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Abstract A study of acyl protecting groups derived from the Ph* mo-
tif is reported. While initial studies indicated that a variety of functional
groups were not compatible with the Br2-mediated cleavage conditions
required to release the Ph* group, strategies involving the use of differ-
ent reagents or a modification of Ph* itself (Ph*OH) were investigated
to solve this problem.

Key words protecting group, oxidative cleavage, acylium ion, HFIP,
deprotection

Since their introduction, protecting groups have had a

profound impact on the field of organic chemistry, enabling

chemists of many disciplines to access complex molecules

that were previously out of reach. As a community we now

have a range of protecting groups that have been finely

tuned for almost any synthetic need, with multiple condi-

tions developed for both their installation and deprotection

in the presence of most functional groups.1 Whilst the pri-

mary goal of protecting groups is to prevent one functional

group from reacting in preference to another (e.g., an alco-

hol or amine), they can also influence the stereochemical

course of a reaction by steric shielding2 or neighboring

group participation.3 Depending on the protecting group

employed, its synthetically useful migration to an adjacent

group,4 or in rare cases its involvement in new chemical re-

actions may also occur.5

Our recent research has focused on the use of hydrogen-

borrowing chemistry for the synthesis of acyclic and cyclic

- and -branched ketones.6 This methodology utilized a

pentamethylphenyl (Ph*) group, which was key to the suc-

cess of the reaction. The 2,6-disubstitution pattern of the

Ph* group resulted in a ‘twisting effect’ (compared to the

phenyl counterpart), whereby the aromatic ring was twist-

ed out of conjugation with the ketone. This may alleviate

steric hinderance around the -position and enable subse-

quent aldol reactions. Importantly, the 2,6-disubstitution

pattern also shields the carbonyl group from nucleophilic

attack, thereby preventing competing 1,2-hydride reduc-

tion or self-condensation reactions during the hydrogen-

borrowing process, allowing for a clean reaction profile.

However, we initially found this group troublesome to re-

move, with several substrates being impervious to conven-

tional Baeyer–Villiger conditions7 due to the aforemen-

tioned steric shielding of the ketone. We later realized that

Br2 could be used to remove Ph* by means of a retro-Friedel–

Crafts acylation via a putative acylium ion, which then

generated an acid bromide in situ. Pleasingly, this acid bro-

mide could be intercepted with a number of different nuc-

leophiles in situ to usefully provide a wide range of carbonyl

compounds (Scheme 1, a).

Herein we present our further efforts to investigate the

use of Br2 and also develop alternative conditions for cleav-

age of the Ph* group. In doing so we also investigated func-

tional group tolerance during Ph* removal, and additional

modifications of this new protecting group (Scheme 1, b).

Having previously established that several - and -al-

kylated Ph* ketone substrates could be straightforwardly

deprotected with Br2, we were keen to further study these

deprotection conditions. Therefore, we synthesized a small

selection of structurally diverse substrates bearing -bro-

mo, ester, thiophene, -bromo, enone, -hydroxy, and ace-

tal functionalities (Scheme 2). Upon attempted Br2-mediat-

ed cleavage (followed by in situ reaction with added n-

BuOH) the -bromo and methyl ester substrates delivered

the desired n-butyl esters in 60% (1) and 57% (2) yield, re-

spectively.8 To our disappointment the remaining function-

al groups proved incompatible with the Br2 conditions. -

Brominated substrate 4 was found to be completely unreac-

tive, whilst enone 5 unsurprisingly reacted in preference to
© 2020. Thieme. All rights reserved. Synlett 2020, 31, A–E
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Ph* cleavage, leading to the formation of unwanted dibro-

minated compound 8 that was similarly unreactive toward

Br2. Compounds containing thiophene (3) and -hydroxy

(6) motifs resulted in complex mixtures, whilst acetal 7 in-

terestingly gave diastereomeric brominated compounds in

which the bromine atom was installed  to the acetal unit

(not isolated). This side reaction could have occurred by

opening of the acetal and -bromination of an intermediate

enol ether, followed by ring closure. Since it was clear that

multiple functional groups were not compatible with the

Br2 conditions as originally reported, we attempted to buf-

fer the reactions using 2,6-lutidine, but this additive com-

pletely suppressed Ph* cleavage. As a result, we decided to

test alternative conditions for removal of the Ph* group.9

Our initial screen focused on previously reported

transacylation conditions using model substrate 9 under

acidic conditions with either anisole (neat) or n-BuOH used

to intercept the acylium ion.10 Whilst this strategy em-

ployed undesirable strong acids (neat TfOH) at high tem-

perature, we hoped to find milder alternatives via reaction

optimization. We established that the desired cleavage re-

action (using anisole to give ketone 10) could be accom-

plished using a number of strong Brønsted and Lewis acids

(SnCl4, InCl3, AlCl3, BF3·OEt2, H2SO4, see the Supporting In-

formation (SI)), but were surprised to note that Montmoril-

lonite K10 clay was also effective (see SI). A handful of elec-

trophilic transition metals were also used in stoichiometric

quantities (Pd(OAc)2, AgOAc, Ph3PAuCl/AgSbF6, and AuCl3).

Although Pd(OAc)2 and AgOAc proved to be completely inef-

fective, we were pleased to observe that Ph3PAuCl/AbSbF6

and AuCl3 provided the product, with the latter affording 10

in 38% isolated yield (see SI). Since AuCl3 has previously

been shown to be tolerant of a considerable number of

functional groups,11 we considered this to be an excellent

platform for further development.

We continued our study of AuCl3 by lowering the reac-

tion temperature. This proved to be beneficial, with Ph*

cleaved from substrate 9 even at room temperature (53%,

see Table 1, entries 1–5). We introduced CH2Cl2 as a solvent

(0.4 M) due to its advantageous solubilizing properties with

no detriment to isolated yield (entry 6). At this stage the

nucleophile was changed to n-BuOH to install an ester func-

tional group following removal of Ph*. However, initial at-

tempts indicated that n-BuOH was not compatible with a

one-pot procedure (entry 7, no reaction), instead delivering

11 when added to the reaction mixture following 30 min

pre-mixing with AuCl3 (entry 8). A further solvent screen

(HFIP, THF, PhMe, MeCN, PhCF3, MeNO2, 1,4-dioxane, 1,2-

DCE, DME, not shown in Table 1, see SI) revealed that a one-

pot procedure could be successful using HFIP (entry 9), pro-

viding product 11 in an excellent yield of 92%, albeit with a

long reaction time (69 h). All other solvents examined re-

sulted in no desired product, presumably because they

could not match HFIP’s high polarity and low nucleophilici-

ty.12 We then looked to make this process catalytic in AuCl3

and so decreased the stoichiometry to 20 mol%. Weak acids

(that were previously shown to not cleave Ph*) were also

screened to try and affect protodeauration and allow any

potential catalytic cycle to turn over. Whilst TFA, NH4Cl, and

SiO2 provided little or no product (entries 10–12), freshly

distilled TMSCl (entry 13) gave 11 in 91% yield. Interesting-

ly, a control experiment whereby AuCl3 was omitted from

the reaction media also resulted in Ph* cleavage (entry 14).

This result is presumably due to the production of HCl in si-

tu.13 Unfortunately, further attempts to make this process

Scheme 1  Cleavage of the Ph* group for the synthesis of substituted 
carbonyl compounds
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catalytic in AuCl3 were met with failure. Nevertheless, the

conditions developed from this study (TMSCl (1.0 equiv), n-

BuOH, HFIP, RT) were useful, because they proved advanta-

geous for the deprotection of the problematic thiophene-

containing substrate 3 (see Schemes 2 and 3). Formation of

12 was found to proceed smoothly at slightly raised tem-

perature (40 °C) in 60% yield over 24 h (Scheme 3).

Table 1  Optimization Conditions for Ph* Cleavage Using AuCl3

It was clear to us that although the TMSCl/HFIP reaction

conditions were considerably milder than the original

starting point (neat TfOH/100 °C), they were still not appro-

priate for acid-sensitive substrates such as -hydroxy ke-

tone 6 and acetal-containing compound 7. Ph* cleavage ap-

pears to depend on the introduction of an electrophilic

agent, thus we considered that an alternative approach was

necessary whereby Ph* itself was modified to increase its

reactivity with electrophiles.

Since phenols are known to undergo several different

oxidative dearomatization reactions (e.g., Wessely and re-

lated Adler–Becker procedures),14 we hypothesized that in-

stallation of a hydroxy group may be advantageous. In order

to maintain the desired twisting effect (imparted by the

2,6-dimethyl substituents), we chose to position the hy-

droxy group para to the acyl unit (14). This transformation

can be achieved using the peroxide conditions of Siegel in

one step from a durene intermediate such as ketone 13

(Scheme 4).15,16 The search for a suitable oxidant began

with PIDA, since hypervalent iodine reagents are often em-

ployed in phenol oxidations.17 Methanol was used as a co-

solvent in hope that intermolecular attack would occur at

the 4-position (relative to the hydroxy group) and promote

ring cleavage. However, the dearomatized 2-substituted

product 15 was isolated instead. With this result in mind,

we turned our attention to different oxidizing agents. Pleas-

ingly, we discovered that CAN (5.0 equiv) could be used to

affect the desired oxidative cleavage transformation. Modi-

fication of the co-solvent allowed for the formation of the

methyl ester 16 or carboxylic acid 17 in good to excellent

yield (Scheme 4).18 Moreover, the reaction was found to be

extremely fast, proceeding to completion in <1 min. Having

established this proof of concept, the equivalent hydroxyl-

ated variants (Ph*OH) of problematic substrates 4, 5, 6, and

7 were prepared (see SI) and treated under these new con-

ditions. To our delight the corresponding methyl esters 18,

19, and 20 were formed in moderate to good yield. This rep-

resented a major advance over our previous deprotection

Entry AuCl3 
(equiv)

Solvent 
(0.4 M)

Nu (3 
equiv)

Additive (1 
equiv)

Temp 
(°C)

Yield (%)a

1 1.2 – A – 100 38

2 1.2 – A – 80 38

3 1.2 – A – 60 45

4 1.2 – A – 40 52

5 1.2 – A – 18 53

6 1.2 CH2Cl2 A – 18 53

7b 1.2 CH2Cl2 B – 18 –

8c 1.2 CH2Cl2 B – 18 ca. 60%d

9 1.2 HFIP B – 18 92

10 0.2 HFIP B TFA 18 trace

11 0.2 HFIP B NH4Cl 18 trace

12 0.2 HFIP B SiO2 18 –

13 0.2 HFIP B TMSCl 18 91

14 – HFIP B TMSCl 18 95

a Isolated yield.
b No reaction was observed.
c Addition of n-BuOH after stirring for 30 min.
d Approximate conversion by 1H NMR spectroscopy. Reactions carried out 
using 0.1 mmol of substrate. Reactions in HFIP were stirred at RT for 69 h.
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O
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O

Ph Ph

Conditions
AuCl3 (equiv)

Nu (3.0 equiv)
10 Nu = anisole
11 Nu = n-BuOH

OMe OHor

A B

9

Scheme 3  Removal of Ph* from 3 using TMSCl/HFIP conditions

Ph*

O

n-BuO

O
TMSCl (1.0 equiv)

n-BuOH (3.0 equiv)S S

3 12 60%

HFIP (0.4 M), 40 °C, 24 h

Scheme 4  Cleavage of Ph*OH. a Yield determined by 1H NMR spectros-
copy as the duroquinone byproduct was inseparable from 18.
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O
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16 Nu = OMe
          61% 
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O
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MeO

O
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MeO

O

20 45%

O

Ph

Br

21 no reaction

HFIP/MeOH 
(1:1, 0.1 M)

RT, 2 h

or

phthaloyl peroxide (1.3 equiv)
HFIP, 40 °C then 

sat. aq. NaHCO3/MeOH (1:9, 0.05 M)
69%
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O

O

O

Bn

O

Bn
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HO
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conditions, with Ph*OH providing a complementary ap-

proach to substrates that are acid sensitive or incompatible

with Br2 or TMSCl.

The methyl substituents on 14 were found to be crucial

for a clean deprotection reaction (22, Scheme 5, a; complex

mixture formed), as was the hydroxy group itself (Scheme

5, b) since treatment of the durene precursor 13, Ph* 9, and

MeO-substituted variant 23 with CAN all resulted in com-

plex mixtures containing no desired product. Installation of

the hydroxy group ortho to the acyl unit (24) was also not

productive in so far as dearomatized species 25 was ob-

tained, with multiple other unidentifiable compounds and

no cleavage product observed (Scheme 5, c). These control

experiments indicated that para-hydroxy substitution

(Ph*OH) was optimal.

Scheme 5  Further variants and control substrates

Having identified several complementary approaches to

our original Br2-mediated cleavage conditions, we recog-

nized that the presence of an -electron-withdrawing

group was still problematic with respect to arene ring re-

moval (see -bromo compounds 4 and 21). We investigated

this substrate class further and found that only the most ag-

gressive reaction conditions involving neat TfOH or AlCl3

(1.2–1.4 equiv) at 100 °C in the presence of anisole (3.0–3.6

equiv) resulted in cleavage of the Ph* group and transacyla-

tion to give ketone 26 (Scheme 6, a). Next an alkyl chain

was installed  to the carbonyl in order to investigate sub-

stitution at this position (27). However, treatment under

TfOH conditions surprisingly resulted in a complex mixture

of products instead, the most predominant being literature

known debrominated ketone 28,19 which is clearly formed

by intramolecular trapping of the putative acylium ion

(Scheme 6, b). Such reactivity had not been observed in any

other cleavage process and may be facilitated by the Thor-

pe–Ingold effect; and illustrates an alternative reaction

manifold during Ph* removal to further explore.

In conclusion, we have presented our preliminary ef-

forts to develop new conditions for the cleavage of the Ph*

group. A selection of molecules containing diverse func-

tional groups were synthesized and found not to be com-

patible with the Br2-mediated cleavage conditions we re-

ported previously. This led us to investigate the use of dif-

ferent Brønsted and Lewis acids, with TMSCl (1.0 equiv), n-

BuOH, HFIP, 40 °C being developed as an alternative. In con-

trast to Br2, these conditions were found to be compatible

with thiophene-containing compound 3. In the case of

compounds 5, 6, and 7, further modification of Ph* was nec-

essary to facilitate its removal. This was achieved by incor-

poration of a hydroxy group (Ph*OH) and treatment with

CAN as an oxidant. Substrates bearing -bromo substitution

continue to be problematic, although Ph* can be cleaved us-

ing strongly acidic conditions. Work to further investigate

the use of Ph* and its derivatives as a protecting group for

organic synthesis remains ongoing in our laboratory.
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extracted with CH2Cl2 (5 × 1.5 mL), the combined organics dried

(Na2SO4) and concentrated in vacuo. Purification by flash

column chromatography (SiO2, eluent: pentane–Et2O, 99:1)

afforded ester 16 (10.1 mg, 61%) as a volatile colorless oil. IR

(film): max = 3087, 3064, 3028, 3002, 2952, 1735, 1604, 1497,

1454, 1436, 1365, 1293, 1255, 1195, 1161, 1079, 1029, 986,

950, 896, 837, 771, 750, 699 cm–1. 1H NMR (500 MHz, CDCl3):

 = 7.38–7.26 (2 H, m, Ph), 7.25–7.17 (3 H, m, Ph), 3.68 (3 H, s,

OCH3), 3.05–2.90 (2 H, m, CH2Ph), 2.68–2.58 (2 H, m,

CH2COOCH3). 13C NMR (126 MHz, CDCl3):  = 173.5 (C=O), 140.6

(ArC), 128.6 (2 C, 2 × ArCH), 128.4 (2 C, 2 × ArCH), 126.4 (ArCH),

51.8 (OCH3), 35.8 (CH2COOCH3), 31.1 (CH2Ph).

(19) Womack, G.; Angeles, J. G.; Fanelli, V. E.; Heyer, C. A. J. Org.

Chem. 2007, 72, 7046.
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