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Modular functionalization enables versatile exploration of chemical

space and has been broadly applied in structure-activity relationship
(SAR) studies of aromatic scaffolds during drug discovery. Recently, the
bicyclo[1.1.1]pentane (BCP) motif has increasingly received attentionas a
bioisosteric replacement of benzene rings due toits ability to improve the
physicochemical properties of prospective drug candidates, but studying
the SARs of C,-substituted BCPs has been heavily restricted by the need
for multistep de novo synthesis of each analogue of interest. Here we
reportaprogrammable bis-functionalization strategy to enable late-stage
sequential derivatization of BCP bis-boronates, opening up opportunities
to explore the SARs of drug candidates possessing multisubstituted BCP
motifs. Our approach capitalizes on the inherent chemoselectivity exhibited
by BCP bis-boronates, enabling highly selective activation and functio-
nalization of bridgehead (C;)-boronic pinacol esters (Bpin), leaving the
C,-Bpinintact and primed for subsequent derivatization. These selective
transformations of both BCP bridgehead (C,) and bridge (C,) positions
enable access to C,;,C,-disubstituted and C,,C,,C,-trisubstituted BCPs that
encompass previously unexplored chemical space.

Infinite chemical space provides boundless opportunities for
medicinal chemists, within which three-dimensional scaffolds with
drug-like properties are particularly sought after' >, The past decade
has witnessed growing interest in the chemical space of bicyclo[1.1.1]
pentane (BCP), a class of motifs that are considered medicinally rel-
evant as a three-dimensional bioisosteric replacement of aromatic
moieties (Fig.1a)* ™. Such consideration was driven by its potential to
improve physicochemical, pharmacological and toxicological proper-
ties of drug candidates®'®", with bridgehead (C, and C;)-substituted
BCPs widely recognized as saturated bioisosteres for mono- and

para-substituted benzenes in synthetic chemistry'>*. Analogously,
it has been hypothesized that C,,C,-disubstituted BCPs could rep-
resent bioisosteres of ortho-and meta-substituted benzenes'***%,
However, despite the recent reports from Baran et al.?®, Ma et al.”>*,
our group® and others**, efficient synthesis of bridge-substituted
BCPs still proves challenging and the practical applications of such
BCPs in medicinal chemistry remain heavily constrained. In contrast
to C(sp?) cross-coupling chemistry, which enables rapid diversification
of arenes®, derivatization of the C(sp?)-rich bioisostere BCPs requires
multistep de novo synthesis (Fig. 1b)*. Such constraints represent the
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biggestbottleneck to access and evaluate these promising compounds
instructure-activity relationship (SAR) studies. Thus, development of
amodular and programmable strategy to access C,,C,-disubstituted
and C,,C,,C;-trisubstituted BCPs should enable more comprehensive
SAR campaigns and chemical space exploration.

The inert C-H bonds within BCPs not only provide metabolic
stability for this three-dimensional scaffold**~*%, but also create the
synthetic hurdles to generally access bridge (C,)-substituted deriva-
tives via C-H functionalization?. Despite our earlier success in mul-
tisubstituted BCP syntheses via intramolecular coupling strategy™,
the installation of the bridge-substitution group before cyclization
substantially increased the synthetic steps required to access each
analogue. To address these issues, our goal was to identify alate-stage
BCPintermediate with two functional handles that could be selectively
andrapidly modified to pursue divergent SAR exploration. To thatend,
our group previously reported® the preparation of two C;-alkyl BCPs
bearing Bpin substituents at both C,and C,. Inspired by breakthrough
reports by Morken®*, Aggarwal**** and others****, we postulated that
these BCP bis-boronates could be selectively and sequentially func-
tionalized (Fig. 1c) and this synthetic approach would provide rapid
access to bridge-substituted C,,C,-di-and C,,C,,C,-tri-substituted BCPs.
Here we describe astrategy that leverages the endogenous properties
of BCP bis-boronates to enable the modular and efficient synthesis of
multisubstituted BCPs via sequential functionalization.

Results and discussion

The striking reactivity difference between C,- and C;-Bpin units was
initially observed inthe boronate ligand exchange reaction with BCP
13 (Fig. 2a). Under treatment of 1,8-diaminonaphthalenein toluene,
selective formation of C;-Bdan-substituted product 15 was identi-
fied by NMR analysis and confirmed by single-crystal X-ray diffrac-
tion. In comparison, the C,-cyclopentyl-substituted BCP 14 afforded
much lower yield of the corresponding product (16, 7%). In a simi-
lar vein, this chemoselectivity was also observed in the hydrazone
coupling*®. The bridgehead C,-Bpinin BCP bis-boronates displayed an
enhanced reactivity and underwent coupling with sulfonyl hydrazone
17, whereas C,-Bpin in bis-boronates and BCP 14 remained mostly
unreacted (Fig. 2a). We initially hypothesized that—as noted by
Morken®**°, and others*>****—selective activation at the C; posi-
tion in this bis-boronate system is probably due to intramolecular
coordination (for example, an oxygen lone pair-boron interaction)
of the Bpin at the C, position; however, careful analysis of B;-C,-C,
angles of these BCP X-ray crystal structures (see Fig. 3 and ‘X-ray crys-
tallographic datafor BCP compounds’ sectionin the Supplementary
Information) revealed no obvious initialinteraction between the two
adjacent Bpin groups in the BCP scaffolds, presumably because the
strained bicyclic scaffold restricts the spatial orientations of these
groups (Fig. 2a).

Quantum mechanical calculations

We turned to quantum mechanical calculations to gain further insights
intothe selectivereactivity of BCP bis-boronates. First, analysis of the
lowest energy conformations of BCP bis-boronate 13 found no appar-
ent Bpin-Bpin non-covalent interactions, consistent with the crystal
structures (as determined by natural bond orbital analysis and O-B
distances; see Supplementary Information for details). Comparison
between the putative anionic intermediates generated revealed an
appoximately tenfold thermodynamic preference for the C; (bridge-
head) 3° anionic intermediate (AAG,, 137/~ = +1.8 kcal mol ;
Fig. 2b). In contrast, DFT calculations show an energetic preference
for the formation of the 2° alkyl radical, which might occur via C,-Bpin
homolysis (AAG, 13%7%" = _3,0 kcal mol Fig. 2b). Such results can
be rationalized by the higher s-orbital-character of the C; carbon
(behaving as sp*) compared with the C, carbon (sp*°)*"*%, leading to a
higher electronegativity at the bridgehead position and an increased
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Fig.1]|Significance, challenges and strategy for accessing multi-substituted
BCPs. a, Significance of bicyclo[1.1.1]pentanes as a 3D bioisostere for arenes
inmedicinal chemistry. Bicyclo[1.1.1]pentanes has been applied as benzene
3D-surrogates in drug discovery owing to their metabolic stability from their
high BDE and kinetically inhibited HAT process. Several BCP derivatives of drug
molecules such as BCP-avagacestat and BCP-darapladib have demonstrated
their potential to improve physicochemical, pharmacological (ADME) and
toxicological (safety) properties. b, Synthetic challenges in SAR studies with
aBCP core structure. Owing to well-established C(sp?)-C(sp?) cross-coupling
reactions and abundant available building blocks, it is synthetically accessible

to obtain diverse derivatives of arene lead compounds for further SAR studies;
however, derivatization of the C(sp®)-rich bioisostere BCPs has been synthetically
challenging due to non-programmable synthetic route, requirement of de novo
synthesis and inaccessible chemical space. ¢, Programmable and sequential
functionalization of bridge-substituted BCPs. To access multisubstituted

BCPs (9), asequential functionalization strategy from BCP bis-boronate

(10) was proposed taking advantage of different reactivity of two boronates.
Diversification of R!, chemoselectivity of two boronates and reactivity of boronic
esters are main challenges in this strategy.

Lewis acidity of the attached Bpin. Given that exclusive reactivity at
the bridgehead position was observed for all transformations (see
below), these calculations supportan anion-mediated C-B activation
pathway (Fig. 2c).
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Fig.2|Preliminary chemoselectivity of BCP bis-boronates and theoretical
explanation. a, Preliminary results for BCP bis-boronates reactivities. In the
ligand-exchange and hydrazone coupling reactions, the bridgehead C,-Bpinin
BCP bis-boronates presented an increased reactivity and underwent the two
transformations, whereas C,-Bpin in bis-boronates and C,-alkyl BCP boronates
remained mostly intact. b, Energetic comparison between BCP C,-and C,-
anionic and radical intermediates suggest an anion-mediated transformation
atthe bridgehead position (C;-). ¢, Concerted addition/migration/N, extrusion

hydrazone coupling at the C;- and C,- positions of BCP bis-boronates show
substantial preference for reactivity at C;-. d, Energy decomposition analysis

of the concerted transition states in hydrazone coupling reveal that steric
interactions greatly impact the selectivity. e, Working hypothesis for selective
BCP bis-boronates functionalizations. See Supplementary Information for
computational methods and details. Energy valuesinb, cand d are in kcal mol ™.
cPent, cyclopentyl.

Further study probed into the bond-forming step, in which we
modelled the hydrazone coupling reaction*® between bis-boronate
13 and a diazo compound 20 presumably generated from the corre-
sponding sulfonyl hydrazone under basic conditions (Fig. 2c). In
agreement with the synthetic outcomes (Fig. 2a), these calculations
highlighted a strong preference for activation and functionalization
of the C, carbon versus C,-Bpin functionalization. Specifically, DFT
calculations identified an energetically much lower concerted addi-
tion/migration/N, extrusion transition state that will lead to the cor-
responding C-C coupling at the C;- than at the C,-carbon (13 — TS®
versus 13 — TS, AAG, =+6.0 kcal mol™). Moreover, the resulting
C,-product is also more thermodynamically favourable than the
C,-coupling product by similar energy (see Supplementary Informa-
tion). Inspection of the Mulliken charges (MC) of the transition states
(Fig. 2¢c) revealed a greater buildup of negative charge in 13 — TS
(MC C,=-0.181; MC C; =-0.045). Further energy decomposition
analysis of 13 — TS and 13 - TS© (Fig. 2d) suggested that despite
greater non-covalent electrostatic, orbital, and dispersion stabilizing
interactions in 13 — TS, much more substantial steric interactions
were observed in 13 — TS (AAE, . 13 — TS® = +310.3 kcal mol ™,
AAE.; 13 — TS® = +268.1 kcal mol™), overall resulting in a higher
barrier via the C, transition state (AAE,, = +11.0 kcal mol™; Fig. 2¢)".

Overall, we attribute the selectivity to (1) greater buildup of nega-
tive charge and (2) less destabilizing steric interactions between the
BCPscaffold and pinacolligandinthe transition states at the C; position
(see Supplementary Information for further details). Taking advan-
tage of the higher reactivity of C;-Bpin, we envisioned a sequential

functionalization protocol of BCP bis-boronates, where C;-and C,-Bpin
canbe transformed into multiple functional groups and access diver-
gent C,,C,,C,-tri-substituted BCPs (Fig. 2e).

Synthesis of BCP bis-boronates

The advantages of this strategy to access bridge-substituted BCPs
not only draws from its modularity, but also is reinforced by the
synthetic efficacy and practicality in the preparation of various BCP
bis-boronates. In our previous study®, the alkyl substituted BCP
bis-boronate (13) was synthesized from readily accessible aldehyde
via diborylation of its derived sulfonyl hydrazones*® and intramo-
lecular coupling® on gram scale and in moderate yield. Bicyclo[1.1.1]
pentanes 24 and 25 were prepared via similar routes (Fig. 3a);
however, the carboxylate ester-, trifluoromethyl- and aryl-substituted
BCP bis-boronates were found unobtainable by the challenging access
to geminal bisBpin precursors (yield < 5%) and the diminished yield
in intramolecular coupling. These BCPs (23, 26, 27) were success-
fully accessed (Fig. 3a) through crucial modifications including the
diborylation of germinal dibromo compounds* and intramolecular
couplingunder dry conditions (pre-preparation of sulfonylhydrazone,
drysolventand base). As an example, synthesis of ester C,-substituted
BCP 23 (Fig. 3b) starts from an affordable cyclobutyl diester 28. The
cyclobutyl sulfonylhydrazone 31was generated in highyields through
asequence of DIBAL-Hreduction, dibromination and diborylation. The
following cyclization mediated by anhydrous Cs,CO; robustly afforded
23 on 37-gram scale in a single pass without deterioration of yield.
Notably, all the synthesized BCP bis-boronates are stable crystalline
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Fig.3|Scope and synthesis of BCP bis-boronates. a, Substrate scope of

BCP bis-boronates (13, 23-27). Six C;-substituted BCP bis boronates (esters,
amino, alkyls, CF;, aryl) were obtained viaintramolecular coupling of sulfonyl
hydrazones and boronic esters. b, Representative synthesis route towards BCP
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23 via (1) DIBAL reduction; (2) dibromination; (3) diborylation/hydrolysis/
hydrazine condensation; and (4) intramolecular coupling. See ‘Synthetic details
and optimization of intramolecular coupling’ section in the Supplementary
Information for more details.

solidsand canbe stored at—20 °C without any noticeable degradation
for several months.

C;-functionalization of BCP bis-boronates

With the knowledge gained from computational results and a vari-
ety of BCP bis-boronates prepared, we sought to investigate selective
C,-Bpin deborylative functionalization strategies (Table 1). Consist-
ent with theoretical modelling, BCP bis-boronates underwent selec-
tive alkylation at the bridgehead (C,) Bpin with sulfonylhydrazones™
(18, 32-35), leaving the resultant alkyl Bpins intact. It is worth noting
that other non-BCP alkyl Bpins were generally incompatible with this
hydrazone coupling*.

Furthermore, our study continued with C;-protodeborylation of
BCP bis-boronates to afford C,-Bpin-substituted BCPs, which provides
amodular tool to access a library of diverse 1,2-disubstituted BCPs,
a class of potential bioisosteres for ortho- and meta-disubstituted
arenes. Inspired by Renaud’s studies®*”, BCP bis-boronates (13, 25, 27)
underwenteffective protodeborylation with tert-butyl catechol (TBC)
upon heating under argon atmosphere and C,-Bpin-disubstituted BCPs
were afforded with good yields (36, 38-39). Other BCPs containing
electron-withdrawing groups (23,26) at the C, position featured lower
reactivities, and their protodeborylation was successfully promoted
by air (37, 40); however, this TBC strategy only led to decomposition
of starting material in preparation of nitrogen C,-substituted BCP (41),
whichwas only made possible with a photoinduced protodeborylation
approach®,

Enabled by the TBC strategy, the C;-centred radicals formed
in situ can also react with tosyl cyanide (TsCN), PhSO,SPh and
di-tert-butyl azodicarboxylate (DBAD) to afford nitrile- (42, 43),
thioether- (44, 45) and hydrazide- (46,47) containing BCPs in moder-
ateyields. C;-selective Giese alkylation of BCPs (48-54) was achieved
with Ley’s conditions®>* via the bridgehead C; radical from pho-
toinduced oxidation of a Bpin-DMAP (4-dimethylaminopyridine)
'ate' complex.

Assessment of nickel-catalysed cross-coupling started with aryl
bromides—an abundant class of building blocks—yet all of the previ-
ously reported conditions failed to afford the desired product™~,
Extensive screening efforts identified a photosensitized method
with4-CzIPN as the photosensitizer and Zn(OTf), as akey Lewis acid

additive, where arylbromoides with diverse electronic properties
were well tolerated (55-69; see Supplementary Information for
more details).

Minisci reactivities® could also be achieved with selective intro-
duction of a series of heteroarenes including quinoxaline (70, 75),
caffeine (71, 76), pyrazine (72, 77), pyridazine (73, 78), quinoline (74)
and pyrimidine (79), and moderate to good yields of the products
were afforded.

Late-stage C,-functionalization of BCP boronates
With several scalable preparations of BCP C,-Bpins (36 and 37, 54-55,
65,77), further derivatizations of such BCPs were explored to dem-
onstrate broad applications of a sequential functionalization strat-
egy for accessing C,,C,-di- (Fig. 4a) and C,,C,,C5-tri-substituted BCPs
(Fig. 4b) at a late stage. Successful transformation of Bpin group in
36 to the more stable trifluoroborate salt (80, 73%) and the boronic
acid (81, 68%) created further functionalization opportunities. In
comparison with other non-BCP secondary boronic species, BCP
C,-boronates were found to exhibit inferior reactivity owing to a
combination of specific hybridization®® at the C, bridge position and
steric hinderance®. Fortunately, attempts to leverage BCP 36 in C-O
and C-S formation proved successful, as demonstrated in oxidation
(82) and Renaud’s radical trapping™ (83). Nickel-catalysed ‘ate’ com-
plex coupling (84)*> with PhLi and Aggarwal’s arylation (85)°° from
boronate 36, Molander’s photo-induced cross-coupling (86)>°~® and
Minisci-type heteroarylation (87)% from trifluorobororate salt 80
enables the installation of aryl and heteroaryl groups at the bridge
(C,) position. tert-Butyl-catechol-mediated C-N formation affords
hydrazine (88)*'in95% yield and amination with nitroarene via Radose-
vich’s protocol affords anilines (89, 90) in moderate yields. Sulfonyl
hydrazone coupling (91)*° of boronic acid (81), Giese-type alkylation
(92) and cyanation (93) via ‘ate’ complex*? using PhLi from boronate
36, and Matteson homologation (94)% afford alkylation, cyanation
and CH, insertion product on the BCP motifin moderate to high yields.
To further exploit the potential of BCP bis-boronates asa versatile
buildingblock, aseries of structurally diverse trisubstituted BCPs were
accessed through a C;-C, functionalization sequence. Representatives
of bridgehead disubstituted BCP C,-Bpin (42, 54, 55, 65, 77) enabled
employment of Bpin functionalization strategies, including Giese-type
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Table 1| Selective C,-Bpin functionalization of BCP bis-boronates

Bpin Bridgehead Bpin [Selective Cs-functionalization]

selective activation 1e"or2e”
10 Bpin " Bpin
[Hydrazone alkylation]? [Protodeborylation]? [C-S and C-N formation]® [Giese alkylation]f
sulfonyl hydrazone TBC TBC, PhSO,SPh or DBAD, Michael Acceptors, [Ir], hv
B2 Me
Me 3 Me
Bpin EWG
Bpin Bpin Bpin Bpin Bpin
oo = 7ho EWG = COMe, 48: (70%);
18: (42%) 44: (70%) CO,E, 49: (38%);
CN,  50: (55%)
SPh
Bpin Bpin
Bpin o]
38: (65%) 39: (61%)
51: (56%)'

Bpin

(@)
R=M . 33: (62%) . . een Me
= Me, : Y . .
CH,CH,Ph, 34: (570/2)ii 40: (66%) 41: (53%)° R'=CO,Pr, 52:(37%);
- . NBnBoc, 53: (29%)
[Cyanation]
/T Nee TBC, TsCN PPro

CN

Bpin Bpin

Bpin Bpin

35 ?;’g%/o)i 42: (57%) 43: (50%) 47: (45%) 54: (53%, 75%!)
[Cross-coupling]?

ArBr, [Ni], Zn(OTf),, 4-CzIPN, hv

SO,Me MeO
Bpin Bpin Bpin Bpin
: (429 57: (31% R= Me, 58: (43%);
56 (42%) e1%) CF,, 59: (319%)!
R, (350/3); R = H, 65: (42%, 37%!);
4-COMe, 61: (32%); R Mé o6: (370/;). ;
4-CN, 62: (39%); e O T
Boi 4-OMe, 63: (33%); ‘ Ol\/fé Bé- (240/,)
P 3,5-diOMe, 64: (34%). Bpin , 68: (24% B e0: 22%)

[Minisci reactivities]"
heteroarene, Mn(OAc)3, TFA

72: _
(61%) Bpin

70:
(49%)

Bpin

o)
_Me
\ | /L f@ FiC N
O [ N 76: NSO 770 (7a% 78: _
(46%) Bpin (350/-0)i Bpin e 65%1) ’ Bpin (33%) Bpin Cl

Reaction conditions with BCP BisBpin as the limiting reagent at 0.05-0.2 mmol scale: *sulfonyl hydrazone (2.0 equiv.), Cs,CO; (3.0 equiv.), toluene (0.2M), 70°C, 18-48h; "TBC (2.5 equiv.),
toluene (0.2M), argon or air atmosphere, 100°C, 2-12h; °4-CzIPN (5 mol%), MeOBcat (30 mol%), acetone/MeOH (1:1, 0.1M), blue LEDs, r.t., 2h; “TsCN (2.0 equiv.), TBC (20 mol%), toluene (0.2M),
18h; °PhSO,SPh or DBAD (2.0 equiv.), TBC (20 mol%), toluene (0.2M), 70°C or 100 °C, 18-24 h; TIr] (5mol%), DMAP (30 mol%), Michael acceptor (2.0 equiv.), acetone/MeOH (1:1, 0.1M), blue
LEDs, r.t., 24h; 94-CzIPN (2-5mol%), [Ni] (10-20 mol%), ArBr (3.0 equiv.), Zn(OTf), (2.0 equiv.), DMAP (4.0 equiv.), DMA (0.2M), blue LEDs, r.t., 24-60 h; "heteroarene (3.0 equiv.), Mn(OAc),-2H,0
(2.5 equiv.), TFA (2.5 equiv.), AcOH/H,O (1:1, 0.1M), 50°C, 18 h. 'The structure was verified by X-ray experiments; "d.r.=1:1; 2.0 mmol scale; “10 mmol scale; “1.0mmol scale. [Ir], (Ir[dF(CF)
ppyl,(dtbbpy))PF,, [Nil, Ni(dtbbpy)CL, or Ni(cod), +dtbbpy. EWG, electron-withdrawing group; Beat, boronic acid catechol ester; ppy, 2-phenylpyridine; dtbbpy, 4,4-di-tert-butyl-2,2-dipyridyl;

cod, 1,5-cyclooctadiene; DMA, dimethylacetamide.
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Fig.4|Syntheses of structurally divergent BCP compounds.

a, Functionalization of C,-Bpin as a versatile building block towards C,,C,-
disubstituted BCPs. b, Late-stage functionalization to access C,,C,,C;-
trisubstituted BCPs. Reaction conditions: °BCP C,-Bpin (1.0 equiv.), PhLi
(1.2equiv.) THF (0.2 M), =78 °C tor.t., 1 h; then 4-CzIPN (5 mol%), tert-butyl
acrylate (2.0 equiv.), THF/MeCN (0.1 M), blue LEDs, 15 h. °BCP C,-BF;K (1.0
equiv.), heteroarene (3.0 equiv.), Mn(OAc), (2.5 equiv.), TFA (2.5 equiv.), AcOH/
H,O0 (1:1,0.1 M), 50 °C, 18 h.“BCP C,-B(OH), (1.0 equiv.), ArNO, (1.0 equiv.),
1,2,2,3,4,4-hexamethyl-phosphetane 1-oxide (15 mol%), PhSiH; (2.0 equiv.),

m-xylene (0.5 M), 120 °C, 8 h.“BCP C,-BF;K (1.0 equiv.), [Ir] (5 mol%), Ni(dtbbpy)
Cl, (20 mol%), ArBr (5.0 equiv.), Cs,CO, (6.0 equiv.), dioxane or THF (0.1 M), blue
LEDs, 24 h.“BCP C,-Bpin (1.0 equiv.), PhLi (1.2 equiv.) THF (0.2 M), -78 °Ctor.t.,
1h;then4-CzIPN (5 mol%), Ni(dtbbpy)Cl, (10 mol%), ArBr (3.0 equiv.), THF/DMA
(0.1M), blue LEDs, 15 h. 'BCP C,-Bpin (1.0 equiv.), PhSO,SPh (4.0 equiv.), MeOBcat
(1.0 equiv.), TBC (0.3 equiv.), toluene (0.2 M), 80 °C, 24 h. See the 'Experimental
procedures and characterization data of substrates' section in Supplementary
Information for details.
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Me H % 5 9
Me—<X H x—=2 x—= Y
H Me
NH, NH, NH, Y
14
Me , Rod \ / Sphere 1.35 i X XQ
- 1.3 Y %
09 %‘ 9 1.25 .
7 Q °
! S 124 . s
. S 115 ] e
— ~ 08+ 8
z \ - z 1.1 o
= ’ = o,
g ; = ¢ 1.05
) ¢ = o '] = =
e o 1,2-BCP
’ ® 1,3-BCP 3D 1,2- 13-
: 0.6 1 ’ 1,2-Ar  1,3-Ar
. ® 1,2,4-Arene o 1,2-Arene scores BCP BCP
o5 Disc 1,3,4-Arene Disc 1,3-Arene n 65 65 65 65
. ! 1 0.5 Y !
0 05 1 0 05 1 Average 117 1.09 1.04 1.03
PMI (X) PMI (X) Median 113 1.05 1.01 1.01

Fig.5|PMIs between substituted BCPs and arenes. a, PMI analysis of
trisubstituted BCP and arene chemical space. b, PMIand 3D scores comparison
betweenselected disubstituted BCP and arenes. 3D scores were presented as
box-whisker plots ranging between 1.00 and 2.00. The lines are the median,

the average is marked by crosses, and outliers are shown as dots. See Methods
and Source Data Fig. 5 for details (quartiles, boundaries and so on) on the box-
whisker plots.

alkylation (96, 97), Minisci-type heteroarylation (98, 99), amination
(100) arylation (101,102,103, 104) and sulfuration (105).

Alternatively, to first achieve C,-Bpin functionalization, C;-Bpin
was transformed into N-methylimidodiacetic boronic acid ester
(BMIDA) or tetramethyl N-methyliminodiacetic boronic acid ester
(BTIDA) (109, 110)%***, followed by selective functionalization of
C,-Bpin via oxidation (111) or Giese-type alkylation (112) with the
C,-boronates remainingintact (Extended Data Fig. 1).

Furthermore, the medicinal chemistry rationale for pursuing
poly-substituted BCPs was showcased via the improvement in phys-
icochemical and ADME properties of biologically relevant compounds.
The BCP match-pair 115 of arene 116 a p-38 kinase inhibitor®, was
prepared via the sequential functionalization strategy from 43, and
physicochemical and ADME properties for both analogues profiled
(Extended Data Fig.2). The data highlights that the theoretical improve-
mentin Fsp® (fraction of sp® carbon atoms) values by introducing the
BCP also results in a substantial improvement in measured solubility
(>10-fold) and reduction of lipophilicity, while retaining excellent
permeability.

Bicyclo[1.1.1]pentane derivatives feature characteristic
three-dimensional topology and represent a C(sp®)-rich chemical
space.Inacomparative study we enumerated libraries of trisubstituted
BCP derivatives (1,2,4- and 1,3,4-trisubstituted arenes) with substitu-
ents selected from synthetically accessible moieties demonstrated
earlier (with protecting groups removed; see Supplementary Informa-
tion for more details). These compounds were evaluated with principal
moments of inertia (PMI) metrics, where shape diversity of a given
library can be assessed viacomputation of principal moments of inertia
foreach molecule (see Supplementary Information for more details)®°.
In contrast to arene compounds, trisubstituted BCP compounds

featured much greater structural diversity as they occupied much
broader space (Fig. 5a). Moreimportantly, BCP compounds exhibited
higher three-dimensionality as they extend into the sphere-like space,
whereasthe corresponding arenes are heavily concentrated along the
‘rod-disk’ axis.

Further study focused on a selection of difunctionalized BCP
compounds and arenes sharing the same set of substituents (Fig. 5b;
see the Supplementary Information for details). Analysis of these
compoundsindicated that C,,C,-difunctionalized BCP compounds are
more three-dimensional than1,2-and1,3-difunctionalized arenes and
C,,C5-disubstituted BCP compounds. Calculation of 3D scores®, that
is, the sum of PMI (X) and PMI (Y), quantitatively demonstrated the
merit of this C,-functionalization strategy, as the C,,C,-difunctionalized
BCP compounds scored broader and overall higher (average =1.17,
median =1.13; Fig. 5b) than C,,C,-BCP compounds (average =1.09,
median =1.05) and arenes (average <1.04, median <1.01) in the
box-whisker plot. These results together suggested that this BCP
C,-functionalization strategy represent a unique entry to a novel
three-dimensional chemical space.

In summary we developed a selective and sequential
bis-functionalization strategy of BCP bis-boronates. Computational
studies shed insights into the differentiated reactivities between C,-
and C;-Bpins and such results proved consistent with synthetic out-
comes. Combination of the scalable, crystalline BCP bis-boronates
and enabling Bpin functionalization strategies allowed the access
to an array of novel, diverse di- and tri-substituted BCP compounds.
Systematic investigation of large and yet unexplored chemical space
of C,-substitution on BCPs demonstrated their higher shape diversity
and three-dimensionality than conventional arene derivatives. Further
application of thisapproach should help assemble molecular libraries
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with more three-dimensional structures and create abroader avenue
to SAR studies®™,
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Methods

General procedure for intramolecular coupling to access BCP
bis-boronates

A one-necked (24/40 joint) round-bottomed flask, equipped with a
teflon-coated magnetic stir bar, was flame-dried under vacuum and
then cooled to 23 °C under an atmosphere of argon. Then the flask
was charged with sulfonyl hydrazone (1.0 equiv.) and dried cesium
carbonate (3.0 equiv.). (Note: cesium carbonate was dried at 120 °C
under vacuum for 18 h.). After being evacuated and backfilled with
argon from a balloon three times, dioxane (0.2 M) was added into
the flask and the reaction mixture was allowed to stir at 100 °C. After
it was confirmed that the starting material, sulfonyl hydrazone, was
consumed through TLC analysis, the reaction was cooled to room
temperature, filtered through Celite, washed with excess hexanes,
and concentrated to remove excess solvents. The crude reaction was
purified through flash chromatography (hexanes: ethyl acetate, 20:1
to 10:1) on silica gel to afford the title compound, which was further
purified through recrystallization in hexanes at —40 °C, affording the
product with>99% purity as white solids®.

Recrystallization procedure. The product after chromatography was
dissolved in hexanes (around 1.0 ml g*) at room temperature and then
cooled to -40 °C. After the solution of the product was slowly stirred
at —40 °Cfor 1h, the suspension was filtered and the white solid was
washed with cooled hexanes quickly and dried under vacuum for1 h.

General procedure A for hydrazone coupling of BCP
bis-boronates
A screw-capped 13 x 100 mm Pyrex culture tube was charged with
cesium carbonate (3.0 equiv.), 2-mesitylsulfonyl hydrazone (2.0 equiv.)
and BCP bis-boronate (1.0 equiv.). Then the tube was evacuated and
backfilled with argon for three times, followed by addition of toluene
(0.1M)viaasyringe. After stirring for at 70 °C for 18-48 h, the reaction
mixture was cooled toroom temperature. The suspended solution was
thenfiltered over celite and washed with diethyl ether. The solvent was
removed under high vacuum, and the crude residue was purified by
chromatography onsilicagel.

The procedure was applied in the synthesis of compounds
18 and 32-35.

General procedure B for deborylation of BCP bis-boronates
Ascrew-capped13 x 100 mm Pyrex culture tube or a flame-dried 100 ml
Pyrex flask was charged with BCP bisboronate (1.0 equiv.) and tert-butyl
catechol (2.5 equiv.). The tube or the flask was then evacuated and
backfilled with argon or air for three times, followed by addition of
toluene (0.1 M) viaasyringe. After stirring for at 100 °Cfor2-12 hwhen
it is confirmed that the starting material was consumed totally, the
reaction mixture was cooled to room temperature. Next, the solvent
was removed under high vacuum, and the crude residue was purified
by chromatography onsilica gel.

The procedure was applied inthe synthesis of compounds 36-41.

General procedures C for cyanation of BCP bis-boronates
A flame-dried screw-capped 13 x 100 mm Pyrex culture tube was
charged with BCP bisboronate (1.0 equiv.), para-toluenesulfonyl
cyanide (2.0 equiv.) and tert-butyl catechol (0.25 equiv.). Then the
tube or the flask was evacuated and backfilled with argon for three
times, followed by addition of toluene (0.2 M) via a syringe. After
stirring for at 70 °C for 18-24 hours when it is confirmed that the
starting material was consumed totally, the reaction mixture was
cooled toroom temperature. Next, the solvent was removed under
high vacuum, and the crude residue was purified by chromatography
onsilica gel.

The procedure was applied in the synthesis of compounds 42
and 43.

General procedures D for C-S and C-N formation of BCP
bis-boronates
A flame-dried screw-capped 13 x 100 mm Pyrex culture tube was
charged with BCP bisboronate (1.0 equiv.), radical trapping reagent
(2.0 equiv., PhSO,SPh or DBAD) and tert-butyl catechol (0.25 equiv.).
Then the tube or the flask was evacuated and backfilled with argon
for three times, followed by addition of toluene (0.2 M) via a syringe.
After stirring for at 70 °C or 100 °C for 18-24 h when it is confirmed
that the starting material was consumed totally, the reaction mixture
was cooled toroom temperature. Next, the solvent was removed under
high vacuum, and the crude residue was purified by chromatography
onsilicagel.

The procedure was applied inthe synthesis of compounds 44-47.

General procedure E for Giese-type reaction of BCP
bis-boronates
A screw-capped 13 x 100 mm Pyrex culture tube was charged with
(Ir[dF(CF;)ppyl,(dtbpy))PF (5 mol%), DMAP (30 mol%), and BCP bis-
boronate (1.0 equiv.). Then the tube or the flask was evacuated and
backfilled with argon for three times, followed by addition of Michael
acceptor (2.0 equiv.) and methanol/acetone (0.1 M, 1:1) solvent via
asyringe. Then the headspace of the tube was purged with a gentle
stream of argon for approximately 10 s. After stirring ina450 nm pho-
toreactor for 24 h when it is confirmed that the starting material was
consumed totally, the reaction mixture was concentrated under high
vacuum, and the crude residue was purified by chromatography on
silicagel.

Theprocedure was appliedinthe synthesis of compounds 48-54.

General procedure F for cross-coupling of BCP bis-boronates
General procedure F1. A flame-dried screw-capped 13 x 100 mm Pyrex
culture tube was charged with BCP bisboronate (1.0 equiv.), aryl bro-
mide (3.0 equiv.), 4-CzIPN (5 mol%), Ni(dtbbpy)Cl, (10 mol%), Zn(OTf),
(2.0 equiv.) and DMAP (4.0 equiv.). Then the tube was evacuated and
backfilled with argon three times, followed by addition of DMA (0.2 M)
solventviaasyringe. The headspace of the tube was then purged with
a gentle stream of argon for approximately 10 s and the reaction was
allowed tostirina450 nm PennPhD integrated photoreactor (M2) for
24-60 h. Afteritis confirmed that the starting material was consumed
totally, the reaction mixture quenched with water, extracted with
ethylacetate or diethyl ether, washed with brine, dried by Na,SO, and
concentrated under high vacuum. The crude residue was purified by
chromatography onsilicagel.

The procedure was applied in the synthesis of compounds
56 and 69.

General procedure F2. Preparation of [Ni] catalyst: a flame-dried
screw-capped 13 x 100 mm Pyrex culture tube was charged with
Ni(cod), (0.2 mmol, 55 mg) and dtbbpy (0.24 mmol, 64.4 mg). Then
the tube was evacuated and backfilled with argon three times, followed
by addition of DMA (4.0 ml) solvent via a syringe. The tube was then
sonicated for 20 min to dissolve the catalyst.

A flame-dried screw-capped 13 x 100 mm Pyrex culture tube was
charged with BCP bisboronate (1.0 equiv.), aryl bromide (3.0 equiv.),
Zn(OTf), (2.0 equiv.) and DMAP (4.0 equiv.). Then the tube was evacu-
ated and backfilled with argon for three times, followed by addition of
4-CzIPN solution (0.02 equiv., 0.02 M) in DMA and [Ni] catalyst solution
(0.2 equiv., 0.05 M) in DMA via a syringe. The headspace of the tube
was then purged with a gentle stream of argon for approximately 10 s
and the reaction was allowed to stir in a 450 nm PennPhD integrated
photoreactor (M2) for 24-60 h. After it is confirmed that the starting
material was consumed totally, the reaction mixture quenched with
water, extracted with ethyl acetate or diethyl ether, washed with brine,
dried by Na,SO, and concentrated under high vacuum. The crude
residue was purified by chromatography onsilica gel.
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The procedure was applied in the synthesis of compounds
55,57-68.

General procedure G for Minisci reaction of BCP bis-boronates
A screw-capped 13 x 100 mm Pyrex culture tube was charged with
BCP bisboronate (1.0 equiv.), heteroarene (3.0 equiv.) and Mn(OAc),
(2.5 equiv.). Then the tube or the flask was evacuated and backfilled
with argon for three times, followed by addition of acetic acid/water
(0.1 M, 1:1) solvent via a syringe. Trifluoroacetic acid (5.0 equiv.) was
then added into the reaction. The headspace of the tube was then
purged with a gentle stream of argon for approximately 10 s and the
reaction was stirred at 50 °C for 18 h. After it was confirmed that the
starting material was completely consumed, the reaction mixture
was concentrated under high vacuum to remove excess acetic acid,
quenched with Na,CO; solution, extracted with ethyl acetate, dried
with Na,SO, and concentrated under high vacuum. The crude residue
was purified by chromatography onsilica gel.

The procedurewas applied in the synthesis of compounds 70-79.

Data availability

Experimental data as well as characterization data for all new com-
pounds prepared in the course of these studies are provided in the
Supplementary Information. Crystallographic datafor the structures
reported in this Article have been deposited at the Cambridge Crys-
tallographic Data Centre under deposition nos. CCDC 2158998 (15),
2159002 (23), 2158995 (24), 2159016 (25), 2159001 (27), 2162135 (33),
2160325 (55), 2160336 (59) and 2162136 (76), see the 'X-ray crystallo-
graphicdata'sectioninthe Supplementary Information. Copies of the
data can be obtained free of charge via https://www.ccdc.cam.ac.uk/
structures/. Source Data are provided with this paper.
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Extended Data Fig. 1| Selective functionalization of C,-boronate. To achieve C,-functionalization with C;-boron retained, BCP bis-boronate 23 was firstly
transformed into C,-BMIDA and BTIDA esters (109, 110), followed by oxidation and Giese-type alkylation to afford C,-functionalized products (111,112).
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Extended Data Fig. 2| Synthesis and ADME study of p-38 kinase inhibitor
116 and its BCP analogue 115. The BCP analogue 115 of arene 116, a p-38 kinase
inhibitor®, was prepared via the selective functionalization sequence: 1)
cyanation; 2) hydrolysis and esterification; 3) arylation; 4) hydrolyses and amide
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couplings. The physicochemical and ADME properties for both compounds were
profiled. Fsp®, the fraction of sp® carbon atoms; Log D, distribution coefficient;
Solubility, high-throughput equilibrium solubility; MDCKII, Madin-Darby canine
kidney cells; Papp, apparent permeability.
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