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Cubane electrochemistry: direct conversion of cubane carboxylic

acids to alkoxy cubanes using the Hofer—-Moest

flow conditions

Diego E. Collin, Ana A. Folgueiras-Amador, Derek Pletcher, Mark E. Light

C. D. Brown*[

Abstract: The highly strained cubane system is of great interest as
a scaffold and rigid linker in both pharmaceutical and materials
chemistry. We demonstrate the first electrochemical functionalisation
of cubane by oxidative decarboxylative ether formation (Hofer—
Moest reaction). The mild conditions are compatible with the
presence of other oxidisable functional groups, and the use of flow
electrochemical conditions allows straightforward upscaling.

First synthesised in the 1960’s,!" and originally proposed as 3D
benzene bioisostere in the 1990’s,? it is only in the past decade
that cubanes have gained real traction in medicinal
chemistry.®"™ Substituting a phenyl ring by a cubyl unit can lead
to improved physical and biological properties.” In addition, 1,4-
disubstituted cubanes have applications as non-aromatic rigid
spacers in organic materials and polymers.®

The only practical large-scale synthesis of cubane to date
leads to 1,4-cubanedicarboxylic acid,™™ and while cubane
functionalisation has been extensively investigated,” in pra
it has relied heavily on interconversions of the carboxyli
functional group or indirect decarboxylative functionalisations
(Scheme 1). To the best of our knowledge, the o
decarboxylative cubane C—C bond formation is a sing
of Pb(OAc)s-mediated Kochi coupling reported
(Scheme 1).°! More generally, Redox-Active Ester;
as the N-phthalimido ester 3, have proven
intermediates in Fe-catalysed cubyl—aryl coupli
Baran also showed RAE’s as intermediates for Gie
reactions (not shown),"? and they have been employe
decarboxylative  cubyl-heteroatom bond formation
decarboxylative borylation, 3—5).""" Other example
decarboxylative radical-based hods have
reported.l"s'¢l
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us to explore the
ct approach to generate
banecarboxylic acids. In
of carboxylic acid salts

This precedent, to

etrical products. The initially formed
idised to give carbocations which can
ive alcohols, ethers, esters, etc.””
This non-Kolbe carbocatiolt pathway, known as the Hofer-Moest
reaction, has very recently been optimised by Baran, Blackmond
d co-ww for the synthesis of hindered ethers via

ocation®formation under batch electrolysis conditions.
ite reporting an impressive array of ether products (>80),
cub¥@e carboxylic acid was reported to be a challenging
e, which did not afford the Hofer-Moest product under
itigns.”®  Herein we report direct anodic
n from the commercially available carboxylic acid
1 under floW conditions as a convenient method for cubane to
give a variety of ethers. Furthermore, the scalability of the
process is demonstrated.

nctionalisation:

CO,H
Pb(OAc), Moriarty 1989
—_—> (66%)
Me0,C~ 4 benzene ,
MeO,C
Redox-Active
Esters (RAE):
o) SET R

N [Fe], [Ni] or hv
°O o —
MeO,C
3 4R = Ar (0-58%) Baran 2016, Senge 2017

5 R = Bpin (45-46%) Aggarwal, Baran 2017

Ether formation: PhI(OAc),, Iy,
CO.H benzene, reflux, 8 h |
2 Priefer 2010 (70%) )ﬁf
R 1 b) R
(™ || CFaCHal, hv hv, MeOH, 17-22 h
Nao CH,Cl, R'=CO,Me, R = Me
this work S  Eaton 1991 (92%) Irngartinger 1999 (31%)
Williams 2019 (58%)
: base, ROH, rt OR
: Ammonite electrolysis flow cell 7-22
EPM it Al >]
Pt or C/PVDF anode ‘ 7 (R'=COMe,
stainless steel (SS) cathode R R =Me)

Scheme 1. Decarboxylative cubane functionalisation.

Our electrochemical investigations of cubanecarboxylic
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acids were facilitated through the application of flow electrolysis
cells.®™ Interest in laboratory electrosynthesis in continuous flow
has grown significantly over the last decade® and presents
some advantages compared to batch electrolysis. In flow cells,
the electrode surface to reactor volume ratio is much higher than
in batch, facilitating higher productivity and more efficient mass
transfer. Moreover, the interelectrode gap is usually small
(typically between 0.1-1 mm), allowing a low loading or even
elimination of supporting electrolyte.*"

For initial exploration of the reactivity of the cubane moiety
towards electrolysis, and whether radical or carbocation
reactivity would be observed, cubane carboxylic acid 1 was
subjected to typical Kolbe-type electrolysis conditions in an
undivided flow reactor.®? Partial deprotonation using KOH as
base and excess current (6.2 F) was applied in MeOH, using Pt
as anode material.?®® Without supporting electrolyte, preliminary
experiments established that 0.5 equivalents of base was
required to reach the desired cell current and methyl 4-methoxy-
1-cubanecarboxylate (7) was obtained in 14% as the major
product (Table 1, entry 1). In addition, starting material 1 (50%)
and a small amount of the hydrogenolysis product 10 (<5%)
were observed. This promising initial result showed that the
cubane ring itself is clearly compatible with anodic oxidation, and
that processes proceeding through cubane carbocation
formation are viable.

Optimisation efforts continued using Pt and carbon-

and perchlorate salts (from NaClO4, LiClO4)
decarboxylation of cubane, with only traces of 7
Interestingly, while basic conditions are required t
carboxylate, addition of acetic acid resulted in a
improved vyield of 40% (entry 2). As anj
corresponding acetoxycubane 8 and the cross-
were observed as minor byproducts in the
mixtures. However, the addition of an excess of acetic
not found to significantly increase the formation of 8 and 9.

supressed

A
based SJl Pt Et;N 0.2
anodes (see Sl for details). For the Pt anode, it was obs:h
that the presence of supporting electrolytes such as Et. 6*’7 EtN, 0.2
PV

Doubling the flow rate and maintaining the amount of ¢
(0.4 mL min™", 400 mA (6.2 F)) led to thg isolation of product,
36% yield in a gramme-scale reactio

in 44% yield
conversion and
only 8% of the desired produ

Carbocationformation is
carbon anodes ns with added perchlorate
salts as suppor In the current work,
for a carbon material (C/PVDF, carbon
composite) under the previously
in a reduced yield of 7 (12%, entry
products ('H NMR analysis).
However, decreasing the d charge to 2.5 F gave an
elevated yield (44%) of the methyl ether 7 (entry 7), and
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omission of AcOH achieved a further improvement to 52% (entry
8). Significantly, anodic oxidation using the C/PVDF anode, 200
mA (2.5 F) and 0.5 mL min™" allowgd for the formation of 7 with
increased productivity and su ally improved current
efficiency (42% compared to 14% at PT)®

Table 1. Selected electrolysis optimisation condj

MeO,C MeO,C
1 8 R=0Ac
9R=Me
1M0R=H
e (see Table 1) major observed
product byproducts
entry  anode co flow rate ’current RSM yield
Non L ming (charge)  [%]™ [%]™
——
1 Pt 0.2 200 mA 50 14
‘ (6.2F)
ol ~ H“ 0.2 200 mA  none 40
- (6.2F)
Pt KOH, 0.4 400mA  none 36
‘ AcOH (6.2 F)
4
Pt ' Et;N, 0.2 200 mA  none 44
AcOH (6.2 F)
200 mA 82 8
(6.2 F)
200 mA none 12
AcOH (6.2 F)
7 c/ Et:N, 0.5 200mA  none 44
PVDF AcOH (2.5F)
\
" C/ Et;N 0.5 200 mA  none 52
’ PVDF (2.5F)
C/ Et;N 0.25 200 mA none 24
PVDF (5.0 F)
10® c/ Et:N, 0.5 200 mA 32 4
PVDF NaClO, (25F)
11 c/ Et:N, 0.5 200 mA 20 12
PVDF Et,NBF, (2.5F)
12 C/ DBU 0.5 200 mA none 34
PVDF (25F)
131 c/ Et;N 0.5 200mA 22 36
PVDF (25F)

General conditions: 0.25 mmol of 1, MeOH (5 mL), ¢ = 0.1 M. ta]
Determined using calibrated GC; " Yield of 7 determined using calibrated
GC. ' AcOH (1.0 eq.). ' Isolated yield: 1.03 g of 1 gave 350 mg of 7. ' 5
mM of supporting electrolyte. M Et,N (0.75 equiv.). RSM: Remaining
Starting Material.

Decreasing the flow rate, while maintaining the same cell current
(double amount of charge, 5.0 F), also gave a decreased yield of
24% (entry 9), highlighting the potential for overoxidation of the
methoxylated product 7. This was confirmed by resubmitting the
reaction mixture containing 7 to the electrolysis conditions,
resulting in a decreased yield of 30% (from 50% with one pass
through the reactor). Different bases and supporting electrolytes
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were explored (entries 10-13 and Sl), but the yield was not
improved further, and the presence of NaClO, or EtNBF,
retarded decarboxylation.

With optimised conditions in hand, we explored different
alcohols as nucleophiles (Figure 1). A range of alkoxylated
products from alcohols with different steric hindrance were
successfully synthesised (7, 11-13). This included deuterated
ethers, illustrated by the synthesis of methyl 4-methoxy(ds)-1-
cubanecarboxylate (11) in 40% vyield. The corresponding crystal
structure was obtained (see SI, Section 10.4). Selectively
deuterated substrates are of interest for medicinal chemistry
studies, where the use of deuteration has shown, in some cases,
to improve the pharmacokinetic properties.* Furthermore,
fluorinated cubane ethers (14 and 15) were obtained in
moderate to good yields from TFE (2,2,2-trifluoroethanol) and
HFIP  (1,1,1,3,3,3-hexafluoroisopropanol), respectively. The
application of fluorinated alcohols was not viable using the
C/PVDF anode, which swells in fluorinated solvents (see SI,
Section 3.5.3), but was possible using a Pt anode. Other
sources of carbon that could be used with fluorinated solvents,
such as glassy carbon,?® showed inferior results for this
particular reaction.

The substrate scope was further explored using different
functional groups on the cubane moiety, with attention to
potential chemoselectivity issues including oxidation of C—H
bonds adjacent to nitrogen in amides.® Pleasingly, oxidation of
the carboxylate occurred in preference, leading to compou
16-19 in good yields (48-60%). Piperidine (e.g. 16)
morpholine rings (e.g. 19) remained unchanged,
interesting potential scaffolds for application in drug di
Benzyl ethers, which are susceptible to anodic oxidajj
also tolerated albeit with the desired decarboxylati
product 20 obtained in a reduced 20% yield. Gr:
presence of a free alcohol in the molecule did
electrochemical transformation and compound
in 46% yield as the main product. However, while a
is compatible with the reaction conditions (22, 41%),
protected amine with or without the use of base did not lead
the desired electrolysis product 23, and starting material \was
recovered.

To demonstrate the ease of la

byproduct is
isolated.

cubanecarboxylate sis
insignificant, on gram

It is worth noting that
type cell (similar geomet
compound 7
electrolysis time
the same scale

commercial batch reactors),
0% vyield. However, 3 h of

one-step Hofer-Moest process in
flow making mme-scale, opens up possible
applications of 7 as primary building block for the synthesis of
methoxylated phenyl bioisosteres. Cubanisidine 25 was
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identified as a bioisostere of the highly electron rich and
relatively toxic p-anisidine 26 (Scheme 3), and its synthesis was
undertaken. Saponification of ester 7 gave 4-methoxycubane

Curtius®” rearrangement to give the
23 in 69% yield. Cleavage of the carl
delivered 4-methoxy-1-cubagamine as

anode: Pt (0.2 mL
or C/PVDF (0.5 mL

o{ o—/ o]
s & G
'OZC MeO,C v
13 14 15 -
24% (36%)° 27%" (53%)° [x-ray]
OMe OMe OMe OMe
(e} (e} Oﬂ
18 19

OMe

60%2 1'“3 48%2
o

OMe
OMe
o
{ (0] BocHN
OH 21 >< 22 23
44%2 n.r2

46%2
Figure 1. Reaction scope. ® Isolated yield with C/PVDF 1, Et;N (0.5 equiv.)
and corresponding alcohol; ® |solated yield with Pt anode, 1 equiv. AcOH
added. © "F NMR yield with a,a,a-trifluorotoluene as internal standard. Vi
internal volume of the Ammonite 8 reactor.

COH —2e7,-CO,

T o—@— O -
CO,Me CO,Me

Et3N (0.5 equiv.), MeOH
(12 5‘:1'1mol) Ammonite 8, 0.5 mL min~" 7(+10)
: CIPVDF (+)/SS (=)
200 mA (4.2 h, 2.5 F)

7 R=OMe + 10 R=H
45% (1.08 g) 8% (152 mg)

Scheme 2. Gramme-scale decarboxylative functionalisation of cubane.

As a further illustrative example, following Williams’
synthesis of a number of pravadoline analogues featuring
anisole bioisosteres,?' the cubane derivative of the synthetic
drug anisindione (30) was investigated. Anisindione (30), known
under the brand name Miradon®, is used as anticoagulant. 4-
Methoxy 1-cubanecarboxylic acid (24) was reduced to 4-
methoxy-1-cubanemethanol in 82% yield, and subsequent
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oxidation to the corresponding aldehyde 27 was achieved using
Dess-Martin  periodinane (DMP). Finally, a condensation
reaction® of 4-methoxy-1-cubanecarbaldehyde (27) and
phthalide 28 using NaOMe in EtOAc gave the desired
cubanisindione 29 in 33% yield.

OMe DPPA OMe : OMe OMe!

Et;N HCI ¢
—_— CI_+ = :
t-BuOH MeOH .
COR reflux  NMBOS  (gqop) 1HaN HoN :

- 25 (456 mg) 26

R=Me7 H
’ES/H I: © (69%) i p-anisidine  p-anisidine !
(94%) R=H24 ! bioisostere (relatively toxic) :
i. BHz*SMe, | ii. DMP :
THF (82%) | CH,Cl, (69%) 1
Me NaOMe
EtOAc
o o

(33%)  “Cubanisindione”
Anlsmdlone (Miradon®) derivative

Scheme 3. Methyl 4-methoxy-1-cubanecarboxylate (7) as a precursor of
anisole bioisosteres.

In the electrolysis at a Pt anode (but not a C/PVDF anode),
the addition of acetic acid was essential in order to achieve a
satisfactory yield of the methoxylated cubane 7. Cyclic
voltammetry confirmed the electroactive species to be
carboxylate anion (Figure 2); in the absence of EtN
oxidation peak is observed (green curve) at potentials p 0
solvent decomposition, but after the addition of the base a clear

of acetic acid (blue line, see Sl for further details,
The poor yield of 7 at Pt in the absence of a

the properties of the surface, possibly by
radicals.®® In addition, the observation of the
product 9 and the hydrogenolysis product, 10, indicate
cubyl radical is an intermediate in the formation of
carbocation.

In conclusion, to the best of our
first electrochemical cubane ring
through a Hofer-Moest oxidative decarb
Successful investigation of the substrate
potentially electrochemical
indicates the mildness of the r

onstrating the
tforward 3-step
biosiostere building block, and

advantage of this approa
process provided a cubanisi
another exam
described. is considered as a

frical current replaces
ic and costly chemical reagents, and
% This is clearly shown here, with
ubane core from the commercially
nol as solvent and triethylamine

facile

avail
(0.5 equiv.) as reagent. No supporting electrolytes were required,
facilitating purification. Hence, this first demonstration of an
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electrochemical reaction involving cubanes will be of great
interest in medicinal and materials chemistry, with great promise
Furthgr

for further developments. applications are under

investigation in our laboratories.

—® ®

©)] anode @

OR

—— 1+ Et;N (0.5 eq.)

1+ Et;N (0.5 eq.) + AcOH (1 eq.)

0.5 0.9 1;3 1.7 2.1
E/V vs SCE

e 2. Proposed mechanism and cyclic voltammograms of the acidic
Moest reaction conditions.
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a A. Folgueiras-

COzH —2e,-CO, “Cubanisindione” cher, Mark E. Light,
ﬂ o—@— @:r 4 C. D,
Anisindione analogue
R'-OH

containing anisole bioisostere

Flow electrochemical cell (Ammonite 8)

Oxidative anodic decarboxylation of cubane carboxylic acids leading to cubyl
ethers is described. This first direct electrochemical functionalisation at the cubane

system is chemoselective, and scalable, with yields of up to 60%. Xy cubanes using the

ofer—Moest reaction under flow

This article is protected by copyright. All rights reserved.



