Electrochemical Deprotection of para-Methoxybenzyl Ethers in a

Flow Electrolysis Cell

Robert A. Gree:n,T Katherine E. Jolley,T Azzam A. M. Al-Hadedi,T Derek Pletcher,T David C. Har-
rowven,Jr Oscar De Frutos,i Carlos Mateos,” David J. Klauber,§ Juan A. Rincén,lt Richard C. D.

Brown*

"Department of Chemistry, University of Southampton, Southampton, Hampshire SO17 1BJ, U K.
! Centro de Investigacion Lilly S.A., Avda. de la Industria 30, 28108 Alcobendas-Madrid, Spain
§ Early Chemical Development, AstraZeneca, Charter Way, Macclesfield, SK10 2NA, U .K.

Supporting Information Placeholder
+ Hy

0® MeOH, Et,NBF 4 (0.05 M
4NBF4 ( ) Ryor OMe

+
K@\ undivided OMe
OMe €lectrochemical
flow reactor MeO

[0.1-0.475 M]

« Reagent free anodic deprotection of PMB ethers in flow
+ 17 Examples (up to 93%) and up to 55.5 mmol h~"!
« Electrolyte recovered and re-used

ABSTRACT: Electrochemical deprotection of p-methoxybenzyl (PMB) ethers was performed in an undivided electrochemical
flow reactor in MeOH solution, leading to the unmasked alcohol and p-methoxybenzaldehyde dimethyl acetal as byproduct. The
electrochemical method removes the need for chemical oxidants, and added electrolyte (BF,;NEt,) can be recovered and reused. The
method was applied to 17 substrates with high conversions in a single pass, yields up to 93% and up to 7.5 g h™' productivity. The
PMB protecting group was also selectively removed in the presence of some other common alcohol protecting groups.

The use of protecting groups is common during multi-step
syntheses of target molecules of even moderate complexity,'
adding reaction steps and reducing atom economy.” Yet, with-
out protecting groups the scope of application of many syn-
thetic methods would be greatly compromised. Although ef-
forts to avoid protecting groups or to combine their introduc-
tion and/or removal with other chemical transformations have
had some success,” for now the use of protecting groups seems
inevitable. Therefore, the development of more sustainable
deprotection methods is a worthy line of investigation, particu-
larly where the ultimate objective will involve scale up.

The p-methoxybenzyl (PMB), or p-methoxyphenylmethyl
(MPM), group is a well known protecting group used to mask
the reactivity of alcohols in multi-step synthesis."* PMB pro-
tection of carboxylic acids and nitrogen-containing com-
pounds can also be useful.” Typical conditions for cleavage of
PMB ethers employ stoichiometric excesses of DDQ or CAN
(Scheme 1),° but various other deprotection methods have
been reported.'™”® PMB ethers are frequently employed in
situations where a benzyl-type protecting group is desirable,
but other functionality present in the substrate are incompati-
ble with removal by hydrogenolysis or dissolving metal condi-
tions. On the other hand, PMB and benzyl ethers can be used
together in orthogonal protecting group strategies.’

Scheme 1. Examples of Deprotections of PMB Ethers

Typical PMB deprotection

RO DDQ or CAN OHC. -~y
oo RoHs
OMe CH2Cly/H,0 OMe

Electrochemical deprotection (direct)

anodic oxidation
MeCN/H,0, LiCIO4

gt
_—
OMe divided batch cell

Electrochemical deprotection (mediated)

OHC._~
ROH + |l P
OMe

anodic oxidation
(4-Br-CgHy)3N (0.1 equiv) OHC

RO/\©\ MeCN/H,0, LICIO, \(j\
OMe divided batch cell Z>0oMe
Benzylic oxidation is very well known in the electrochemi-
cal literature, with the oxidation of p-tert-butyltoluene to p-
tert-butylbenzaldehyde performed on an industrial scale.'
Electrosynthesis offers an opportunity for substantial reduction
in the waste associated with PMB deprotection, by removing
the need for chemical oxidants completely or allowing catalyt-
ic loadings of a mediator. In 1974 Weinreb reported direct
electrochemical deprotection of PMB ethers using a divided
batch cell (Scheme 1), while in 1978 Streckhan reported the

use of tris(p-bromophenyl)amine as an electrochemical media-
tor to cleave PMB and benzyl protected alcohols, also in a



divided batch cell."" Microfluidic electrolysis cells offer some
advantages over batch reactors, such as favorable electrode
area to reactor volume, improved control over heat transfer
and ease of scale-up by extending the period of operation."
Furthermore, narrow interelectrode gaps allow reduced
amounts of electrolyte to be used.” Recently, we described
extended path microflow electrolysis reactors for laboratory
synthesis on 100 mg to 100 g scales, which are designed to
achieve high conversion in one pass.'* Here we report their
application in reagent free anodic cleavage of PMB ethers.

The electrochemical deprotection of PMB ether 1 was se-
lected for initial optimization using an undivided cell contain-
ing an extended spiral flow channel (length: 1000 mm, width:
2 mm, interelectrode gap: 0.5 mm) formed by a perfluoroelas-
tomer spacer separating a carbon/PVDF anode and a stainless
steel cathode.'** MeOH and H,0O were considered to be suita-
ble solvents, functioning as nucleophilic traps for the benzylic
cations produced at the anode, while also providing useful
cathode counter electrode reactions, where formation of meth-
oxide or hydroxide and H, counteracts build-up of H' in the
flow channel. Formation of gas bubbles may also increase
turbulence and improve reactor performance."

Table 1. Optimization of Electrochemical Deprotection®

OPMB o, 035 m min
Ph\(\a) e mL min Ph\@) + MeO
2 conditions

1[0.1 M] (see Table 1) 2
entry  current cell voltage current effi- yieldb (%)
(mA) V) ciency (%)
1 80 34 79 79
2 100 33 68 84
3 120 34 58 87
4 135 35 55 92
5 160 3.7 41 82
6 135 3.6 45 75¢
7 135 5.5 49 82¢
8 135 34 30 51¢
9 135 3.0 8 13°

* Reactions performed on a 0.5 mmol scale (5.0 mL) in the
Ammonite 8 electrochemical flow reactor. ® Yield determined
using calibrated GC. © Reaction solvent was MeOH/H,0 (10:1);
byproduct was 4-methoxybenzaldehyde. ¢ Reduced electrolyte
(0.005 M). © Electrolyte was NaBF, (0.05 M). Pt electrode.

A general electrochemical deprotection protocol was estab-
lished for the PMB ether 1, using a 0.10 M MeOH solution,
containing Et;NBF, (0.05 M) as added electrolyte, at a flow
rate of 0.25 mL min . It is important to recognize that suffi-
cient current is needed to drive the desired chemical change,'
and electrolysis conditions were optimized to achieve full
conversion, which requires at least 80 mA under conditions of
mass transfer control. In practice, a scan of currents of 80—135
mA (Table 1, entries 1-4) revealed conversions in the range
94-100%, with the highest yield of 2 obtained at 135 mA (en-
try 4). Increasing the current further (entry 5) led to a reduc-
tion in yield due to over oxidation. The results in MeOH alone
were superior in comparison to MeOH/H,0O (10:1) mixtures
(entry 6). Reducing the amount of electrolyte (Et;NBF,) to
0.005 M (entry 7) gave a modest decrease in yield of 2, and

expected increase in cell voltage due to the more poorly con-
ducting medium. Changing electrolyte to NaBF, or anode ma-
terial to Pt (sheet, 0.1 mm thickness, 99.9%), both resulted in
substantial reductions in yield. It is noteworthy that the
Et;NBF, is conveniently recovered from the crude reaction
mixture by trituration with EtOAc, and can be recrystallized
and reused over many electrosyntheses.

Table 2. Electrochemical Cleavage of PMB Ethers®

MeOH, 0.25 mL min—"! OMe

RO | > Et,NBF, (0.05 M
Z >0Me LNBF, O05M), ROH + Meo)\Q
_: 135 mA .
1,3-19[0.1 M] 2,20-36 OMe

entry  substrate product,  current productivity
yield® efficien- (mgh™)
(%) cy (%) {mmol h™'}
1 Phﬁg/\opMB 2,92 53 189 {1.39}
1
2 Me ~oPMB 20,90 52 261 {1.40}
3 - SOPh 21, 85 49 336 {1.32}
Py
= 4
4 /SOPMB 22,77° 45 81 {1.16}
5 @ 23,92 53 216 {1.38}
PMBO 6
6 ACO O__OPMB 24 62 41 129 {0.27}
Ac/c:((\EOAc
OAc 7
7 N OPMB 25, 89 52 225 {1.34
QN‘%B { }
8 7N PMBO 26, 81 47 321 {1.21}
Cig
N g\ s
9 27, 82¢ 82 246 {1.22}
Boc—N OPMB ’
O
10 Ts—N oprme 28,73 42 279 {1.09}
O
11 Boc OPMB 29 699 68 276 {1.04}
Ph/N 12 (82)5
12 PGo Yt orm 30, 74 43 225 {1.11}
PG=THP (13)
13 PG=TBDPS (14) 31, 87 50 462 {1.30}
14 PG=TBS (15) 32, 66 76 228 {0.98}
15 PG=Ac (16) 33,76 44 183 {1.14}
16 OPMB 34,92 54 291 {1.40}
17 OBn
17 )/\ﬁoms 35,70% 80 243 {1.05}
18 OPMB
126 {0.62}

18 )/\ﬁOTHP 36,42 24
19 OPMB

? Reactions performed in the Ammonite 8 electrochemical flow
reactor, fitted with a C/PVDF anode and stainless steel cathode.
All reactions conducted on 0.50 mmol scale (20 min run time with
5 mL total volume). ® Isolated yield. ¢ GC yield. 4 Reaction per-



formed at 80 mA. ° Yield based on recovered 12. f Reaction per-
formed at 70 mA. & 18% yield of diol product was also obtained.

The conditions established for anodic deprotection of PMB
ether 1 proved to be effective for a range of substrates contain-
ing unsaturation and sulfonyl functionality (Table 2, entries 3
and 4), a protected sugar derivative (entry 6) and examples of
saturated and unsaturated nitrogen heterocycles (entries 7—10).
Selective cleavage of the PMB ether was generally achieved,
including examples where oxidizable nitrogen functional
groups were present (entries 8—11). For PMB deprotection of
Boc-protected amines 10 and 12 a reduced current of 80 mA
was used to avoid oxidation o to the nitrogen functionality
(entries 9 and 11).'° Piperazine and tosyl-protected piperidine
substrates, 9 and 11 (entries 8 and 10), were deprotected with-
out over-oxidation under the higher current conditions.

Anodic cleavage of the PMB group was also achieved in the
presence of other common alcohol protecting groups, includ-
ing OTHP, OAc, OTBDPS, OTBS and OBn. Notably, PMB
ethers of diols protected with TBS or THP groups at the pri-
mary alcohol positions proved to be more sensitive to the
deprotection conditions, and the TBS ethers 15 and 18 afford-
ed fully deprotected diols as the major products at 135 mA
(entries 12, 14, 17 and 18). Selective removal of the PMB
ether group was achieved by reducing the cell current to 70
mA giving-improved-yields-of the PMB-deprotected-produ
(entries 14 and 17). It is possible that increased local acidity in
the proximity of the anode, a consequence of oxidation of the
PMB group, may catalyze cleavage of the more acid sensitive
silyl ether functionality.

Current efficiencies for electrochemical deprotection in flow
were ~50% for most of the examples studied, which is ex-
pected under conditions of excess current. This is due to oxi-
dation of the solvent and formation of minor unidentified by-
products. Significant over oxidation was only observed for the
N-Boc derivatives 10 and 12, but the methoxylated byproducts
were minimized at lower current. It is emphasized, however,
that the conditions have been optimized to favor high conver-
sion rather than high current efficiency, and the cost of elec-
tricity is not important on a laboratory scale, and considerably
less than common oxidizing agents.

Table 3. Scale up of Electrochemical Deprotection in Flow

Et,NBF, (0.05 M)
Ph\ﬁz/\OPMB MeOH, reactor A or B Ph\(ﬁ?\OH
1

conditions in table 2
entry conc. flow rate  current yield®  productivi-
1M) (mLmin') (A) (%) ty(gh")
1° 0475 025 0.65 89 0.86°
2° 0.30 4.00 6.00 77 7.6°

* Isolated yield. ® Ammonite 8 electrochemical flow reactor
(A). © Ammonite 15 electrochemical flow reactor (B). 4 6.3 mmol
h™.¢55.5 mmol h™'

A benefit of electrosynthesis in flow is the ability to quickly
scale up the reaction by: a) increasing the flow rate, b) increas-
ing the concentration or c) increasing the volume of the reac-
tion solution. To demonstrate the ease of laboratory scale up
the deprotection of 1, generating 2, was investigated at higher
concentration and flow rate, over a longer duration (table 3).
Increasing the concentration to 0.475 M in the Ammonite 8,
along with an adequate increase in current led to the isolation
of 17.2 g (89%) of product 2 over 20 h. The larger Ammonite
15 reactor, with a 2 m long channel and reactor volume of 5.0
mL, allows for higher flow rate whilst preserving high conver-
sions.'™ At a substrate concentration of 0.30 M and flow rate
to 4.0 mL min ', 63 g of the alcohol 2 was obtained over 8.3 h
without additional optimization.

Sustainability metrics provide a useful guide to assess the
impact of a reaction or process, and their application is becom-
ing more widespread.'” With this in mind we performed a
comparative analysis of the electrochemical PMB deprotection
with that of other reported deprotections (table 4).'™ Atom
economy (AE) scores are inherently compromised for depro-
tection reactions, and are largely dependent on the size of the
molecule compared to the protecting group. Consequently, for
the low molecular weight molecules being compared, mostly
scores that raise concern are observed (entries 1-3 and 5).
Reaction mass efficiency (RME), which also considers rea-
gents and stoichiometry, can provide a good assessment of the
sustainability credentials. Here the electrochemical deprotec-
tion scores favorably (entries 1 and 2), as only a small amount
of electrolyte is required to facilitate the reaction. RME can be
improved by electrolyte recovery. For the other deprotection
methods RME values are lower due to the requirement for
excess reagents or additives (entries 3—5), and use of metals
with potential future supply issues is also of concern (entries 3
and 5)."” Finally, solvent selection is highly influential on the
impact of a reaction as it is often the largest single component
added,"” and replacement of chlorinated solvent or MeCN
with MeOH is advantageous.

There are many metrics available to assess sustainability
credentials, and the ones used here focus on the reactions and
do not include work-up and purification steps because these
have not been optimized. However, reagentless processes such
as this electrochemical methodology can help to reduce the
process mass intensity (PMI) through further process devel-
opment by simplifying work-ups as excess reagent or by-
product does not need to be removed."®

In summary, an electrochemical deprotection of PMB ethers
in a microflow cell has been described, and demonstrated for a
range of substrates. Furthermore, the ease of scale up in a la-
boratory context has been highlighted, with the Ammonite 8
reactor producing 17.2 g of alcohol 2 in 20 h, and the Ammo-
nite 15 yielding 63.0 g (consuming 153.8 g of starting materi-
al) in 8.3 h. Finally, sustainability metrics were compared with
those of other reported procedures for PMB deprotection. In
particular, the RME was favorable and the use of preferred
solvents makes the described PMB deprotection a useful op-
tion on a variety of scales.

Table 4. Comparison of Selected Sustainability Metrics for PMB Ether Deprotection Reactions'®

entry  reaction and conditions yield scale

(%) (8

atom econ-
omy (%)

reaction mass solvents

efficiency (%)

hazardous or pre-
cious chemicals



1 VQOPMB Et4NBF 4 (0.05 M) V(JOH 92 . 0.051
Pho k), L Ph k),
1[01M  135mA, 025mLmin~! 2
Et,NBF; (0.05 M)
2 103mM ———Tm, 2 77 63
6.0 A, 4.0 mL min~!
3% CHZOH CH,OH 93 @ 0.15
PMBO.,, CAN (2 equiv) HO,,
o) o
Bno” > “oMe PPN Bno” ™ oMe
0OBn [02M] OBn
48 97 @ 0.031
\ﬁjPMB TIOH (0.5 equiv) \8)0”
T,
8 1,3-dimethoxybenzene 8
[0.2 M] (3.0 equiv), batch
58f opmp '"(df(CF3)ppy)2(dtbbp)PFe OH 86 0.086
(10 mol %)
Ph ————— > Ph
\) BrCCls, (2.0 equiv) \)
[0.1M] blue LED, batch

Key: @ = Desired/no problems.
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