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A continuous flow process to generate [1.1.1]propellane on demand
is presented rendering solutions of [1.1.1]propellane that can
directly be derivatised into various bicyclo[1.1.1]pentane (BCP)
species. This was realised in throughputs up to 8.5 mmol ht
providing an attractive and straightforward access to gram quantities
of selected BCP building blocks. Lastly, a continuous photochemical
transformation of [1.1.1]propellane into valuable BCPs bearing mixed
ester/acyl chloride moieties was developed.

Bicyclo[1.1.1]pentane (BCP) derivatives have recently experienced
a surge in interest due to their promising applications in
biologically active compounds. The BCP motif can thereby act
as an isostere for various functionalities such as para-substituted
phenyl rings,' ™ alkynyl* and tert-butyl groups® while offering the
advantage of increased three-dimensionality which is becoming
increasingly important in drug-discovery.®

Despite recent advances in the synthesis of a range of BCP
derivatives,® there remains a lack of methodology for providing
facile access to this important motif. To date, the most com-
monly used method involves ring opening of [1.1.1]propellane,’
which can be synthesised via cyclisation of tetrahalide 1
(Scheme 1).">'* While useful, this reaction requires the use of
organometallic reagents and the resulting [1.1.1]propellane
must be purified by vacuum distillation at low temperature.
Additionally, [1.1.1]propellane must be stored in solution at low
temperature to prevent decomposition via polymerisation or
rearrangement to 3-methylenecylobutene.’*'® The combi-
nation of these factors greatly affects the efficiency at which
the desired BCP derivatives can be synthesised especially when
small scale applications are targeted.

The use of flow chemistry offers many advantages over batch
processing such as improved reaction control, due to increased
heat and mass transfer, and increased safety due to contact
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with hazardous reagents being minimised."*™*° In recent years,
continuous flow technology has been widely adopted across
academic and industrial laboratories for the synthesis of a
range of compounds using organometallic reagents, allowing
these reactions to be carried out on scale while eliminating
common safety concerns associated with batch.'”*® More
importantly, the use of automated continuous flow platforms
can result in much more efficient syntheses, with generally
higher throughputs achieved than their batch counterparts.'®
Despite the advantages offered by continuous flow synthesis,
and the increased interest in the synthesis of BCPs, no straight-
forward continuous flow process has been reported to date in
the chemical literature®® that enables the creation of [1.1.1]pro-
pellane at various scales. To overcome the common bottlenecks
experienced in the synthesis of BCP derivatives, we envisioned
the application of a continuous flow platform to the synthesis
of [1.1.1]propellane. We anticipated that such a flow approach
would allow for the effective on-demand synthesis of [1.1.1]pro-
pellane in a regular research laboratory, that could then be
complemented by various functionalisation reactions in a
streamlined manner, yielding valuable BCP derivatives without
requiring to isolate and purify the highly reactive [1.1.1]
propellane.

In order to set a benchmark with which our flow system
would be compared, we first synthesised [1.1.1]propellane in
batch mode using the method developed by Szeimies.'®'*
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Cl 78 °C
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Scheme 1 Synthesis of [1.1.1]propellane and selected BCPs.
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Scheme 2 Continuous flow set-up.

Specifically, we opted to use commercially available solutions of
Meli (1.6 M in Et,0) and found the use of a rotary evaporator in
combination with a dry-ice/acetone cooling trap a practical
solution to perform the isolation via distillation at low
temperature.” This approach enabled the generation of [1.1.1]
propellane from tetrahalide 1 in yields of 75-90% (established by
"H-NMR), however, variations in yield were observed as a function of
the scale, which encouraged us in our plan to transferring this
reaction to continuous flow.

Next, we embarked on developing a continuous flow method
for preparing solutions of [1.1.1]propellane in an analogous
fashion. As depicted in Scheme 2, our initial flow setup con-
sisted of two syringe pumps to combine a solution of substrate
1 with a stream of MeLi (1.6 M solution in Et,0) via a 1/8”
stainless steel T-piece. The use of syringe pumps allowed for
accurate dosing of reagents, while maintaining a sealed system,
preventing hydrolysis of methyl lithium. The reactor consists of
PFA coils in two temperature zones, with cooling (T;) being
achieved using a commercially available Polar Bear Plus system,
and after passing a segment of tubing at 25 °C (T,) the reaction
mixture is collected at 0 °C (flask in ice/water bath). Using this
system, we initially experienced issues with frequent blocking
due to the quantity of lithium salts produced. To overcome this,
we utilised a wider bore T-piece (1/4”) and incorporated a static
mixer to increase turbulence.?” The static mixer consisted of a
Teflon helix housed within 1/4” PFA tubing, which resulted in
more efficient mixing, preventing the lithium salts from settling
in the T-piece mixer.

In order to determine the feasibility of avoiding the distillative
work-up in favour of a simpler alternative, the collected reaction
mixture was washed with water and the resulting organic phase
was analysed by "H-NMR, using 1,3,5-trimethoxybenzene as an
internal standard, for quantification. The replacement of vacuum
distillation as a means of purification allowed for a simpler setup in
addition to enabling rapid flow processing of material. Pleasingly,
the results agreed with those of purification by distillation, and this
method was used for quantifying reaction yields going forward.
With issues relating to reactor fouling resolved, we began to
optimise reaction conditions (Table 1). Firstly, a screen of com-
monly used solvents for this reaction was carried out (see ESIYt),
finding pentane and Et,O to perform equally well, however, based
on solubility of substrate 1, pentane was chosen for further studies.
Having established the optimal solvent, we proceeded to investigate
the effect of residence time, stoichiometry and temperature. Similar
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Table 1 Optimisation of the flow synthesis of [1.1.1]propellane

Entry Conc.1[M] MeLiequiv. R“[min] T,[°C] Yield” [%)]
1% 0.4 3.0 3.8 —10 19
29 0.4 2.4 3.8 -15 30
3% 0.4 2.1 3.8 -10 19
a9 0.4 2.1 3.8 -10 27
4 0.4 2.1 3.0 ~15 28
6 0.4 2.1 2.5 -15 15
7v 0.18 2.2 3.0 -15 27
Y 0.18 2.2 6.0 -15 50
o¥f 0.18 2.2 9.0 -15 40
10 o5 2.1 6.0 -15 27
1Y o5 2.1 4.0 —-15 30

“ Reactor volume 6.8 mL. ? "TH-NMR yield. ¢ Stoichiometry controlled
using MeLi (1.6 M in Et,0) at a reduced flow rate relative to 1.
4 Stoichiometry controlled by diluting MeLi (1.6 M in Et,0) to appro-
priate concentration. ¢ T, = 0 °C./ T, = room temperature.

to results from the batch test reactions, it was found that a slight
excess of MeLi (2.2 equiv.) was sufficient to reliably achieve good
conversion of substrate into product 2. Interestingly, we found that
an increased temperature for 7, of 25 °C instead of 0 °C did not
negatively affect conversion but rather increased the yield of 2
(Table 1, entries 3 and 4). In addition to avoiding blockages, shorter
residence times (e.g. 3-6 min) were also found to increase yields.
Further optimisation found that modifying stoichiometry by dilut-
ing the MelLi solution in place of adjusting flow rates resulted in
higher yields and less incidences of fouling (entry 8). This is
suspected to be due to retardation of the reaction taking place,
resulting in salt formation occurring at a later stage in the reactor
than previously observed. Consequently, a residence time of
6 minutes in combination with a reaction temperature of —15 °C
(T4), followed by 25 °C (T,) and a collection temperature of 0 °C
were found best giving a yield of 50% for this continuous
[1.1.1]propellane forming process.

With optimised conditions in hand, we proceeded to
demonstrate the utility of our continuous flow setup. To ensure
that [1.1.1]propellane synthesised in this manner exhibited the
same reactivity as that prepared via batch synthesis (purified by
vacuum distillation), we wished to replicate some commonly
used transformations. [1.1.1]Propellane is known to insert into
S-H and S-S bonds**** giving the resulting thioethers in high
yields.

The material generated by our flow platform and purified by
aqueous extraction was thus reacted with some aryl thiols,
affording the desired products in yields comparable to those
of published examples®* (Scheme 3). Some unprecedented
heterocyclic substrates including benzofurans and 1,2,
4-triazoles unfortunately showed no reactivity under the condi-
tions employed. Furthermore, reaction between [1.1.1]propellane
and phenyl disulfide under continuous photochemical conditions
rendered the expected product 5 in excellent yield.>*”

Encouraged by these results that showed that the [1.1.1]pro-
pellane generated in flow and purified by a simple extractive
work-up, is producing known thioether adducts in excellent
yields, we next turned our attention to evaluating the throughput
and robustness of the initial flow process. Specifically, we wished
to evaluate the synthesis of 1,3-diiodobicyclo[1.1.1]pentane

This journal is © The Royal Society of Chemistry 2021
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Scheme 3 Reaction of [1.1.1]propellane with thiols and disulfides.

(6, BCP-1,), a commonly used building block exploited towards
advanced BCP derivatives.>*?® Initial attempts employing a high
concentration of tetrahalide substrate 1 of 0.67 M provided a
significant amount of product 6 when the [1.1.1]propellane
solution obtained was quenched with iodine after aqueous
work-up (Scheme 4). Despite the attractive throughput of
8.5 mmol h™" (rendering 2.2 g of 6 in 50 minutes), the corres-
ponding isolated yield of 6 was modest (25%) indicating degra-
dation of [1.1.1]propellane under these conditions. To
circumvent these issues, we next reduced the concentration of
1 to 0.25 M and upon reaching steady state operated the process
for 40 minutes rendering 1.0 g (60%) of the target product 6 after
isolation by trituration. This is equivalent to a throughput of
5 mmol h™" (1.6 ¢ h™") and demonstrates that our continuous
process is effective in enabling the preparation of gram quantities
of this valuable building block in a laboratory setting.

In a final extension of our work we wished to evaluate the
use of [l.1.1]propellane in lightmediated radical transforma-
tions”******728 where we were particularly interested in creating
new C-C bonds. Specifically, we focused on studying the reaction of
[1.1.1]propellane with 2-chloro-2-oxoacetates which are known to
undergo radical mediated reactions when irradiated with light.> To
the best of our knowledge, no detailed study of this reaction has
been published to date.*

Isopropyl 2-chloro-2-oxoacetate 7a was chosen as the model
substrate that was mixed with a solution of [1.1.1]propellane in
pentane/ether and subjected to irradiation using a Vapourtec
UV-150 flow reactor equipped with a medium-pressure
Hg-lamp (Scheme 5). Using this setup, we screened various
conditions (see ESIt), firstly focusing on temperature, light
source, and residence time. We soon found a short residence
time (5 min) at room temperature to be best for this transfor-
mation. Interestingly, changing the medium-pressure Hg-lamp
(90 W) to a low-power UV lamp (254 nm, 8 W) or a high-power
LED lamp (365 nm, 50-100 W)*' was determined to be detri-
mental to reactivity, however, introduction of a low-pass filter

>y

6
5 - 8.5 mmol/h

Scheme 4 Scale-up to generate 1,3-diiodobicyclo[1.1.1]pentane 6.
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Scheme 5 Photochemical flow reactor set-up.

that excluded radiation above 400 nm was found to be beneficial.
An excess of either starting material was found to decrease
the yield.

Due to the requirement for [1.1.1]propellane to remain in a
dilute solution changing the solvent from pentane/ether was
not viable. Additionally, use of an ether-cosolvent did not
increase conversion, but favoured side-product formation.
Interestingly, we found that the presence of a small quantity
of acetone resulted in increased yield. This was further inves-
tigated, and it was determined that 0.5 equivalents of acetone
were the optimal quantity. It is hypothesised that this increase
in yield may be due to a photosensitisation effect,>” which is
not observed at higher concentrations of acetone due to
unwanted side reactions, which may include competing Norrish
processes. A screen of some commonly used ketone-based photo-
sensitisers was carried out including benzophenone, aceto-
phenone and pinacolone, however, acetone remained the most
efficient additive (see ESIT). It is worth noting that [1.1.1]propel-
lane isolated after aqueous work-up did not perform as well as
co-distilled material in this reaction, indicating the presence of
impurities which are removed by distillation.

With the optimised conditions in hand the substrate scope
of this reaction was investigated (Scheme 6). A range of alkyl
esters were found to yield the desired BCP products, which still
contained the acyl chloride moiety as a versatile functional
handle. Substrates containing larger alkyl fragments generally
resulted in higher yields, possibly due to their increased
stability. Interestingly benzyl and propargyl substrates were
not tolerated. Additionally, the presence of the chloro-
oxoacetate moiety is crucial for reactivity, as the reaction did
not proceed with dialkyl oxalates or amino-oxoacetyl chloride
counterparts. Despite the moderate yields, this reaction allows
for facile access to valuable building blocks, which have pre-
viously been accessible only through arduous multi-step

8a, R = isopropyl, 49%?
8b, R = methyl, 25%2
8¢, R = ethyl, 35%*

8d, R = sec-butyl, 45%?

H H UV-B, filter,
ipentane/Et,0, 0.17 M rt, 5 min
1 acetone (50 mol%) |

F F F F F
Q Q ( Q Q Q
WNH WNH %\/NH NH MNH
PiQ U med I ed Qe I comaed N

9a, 48%" 9b, 18%° 9c, 33%° 9d, 38%" 9e, 30%"

Scheme 6 Synthesis of new BCP species (*'H-NMR; Pisolated yield).
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27,33 Treatment

modification of 1,3-diacetylbicyclo[1.1.1]pentane.
of the BCP acyl chloride intermediates (8a-e) with 4-fluoroaniline
under standard amidation conditions subsequently rendered a
selection of new BCP species 9a-e bearing both an ester and an
amide moiety (Scheme 6). This novel method thus offers an
attractive entry to these valuable building blocks and compared
to previously reported multi-step routes, our direct method
provides these targets in high step- and atom-economy and
additionally offers variation of the ester functionality without
introducing additional synthetic steps.

In conclusion, we have developed a continuous flow platform
for the on-demand synthesis of [1.1.1]propellane. Crucially, this
flow method bridges a gap as it allows to reliably execute this
transformation on laboratory scale (1-10 mmol) whereas the
related batch process is most effectively executed on larger scales
to counteract product losses during the low-temperature distilla-
tion process as exemplified in recent industrial reports.** Appli-
cations to the synthesis of several important BCP derivatives are
highlighted, including the multi gram-scale synthesis of BCP-I,.
Finally, we disclose the novel synthesis of a range of unsymme-
trical BCP ester/amide structures which offers a more efficient
and direct route to these valuable building blocks compared to
previously published methods.
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