron density along the reaction coordinate to
determine accurately how 1 was transformed into 2.
For that purpose, we carried out the analysis of the
electron localization function (ELF)[17] along the entire
IRC of the reaction (Figure 2a–c). The ELF analysis
allows to analyze the concertedness of a reaction by
establishing the moment in which a given bond is
broken or formed. The evolution of electron density
illustrated in Figure 2a describes the situation summar-
ized in Figure 2b and allows to assign the predominat-
ing species in each moment. The transient carbocations
A and B can be detected and characterized from the
relevant points of the ELF analysis showing the
descriptors (maxima of electron population) that allow
identifying the moment in which a bond is formed or
broken (Figure 2c) (For details of the ELF analysis see
SI).

In addition, when complemented with an analysis
of non-covalent interactions (NCI),[18] it can also be
employed to evaluate changes in the electronic pop-
ulation of bonds and atoms with lone pairs as well as
to analyze transient species. According to the ELF
analysis, the full concerted process can be divided into
six series of events defined by changes in the electron
population represented along the IRC (Figure 2a).
Directed molecular dynamics provides information
related to reaction time, thus allowing assign a lifetime
to the different species. Thus, we also performed
quasi-classical direct dynamic calculations,[19] using
the software PROGDYN,[20] to estimate the half-time
in which hidden intermediates exist (Figure 2d). We
assigned half-life times of 60 and 30 fs for A and B,
respectively (for details see SI). The ELF analysis also
demonstrates that a complete proton transfer should
take place prior to the oxirane ring-opening; in other
words, protonation is necessary for the first step of the
reaction, confirming that the pKa of the acid catalyst is
a key factor. In our case, the acidity is implicit in the
model since we calculate the whole system (substrate
+acid) and not the protonated or deprotonated form
without considering the counterion. In the presence of
catalyst 9b, the energy barrier found for the first step

Scheme 4. Catalyst switch experiment for successive single and
double ring contraction.

Scheme 5. Proposed pathway for the conversion of 1 into 4.
Grey route proposed in ref. [10]. Blue processes are favoured
and red processes are disfavoured in acidic media.
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(TS1b) was 21.9 kcal/mol, similar to TS1a. We also
conducted an ELF analysis for this reaction as well as
dynamic simulations and similar results to those of the
reaction catalyzed by 9b were obtained (for details see
SI). The only difference between both ELF analyses is
that in the case of 9b the proton transfer takes place
instantaneously which is consistent with the lower pKa
of 9b with respect to 9a.[21]

The optimized geometries of TS1a and TS1b are
shown in Figure 3. It can be observed a larger distance
from nitrogen to the proton (1.58 Å) in 9b than from
the phosphate oxygen to the proton (1.42 Å) in 9a,
confirming the higher acidic character of the former
and that, at the transition state structure, the proton-
transfer is more advanced for the more acidic catalyst
9b. This is confirmed by a NCI analysis that showed a
partial proton transfer in the case of 9a and a complete
proton transfer in the case of 9b (Figure 3, bottom).

The second part of the reaction consists on the
evolution of aldehyde 2 towards phenylacetaldehyde 4
(Scheme 6). This transformation should take place
through the valence tautomer 3 and it was suggested
for the neutral mechanism under harsh reaction
conditions (T>250 °C) that cannot preclude the for-
mation of radicals. However, in the presence of acid

catalysts 9a or 9b the transformation takes place
smoothly.

The isomerization of 2 into 3 takes place through
TS2a,b with barriers of 7.9 and 8.4 kcal/mol for the
reactions in the presence of 9a and 9b, respectively.
We have considered isomerization from the major exo
isomer of compound 2. (For details on the endo/exo
conformational equilibrium in 2 see SI). Actually, the
acids do not catalyze the reaction, as it is indicated by
the preference of the deprotonated form in the
transition structure (see below). On the other hand, the

Figure 2. Analysis of the reaction coordinate corresponding to the transformation of 1 into 2. (a) ELF analysis. Black trace
represents the intrinsic reaction coordinate IRC. Colored lines indicate the electron population of the basin corresponding to the
indicated bond or atom (lone pairs). (b) Representation of hidden carbocationic intermediates (transient species) A and B during the
transformation of 1 into 2 corresponding to cleavage and formation of key bonds. (c) Representative points with descriptors (purple
balls indicating maxima of electron population) of the IRC showing oxirane opening (points 49 and 50), formation of the
cyclopropane (point 106) and opening of the cyclopropane (point 141) to give compound 2 (point 154). Phenyl rings have been
omitted for clarity. (d) Quasi-classical direct dynamic simulations. Representations of C1� O9 (red), C1� C2 (blue), and C1� C3
(green) bonds for 180 trajectories from TS1a. When only C1� C2 is formed the transient carbocation A is present, formation of
C1� C3 indicates the presence of transient carbocation B, and finally, breaking of C1� C2 provides intermediate 2.

Scheme 6.Mechanistic proposal for the transformation of 2
into 4.
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next step, the cyclopropane ring-opening, requires
protonation of the aldehyde to activate the system
(ring-opening in the neutral form requires more than
40 kcal/mol, see SI). The ring-opening catalyzed by 9a
showed a barrier of 23.6 kcal/mol and that catalyzed
by 9b of 16.3 kcal/mol, 7.3 kcal/mol lower, therefore
reflecting a process favored by the most acidic catalyst.
Noteworthy, the formation of 4 is only possible from
compound 3, and there is no route from isomer 2. The
resulting Wheeland intermediate WI formed through
TS3a,b evolves to the enol in a barrierless process and
then aldehyde 4 is obtained. The optimized geometries
for the corresponding transition structures are given in
Figure 4 and clearly reflect that isomerization of
cycloheptatriene carbaldehyde 2 to formyl norcara-
diene 3 takes place through the deprotonated form
since the proton is located at the catalyst. On the
contrary, transition structures TS3a,b correspond to
the protonated form of the substrate, as required for
promoting the cyclopropane ring-opening.

The analysis of the energy profiles of the process
(Figure 5) revealed that, while the rate limiting stage
of the process for the reaction catalyzed by 9a is the
formation of aldehyde 4 from 3 (23.6 kcal/mol),
through TS3a, in the case of the reaction catalyzed by
9b, the rate-limiting stage is the first step (TS1b),
with a barrier of 21.9 kcal/mol. The difference between
the two reactions is of 1.7 kcal/mol in favor of that
catalyzed by the most acidic catalyst 9b.

This difference is enough to justify the different
behavior observed for the two catalysts but also the
formation of mixtures when temperature is lowered.
The different rate-limiting stage for the two reactions
is also in agreement with the experimental observa-
tions in the absence of allylating reagent, for which, at
RT, aldehyde 2 only is accumulated when the reaction
is catalyzed by 9a. This profile also justifies the
experimental results observed when the reaction is
carried out in the presence of allyl boronate 8a
although the allylation reaction also needs to be studied
(see below).

In order to support the above mechanism with
different rate-limiting steps depending on the acidity of
the catalyst, and to provide quantitative experimental
values for the rate constants, we carried out kinetic

Figure 3. Left: Optimized (wb97xd/def2svp, SMD=chloro-
form) geometries of transition structures TS1a and TS1b,
corresponding to the formation of aldehyde 2 from 1 catalysed
by 9a and 9b, respectively. Right: NCI analysis showing non-
covalent interactions. Thin, green surface indicates van der
Waals interactions. Small, lenticular, bluish surfaces indicate
strong interactions such as hydrogen bonding.

Figure 4. Optimized (wb97xd/def2svp/SMD=chloroform) geo-
metries of the transition structures TS2a,b and TS3a,b. Note
that while in TS2a,b the proton is located in the catalyst, in
TS3a,b the proton is located in the substrate.

Figure 5. Energy profile for the transformation of 1 into 2 and
then 4, catalyzed by 9a,b.
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studies of the conversion of compound 1 into
aldehydes 2 and 4 (Figure 6). For that purpose we
performed two reactions using 10 mol% of each
catalyst (9a and 9b) at ambient temperature. The
reactions were monitored by 1H NMR (For details see
SI). Figure 6 illustrates the kinetics for the trans-
formation of 1 catalyzed by 9a (top) and 9b (bottom).

The reaction was carried out in the absence of
allylboronate, to evaluate the evolution of compound
2. The process showed the typical situation corre-
sponding to two consecutive reactions (1 leading to 2
and then to 4) with comparable rate constants.[22] The
equilibrium between 2 and 3 should also be consid-
ered; according to calculations the valence tautomers
are close in energy with a barrier of 7–8 kcal/mol,
enough low to consider them in equilibrium. In fact, as
mentioned above, in NMR spectra we see the average
signals between 2 and 3, as reported.[6] At ambient
temperature, there is a considerable difference in the
rate of the reaction when catalyzed by 9a (slow) and
by 9b (fast). The obtained experimental values for the
rate constants were in excellent agreement with the
barriers showed in Figure 6. For the reaction catalyzed
by 9a, the first step is faster (k1=1.82 ·10� 5 s� 1) than
the second one (k2=6.31 ·10� 6 s� 1), which corresponds
to a barrier of 24.5 kcal/mol according to Eyring’s
equation (calculated 23.6 kcal/mol). On the contrary,

for the reaction catalyzed by 9b the first step is slower
(k1=5.29 ·10� 3 s� 1) corresponding, with a barrier of
20.6 kcal/mol according to Eyring’s equation (calcu-
lated 21.9 kcal/mol) than the second one (k2=
2.23 ·10� 2 s� 1). In both cases, the difference between
calculated and experimental values is within the
admitted error for DFT (1–2 kcal/mol).[23] Additionally,
we monitored reactions at 50 °C for the reaction
catalyzed by 9a and at 0 °C for the reaction catalyzed
by 9b to verify that aldehyde 2 is always an
intermediate. In fact, the reaction catalyzed by 9a at
50 °C becomes faster and it could be observed the
formation of aldehyde 4 at the expense of aldehyde 2.
The reaction catalyzed by 9b, registered at 0 °C,
became slower and it was possible to observe the
formation of aldehyde 2, which is immediately
consumed to form 4 (See SI).

We next turned to study the energetic profile of the
allylboration of aldehydes 2, 3 and 4. This reaction has
already been studied computationally with an excellent
detail including enantioselective additions by Good-
man and co-workers,[24] who established the general
model for the interactions between reactants and the
Brønsted acid catalyst during the addition process.
According to that model, the allyl boronate coordinates
the carbonyl oxygen to reach to a classical cyclic six-
membered transition state in which the phosphoric acid
establishes a H-bond interaction with a boronate
oxygen (Scheme 7). (for details see SI). In conse-
quence, this reaction requires for a deprotonated
aldehyde and therefore the availability of the deproto-
nated form in the presence of the different catalysts
should also be considered in addition to the corre-
sponding barriers associated to the allylboration step.

We located the transition structures corresponding
to the allylation of aldehydes 2, 3 and 4 in the presence
of 9a (TS4a–T6a), respectively) and 9b (TS4b–
TS6b, respectively). The obtained barriers for the
allylation were found to be 7.3 kcal/mol for the
allylation of 2 in the presence of either 9a or 9b; 10.8
and 9.8 kcal/mol for the allylation of 3 in the presence

Figure 6. Isomerization of 1 in the presence of 9a (top) and 9b
(bottom).

Scheme 7. Calculation of the allylation reactions from the
corresponding encounter complexes EC to the final complexes
FC. (Barriers correspond to free energies and are given in kcal/
mol relative to the corresponding encounter complex).
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of 9a and 9b, respectively; and 7.5 and 7.2 kcal/mol
for the allylation of 4 in the presence of 9a and 9b,
respectively. These values clearly indicate a very low
dependence of the acidity of the catalyst for the
allylation reaction. Representative TS4a, TS5a and
TS6b, corresponding to the observed allylations, are
illustrated in Figure 7 (for more details see SI). The
calculated barrier values are in good agreement with
the experimental observations. The lower barrier
observed for the allylation process with respect to the
rate-determining step associated to the conversion of 1
into 2 indicates that such a reaction is the preferred
one, provided that a minimum concentration of
deprotonated aldehyde is available. In the case of the
reaction catalyzed by 9a the lower acidity[21] of the
catalyst provides enough deprotonated form and the
allylation reaction can proceed without problems (pKa
of phosphoric acids like 9a are in the range of 12–14).
On the other hand, in the case of the reaction catalyzed
by 9b (pKa’s assigned for mixed imides of phosphoric
and triflic acids like 9b are in the range of 6–7),[21] the
aldehyde is essentially 100% protonated and, conse-
quently, the allylation step is significantly lowered
down, allowing for aldehyde 2 to isomerize to 3 and
then to aldehyde 4, which in the presence of
alylboronate and without competitive reactions, is
finally allylated. Therefore, this is the favored situation
in each case: In the reaction catalyzed by 9a, aldehyde
2 is accumulated facilitating the allylation reaction. In
the reaction catalyzed by 9b in which the first step
(formation of aldehyde 2) is the rate-limiting stage and
aldehyde 2 cannot be accumulated, it isomerizes to 4
as it is formed in the protonated form, precluding any
background reaction of the deprotonated form
(10 mol% of catalyst is used).

Given the crucial role of the acidity of the catalyst
in the reaction, we also decided to evaluate the
outcome of the reaction using catalysts of different
acidity with the aim to establish a correlation between
the selectivity of the reaction and the pKa of the
Brønsted acid catalyst. As it is shown in Figure 8 a

clear trend was observed in the reactions, observing
that a catalyst of a certain acidity is needed to start the
reaction, since benzoic acid (pKa=21.5) and perfluor-
ophenol (pKa=20.1)[25] were unable to transform 1
into any of the ring contraction products 5a or 6, and
only observing little conversion of 1 into 5a when 4-
CF3C6F4OH was employed (pKa=16.6) after pro-
longed reaction time. With catalyst 9a (pKa=13.63)
complete disappearance of 1 was observed in 12 h and
as a result of the increased catalyst acidity, the
formation of phenylacetaldehyde 4 as the product of
the double ring contraction process gained prevalence
on the reaction mixture.

Stereoselective one pot construction of cyclo-
heptatrienyl-substituted homoallylic alcohols. With
the mechanistic studies in hand and in view that, as
already mentioned, BINOL-derived chiral Brønsted
acids are also known to catalyze the enantioselective
addition of allylboronates to aldehydes,[14] we became
interested on developing an enantioselective version of
this ring contraction/allylation sequence. This would
enable a direct and easy synthesis of cycloheptatrienyl-
substituted homoallylic alcohols 5 from a readily
available starting material such as COT oxide 1. We
have not considered the possibility of developing the
double ring contraction followed by enantioselective
allylation to produce enantioenriched 1-phenylpent-4-
en-2-ols, such as 6, since their preparation can be
conducted using commercially available phenylacetal-
dehyde 4 through the same type of chiral Brønsted
acid-catalysed allylation.[26]

Considering the reactivity between 1 and 8a as the
model reaction system, we first proceeded to evaluate
a variety of BINOL-based chiral phosphoric acids in
order to identify the optimized one in terms of
asymmetric induction. For the initial experiments, we
decided to carry out the reaction in a solvent of low
polarity such as toluene, in order to maximize the

Figure 7. Optimized (wb97xd/def2svp/SMD=chloroform) geo-
metries of the transition structures corresponding to the
allylboronation.

Figure 8. Correlation of catalyst acidity vs selectivity in the
acid-catalyzed ring contraction of 1.
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potential H-bonding interactions between the catalyst
and the substrates that would contribute to higher
enantioselectivities. As it can be seen in Table 1, from
the different chiral BINOL-based phosphoric acids
tested (entries 1–6), the archetypical TRIP-phosphoric
acid 13e provided the highest enantioselectivity (en-
try 5). We also evaluated phosphoramide 13g (entry 7),
which also provided adduct 5a with comparable high
enantioselectivity, although the reaction was contami-
nated with minor amounts of phenylacetaldehyde
addition product 6. Unfortunately, this was isolated as
a racemic material. We next evaluated the influence of
the solvent on the reaction (entries 8–16) observing

that other arenes such as mesitylene or xylene provided
slightly lower enantioselectivities (entries 8 and 9)
while chloroform, used in our previous mechanistic
experiments, provided a more promising 82% ee
(entry 10). When more polar solvents such as Et2O or
AcOEt were used (entries 11 and 12) the reaction was
much less efficient, not only with respect to enantio-
control but also in terms of chemical yield.

In view of the better performance of the reaction in
chloroform, several other halogenated solvents were
tested (entries 13–16), being able to slightly increase
the enantioselectivity of the process using 1,2-dichloro-
ethane and also observing the quantitative formation of
5a (entry 14). Working at slightly lower temperature
enabled increasing the ee to 86% (entry 17) but when
the reaction was carried out at 0 °C, it became
extremely slow, not observing significant conversion
after 24 h of reaction (entry 18). Finally, the ee of
adduct 5a could be further increased to 89% ee by
working at higher concentration (entry 19) and main-
taining the excellent yield of the reaction. The absolute
configuration of 5a was assigned based on mechanistic
analogy with the already reported data for the
enantioselective allylation of aldehydes catalyzed by
phosphoric acids described in the literature[14a] and the
stereochemical model provided by Goodman.[24]

With an optimized protocol in hand, we proceeded
next to evaluate the scope of this ring contraction/
enantioselective allylation sequence by using allylbor-
onates with different substitution patterns (Table 2). As
it can be seen in this table, (E)-crotylboronate 8b
performed excellently in the reaction, providing the
corresponding homoallylic alcohol 5b quantitatively
and as an almost exclusive anti-diastereoisomer with
very high enantiomeric excess (entry 2). Remarkably,
the stereoisomer (Z)-crotylboronate 8c also underwent
clean addition leading to the formation of the syn-
configured adduct 5c as a single diastereoisomer and
an excellent ee (entry 3). When γ-substituted allylbor-
onates with bulkier substituents were employed, the
reaction also proceeded with high yields and complete
diastereoselectivity in all cases, although the enantiose-
lectivity of the process became significantly affected
as the size of this substituent increased (entries 4 and
5) and a similar situation was found when cinnamyl-
boronate 8f was tested in the reaction (entry 6). Cyclic
α,γ-disubstituted boronate 8g provided a moderate
yield of the addition product presumably due to the
inherent instability of this boronate reagent, but adduct
5g was again isolated as a single diastereoisomer of
very high enantiomeric purity (entry 7). We also tested
the challenging γ,γ-disubstituted allylboronate 8h in
this reaction, and we proved the quantitatively syn-
thesis of compound 5h with high enantiocontrol
(entry 8). On the other hand, β-substituted boronate
reagent 8 i furnished product 5 i with low ee, even
though the ring contraction/addition process was

Table 1. Optimization of the enantioselective acid-catalyzed
ring contraction/allylation[a]

Entry Catalyst Solvent T [°C] Yield [%][b] ee [%][c]

1 13a Toluene RT 89 24
2 13b Toluene RT 79 54
3 13c Toluene RT 78 34
4 13d Toluene RT 46 12
5 13e Toluene RT 67 82
6 13 f Toluene RT 62 64
7 13g Toluene � 20 70[d] 76
8 13e Mesitylene RT 65 64
9 13e o-xylene RT 68 72
10 13e CHCl3 RT 86 82
11 13e Et2O RT 15 10
12 13e AcOEt RT <5 n.d.[e]
13 13e CH2Cl2 RT 99 82
14 13e Cl(CH2)2Cl RT 99 84
15 13e PhCF3 RT 99 80
16 13e PhCl RT 99 82
17 13e Cl(CH2)2Cl 15 99 86
18 13e Cl(CH2)2Cl 0 <5 n.d.[e]
19[f] 13e Cl(CH2)2Cl 15 99 89
[a] Reaction carried out in a 0.1 mmol scale of 1, with 10 mol%
of 13a–f and 1.1 eq. of 8a in the indicated solvent (1 mL)
and temperature, until complete consumption of 1 (TLC
analysis).

[b] Yields of pure isolated products after flash column chroma-
tography.

[c] ee was determined by HPLC analysis.
[d] Compound 6 was also obtained in 28% yield and as a
racemic material.

[e] n.d.=not determined.
[f] Reaction carried out at 1.5 M concentration of 1.
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highly efficient in terms of chemical yield (entry 9).
Finally, we also evaluated allenylboronate 8j as a
potential nucleophile in the reaction, leading to
homopropargyl alcohol 5j in high yield and remark-
able enantioselectivity (entry 10).

Computational calculations using the Goodman
model were also carried out with the real chiral
catalysts 13e and 13g (Figure 9). We selected as a
model reaction the addition of allyl boronate 8a to
aldehydes 2 (TS7a,b), 3 (TS8a,b), and 4 (TS9a,b) in
the presence of 13e and 13g (both Re and Si faces
were explored as well as the conformational variability
of the transition structures, making a total of 36
transition structures). After the analyses of the obtained
structures and full convergence, the most stable 12
transition structures were obtained. From all these
approaches, we could only verify experimentally the
allylation of aldehyde 2 when the reaction is carried
out in the presence of 13e and the allylation of
aldehyde 4 when the reaction is carried out in the
presence of 13g. In the case of the reaction with 13e
calculations predicted the enantiomer coming from a

Table 2. Scope of the Brønsted acid catalyzed ring contraction/
enantioselective allylation.[a]

Entry allylborane Product Yield
[%][b]

dr[c] ee
[%][d]

1 99 – 89

2 99 >20:1 93

3 90 >20:1 98

4 92 >20:1 78

5 89 >20:1 66

6 99 >20:1 55

7 58 >20:1 88

8 86 – 86

9 99 – 28

10 95 – 80

[a] Reaction carried out in a 0.2 mmol scale of 1, with 10 mol% of
13e and 1.1 eq. of boronate 8a–j in 1,2-dichloroethane
(0.13 mL) at 15 °C for 16 h.

[b] Yields of pure isolated products after flash column chromatog-
raphy.

[c] Determined by 1H-NMR analysis of crude reaction mixture.
[d] ee was determined by HPLC analysis. Figure 9. Optimized (wb97xd/def2svp/SMD=chloroform) geo-

metries of the transition structures corresponding to the
allylboronation.
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Re attack to be predominant with the possibility of
obtaining a minor amount of the other enantiomer
(difference between the transition structures TS7a-Re
and TS7a-Si of 3.0 kcal/mol, Figure 9). This result is
in an excellent agreement with 89% ee found exper-
imentally. In the case of the allylation in the presence
of 13g, calculations predict a good enantioselectivity
for the allylation of aldehyde 2 (difference of 2.5 kcal/
mol for TS7b-Re and TS7b-Si in favor of the Re
attack) and a practically racemic mixture for the
allylation of aldehyde 4 (difference of 0.5 kcal/mol
between TS9b-Re and TS9b-Si), as it is experimen-
tally seen.

Stereoselective synthesis of oxaborinanes. Once
we had optimized the synthetic approach to enantioen-
riched homoallylic alcohols 5, containing the cyclo-
heptatrienyl moiety, we conducted next their trans-
formation into oxaborinanes through copper catalyzed
nucleophilic pinacolboryl (Bpin) addition to the termi-
nal double bond,[27] with concomitant intramolecular
OH attack to the Bpin moiety. We first explored this
reaction using the enantioenriched homoallylic alcohol
5a as model substrate, and proceeded to evaluate the
reaction conditions for borylcupration of terminal
alkenes already reported by us (Table 3).[28] Under

these conditions, we were able to isolate oxaborinane
14a in 51% isolated yield in an overall process that,
remarkably, involved a fully chemoselective borylcup-
ration, towards the terminal C=C double bond, not
affecting the triene unit of the cycloheptatrienyl
moiety.

We next extended this study to a family of
representative examples of homoallylic alcohols 5,
starting with methyl-substituted homoallylic alcohols
5b and 5c, that were generated from the allylboranes
8b (E isomer) and 8c (Z isomer) respectively. In these
two cases, we were able to synthetize the correspond-
ing oxaborinanes 14b and 14c in good yields under
these optimized conditions, and the assignment of the
trans- or cis-configuration for both of them was
established by 1D-NMR NOE experiments. This
stereoretentive behavior for this reaction is in agree-
ment with the stereochemical outcome proposed by
Murakami and coworkers on their previous report
dealing with the enantioselective synthesis of anti-1,2-
oxaborinan-3-enes from aldehydes and 1,1-di-
(boryl)alk-3-enes in the presence of ruthenium and
chiral phosphoric acid catalysts.[29] The synthesis of the
oxaborinanes from homoallylic alcohols containing
isopropyl and cyclohexyl substituents (adducts 5d and
5e respectively) was also feasible obtaining com-
pounds 14d and 14e and therefore demonstrating the
compatibility of these reaction conditions with more
hindered substituents on the α-position with respect to
the cycloheptatrienyl moiety. Finally, 1-(cyclohepta-
2,4,6-trien-1-yl)-2-phenylbut-3-en-1-ol 5f could also
be converted into oxaborinane 14f in 53% isolated
yield.

Conclusion
The ability of cyclooctatetraene oxide 1 to undergo
single or double ring contraction processes under
Brønsted acid catalysis can be modulated through the
pKa of the chosen catalyst leading selectively to
cycloheptatriene carbaldehyde 2 or phenylacetaldehyde
6 in a switchable manner. In addition, when this ring
contraction is in situ coupled with an allylation
reaction process represents a straightforward method
for the synthesis of enantioenriched cycloheptatrienyl-
substituted homoallylic alcohols, particularly when a
BINOL-based chiral phosphoric acid is used as
catalyst. These homoallylic alcohols could be conven-
iently transformed into enantioenriched cyclohepta-
trienyl-substituted oxaborinanes, via stereoretentive
Cu-catalysed borylcupration/cyclization protocol. A
series of control experiments together with computa-
tional studies have determined that the mechanism of
isomerization of oxirane 1 into aldehyde 2 takes place
through a concerted processes in which hidden inter-
mediates are formed. The high dependence of the
reaction with the pKa of the catalysts is also well-

Table 3. Stereoselective synthesis of oxaborinanes from enan-
tioenriched homoallylic alcohols 5a–f.[a]

[a] Reaction carried out in a 0.15 mmol scale of homoallylic
alcohol 5a–f, with 10 mol% of CuCl, 10 mol% of Xantphos,
1.2 equiv. of B2pin2 and 1.2 equiv. of KOt-Bu in THF
(0.5 M) at 30 °C, 16 h. Yields refer to isolated products after
flash column chromatography purification.

RESEARCH ARTICLE asc.wiley-vch.de

Adv. Synth. Catal. 2023, 365, 1058–1071 © 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

1068

Wiley VCH Mittwoch, 12.04.2023

2307 / 291795 [S. 1068/1071] 1

 16154169, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsc.202300121 by U

niversidad del Pais V
asco, W

iley O
nline L

ibrary on [10/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://asc.wiley-vch.de


understood by introducing the whole system in the
calculations, which also serve to determine that
isomerization requires full-protonated species and it
takes place from the norcaradiene isomer. Calculations
also predict correctly the different effect exerted by the
acid catalysts, assigning different rate determining
stages to each catalyst of different pKa. These
predictions have been corroborated by kinetic studies,
which showed rate constants in good agreement with
the predicted values. Finally, computational evaluation
of the transition structures, corresponding to the
enantioselective allylation reaction, also provided
results that are in an excellent agreement with those
observed experimentally.

Experimental Procedures
Enantioselective ring contraction/allylation reaction. Syn-
thesis of (R)-1-(cyclohepta-2,4,6-trien-1-yl)but-3-en-1-ol
(5a): To an oven-dried screw-top vial, equipped with a
magnetic stirring bar, catalyst 13e (15 mg, 0.02 mmol) was
added under Ar atmosphere. Then, epoxide 1 (24 mg,
0.20 mmol) was added as a solution in ClCH2CH2Cl (0.13 mL),
followed by the dropwise addition of boronic ester 8a (41 μL,
0.22 mmol). The reaction was left stirring at 15 °C for 16 h. The
solvent was evaporated under reduced pressure and purification
by flash column chromatography (petroleum ether/EtOAc 8:2)
afforded 5a (32.4 mg, 0.20 mmol) in 99% yield as a colourless
oil. 1H-NMR (δ, ppm) (300 MHz, CDCl3): 6.72-6.58 (m, 2H),
6.26 (dddd, J=21.4, 9.5, 4.4, 1.3 Hz, 2H), 5.85 (dddd, J=16.8,
10.2, 8.0, 6.3 Hz, 1H), 5.48 (dd, J=9.5, 5.8 Hz, 1H), 5.28 (dd,
J=9.5, 5.9 Hz, 1H), 5.22-5.09 (m, 2H), 3.92 (ddd, J=8.5, 7.2,
3.5 Hz, 1H), 2.56-2.39 (m, 1H), 2.32–2.17 (m, 1H), 1.81–1.73
(m, 2H). 13C-NMR (δ, ppm) (75.5 MHz, CDCl3): 134.4, 131.0,
130.7, 125.6, 125.4, 122.5, 122.4, 118.5, 70.8, 44.9, 39.7.
[α]D20: � 44.8 (c=1.0, CH2Cl2). IR (ATR) cm� 1: 3390, 3012,
1275, 1260, 994, 916, 749, 701. MS (EI, 70 eV) m/z (%): 129
(2), 128 (2), 121 (2), 120 (1), 119 (1), 115 (2), 104 (1), 103
(10), 102 (1), 93 (2), 92 (25), 91 (100), 90 (1), 89 (3), 79 (2), 78
(3), 77 (10), 66 (2), 65 (12), 64 (1), 63 (4), 62 (1), 55 (1), 53
(1), 52 (1), 51 (3), 50 (1). HRMS (ESI) m/z: [M-H2O+H]+

Calcd for C11H13 145.1012; Found 145.1015. The enantiomeric
excess was determined by HPLC using a CHIRALPAK® AD-3
column (hexane/i-PrOH 90:10, 1 mL/min, 251 nm, 25 °C); tr
(major)=5.67 min, tr (minor)=6.00 min (89% ee).

Borylation/cyclization. Synthesis of (R)-6-(cyclohepta-2,4,6-
trien-1-yl)-1,2-oxaborinan-2-ol (14a). In a glovebox, an oven
dried Schlenk tube with a magnetic stirring bar, was charged
with CuCl (2.0 mg, 0.02 mmol), B2pin2 (60.9 mg, 0.24 mmol),
Xantphos (11.6 mg, 0.02 mmol) and KOtBu (26.9 mg,
0.24 mmol). The tube was sealed with the Teflon cap and was
connected to a vacuum/Ar manifold out of the glovebox. Next,
alcohol 5a (32 mg, 0.20 mmol), dissolved in THF (0.5 mL,
0.4M), was added to the main solution, under Ar atmosphere.
The reaction was stirred at 30 °C for 16 h. After that, the
reaction mixture was filtered through a small pad of Celite® and
the solvent was evaporated under reduced pressure. Purification
by column chromatography afforded 14a (19.00 mg, 0.1 mmol)
by flash column chromatography (pentane/Et2O 10:1) in 51%

yield as a yellowish oil. 1H-NMR (δ, ppm) (400 MHz, CDCl3):
6.72–6.61 (m, 2H), 6.31–6.16 (m, 2H), 5.44 (dd, J=9.5,
5.5 Hz, 1H), 5.31–5.23 (m, 1H), 4.26 (ddd, J=9.4, 6.6, 2.7 Hz,
1H), 4.02 (br s, 1H), 1.90-1.77 (m, 2H), 1.71–1.61 (m, 1H),
1.56–1.40 (m, 2H), 1.10–0.96 (m, 1H), 0.90–0.74 (m, 1H). 13C-
NMR (δ, ppm) (100 MHz, CDCl3): 131.2, 130.7, 125.3, 125.2,
123.1, 122.5, 76.6, 45.6, 31.1, 19.4. 11B-NMR (δ, ppm)
(128.3 MHz, CDCl3): 32.2 (br s). [α]D20: � 12.7 (c=1.0,
CH2Cl2). MS (EI, 70 eV) m/z (%): 190 (M+, 11), 189 (4), 175
(4), 147 (8), 146 (3), 131 (13), 129 (6), 128 (5), 125 (4), 121
(3), 120 (3), 119 (4), 118 (13), 117 (46), 116 (7), 115 (24), 105
(12), 104 (23), 103 (13), 102 (4), 99 (46), 98 (14), 93 (3), 92
(13), 91 (100), 90 (3), 89 (6), 79 (8), 78 (11), 77 (21), 71 (7), 67
(3), 66 (3), 65 (18), 63 (8), 56 (4), 55 (93), 54 (3), 53 (6), 52
(4), 51 (10), 50 (3). HRMS (ESI) m/z: [M� H]� Calcd for
C11H14BO2 189.1092; Found 189.1088.
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