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On the mechanism of the dyotropic expansion of
hydrindanes into decalins†

Hugo Santalla,*a,b Olalla Nieto Faza, a,b Generosa Gómez,a,b Yagamare Fall a,b

and Carlos Silva López *a,b

A combined computational/experimental approach has revealed key mechanistic aspects in a recently

reported dyotropic expansion of hydrindanes into decalins. While computer simulations had already

anticipated the need for acid catalysis for making this reaction feasible under the mild conditions used in

the laboratory, this work places the dyotropic step not into the reaction flask but at a later step, during the

work up instead. With this information in hand the reaction has been optimized by exploring the perform-

ance of different activating agents and shown to be versatile, particularly in steroid related chemistry due

to the two scaffolds that this reaction connects. Finally, the scope of the reaction has been significantly

broadened by showing that this protocol can also operate in the absence of the fused six-member ring.

Introduction

In the last decade the combination of computational mechan-
istic studies and experimental chemistry has yielded excellent
dividends in the discovery and development of new transform-
ations.1 The field of pericyclic reactions is probably the most
fertile in results from such a synergistic approach, since (a) the
absence of intermediates somehow limits the experimental
toolset available for the exploration of their mechanism and
(b) computational methods have proved rather accurate when
applied to this particular subset of organic reactions.2 In this
regard, computational chemistry has been successful not only
in describing in detail the nature of concerted transition
states, their aromaticity and orbital symmetry conservation,
but also in assessing issues like selectivity, kinetics, etc. It is in
this field that we have recently explored an unconventional
dyotropic3 ring expansion process that converts hydrindanes
into decalins, as represented in Scheme 1.4

We initially applied this rearrangement in the field of
vitamin D research, but soon after our report, other authors
found interesting applications for it. For instance, Sarpong used
it to build the complex polycyclic scaffold of diterpene alkaloids
belonging to the diconitine family.5 Similarly, Houk and Feringa

reported a closely related mechanism in the ring contraction of
bromocycloheptenes. In this case, the dyotropic mechanism is
also found to be responsible for the stereospecificity of the con-
traction.6 In our original work, we concluded that the migrating
sulfonate group had to be protonated in order to lower the high
activation barrier associated to the migration process, which
would prevent this reaction from occurring at the operating
temperatures, otherwise (Scheme 1). However, this claim was
only supported by computational simulations, with no experi-
mental evidence found at that time. This fact, together with the
high potential of this transformation in synthesis, prompted us
to explore its mechanism in greater depth.

Scheme 1 Proposed mechanism for the hydrindane to decalin ring
expansion through a protonated intermediate.
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Results and discussion

After thorough experimental and computational investigation
of this mechanism, we have now obtained solid evidence that
confirms that the reaction needs acidic media for the dyotropic
migration to happen. Furthermore, this new evidence places
the dyotropic step out of the reaction flask and into the chrom-
atography column. This knowledge has been applied to the
improvement of reaction conditions and the expansion of the
scope of the reaction using it in the construction of a number
of different systems.

First, after having run the reaction as described in our pre-
vious report, in an attempt to unveil the sought after acidic
activator, we analyzed the reaction crude in high detail, using
NMR spectroscopy. The results were surprising, since we could
not find any signal associated to the presence of mesylate 3,
assigning just the signals belonging to 2, which corresponds
to mesylation of alcohol 1. This suggests that the ring expan-
sion may be occurring later, perhaps during the work up and,
likely, in the separation step. For this reason, we prepared a
second experiment in which, to a flask with the reaction crude
of the mesylation step, silica was added and stirred for 2 h.
Gratifyingly, under these conditions, signals of mesylate 3
were observed in the NMR spectra, confirming that the expan-
sion was completed. In fact, a third experiment proved that
reduced reaction times of only 5 minutes or even less for this
step are sufficient to promote the dyotropic rearrangement
(Scheme 2). These experiments unequivocally confirm that
acid is needed for the dyotropic rearrangement to proceed at
the working temperatures, as our calculations had predicted.
They also unveiled the proton source, which is attributed to
the silica used in the purification step, and not the hydroxyl
proton in the reaction flask as previously suggested.

Once a complete description of the mechanism was
obtained, we attempted to improve yields, increase the versati-
lity of this transformation and, perhaps, obtain further
mechanistic details on the dyotropic ring expansion by repla-
cing mesyl chloride with different reagents (Table 1).

This exploratory work showcased that not all alcohol acti-
vating agents are useful in this transformation. On the one
hand, some are unable to effectively activate the secondary
alcohol, and the unreacted starting material is recovered
(Table 1, entries 5, 6, 8 and 9). All alkylsulfonyl derivatives
seem to fall into this category. On the other hand, hydrindanyl
sulfonates 5, 7 and 8 were obtained as a mixture of epimers in
low yields (25–35%) when subjected to the activation–expan-
sion protocol (entries 2, 4 and 7, respectively). In these cases,
extending the reaction times under silica in CH2Cl2 for 2 days
did not improve the overall results. It is interesting that in
these cases the observed epimerization at the carbynol center
takes place during the initial activation step and it occurs in a
larger extent the stronger the activating agent employed (for
instance, the epimerization ratio with Ac2O, TfO2 and (C6F5)
SO2Cl is 95 : 5, 84 : 16, 47 : 53, respectively).

According to our previous mechanistic exploration,4 the sol-
volysis of the hydrindane and formation of a secondary carbo-
cation would unleash a rearragement cascade in which a deca-
line would only be a transient structure that is further trans-
formed into a cys-decahydroazulene scaffold. This was also
consistent with prior experimental evidence registered in the
field of pseudoguaianolide sequiterpenes.7 This accumulated
evidence suggests that strong alcohol activating agents may
produce fleeting ionic pairs that recombine in a time frame
where epimerization is competitive but ring expansion is not.
Satisfyingly however, two of the surveyed activating agents
yielded the sought after decalins 4 and 6 in good yield (entries
1 and 3). Both could be crystallized and their structure sub-
sequently confirmed by single-crystal X-ray diffraction (Fig. 1).8,9

These results suggest that the use of sulfonyl reagents with
powerful electron withdrawing groups allow for the activation
of the alcohol in the initial hydrindane but the ring expansion
step does not take place. Conversely, the use of sulfonyl
reagents with electron donating groups thwarts the initial step
and the alcohol is not activated, thus resulting in the recovery
of the starting material in all cases (Scheme 3). It thereforeScheme 2 Mechanism through a protonated intermediate.

Table 1 Series of experiments with different alcohol activating agents
to promote the hydrindane 1 ring expansion

Reagent T Product Yield

1 TsCl, py 0 °C Decalin 4 83%
2 Ac2O, py 0 °C Hydridane 5 25%
3 Naphthyl-SO2Cl, py r.t. Decalin 6 70%
4 (C6F5)SO2Cl, Et3N r.t. Hydridane 7 35%
5 p-(PhCN)SO2Cl, Et3N 0 °C — —
6 Tol-CH2SO2Cl, Et3N 0 °C — —
7 Tf2O, Et3N −78 °C Hydridane 8 25%
8 CySO2Cl, Et3N r.t. — —
9 (PMB)SO2Cl, Et3N 0 °C —

Paper Organic & Biomolecular Chemistry

1074 | Org. Biomol. Chem., 2022, 20, 1073–1079 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
7 

 2
02

2.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

5.
20

25
 1

0:
02

:4
1.

 
View Article Online

https://doi.org/10.1039/d1ob02150h


seems that a subtle balance between donating and withdraw-
ing effects is key for ensuring that both reaction steps are
favourable and achieving the complete transformation of the
bicyclic structure from hydrindane to decalin.

It is worth noting that the use of tosyl chloride (entry 1)
improved on the originally reported dyotropic expansion, yield-
ing the desired decalin in 83% yield. The toluene fragment
seems to provide a sweet spot in the mentioned balance
between electron withdrawing and electron donating pro-
perties of the activating agent. 2-Naphtalensulfonyl chloride,
when reacted with alcohol 1, also afforded the corresponding
hydrindane 9 which was then slowly converted into decalin 6
in low yields (entry 3). In this case, however, allowing for
longer reaction times was key to obtain the desired product in
synthetically useful yields (70%) (Scheme 4).

Regarding the role of silicagel in these dytropic transform-
ation we carried out the reaction using three different hetero-
geneous activators: Silica Gel 40–63 μm (VWR Chemicals),
SilicaFlash® P60 40–63 μm (Silicycle) and Silica Gel beads
2–5 mm (VWR Chemicals). The two gels with smaller particle
size activated the concerted migration and produced compar-
able results in terms of reaction times and yields, whereas the
2–5 mm beads did not produce the expanded product.

To further assess the impact of modifying the acid–base
character of the silicagel being used in the work-up process we
run a series of experiments oriented towards this end. Alcohol
1 was mesylated and then the migration active product was
processed with silica under different conditions (see Table 2).

Attempts to activate the dyotropic expansion by strong
Brønsted acids, like p-TsOH were unsuccessful, at substoichio-
metric levels and even with stoichiometric amounts of acid
(entries 1–4). Silicagel was inactivated when washed with a
weak base, such as Et3N (entry 5) but kept its catalytic abilities
when pre-washed with mild or strong acids, like HFIP or
p-TsOH (entries 6 and 7). Treatment with a 10% solution of
HCl acid also proved unsuccessful to promote the ring expan-
sion, as well as the control experiment (entries 8 and 9). With
this information at hand, it seems clear that the intrinsic mul-
ticentric and heterogeneous acid character of silicagel is
needed for this reaction. Reducing the basicity of silicagel
removes its ability to promote the transformation and attempts
to replace the heterogeneous acid with homogeneous counter-
parts also failed.

Computational exploration of the energy profiles for these
two new activating agents was also carried out using the same

Fig. 1 X-ray structures of new decalins obtained through a dyotropic
ring expansion.

Scheme 3 Influence of substituents in the dyotropic expansion
reaction.

Scheme 4 Slower transformation with naphthyl group.

Table 2 Dyotropic expansion as a function of the work-up procedure

Activating agent Product

1 0.1 eq. p-TsOH (4 mg, 0.02 mmol) 2
2 0.3 eq. p-TsOH (13 mg, 0.06 mmol) 2
3 0.5 eq. p-TsOH (21 mg, 0.11 mmol) 2
4 1.0 eq. p-TsOH (42 mg, 0.22 mmol) 2
5 Silicagel (washed with Et3N) 2
6 Silicagel (washed with HFIP) 3
7 Silicagel (washed with p-TsOH solution) 3
8 HCl aqueous solution (10%) (2 mL) 2
9 — 2

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2022 Org. Biomol. Chem., 2022, 20, 1073–1079 | 1075

Pu
bl

is
he

d 
on

 0
7 

 2
02

2.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

5.
20

25
 1

0:
02

:4
1.

 
View Article Online

https://doi.org/10.1039/d1ob02150h


methodology employed for our seminal work on this chem-
istry. Density functional theory was used for our
simulations.10,11 Calculations were performed with the dis-
persion-corrected meta-hybrid density functional ωB97XD12

and the extended double-ζ quality and polarized def2-SV(P)
basis set.13 Solvation effects were taken into account implicitly
via the polarizable continuum method (PCM).14 Optimization
under a continuum solvent is possible thanks to the smooth
switching function by York and Karplus.15 All of the calcu-
lations were performed with the Gaussian 16 program (further
details in the ESI†). Reaction profiles computed in the neutral
state (in the absence of a protonating agent) confirmed very
high energy demands for the ring expansion process regard-
less of the nature of the surrounding solvent, although a clear
correlation indicates that the process is more favoured the
more polar the solvent is (from ∼50 kcal mol−1 in hexane to
∼35 kcal mol−1 in N-methyl formamide, see Table 2). Contrary
to our lack of success in our initial communication, in this
occasion we could successfully locate transition states of the
protonated substrates and we decided to also study the
rearrangement in a range of solvents. In this case, the energy
differences among different solvents is narrow (of less than
1 kcal mol−1) and the process is very favourable in all of them,
with barriers below 10 kcal mol−1 in all cases. Interestingly, a
new contradiction with the experimental evidence arises from
these simulations. According to experimental observation, the
naphthyl derivative activates the rearrangement in a much
slower fashion compared to the tosyl fragment. However, in
our calculations, the former shows systematically lower bar-
riers than the later (see Table 3). To rationalize this, we hypoth-
esize that the naphthyl fragment, being more hydrophobic and
sterically demanding, may obstruct the approach to the silica-
gel matrix and hence disfavour the protonation step. The
approximations of the solvent environment included in our
simulations may certainly not be capturing this effect or other
explicit interaction than could potentially reduce the ability of
the naphthyl derivative to become protonated through the
solvent/silicagel heterogeneous interface. This inability to
accurately reproduce the environmental conditions of the
heterogeneous activation affect both our previous calculations
found in the initial communication of this chemistry and the
calculations included in this work. General trends and quali-

tative information on how the reaction operates can neverthe-
less be inferred from them.

An interesting question that can be readily addressed, at
least at an exploratory level, via computation, is whether the
full hydrindane core is needed for the rearrangement to occur.
In this regard we computed the activation energies for tosy-
lated cyclopentylmethanol derivative Me-1′ in dichloromethane
in neutral and monoprotonated states, and we obtained acti-
vation energies of 42.3 and 10.4 kcal mol−1, respectively. These
values are only marginally higher than those obtained for the
full hydrindane system (41.1 and 8.7 kcal mol−1, respectively,
as shown in Table 3). This data was therefore suggesting that
the ring expansion may also occur in a much simpler struc-
tural motif, albeit, perhaps at slightly harsher thermal con-
ditions. With this information at hand, we ran experiments
exploring the possible ring expansion of cyclopentane deriva-
ties (Scheme 5). Simple cyclopentylmethanol mesylate 2′ did
not rearrange at room temperature, and it remained inactive
when increasing the temperature at 40 °C. However, this sim-
plified structure implied not only removing the cyclohexane
ring, but also using a primary alcohol, instead of a secondary
one. Guided by the structure of hydrindane 1 and confident in
our computational results we prepared the secondary alcohol
Me-1′, which was also subjected to the ring expansion proto-
col. Mesylate Me-2′ did not rearrange at room temperature but,
gratifyingly, it did expand when using slightly harsher thermal
conditions (40 °C).

The relevance of the degree substitution at the alcohol site
was also explored with the full hydrindane system and we
could confirm that a secondary alcohol is necessary to
promote the rearrangement (see the ESI†).

This methodology has an enormous value to synthesize
other steroid structures featuring four fused 6-member-rings
using easily available cholesterol derivatives as starting
materials as shown in Fig. 2.

Thus, as a proof of concept, we tried this strategy to expand
the steroidal structure of the cholesterol derivative stigmasterol

Table 3 ωB97XD /def2-SVPP activation energies for the hydrindane to
decalin ring expansion (in kcal mol−1) computed for the tosyl and
napththyl activating agents (entries 1 and 3 in Table 1) in hexane, di-
chloromethane, N,N-dimethylformamide, water and
N-methylformamide

Hexane DCM DMF Water MF

Reaction in the neutral state
Tosyl 48.3 41.1 38.1 37.1 37.3
Naphthyl 47.5 39.4 35.5 36.7 36.4
Reaction in the monoprotonated state
Tosyl 9.1 8.7 8.6 8.5 8.4
Naphthyl 5.3 6.0 7.2 4.7 5.5

Scheme 5 Expansion proofs with no hydrindane core.

Fig. 2 Synthesis of four 6-member-ring steroids.
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through an expedient eight-step process. Six steps are required
to prepare the steroid scaffold for the ring expansion (protec-
tion of the homoallylic alcohol and instalment of the necess-
ary exocyclic alcohol prior to activating it as a nucleofuge).
After the initial six steps we obtained alcohol 15 as depicted in
Scheme 6, in an overall 25% yield. This alcohol is ready to be
subjected to dyotropic expansion conditions.

Alcohol 15 was therefore converted into mesylate under the
conditions outlined in Table 1 (entry 1). Satisfactorily, the ring
expanded steroid derivative 16 was formed in 74% yield. As
expected, this transformation was carried out in a stereo-
specific way, thus obtaining only one stereoisomer as shown in
Scheme 7.

Next, 16 was deprotected by addition of catalytic amounts
of p-TsOH over a dioxane/water solution, affording alcohol 17
in 87% yield (Scheme 8).

Alcohol 17 is a solid for which a single-crystal was obtained
and submitted to X-ray diffraction, achieving an unambiguous
proof of the structural data anticipated though NMR experi-
ments (Fig. 3).16

To further expand the scope of this rearrangement of
hydrindane motifs, we set out to achieve the same transform-
ation on functionalized derivatives that would allow us to
access a wider range of structural motifs through further deri-
vatization of the decalin products. Two alternatives were
tested, as shown in Scheme 9: first, the dyotropic expansion
was carried out on diol 18 under the reaction conditions pre-
viously optimized; in a second assay, the same substrate, in
which the primary alcohol is protected (19), was tested.

Interestingly, the use of diol 18 did not yield the ring
expanded product. The corresponding di-mesylate was
obtained in 90% yield, but this di-activated compound failed
to undergo the dyotropic expansion when treated with silica.
However, when alcohol 19 was used as starting material, the
expanded product 21 was obtained in 65% yield. This decalin
represents an important advance, since it will be possible to
obtain novel derivatives with a new level of structural
complexity.

Conclusions

In summary, we present new evidence about the way the dyo-
tropic expansion takes place on a hydrindane core and we have
expanded this protocol to significantly simpler scaffolds. The
initial proposal suggesting the participation of an acid species
to catalyse the process has been confirmed and the acid has
been identified. Interestingly this transformation was occur-
ring after the alcohol activation, out of the reaction flask, and
into the chromatography column.

Scheme 6 Obtention alcohol 15 from stigmasterol. Reagents: (i) 1)
p-TsCl, py, (2) MeOH, py, 75 °C; (ii) O3, MeOH, CH2Cl2, NaBH4; (iii) I2,
PPh3, Im, THF; (iv) tBuOK, DMSO, THF, 0 °C; (v) O3, MeOH, CH2Cl2, PPh3;
(vi) L-selectride, THF.

Scheme 9 Dyotropic expansion in functionalized hydrindanes 18 and
19.

Scheme 7 Dyotropic expansion in steroids.

Scheme 8 Deprotection of mesylate 16.

Fig. 3 Structure of alcohol 17 determined by X-ray single-crystal
diffraction.
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Different alcohol activating agents have been surveyed in a
two pronged strategy. First we aimed at improving the overall
performance of this ring expansion, and second, we intended
to gain a better understanding of the influence on the expan-
sion of the electronic properties of the activating agent. As a
result, we conclude that a balance between donating and with-
drawing effects seems to be key for both reaction steps and to
the complete transformation of the bicyclic structure from
hydrindane to decalin. For these reasons it seems that tosyl
chloride is a sweet spot candidate to initiate the rearrange-
ment. The versatility of this methodology was then explored by
successfully applying the ring expansion on steroidal struc-
tures and novel functionalized hydrindane derivatives.
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