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Abstract. In 2012, bicyclo[1.1.1]pentanes were demonstrated
to be bioisosteres of the phenyl ring. Today, after more than a
decade, the difficulty in their large-scale preparation is still a
problem, that often outweighs the corresponding derivatives to
becoming clinical candidates. Here, we report a practical general
reaction that gives bicyclo[1.1.1]pentanes on mg- to kg-
quantities using just light. No additional additives or catalysts are
needed. Using this strategy, we have prepared >300
functionalized bicyclo[1.1.1]pentanes on a (multi)gram scale. So
far, this is the most general and practical approach to
bicyclo[1.1.1]pentanes. Many of these molecules, which were
previously commercialized, are already being used in drug
discovery by pharmaceutical companies Gilead Sciences,
Hoffman-La Roche, Idorsia, Merck, Janssen Pharm., etc.

This work should ease the transition of bicyclo[1.1.1]pentane-
containing bioactive compounds to clinical candidates, and
subsequently to drugs.

Introduction. The phenyl ring is the most popular ring in
bioactive compounds! and natural products.?

In 2012, Stepan and co-workers demonstrated that
bicyclo[1.1.1]pentane (BCP) could mimic the para-substituted
phenyl ring in biologically active compounds (Figure 1).2 Since
then, bicyclo[1.1.1]pentanes have been playing an important role
in chemistry.4:%:6:7 Synthesis and applications of BCPs are
already covered in at least 9 recent reviews.*®
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Figure 1. Bicyclo[1.1.1]pentanes (BCPs) as bioisosteres of the phenyl ring.

Despite the numerous studies,*” today, after more than a
decade, the lack of scalable methods towards
bicyclo[1.1.1]pentanes still often outweighs the corresponding
derivatives to becoming clinical candidates. To partially solve
this problem, in 2016 pharmaceutical company Pfizer initiated a
collaboration with Baran lab on developing a “strain-release”
amination of propellane. 8:° This study allowed the scalable
preparation of non-substituted bicyclo[1.1.1]pentyl amines.

In recent years, we received hundreds of requests from
pharmaceutical companies regarding the (multi)gram-scale
synthesis of unknown functionalized bicyclo[1.1.1]pentanes with
an alkyl substituent.'® Aliphatic substituents increase the F(sp3)
content of bioactive molecules, and therefore it is not surprising
that medicinal chemists favor using them nowadays.**

Results and discussion. Optimization. In a search for a
general  scalable method for the  alkyl-substituted
bicyclo[1.1.1]pentanes, we focused our attention on the reaction
of alkyl iodides with propellane. In 1991, this reaction was shown
to take place under irradiation with a broad-wavelength Hanovia
mercury lamp in a Pyrex vessel (Scheme 1).1? In 2000, it was
demonstrated that the addition of an equimolar amount of methyl
lithium also promoted the reaction (Scheme 1).1% The challenges
associated with ultraviolet irradiation in Pyrex glassware and the
low compatibility of methyl lithium with functional groups lowered
the practical potential of both methods and prevented their wide
application in the future.'* In 2018, Anderson and colleagues
solved the above-mentioned problems by discovering that
triethylborane catalyzed the reaction leading to the formation of
products in good yields (Scheme 1).1%:16 In 2019, the same
authors improved the reaction scope even further by performing
the reaction in the presence of fac-Ir(ppy)s catalyst under
photoredox conditions.'”*® The only disadvantage of the latter
method was the relatively high price of the metal catalyst.*%2°

Known approaches towards alkyl-substituted
bicyclo[1.1.1]pentanes are depicted in Scheme 1. These
reactions were described mostly on a milligram scale. Therefore,
we decided to try these protocols in gram quantities with the
model methyl iodide. The latter substrate was selected because
the methyl radical is the most unstable among all common alkyl
radicals. We envisioned that if we could elaborate on a scalable
protocol for the reaction of methyl iodide, it would work with
other alkyl iodides as well.

Previous studies
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Scheme 1. Approaches to alkyl-substituted bicyclo[1.1.1]pentyl iodides.

The reaction of methyl iodide with the freshly prepared
propellane (1.2 eq.) in the presence of methyl lithium?*® or iodine
gave only traces of the needed product 1 (Table 1, entries 1, 2).
Catalysis with BEt3'® gave the product 1 in 31% yield, however,
an extensive formation of polymeric products was observed
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(entry 3). Catalysis with fac-Ir(ppy)s'” led to the formation of a
complex mixture (entries 4, 5). With a double excess of
propellane, however, we obtained iodide 1 in 14% vyield. Next,
we attempted the reaction under various photochemical
conditions with no catalysts/additives (entries 7-10). Irradiation
of the reaction mixture at 254 nm or 310 nm gave <20% of the
needed product (entries 7, 8). Irradiation at 450 nm (blue LED
light) did not promote the reaction (entry 10). However,
irradiation at 365 nm allowed obtaining the desired product 1 in
43% vyield. Moreover, after further optimization, we found that
performing this photochemical reaction in flow for thirty minutes
allowed increasing the yield to 62%.

Table 1. Optimization of synthesis of bicyclo[1.1.1]pentane 1.

A=365 nm
Mel -+ LD e
unstable Et,0, 30 min, rt
. propellane® flow
[Me- ] radical previous 1, 62-66%
[1.0 eq.] [1.2 eq.] protocols failed
entry conditions yield (%)°

1 MelLi (1 eq.), rt, 24h 5
2 1,(0.25% mol.), rt, 24h 16
3 BEt3(10% mol.), Et;0, rt, 24h 31
4 fac-Ir(ppy)s (2.5% mol.), Et,0, 450 nm, 12h polym-n
5  fac-Ir(ppy)s (2.5% mol.), tBUCN, 450 nm, 12h polym-n
6 fac-Ir(ppy)s (2.5% mol.), tBuCN, 450 nm, 12h, 2 eq. prop-e 14
7 254 nm, Et,0, rt, 24h 12
8 310 nm, Et,0, rt, 24h 17
9  365nm, Et,0, rt, 24h 43
10 450 nm, Et,0, rt, 24h <5
11 365 nm, Et,0, rt, 30 min, in flow 62 (66)°
12 rt, 10 min (controi) n.d.
13 rt,12h n.d.
14 rt, 24h n.d.

Scale: 10 g of Mel in each experiment. @ Solution of propellane (0.7M) in Et,O-
CH,(OEt),. PIsolated yield. Distillation as a purification method. ° Crystallization
from pentane as a purification method.

Worth noting that all experiments depicted in Table 1 were
performed under standardized conditions: methyl iodide (10
grams; 1 eq.), and propellane (1.2 eq.). In each experiment, the
product was isolated by distillation under reduced pressure.
Under the photochemical conditions in flow (entry 11), isolation
of iodide 1 by low-temperature crystallization from pentane gave
an even higher yield of the product: 66%. Importantly, having an
optimized protocol in hand, we easily synthesized iodide 1 in
855 g amount in one run with almost no additional modifications
(Scheme 2; Supporting Information, page S60).

Scope. We also studied the generality of the developed
method. First, we tried other primary alkyl iodides (Scheme 2).
Given the rise of deuterated compounds in modern drug
discovery,? we performed an addition of CDsl to propellane
under standard conditions to obtain product Ds-1 in 68% yield.
The reaction worked well with other alkyl iodides (3-7), oxetane-
containing substrates (8-10), tetrahydrofuran (11), and
tetrahydropyran-containing molecules (12, 13). N-Boc-protected
azetidines (14), pyrrolidines (15), and piperidines (16, 17)
performed equally well in the reaction. In addition, BPin (18),
PO(OEt), (19), and tBuC(O)O groups (20) were compatible with
the reaction conditions. Given the importance of organofluorine
compounds in modern medicinal chemistry,?> we performed the
reaction with various fluorinated alkyl iodides to obtain
bicyclo[1.1.1]pentanes 21-27 in 69-92% vyield. The structure of
products 14 and 19 was confirmed by X-ray analysis.?3

Various labile functional groups, such as nitrile (28-30), ester
(31-33), active chlorine (34), and bromine atoms (35), alcohol
(36, 37), and NHBoc (38-40) were compatible with the reaction
conditions. Diverse medicinal chemistry-relevant cores including
2-oxabicyclo[2.1.1]hexane?* (44) and oxa-spirocycles? (45) also
gave the desired bicyclo[1.1.1]pentanes 41-47 in 41-63% yield.

Next, we studied the behavior of secondary alkyl iodides
(Scheme 3). The protocol efficiently worked for isopropyl (48),
isobutyl (49), and cycloalkyl (50-54) alkyl iodides. Four-to-six-
membered rings with oxygen (55-58), sulfur (59), and N-Boc
(60-64) gave the desired products in 30-92% vyield. Secondary
(MeCH(I)CO,tBu) and tertiary (Me2C(I)CO,tBu) iodides also
reacted with propellane to provide products 65, 66 in lower
yields of 25-36%.2¢ Various fluoroalkyl iodides (67-73)%7 and
even bromides (74-78)2%® were compatible with the reaction
conditions. The structure of product 55 was confirmed by X-ray
analysis.?®

Recently, bicyclo[3.1.1]heptanes were proposed to mimic the
meta-substituted phenyl ring in bioactive compounds.?®° In this
context, we studied the reaction of [3.1.1]-propellane with two
representative alkyl iodides under the above-developed
conditions. Remarkably, the desired bicyclo[3.1.1]heptanes 79
(45%) and 80 (38%) were obtained as a result of these efforts.

From a practical standpoint, most of the syntheses depicted in
Schemes 2 and 3 were performed with five to ten grams of the
starting alkyl iodides. The typical reaction time was less than
thirty minutes. The reaction required no additional catalysts or
additives. Only syntheses of bicyclo[1.1.1]pentanes 6, 40, 42-47
were performed on a smaller scale due to the low availability of
the corresponding alkyl iodides.

For most examined substrates, we compared the performance
of our protocol to prior literature protocols on the same scale
(Scheme 2 and 3). Although, MeLi gave poor yields of the
desired products bearing functional groups; catalysis with
triethylborane often gave good results (3-5, 55, 57, 60, etc).
Nonetheless, the photochemical protocol developed here gave
the highest yields of products in all examined cases.

We could also repeat the synthesis of bicyclo[1.1.1]pentanes
1-3, 5, 7, 14-16, 21-27, 48, 50, 55, 57, 59-63, 67-69, 71, 75, and
77 on 50-800 gram scale with similar yields in one run (Schemes
2 and 3; Supporting Information, pages S60-S68).

Mechanism. Product 62 (Scheme 3) was obtained from the
derivative of the optically pure (2S,4S)-4-iodoproline as a 3:2
mixture of two diastereomers at C(4)-atom (Scheme 3). This
observation suggested the radical mechanism of the reaction
with the initial formation of the configurationally unstable alkyl
radicals. To validate this hypothesis, we performed “radical clock”
experiments.3! Alkyl iodide 81 reacted with propellane under the
developed conditions to selectively form the ring-opened alkene
82 (Scheme 4; Supporting Information, pages S69-S74). In the
NMR of the crude reaction mixture, we did not observe even
traces of signals of the cyclopropane ring. Similarly, the reaction
of alkyl iodide 83 with propellane gave mostly the rearranged
cyclopentane-containing product 84 with only traces of alkene
85 (84:85=5:1; Scheme 4; Supporting Information, pages S69,
S76). These experiments supported the original hypothesis of
the radical pathway of the reaction.
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Scheme 2. Reaction conditions: A solution of alkyl iodide (1 eq.) and propellane (0.7M in EtzO/CH2(OEt)z; 1.2 eq.) in diethyl ether was passed through a coil
(irradiated area: 160 mL) with a flow rate 10 mL/min under irradiation with 365 nm LED (radiated power: 420 W). Residence time: 16 min. Typical scale 5-10 g of

alkyl iodide. Compounds 1, 2, and 22 were additionally obtained on a multigram scale. Synthesis of compounds 6, 40, 42-47 was performed on 0.1-2 g scale
(irradiated coil: 7.6 mL; flow rate: 0.75 mL/min; irradiation: 365 nm LED; radiated power: 257 W; residence time: 10.1 min.). [MeLi]: MeLi (1 eq.), CH2(OEt)2, 24h,
rt. [BEts]: BEts (0.1 eq.), Et20, 24h, rt; [Ir]. fac-Ir(ppy)s (2.5% mol.), tBUCN, 12h, rt. X-ray crystal structure of compounds 14 and 19. Hydrogen atoms are omitted
for clarity.
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Scheme 3. Reaction conditions: A solution of alkyl iodide (1 eq.) and propellane (0.7M in Et2O/CH2(OEt)2; 1.2 eq.) in diethyl ether was passed through a coil
(irradiated area: 160 mL) with a flow rate 10 mL/min under irradiation with 365 nm LED (radiated power: 420 W). Residence time: 16 min. Typical scale 5-10 g of
alkyl iodide. Compounds 48, 60, and 63 were also obtained on a multigram scale. [MeLi]: MeLi (1 eq.), CHz(OEt)2, 24h, rt; [BEts]: BEts (0.1 eq.), Et20, 24h, rt; [Ir]:
fac-Ir(ppy)s (2.5% mol.), tBUCN, 15h, rt. X-ray crystal structure of compound 55. Hydrogen atoms are omitted for clarity.
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Radical clock experiments
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Scheme 4. Radical clock experiments with iodides 81 and 83. @ NMR yield
using 1,3,5-trimethoxybenzene as an internal standard.

Bicyclo[1.1.1]pentanes for medicinal chemistry. Having a
practical and scalable protocol towards alkyl bicyclo[1.1.1]pentyl
iodides in hand, we converted them into various BCP-containing
building blocks (compounds with one or two functional groups)
for medicinal chemistry. Treatment of BCP-iodides with t-BuLi in
THF followed by trapping of the formed carboanion with
(iPrO)BPin gave boron pinacolates “a” (Scheme 5).3% The
reaction of the latter with potassium fluoride in an acetone/water
mixture smoothly gave trifluoroborates “b.” Oxidation of boron
pinacolates with H,O, gave alcohols “c.”®

Lithiation of BCP-iodides followed by the addition of diverse
electrophiles was studied in the next step. Reaction with
BocN=NBoc followed by acidic N-Boc deprotection produced
hydrazines “d” (Scheme 5).3* Reaction with sulfur dioxide
followed by oxidative chlorination of the intermediate sulfinate
salts gave sulfonyl chlorides “e”. % Reaction with
hexachloroethane afforded BCP-chlorides “f”. Analogous
reaction with 1,1,2,2-tetrabromo-1,2-difluoroethane provided
BCP-bromides “g”. The addition of CD3;OD followed by N-Boc
deprotection gave deuterated amines 60h and 63h. The addition
of ethyl formate gave aldehydes “i”. Treatment of C-anions with
methanol followed by optional hydrolysis of the ester group or
N-Boc deprotection gave mono-substituted
bicyclo[1.1.1]pentanes: carboxylic acids, amines, and alcohols
“”. Reaction with dry ice gave carboxylic acids “k”.%¢ Standard
Curtius reactions of the latter gave unique amines “I”.%”

Using this strategy, during the past five years, we have
prepared >200 functionalized bicyclo[1.1.1]pentanes on a
(multi)gram scale (Scheme 5). So far, this is the most general
and practical approach to bicyclo[1.1.1]pentanes. Many of these
molecules (2k, 21l, 55k, 60i, 60j, 60k, 62j, 67c, 671, 69c, 69¢)
which were previously commercialized!® and preparation of
which has not been reported before anywhere, are already being
used in drug discovery by pharmaceutical companies Gilead
Sciences, Hoffman-La Roche, Idorsia, Merck, Janssen Pharm.,
etc (Figure 2; for full details, please, see the Supporting
Information, pages S161-5165).38

Compounds from this work have also found solid application in
research projects by other academic groups: Hartwig (14j, 61j,
73j)%° and Gomez (21, 25, 55, 57, 60, 63, 67, 69).% For the
details, please, see the Supporting Information, page S166.

BCPs (from this work) in Drug Discovery
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Figure 2. Representative bicyclo[1.1.1]pentanes 2k, 55k, 60k, 60j, 67I from
this work in drug discovery projects of pharmaceutical companies.

Incorporation into a drug. In addition to existing studies
(Figure 1),3* we validated the bicyclo[1.1.1]pentane scaffold as a
phenyl ring bioisostere. We incorporated this core into a
structure of an FDA-approved local anesthetic drug Benzocaine
(Scheme 6) instead of the phenyl ring. The compound was
synthesized from N-Boc amino acid 86. Acidic N-Boc cleavage
and the simultaneous esterification of the carboxyl group gave
the desired analog 87 as a hydrochloride salt.

Biological activity. We measured the experimental anesthetic
activity of Benzocaine and its analog 87 in vivo. We studied the
antinociceptive effect of Benzocaine and compound 87 using the
“tail flick test"#* in 2-month-old CD-1 female mice (for details, see
the Supporting Information, pages S819-S825).42 The results are
presented in Figures 3 and 4. On one hand, compound 87 was
found to be less active compared to the original drug
Benzocaine - no significant difference in response time to tail
flick was present throughout the observation period. On the
other hand, analog 87 demonstrated a clear analgesic activity -
a significant increase in coverage of analgesia by time (AUC
level) compared to that of the vehicle (Figure 4).

This biological experiment corroborated the hypothesis that
bicyclo[1.1.1]pentane is an actual bioisostere of the phenyl ring.
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BCPs for medicinal chemistry (>200 examples; multigram scale)
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35 examples (and 1I-51, 71, 141, 161, 22I, 241-271, 42 examples (and (D3-1)k, 1k-5k, 7k, 14k, 16k, 21k, 22k, 24k-27k, 16 examples (and 14j-16j,
411, 48l, 501, 52I-571, 591-611, 68I-71l) 34k, 39k, 41k, 48k, 51k-54k, 56k-59k, 61k, 63k, 67k-71k, O,-59k, 79k) 31j-33j, 38j, 60j, 65j, 74j)

Scheme 5. Madifications of bicyclo[1.1.1]pentyl and bicyclo[3.1.1]heptyl iodides. Reaction conditions: (a) (iPrO)BPin, t-BuLi, Et2O, -100 °C; (b) KHF2,
acetone/water, rt; (c) KH2PO4, H202, THF/water, rt; (d) (i) BocN=NBoc, t-BuLi, Et2O, -100 °C; (ii) dioxane-HCI, rt; (e) (i) t-BuLi, SOz, Et20; (ii) Cl2, CH2Cl2/H20,
0-5 °C; () (i) t-BuLi, CIsCCCls, Et,0, -100 °C; (i) deprotection: HCl/dioxane or TFA/CH:Cly; (g) (i) t-BuLi, C2BrzFs, Et20, -100 °C; (ii) deprotection: HCl/dioxane or
TFAI/CH2CI2; (h) (i) t-BuLi, CD3OD, EtO, -100 °C; (ii) deprotection: HCl/dioxane or TFA/CH:Cl; i) t-BuLi, ethyl formate, Et.O, -100 °C; (j) t-BuLi, MeOH,
Et20, -100 °C; (k) t-BuLi, CO2, Et20, -80 °C; (1) (i) DPPA, EtsN, t-BuOH, 95 °C; (ii) HCI-dioxane, Et20, rt.
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Figure 3. Time course of the antinociceptive effect of Benzocaine and its
analog 87 in tail flick test. The data were presented as mean + SEM. * -
indicates P < 0.05; and *** - indicates P < 0.001 compared with the control
group (vehicle).
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Figure 4. The area under the curve (AUC) of withdrawal latency of
Benzocaine and its analog 87 in a tail flick test. The data were presented as
mean = SEM. * - indicates P < 0.05; ** - P < 0.01 compared with the control
group (vehicle).

Summary. In 2012, bicyclo[1.1.1]pentanes were demonstrated
to mimic the phenyl ring in bioactive compounds.® Today, after
more than a decade, the difficulty in their large-scale preparation
is still a problem. Here, we report a general practical reaction
between alkyl iodides and propellane that gives alkyl-substituted
bicyclo[1.1.1]pentanes in milligram to kilogram quantities. The
reaction proceeds under light and requires no additional
additives or catalysts. Using this strategy, during the past five
years, we have prepared more than three hundred
functionalized bicyclo[1.1.1]pentanes on a (multi)gram scale. So
far, this is the most general and practical approach towards
bicyclo[1.1.1]pentanes. Many of these molecules, which were
previously commercialized, are already being used in drug
discovery by pharmaceutical companies®® and academic
groups. 3040

We expect that this work will ease the transition of
bicyclo[1.1.1]pentane-containing bioactive compounds to clinical
candidates, and subsequently to drugs.
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Abstract

The LARGEST library of Bicyclo[1.1.1]pentanes for Drug Discovery enabled by Light

Vasyl Ripenko,® Vadym Sham,® Vitalina Levchenko,® Serhii Holovchuk,® Daniil Vysochyn,? Ivan
Klymov,©® Dmytro Kyslyi,[® Stanislav Veselovych,® Serhii Zhersh,®® Yurii Dmytriv,*"1 Andrey
Tolmachov,® Iryna Sadkova,® Irina Pishel ! Pavel K. Mykhailiuk[®>*

[l Enamine Ltd. Chervonotkatska 78, 02094 Kyiv (Ukraine). Homepage: www.mykhailiukchem.org, www.enamine.net
E-mail: Pavel.Mykhailiuk@gmail.com

!l National Technical University of Ukraine, Igor Sikorsky Kiev Polytechnic Institute, Prosp. Peremohy 37, 03056 Kyiv (Ukraine).

el Bienta, Chervonotkatska 78, 02094 Kyiv (Ukraine).

In 2012, bicyclo[1.1.1]pentanes were demonstrated to be bioisosteres of the phenyl ring. Today, after
more than a decade, the difficulty in their large-scale preparation is still a problem, that often outweighs
the corresponding derivatives to becoming clinical candidates. Here, we report a practical general
reaction that gives bicyclo[1.1.1]pentanes on mg- to kg-quantities using just light. No additional
additives or catalysts are needed. Using this strategy, we have prepared >300 functionalized
bicyclo[1.1.1]pentanes on a (multi)gram scale. So far, this is the most general and practical approach to
bicyclo[1.1.1]pentanes. Many of these molecules, which were previously commercialized, are already
being used in drug discovery by pharmaceutical companies Gilead Sciences, Hoffman-La Roche,
Idorsia, Merck, Janssen Pharm., etc.

This work should ease the transition of bicyclo[1.1.1]pentane-containing bioactive compounds to
clinical candidates, and subsequently to drugs.
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