Synthesis and Applications of Polysubstituted Bicyclo[1.1.0]butanes
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ABSTRACT: Bicyclo[1.1.0]butanes (BCBs) are valuable substrates in the ‘strain release’ synthesis of polysubstituted four-membered ring
systems, with applications including bioconjugation agents. The introduction of substituents onto the BCB bridges is challenging due to limi-
tations in current methods for the preparation of this bicyclic scaffold, typically necessitating linear syntheses with limited functional group
tolerance and/or substituent scope. Here we report the synthesis of tri- and tetrasubstituted BCBs via directed metalation of readily accessed
BCB amides; this straightforward ‘Tate stage’ approach generates a wide variety of bridge-substituted BCBs that can be easily converted into
other useful small ring building blocks. Access to a mono-deuterated BCB afforded unprecedented insight into the mechanism of dihalocarbene

insertion into BCBs to afford bicyclo[1.1.1]pentanes (BCPs).

Bicyclo[1.1.0]butanes (BCBs, 1, Figure 1a) are valuable tools in
‘strain-release’ chemistry for the synthesis of small organic ring sys-
tems.' BCBs that are mono- or disubstituted at the bridgehead posi-
tions have been widely exploited in this context due to their ready
accessibility,” and range of ring-opening reactions with nucleo-
philes,*? radicals* and electrophiles™* to give cyclobutanes and cy-
clobutenes. Their utility in synthesis is highlighted by a recent total
synthesis of piperarborenine B, in which the cyclobutane core was
constructed through organocuprate addition to the C1-C3 bond of
a disubstituted BCB.® Applications as tools for protein bioconjuga-
tion have also been developed due to the high chemoselectivity ex-
hibited for alkylation of cysteine residues under mild conditions (e.g.
BCB-ibrutinib).” 1,3-disubstituted BCBs are further employed as
precursors to bicyclo[1.1.1]pentanes (BCPs), which are valuable
motifs in drug design,® via dihalocarbene insertion into the C1-C3
bond (e.g. BCP-darapladib).®*°

In contrast to bridgehead substitution, the synthesis of bridge-sub-
stituted BCBs is challenging; the predominant chemical routes con-
sist of 3-exo-tet cyclization® (Path a, Figure 1b), and rhodium-cata-
lyzed intramolecular cyclopropanation of a-diazocarbonyls (Path
b).>'° Both require multistep sequences where bridge substituents
are introduced early in the route, limiting product diversity. A bio-
catalytic approach has also been described (Path c) that can intro-
duce two identical ester bridge substituents in trisubstituted BCBs."'
However to the best of our knowledge, the selective synthesis of
BCBs substituted at all carbon atoms on the framework is unknown.

Building on our recent work on bridgehead functionalization of BCB
amides,® we hypothesized that a directed bridge-metalation ap-
proach could provide a solution to this challenge, directly accessing
bridge-substituted products from pre-formed BCB scaffolds (Figure
1c). Here we report the development of this late-stage strategy to
stereoselectively functionalize one or both BCB bridges," delivering
a wide range of carbon- and heteroatom-polysubstituted BCBs in
good to excellent yields. The utility of these products is illustrated
through transformations to various other small ring systems, while
synthesis of a monodeuterated BCB afforded unprecedented insight
into the mechanism of dihalocarbene insertion to form BCPs.
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Figure 1. a Reactivity and applications of BCBs. b Existing routes to
bridge substituted BCBs. ¢ This work: BCB bridge metalation and
trapping. DMG = Directed metalation group.

Investigations into the feasibility of directed bridge metalation be-
gan with BCB 1a (Table 1). Various organolithium bases (1.1
equiv.) were able to efficiently deprotonate the bridge position, with
a D,O quench affording the exo-diastereomer 2a with excellent



Table 1: Optimization of directed bridge metalation of BCB 1a.?

N(i-Pr); Li Base, N(i-Pr),
o Me  THF (0.2 M), O&Me
E
1a 2a (E=D)
2b (E = TMS)

Entry Base (1.1 eq.) Variation of conditions Conversion”

1 PhLi DO 8

2 n-BuLi DO 14

3 s-BuLi TMEDA DO 37

4 t-BuLi DO S1

S s-BuLi TMEDA -40°C,D,0 81

6 s-BuLiTMEDA 0.4 M, D,O 100, 99
7 s-BuLi. TMEDA 0.4 M, TMSCI 68°

8 sBuLiTMEDA? 0.4 M, TMSCI 82°

“Reactions conducted on 0.1 mmol scale. Organolithium bases were
used as solutions in hydrocarbon solvents; see the Supporting Infor-
mation for details. > Conversion based on ratio of 2a:1aas determined
by '"H NMR spectroscopic analysis of the crude reaction mixture. “Iso-
lated yield. “Metalation conducted in Et,O.

diastereoselectivity (>20:1 dr; Entries 1-4). Reaction conversion at
-78 °C increased with base strength, with s-BuLi / TMEDA and
+BuLi giving the highest conversions after a 1 h reaction time (En-
tries 3 and 4). Increased conversion was achieved by conducting the
reaction at -40 °C (Entry S) and at higher concentration (0.4 M, En-
try 6), the latter enabling complete metalation. Under these condi-
tions, quenching of the reaction with chlorotrimethylsilane gave the
exo-TMS diastereomer 2b in 68% yield (Entry 7); conducting this
reaction with Et,O as co-solvent led to increased efficiency (82%,
Entry 8).

Having identified optimal conditions for bridge metalation (Table
1, Entries 6 and 8), we assessed the scope of electrophiles that could
be introduced (Scheme 1). Alkylations with iodomethane pro-
ceeded in excellent yield (2c, 80% / 89% on gram scale) as did reac-
tion with allyl bromide and benzyl bromide (2d, 51% and 2e, 60%
respectively), while trapping with 1-iodopropane or 1-bromopro-
pane could be optimally achieved in the presence of a catalytic
amount of copper(I) iodide (2f, 59% and 62% respectively with 15
mol% Cul).”* Quenching with MOMCI gave ether 2g in high yield
(81%), with epoxides also proving suitable electrophiles (2h, 64%).
Reaction with carbonyl-based electrophiles such as benzaldehyde
(2i) and acetone (2j) gave the corresponding alcohols in good yields
(75% and 82%) and moderate diastereoselectivity for 2i (2:1 dr);
the configuration of the major diastereomer of 2i was confirmed by
single crystal X-ray diffraction studies."* Ketone, amide and ester
groups could be readily introduced using the respective carbonyl
chloride electrophiles, affording BCBs 2k-2m in good to excellent
yields (61-82%), again as single diastereomers.

In addition to carbon-based electrophiles, a variety of heteroatoms
could also be installed: chlorotrimethylsilane (2b), dimethyl disul-
fide (2n), chlorodiphenylphosphine (20), trimethylborate (2p),
tributyltin chloride (2q) and chlorotrimethylgermane (2r) all af-
forded excellent yields of the corresponding trisubstituted BCBs
(77-99%). The installation of these heteroatom substituents greatly
expands the scope of BCB products over those accessible using pre-
vious approaches.

With abroad electrophile scope surveyed, we next studied the effect
of variation of the bridgehead position; these substrates (1b-1e,

Scheme 1) were easily prepared by directed metalation / electro-
philic trapping of mono-substituted BCB amides."* To our delight,
all four underwent smooth metalation / silylation to give trisubsti-
tuted BCBs 2s-2v; a brief survey of other electrophiles (iodome-
thane, 2w and 2x; and D,O, 2y) also afforded the corresponding
BCBs in good to excellent yields (57-98%) and diastereoselectivity
(>20:1 dr). We were interested to observe variation in the rate of
BCB metalation with different bridgehead groups; for example, the
trimethylsilyl-substituted BCB 1d required 4.0 equiv. of base and a
5 hreaction time to achieve acceptable levels of metalation (>90%),
while 40% of doublelithiation of the phenyl-substituted BCB 1e oc-
curred with super-stoichiometric amounts of base (2.1 equiv.) after
2 h (to give 2z). Pleasingly, we found that the directing group itself
could be varied, with tertbutyl sulfone 1f enabling high-yielding
methylation to trisubstituted BCB 2aa.

The observation of double lithiation for BCB 1e suggested that iter-
ative bridge functionalization should be possible to give BCBs with
substituents on every carbon atom. A second metalation was there-
fore performed on trisubstituted BCBs 2¢ and 2g. After 3 h meta-
lation time under the optimized conditions, the lithiated BCBs were
quenched to generate symmetric tetrasubstituted BCBs 3a-b in
73% and 35% yields respectively. Non-symmetric BCBs were also
accessible by reaction of 2c¢ with MOMCI (3¢, 68%), and acetyl
chloride or the equivalent Weinreb amide (3d, 64-68%), demon-
strating the potential to access complex polyfunctionalized scaffolds.
Desymmetrization strategies were also investigated; while s-
BuLi/(+)-sparteine mediated metalation'* afforded minimal asym-
metric induction (6% ee), use of the G-symmetric enantioenriched
amide 1g gave the silylated BCB 2ab in 81% yield and 2.7:1 dr.'° In
summary, this iterative metalation / functionalization strategy offers
the means to selectively substitute all carbon atoms on a BCB-amide,
enabling the synthesis of compounds that are inaccessible through
existing routes.”

To demonstrate the utility of the polysubstituted BCB products, we
examined their application in the synthesis of three additional ring
systems: cyclobutanes, cyclobutenes and cyclopropanes (Scheme
2). As BCBs are useful tools for bioconjugation reactions, we first
tested the ability of BCB 2c¢ to react with benzyl mercaptan as a rep-
resentative thiol.? * 7 This afforded the tetrasubstituted cyclobu-
tane 4 in 97% yield with moderate dr(2:1), highlighting the poten-
tial utility of polyfunctionalized BCBs in chemical biology settings.
Interestingly, ring opening of BCBs under acidic conditions afforded
either cyclobutene or cyclopropane products, depending on the na-
ture of the bridgehead substituent. BCB 2x, bearing a phenyl group
at the bridgehead, underwent near quantitative isomerization to cy-
clobutene S on treatment with a catalytic amount of HCl in chloro-
form, with excellent regioselectivity (98%, 20:1 z7).*"” In contrast,
reaction of methyl-bridgehead BCB 2cled exclusively to a single di-
astereomer of an a-chlorocyclopropane, tentatively assigned as 6.
That no cyclobutene or other product diastereomers were observed
in this reaction would support a stereospecific ring-opening pathway
that proceeds via a non-classical carbocation (7) to give 6, rather
than stereoselective addition of chloride to alocalized secondary cat-

ion.'®

The installation of bridge halogenation would be attractive due to
the potential utility of halides in further transformations. However,
quenching (Li)-2¢ with halogen electrophiles such as dibromantin
or iodine afforded the halogen-substituted cyclobutenes 8 and 9 re-
spectively, instead of halo-BCBs. The halogen atom in the initially
formed BCB halide intermediate 10 is likely highly activated as a



Scheme 1. Scope of BCB bridge metalation study / electrophilic trapping®
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“Reactions run on 0.2 mmol scale using 1.1 equiv. of s BuLi TMEDA (1.2-1

4 Min cyclohexane) and 2.0 equiv. of electrophile. “Reaction conducted

with 8.76 mmol (1.00 g) of 1a. ©15 mol% of Cul and S equiv. of 1-iodopropane, 20 h. 15 mol% of Cul and S equiv. of 1-bromopropane. ¢ Structure of
2i from single crystal X-ray diffraction studies (displacement ellipsoids drawn at S0% probability).'* “2 h metalation time in THF. ¢ S h metalation time

with 4.0 equiv. of s BuLi. TMEDA in THF. #40:60 ratio of 2z:2y was isolated,

as determined by "H NMR spectroscopic analysis. ‘3 h metalation time.

/AcCl used as electrophile. ¥ N-methoxy- N-methylacetamide used as electrophile. ' The identity of the major regioisomer could not be determined.

leaving group due to alignment of the antiperiplanar C-C bonds of
the fused cyclopropane ring with the C-X c* orbital, akin to the beta
effect in cyclopropylmethyl halides.”” Indeed, Wiberg showed that
nitrobenzoate solvolysis proceeds 1000 times faster when the leav-
ing group is adjacent (exocyclic) to a BCB compared to a cyclopro-
pane, highlighting the heightened reactivity imparted to the leaving
group by two p-rich C-C bonds.” Ionization of the C-X bond
would lead to a (transient) carbocation 11 that could undergo a dis-
rotatory 2m-electrocyclic ring opening to form a stabilized ter-
tiary/allylic carbocation 12, which is then quenched by halide ion.”"
A crossover experiment was conducted whereby the immediate
product of iodine quenching (i.e., 10, X = I) was treated at -78 °C
with LiBr; a 3:1 ratio of 9:8 was obtained. In contrast, treatment of
the isolated product 9 with LiBr led to no bromine incorporation.
These results provide support for a dissociation / recombination
mechanism."® An alternative pathway involving halide ion addition
to the BCB bridgehead followed by Eicb-like elimination of the
bridge halide from the ensuing enolate could likely be ruled out,

since no ring-opening of BCB 1a was observed on prolonged expo-
sure to LiBr in MeOH.

Among the most appealing applications of 1,3-disubstituted BCBs
in medicinal chemistry is their conversion to bicyclo[1.1.1]pentanes
(BCPs) by dihalocarbene insertion.™ *>® Despite the utility of this
chemistry, little is known about the mechanism of this reaction, such
as the facial selectivity of reaction with the dihalocarbene. Mono-
deuterated BCB 2y offers a useful tool to address this question, as
‘top’ face addition of the difluorocarbene would afford syn-deuter-
ated CF,-BCP 13, while ‘bottom’ face addition would lead to anti-
deuterated BCP 14 (Scheme 3a). In the event, subjection of 2y to
our previously reported difluorocarbene insertion conditions™ af-
forded exclusively the an# product 14, along with the 1,4-dienes 15
and 16, in a 2:1:1 ratio (82% combined yield, Scheme 3a). This sug-
gests that the singlet difluorocarbene® approaches the bottom face
of BCB 2y (Scheme 3b, Path A), triggering ring-opening to generate
the zwitterionic intermediate 17. This can either fragment to dienes
1S and 16 (Path B), or can undergo a ring flip to 18, enabling cy-
clization of the difluoromethyl anion to 14 (Path C). The



Scheme 2. Functionalization of polysubstituted BCB Products
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stereochemistry of the deuterium atom in 16 appears to support ex-
clusive fragmentation of 17, as fragmentation of 18 (Path D) should
generate stereoisomer 19, and an unequal ratio of 15 and 16, which
was not observed. An alternative concerted pathway may also be
possible, in which 2y directly fragments to dienes 15 and 16 (Path
E).” These observations provide the first experimental support for
previous computational work on dichlorocarbene insertion in anal-
ogous systems,” which considered both stepwise and concerted
routes, albeit these authors noted the distinct behaviors of dichloro-
and difluorocarbene »

In summary, we have developed a general iterative bridge metalation
strategy to access bicyclo[1.1.0]butanes substituted at every carbon
atom, using simple reagents. This approach allows the synthesis of
stereodefined BCBs with a variety of substituents that cannotbe eas-
ily accessed through previous routes. Further diversification of these
products into other polysubstituted small ring systems highlights the
utility of BCBs in strain-release reactions, along with their diverse
carbocation chemistry. This method also allowed the synthesis of
isotopically-labeled BCB 2y, which enabled mechanistic elucidation
of the formal (3+1) insertion and rearrangement pathways of BCBs
to afford BCPs and 1,4-dienes.
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Scheme 3. Mechanistic Investigation of Difluorocarbene Inser-
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Experimental procedures, characterization data and crystallographic
data for novel compounds are included in the Supporting Information.
This material is available free of charge via the Internet at

http://pubs.acs.org.
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