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Twofold Unsymmetrical C—H Functionalization of PyrDipSi-
Substituted Arenes: A General Method for the Synthesis of Substituted

meta-Halophenols**

Dhruba Sarkar, Ferdinand S. Melkonyan, Anton V. Gulevich, and Viadimir Gevorgyan*

Transition-metal-catalyzed heteroatom-directed C—H func-
tionalization of arenes has emerged as a powerful and
environmentally benign tool for carbon—carbon and carbon-
heteroatom bond formation.'! Moreover, twofold aromatic
C—H functionalization is synthetically even more appealing as
it allows for the introduction of two substituents in a one-pot
or a two-step procedure. However, twofold C—H functional-
ization has been used only for the introduction of the same
(e.g. alkenyl/alkenyl, aryl/aryl, OR/OR, Hal/Hal; Sche-
me 1A, I)? or similar functionalities (e.g. alkenyl/alkenyl’,
OAC/OPiv (Piv = pivaloyl), CI/Br; Scheme 1A, II).”! To the
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Scheme 1. Twofold C—H functionalization adjacent to a directing group
(DG). A) I,11) Previously reported bisfunctionalization with two identi-
cal or similar groups; Ill) unsymmetrical bisfunctionalization. B) The
approach developed in this study for unsymmetrical bisfunctionaliza-
tion.

best of our knowledge, unsymmetrical C—H functionalization
with the introduction of two different functional groups is
unknown (Scheme 1A, III). If developed, this methodology
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would provide straightforward access to a variety of densely
functionalized multisubstituted arenes. Herein, we report an
unprecedented twofold unsymmetrical C—H functionalization
of arenes that enables the introduction of two different
functional groups (OR and Hal)." This concise synthesis of
substituted meta-halophenols from aryl iodides proceeds by
sequential C—H halogenation/oxygenation reactions™®
directed by a removable/functionalizablel’® pyrimidine-
based silicon-tethered directing group (Scheme 1B).

Recently, we developed a traceless/modifiable 2-diisopro-
pylsilylpyrimidine (PyrDipSi) directing group for the selective
mono- and bisoxygenation of arenes.* Notably, this oxygen-
ation reaction tolerated an ortho substituent, which makes
this transformation potentially compatible with other ortho
C—H functionalization reactions. We therefore considered the
development of a twofold unnsymmetrical C—H functional-
ization process with this directing group. A halogenation/
oxygenation sequence was chosen, as it would provide access
to valuable meta-halophenols.”

First, we optimized the palladium-catalyzed C—H halo-
genation of PyrDipSi-substituted benzene (1a). The bromi-
nation of la with N-bromosuccinimide (NBS; 2 equiv)
afforded the desired product 2a in promising 35% yield
(Table 1, entry 1). Upon screening additives, we discovered
that PhI(OAc), facilitates the bromination reaction (Table 1,

Table 1: Optimization of the halogenation reactions.

o Pd(OACc), (10 mol%) o Hal
PyrDipSi NXS, additive PyrDipSi 2a, Hal = Br
\© \© 2m, Hal = Cl
1a DCE (0.2 M) 2p, Hal =1
X =Hal
Entry Hal Oxidant (equiv) Additive (equiv) T[°C] Yield [%]*"
1 Br  NBS (2.0) - 60 35
2 Br NBS (2.0) BQ (1.0 60 trace
3 Br  NBS (2.0) Phl(OAc), (1.5) 60 43
4 Br  NBS (2.0) Phl(OAc), (1.0) 60 40
5 Br  NBS (2.0) PhI(OAc), (0.5 60 70
6 Br  NBS (1.25) Phl(OAc), (0.3) 60 75
7 Br  NBS (1.2) Phl(OAc), (0.1) 60 85
8 Br  NBS (1.2) Phl(OAc), (0.1) 50 85
9 Cl  NCS (2.0) PhI(OAc), (0.1) 60 - (30)
109 Cl NCS (2.0) Phl(OAc), (1.0) 100 - (56)
119l NCS (5.0) PhI(OAc), (1.3) 100 75 (90)
124 NIS (1.5) - 60 94

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Yield of the isolated product. [b] Yields determined by GC are given in
parentheses. [c] The reaction was performed in EtCN (0.05 M solution).
[d] The reaction was performed with Pd(OAc), (5 mol%). BQ =benzo-
quinone, DCE =1,2-dichloroethane.
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entries 3 and 4). Finally, it was found that the reaction
required only a catalytic amount of PhI(OAc), (10 mol % ) for
the production of 2a in high yield (Table 1, entry 8).'¥ On the
other hand, the C—H chlorination of 1a required a super-
stoichiometric amount of PhI(OAc), (1.3 equiv), as well as
excess N-chlorosuccinimide (NCS) and elevated temper-
atures (EtCN, 100°C; Table 1, entry 11). The iodination of
1a with N-iodosuccinimide (NIS; 1.2 equiv) afforded the
iodination product 2p in 94% yield without any additive
(Table 1, entry 12). Control experiments without Pd(OAc),
did not provide any products.

Next, we attempted to use the newly found conditions for
the C—H bromination process in combination with the C—-H
oxygenation reaction® for a two-step synthesis!'!! of meta-
bromophenol derivatives (Table 2). We found that compound
1a could be converted efficiently into bromophenol deriva-
tives 3a and 3aa in a two-step sequential bromination/
oxygenation procedure (Table 2, entries 1 and 2). Likewise,
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PyrDipSi-substituted arenes 1 bearing electron-neutral (Me,
fBu, Ph) and electron-donating substituents (OMe) were
efficiently converted into ortho-bromo derivatives 2b-e. A
subsequent pivaloyloxylation furnished the corresponding
products 3b—e in good yields (Table 2, entries 3-6). Substrates
possessing electron-withdrawing groups, namely, CO,Me,
COMe, and CON;Pr,, smoothly underwent the C—H bromi-
nation reaction (to form 2 f-h) as well as a further pivaloyl-
oxylation reaction to produce the desired products 3f-h
(Table 2, entries 7-9). An electron-deficient CF;-substituted
arene was converted into the brominated product 2i, which
then was oxygenated to form 3i in moderate yield (Table 2,
entry 10). Notably, halo-substituted substrates underwent
efficient bromination (to form 2j-1) as well as a pivaloyl-
oxylation reaction to produce the valuable dihalophenol
derivatives 3j-1 (Table 2, entries 11-13). This halogenation/
oxygenation reaction sequence was also successfully utilized
for the synthesis of meta-chloro- and meta-iodophenol

Table 2: Sequential halogenation/oxygenation of PyrDipSi-substituted arenes.?!

Pd(OAc); (10 mol%)

Pd(OAc), (5-10 mol%)

Hal Hal

o NXS (1.2-1.5 equiv) . PhI(OR), (1.25-2.0 iv) .
PYFD'PS'\©\ PhI(OAG); (10-20 mol%) PVfD'PS'\(j\ LIOAG (30-50 molt) PyrDlpSlt i
R DCE (0.2 m), 45-55 °C, 12-48h R DCE (1 m), 80 °C, 20-168 h RO R
1 2 3
Entry 2, yield [%]™ 3, yield [%]® Entry 2, yield [%]"! 3, yield [96]
Br Br Br Br
ipSi PyrDipSi PyrDipSi PyrDipSi
1 PyrDlpS|\© 2a, 85 (82) yrDip Ijﬁj 3a,72 (79)9 10 \©\ 2i, 58 j@\ 3i, 51
PivO CF3 PivO CF3
Br Br Br Br
inSi PyrDipSi PyrDipSi PyrDipSi
2 Pwoms“\[i:j 2a, 85 e j]:f:] 3aa, 71 1 yr'p'\T:f:l\ 2j, 77 tI:i]\ 3j, 69
AcO F PivO F
Br Br Br Br
PyrDipSi PyrDipSi PyrDipSi PyrDipSi
3 Y j@ 2b, 90 j@\ 3b, 78 12 j@ 2678 j@ 3k, 72
Me PivO Me Cl PivO Cl
Br Br Br Br
PyrDipSi PyrDipSi PyrDipSi PyrDipSi
4 i '\CL 2¢, 76 e 'i@ 3¢, 73 13 ' '\©\ 21, 74 j@ 31, 68
OMe PivO OMe | PivO |
Br Br cl Cl
PyrDipSi PyrDipSi inSi PyrDipSi
5 \©\ 2d, 84 Y j@\ 3d, 69 14 PyrD‘”'@ 2m, 758 " j@ 3m, 65
tBu PivO tBu PivO
Br Br Cl cl
PyrDipSi PyrDipSi PyrDipSi PyrDipSi
6 @ 2e, 88 Yo 'ﬁ 3e 75 15 @ 2n, 649 P 'j@ 3n, 84
Ph PivO Ph Me PivO Me
Br Br Cl Cl
PyrDipSi PyrDipSi PyrDipSi PyrDipSi
7 \©\ 21, 81 j@\ 3,72 6 j@ 20, 594 P 'j@ 30, 61
CO,Me PivO’ CO,Me Br PivO Br
Br Br | !
PyrDipSi PyrDipSi inSi PyrDipSi
8 “j:i:L\ 2g, 74 yr'p'iI:Ej\ 3g, 59 17 PWDW&\T:ij 2p, 94° tI:i] 3p, 5501
COMe PivO COMe PivO
Br Br | |
PyrDipSi PyrDipSi e .
PyrDipSi PyrDipSi
9 é\(o 2h, 72 v j@Yo 3h, 74 18 \Q 2q, 800 j@ 3q, 40
PO Me PivO Me

NiPr,

NiPr,

[a] The reaction was carried out on a 0.4 mmol scale (see the Supporting Information for experimental details). [b] Yield of the isolated product. [c] The
yield for a reaction carried out on a 5 mmol scale is given in parentheses. [d] The reaction was performed in EtCN (0.05 m solution) with NCS (5 equiv)
and PhI(OAc), (1.3 equiv) at 100°C. [e] The reaction was performed without Phl(OAc),, with Pd(OAc), (5 mol %) and NIS (1.5 equiv) at 60°C. [f] The
reaction was performed with Phl(OPiv), (2 equiv).
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derivatives. Thus, the C—H chlorination reaction afforded 2-
chloro derivatives 2m-o in slightly diminished yields, whereas
the C—H oxygenation reaction produced meta-chlorophenols
3m-o in good yields (Table 2, entries 14-16). In contrast, C—
H iodination proceeded uneventfully to produce the iodoar-
enes 2p,q in excellent yields, whereas the subsequent
pivaloyloxylation reaction was less efficient (Table 2,
entries 17 and 18). The practical usefulness of the method
was shown by scaling up the reaction: When 1a was subjected
to bromination and pivaloyloxylation on a 5 mmol scale, 3a
was formed in good yield. Importantly, both the PyrDipSi and
the pivaloyl group can be cleaved in the obtained products 3
under mild conditions in nearly quantitative yield.'? Thus,
our newly developed two-step protocol for the synthesis of
meta-halophenol derivatives features broad substrate scope,
high functional-group tolerance, and mild reaction conditions.

Traditional approaches to meta-halophenols” are mostly
based on electrophilic aromatic substitution"! or cycloaddi-
tion reactions.'¥ However, these methods require multistep
procedures and harsh conditions and suffer from limited
scope and low selectivity. Substituted meta-halophenols can
also be prepared from 1,3-disubstituted arenes by meta-
selective iridium-catalyzed C—H borylation/oxidation or C—-H
borylation/halogenation protocols.'” Our method can serve
as a general and efficient alternative to all these methods, as it
enables the synthesis of functionalized meta-halophenols
from a monosubstituted arene (aryl iodide).'®! Furthermore,
our approach utilizes a removable/modifiable!” directing
group, which offers an additional handle for further function-
alization of the obtained
meta-halophenols.

The usefulness of the
developed twofold C-H
functionalization method is
highlighted by the concise
synthesis polyfunctionalized
arenes. In fact, this method
can be used to transform
readily available aryl iodides
into a unique 3-halo-2-sila-
phenol scaffold 3 (Sche- Br
me 2 A). This multifunction-  4a R=H, 8% .

. . 4b, R = Ph, 83%
alized arene can potentially PivO R
undergo diverse C—C, C—N,
and C-O bond-forming

a

) . 5a, R = H, 88%
reactions at the C—Br site sbR=F, 81%
through cross-coupling, ipso
substitution or Hiyama- Ph Br

. S d

Denmark cross-coupling T
reactions at the C—Si site, TR
C-C bond formation Pvo R

through cross-coupling reac-
tions at the C—OPiv site,['”!
and OPiv-directed ortho
metalation (DoM)!®! or C—
H activation reactions.!'”)

A) electrophilic

H site Hal site
i | 3steps \ ia 4
OPiv
/ H \/\

C—H activation/
DoM site

-—

-~

block 3 (Scheme 2B). Clearly, the PyrDipSi group can be
selectively removed to provide pivaloyl-protected meta-
bromophenols 4. Similarly, it can be replaced with a deuterium
atom to provide deuterated analogues 5. The directing group
can be readily substituted by iodide to produce valuable
polyhalophenol derivatives 6 containing up to four different
sites for cross-coupling reactions and thus modular function-
alization of the benzene ring. Compound 6a underwent
a selective Sonogashira cross-coupling reaction at the C—I
bond rather than at the less sterically hindered C—Br site to
produce tolane derivative 7.7 The pyrimidyl group in 3 was
replaced with fluoride to furnish the polyfunctional fluorosi-
lane derivative 8, which can be used for orthogonal cross-
coupling reactions. For example, compound 8 underwent an
efficient Hiyama—Denmark cross-coupling reaction at the C—
Si bond with phenyl iodide to produce the biphenyl-contain-
ing building block 9. On the other hand, the C—Br bond of 8
can be utilized in Suzuki-Miyaura as well as Sonogashira
cross-coupling reactions, as demonstrated by the synthesis of
derivatives 10 and 11, respectively.

Finally, we illustrated the use of the 3-halo-2-silaphenol
scaffold in the synthesis of fused systems (Scheme 3). Ready
substitution of the silyl group by iodide to give 12, followed by
oxygen deprotection, furnished the 2,3-dihalophenol 13 in
excellent yield. Compound 13 underwent a cascade Sonoga-
shira coupling/5-endo-dig cyclization reaction with phenyl-
acetylene to produce the 4-bromobenzofuran 14 in 90 %
yield.”!! Notably, our newly developed methodology provides
general access to substituted 4-halobenzofurans.?!! Building

nucleophilic

electrophilic
site

Br F Br

\ Br
PyrDipSi iPr —/Si
€ iPr f O
_— e
PivO R PivO R PivO

3
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ok AR
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11,91

OMe
Bf &
|
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6b, R = Cl, 89% 10, 87%

Scheme 2. A) Transformation of a simple aryl iodide into a polyfunctional arene building block 3'. B) Trans-
formations of arenes 3: a) HF, THF, 0°C—RT, then AgF (2.5 equiv), H,0 in THF, room temperature; b) HF,
THF, 0°C—RT, then AgF (2.5 equiv), D,O in THF, room temperature; c) HF, THF, 0°C—RT, then AgF (2.5
3.0 equiv), NIS (3—4 equiv), THF, RT—70°C; d) phenylacetylene (1.5 equiv), [PdCl,(PPh;),] (3 mol %), Cul

(5 mol %), DMF, Et,NH (1.5 equiv), 50°C; €) HF, THF, 0°C—RT; f) Phl (1.5 equiv), [Pd(PPh,).] (5 mol %),

Accordingly, we
explored selected transfor-
mations of this building

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ag,0 (1.1 equiv), THF, 60°C; g) 4-MeOC,H,B(OH), (1.5 equiv), [Pd,(dba);] (5 mol %), PtBu, (10 mol %),
K;PO, (2 equiv), dioxane, 90°C; h) phenylacetylene (1.2 equiv), [Pd,(dba);] (2.5 mol %), PtBu; (10 mol %),
Et;N, room temperature. dba=dibenzylideneacetone, DMF = N,N-dimethylformamide.
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Scheme 3. Synthesis of fused heterocycles: a) HF, THF, 0°C—RT, then
AgF (3 equiv), NIS (4 equiv), THF, RT—70°C; b) Cs,CO; (1 equiv),
MeOH, 0°C—RT; c) phenylacetylene (1.1 equiv), [PdCl,(PPh;),]

(5 mol %), Cul (10 mol %), DMF, piperidine (1 equiv), 60°C; d) Cs,COs
(10 mol %), MeOH, 0°C—RT, then Tf,O (1.1 equiv), EtNiPr, (2 equiv),
CH,Cl,, room temperature, then HF, THF, 0°C—RT; e) CsF (3 equiv),
CH;CN, then furan (5 equiv), room temperature. Tf=trifluoromethane-
sulfonyl.

block 3aa contains the C—Si bond next to the C—O bond on
the benzene ring, and this arrangement can be used for the
generation of bromobenzyne 16. Thus, 3aa was readily
converted into the benzyne precursor 15. The treatment of
15 with CsF produced bromobenzyne 16, which was trapped
through a [442] cycloaddition reaction with furan to produce
5-bromo-1,4-dihydroepoxynaphthalene (17).??) Therefore,
this method is also useful for the generation of halo-
substituted benzynes for broad application in synthesis.

In conclusion, we have developed a general and efficient
twofold unsymmetrical C—H functionalization of arenes,
namely, a C—H halogenation/oxygenation reaction, with
a PyrDipSi directing group. This protocol enables the efficient
preparation of substituted meta-halophenols as well as
polyfunctionalized arenes from simple aryl iodides. The
obtained molecules were shown to undergo a variety of
synthetically useful transformations to produce diversely
functionalized aromatic compounds, such as iodoarenes,
biaryl compounds, tolanes, and fused heterocycles.
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