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ABSTRACT: We present a strategy for the synthesis of spirocyclic
cyclobutanes with modulable exit vectors based on the
regioselective monoborylation of spirocyclobutenes. Using an
inexpensive copper salt and a commercially available bidentate
phosphine, a broad variety of borylated spirocycles have been
prepared with complete regiocontrol. The boryl moiety provides a
synthetic handled for further functionalization, allowing access to a
wide array of spirocyclic building blocks from a common
intermediate.

The development of tools that allow for the modulation of
the physical and biological properties of lead compounds

is an essential task in drug discovery programs. In this scenario,
spirocyclic compounds are receiving great attention, especially
those containing small rings.1 Among them, cyclobutane-
containing spirocycles represent an interesting subclass, as
they provide rigidity and tridimensionality with well-defined exit
vectors.2 One of the most common strategies to build these
spirocycles involves an intramolecular SN2 reaction or intra-
molecular addition to a carbonyl (Scheme 1).3 One of the
drawbacks of this approach is that it is linear in design. For each
spirocycle prepared, a different precursor is needed. Addition-
ally, there is very little room to introduce substituents in the
cyclobutane ring. A second strategy widely used to prepare
spirocyclobutanes is the [2 + 2] or higher-order cycloaddition
reaction, starting from an exocyclic alkene.4 Cyclopropanes
have also been used to build the four-membered ring through
ring expansion, starting from especially design precursors.5

These two approaches have the advantage of introducing
structural complexity in a single step but only allow access to
very specific scaffolds (Scheme 1).
Recently, we wondered if spirocyclobutenes I could serve as a

template for the preparation of functionalized spirocycles
through selective functionalization of the double bond.
Although a few spirocyclobutenes had been prepared in the
literature, we were surprised to find that their use in catalytic
transformations remained at the time virtually unexplored. With
this idea, we recently developed the diboration of spirocyclo-
butenes I promoted by a Lewis base or a platinum catalyst
(Scheme 1, a).6

Selective functionalization of the two boryl moieties in the
products allowed us to prepare a wide array of spirocyclic
building blocks, 2,3-disubstituted, with control in the nature and
the directionality of the substituents in the cyclobutane ring.
One of the limitations that we found was the inability to
monofunctionalize the double bond using this approach.

Despite significant experimentation, we could not prepare 3-
monosubstituted derivatives through protodeboration of
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Scheme 1. Synthesis of Spirocyclobutanes
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diborylated or monoborylated products (Scheme 1, a). During
the preparation of this manuscript, in the context of a wider
study, Fletcher and co-workers reported an elegant regiose-
lective rhodium-catalyzed hydroarylation of spirocyclic piper-
idine and pyrrolidine derivatives (Scheme 1, b).7 We thought
that the monoborylation of spirocyclobutenes could provide
access to a variety of novel drug-like building blocks that nicely
complement those prepared through diboration and hydro-
arylation.
Inspired by our previous work on the enantioselective

desymmetrization of meso cyclobutenes,8 we envisioned that
in situ generated copper−boryl complexes could react with the
strained alkene in I through a migratory insertion/protonation
sequence to provide monoborylated spirocycles (Scheme 1, c).9

The main challenge here, that was not present in our previous
study, was the control of the regioselectivity in the insertion
step.10

At the outset of our study, it was not obvious that the
presence of the spirocyclic quaternary carbon would discrim-
inate between the ligand−copper unit and the boryl moiety of
the copper−boryl complex. Indeed, we found that the ligand
had a profound effect on the regioselectivity outcome (Table 1).
Mixing spirocyclobutene 1a with the NHC−CuCl complex L1−
CuCl (10 mmol %), B2pin2 (1.1 equiv), andMeOH (2 equiv) in
THF provided monoborylated compounds 2a and 3a in good
yield but with low regioselectivity (65:35 mixture, Table 1, entry
1). Using dppbz (L2), a bidentate phosphine with a small bite
angle (βn = 83°), a 50:50 mixture of regioisomers was obtained
(Table 1, entry 2). Remarkably, L3 xantphos (βn = 108°)
afforded borylated spirocycle 2a in 86% yield as a single
regioisomer (Table 1, entry 3). Dppp (L4, βn = 91°), dppf (L5,

βn = 99°), and BINAP (L6, βn = 93°), bidentate phosphines with
bite angles between L2 and L3, provided moderate regiose-
lectivities (Table 1, entries 4−6). The catalyst loading could be
reduced to 5 mol %, providing 2a as a single regioisomer
although in lower yield. We also tested the possibility of
preparing boronic ester 2a through borylation of the
corresponding cyclobutyl bromide.11 Under the conditions
optimized for the cyclobutene, compound 2a was obtained in
39% yield.12 The structural assignment of regioisomer 2a was
confirmed by oxidation of the C−B bond and comparison of the
1H NMR data of the product with those of the same alcohol
prepared through reduction of the corresponding cyclo-
butanone.12

With these conditions in hand, we prepared in a
straightforward manner a wide variety of novel borylated
building blocks (Scheme 2). Monoborylated spiro[3.5]nonanes

(2a−2h) with different functional groups were synthesized.
Ether, thioether, sulfone, sulfonamide, difluoromethane, and
acetal are different connectors that can be embedded in the
spirocyclic framework. Additionally, the size of the ring attached
to the cyclobutene could be modified. Spiro[3.3]heptane (2j,
2k) and spiro[3.6]decane (2i) ring systems were prepared as
single regioisomers in good yields. Moreover, a nonsymmetric
spirocyclobutene afforded diborylated spirocycle 2l as a single
diastereomer.13

Density functional theory (DFT) calculations were carried
out at the dispersion-corrected PCM (tetrahydrofuran)/
B3LYP-D3/def2-SVP level (see computational details in the
SI) to understand the complete regioselectivity observed in the
transformation when xantphos was used as a ligand. According
to the computed reaction profile involving 1c and L3Cu-Bpin

Table 1. Effect of the Ligand in the Copper-Catalyzed
Borylation

entrya L 2a:3ab yield (%)c

1 L1 65:35 71
2 L2 50:50 84
3 L3 ≥98:2 86
4 L4 83:17 58
5 L5 64:36 79
6 L6 73:27 69
7d L3 ≥98:2 69
8  60:40 13

aReaction conditions: 1a (0.1 mmol), B2pin2 (0.11 mmol), KOt-Bu
(0.5 equiv), CuCl (10 mol %), L (11 mol %), MeOH (0.2 mmol),
THF (0.2 M). bDetermined by 1H NMR. cIsolated yields. dWith 5
mol % of CuCl and 6 mol % of L3.

Scheme 2. Regioselective Borylation of Spirocyclobutenesa,b

aReaction conditions: 1 (0.2 mmol), B2pin2 (0.22 mmol), KOt-Bu
(0.5 equiv), CuCl (10 mol %), xantphos (11 mol %), MeOH (0.4
mmol), and THF (0.2 M). bIsolated yields.
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(Figure 1), the regioselectivity takes place in the initial
migratory insertion step, where the associated transition state

leading to the observed regioisomer (TS1-L3) lies 4.6 kcal/mol
below that leading to the opposite regioisomer (TS1′-L3). This
is very likely due to unfavorable steric interactions between the
BPin and tetrahydropyran fragments in the latter saddle point
which are not present in the favored TS1-L3.14

The preparation of the spirocyclobutenes and the copper-
catalyzed borylation was effectively scaled up to prepare
compounds 1m and 2m (Scheme 3). The borylation of 1g of
cyclobutene 1m afforded borylated spirocycle 2m in 87% yield
(Scheme 3).

One of the interesting features of small ring spirocycles is
their potential use for bioisosteric replacement of commonly
used heterocycles.2 In particular, the 2-azaspiro[3.3]heptane
ring present in compound 2m has been proposed as a
bioisostere of the piperidine ring with improved water
solubility.1b 4-Substituted piperidines are widely present in
commercialized drugs and lead compounds.15 Spirocycle 2m,
with two handles for diversification, represents an ideal novel
building block to substitute the piperidine ring for the
homospiro moiety in libraries of compounds (Scheme 4). To
highlight the synthetic potential of this approach, we have

prepared a conformationally restricted analogue of the FDA-
approved drug donepezil in which the 4-substituted piperidine
ring has been replaced by the homospiro piperidine framework.
Starting from monoborylated spirocycle 2m, Matteson
homologation followed by double oxidation afforded aldehyde
4. Then, aldol reaction, dehydration, and hydrogenation of the
double bond provided intermediate 5. Finally, deprotection of
the azaspirocycle and benzylation afforded donepezil derivative
6.
Finally, we have explored the possibility to introduce different

functional groups in the spirocycle through C−B bond
functionalization. Zweifel olefination (compound 7),16 Aggar-
wal’s cross coupling (compound 8),17 trifluoroborate formation
(compound 9), Matteson homologation (compound 10), and
fluorination (compound 11)18 have been efficiently carried out
with spirocyles 2 (Scheme 5). These transformations highlight
the potential of the method to prepare a broad set of novel
spirocyclic compounds from a common intermediate.

Figure 1. Computed reaction profile for the copper-catalyzed
borylation of 1c. Relative free energies (ΔG, at 298 K) are given in
kcal/mol. All data have been computed at the PCM (tetrahydrofuran)/
B3LYP-D3/def2-SVP level.

Scheme 3. Gram-Scale Reactions

aYield starting from 0.2 mmol of 1m.

Scheme 4. Synthesis of Homospiro-donepezil

Scheme 5. Carbon−Boron Bond Functionalization
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In summary, we have shown that spirocyclobutenes are
suitable substrates for the regioselective preparation of
monoborylated spirocycles under copper-catalyzed conditions.
The regioselectivity of the transformation is highly dependent
on the ligand used, and it can be controlled completely with
xantphos, a commercially available bidentate phosphine. This
strategy allows easy access to a broad variety of spirocyclic
building blocks, most of them not accessible by knownmethods.
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