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ABSTRACT: A high-yielding and practical method for the synthesis of phenols from electron-deficient haloarenes and
heteroarenes has been developed. The products are formed from acetohydroxamic acid as the hydroxide source via a novel SyAr
reaction/Lossen rearrangement sequence. Notably, these reactions employ inexpensive and air-stable reagents, require no special
handling, occur under mildly basic conditions, and form products in high yields in the presence of electrophilic and protic
functionality. The utility of this methodology is demonstrated by the high-yielding hydroxylation of two base-sensitive complex

substrates.

henols and their derivatives are ubiquitous in natural

products and medicinally important molecules." Further-
more, phenols and their protected analogs are important
synthetic intermediates for electrophilic arene functionalization,
directed ortho-metalation, quinone synthesis, the preparation of
aryl ethers and esters, and cross-coupling. Due to their utility
and practicality in organic synthesis, several methods have been
developed for their preparation.

Three of the most common routes to synthesize phenols
from aryl halides are shown in Scheme 1. In recent years,
significant progress has been made to directly couple hydroxide
salts with aryl halides in the presence of a Pd or Cu catalyst
(Scheme 1a).”® However, these reactions require high
temperatures, strongly basic conditions, are sensitive to oxygen,
and often require the use of expensive specialized ligands. The

Scheme 1. Common Methods for the Synthesis of Phenols
from Aryl Halides
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combination of hydroxide salts and high temperatures limits the
generality of these methods to substrates lacking esters or
epimerizable stereocenters.

An alternative approach is the three-step conversion of aryl
halides to phenols through (i) metalation, (ii) quenching of the
aryl-metal species with a borate ester, and (jii) oxidation of the
intermediate aryl boronate ester to the corresponding phenol
(Scheme 1b). However, in the case of halogen-metal exchange
(Li or Mg) the intermediacy of reactive aryl metal species is not
amenable to the hydroxylation of substrates bearing protic or
electrophilic functionality. More recently, transition metal
catalyzed C—X* and C—H’ borylation reactions have been
applied to the synthesis of phenols® via arylboronate esters,
avoiding aryllithium or arylmagnesium intermediates. While the
borylation reactions can occur under mild conditions, the
conversion of the arylboron species to phenols is limited to
substrates that are not sensitive toward the oxidation
conditions.”

Finally, the direct nucleophilic aromatic substitution (SyAr)
of electron-deficient haloarenes with hydroxide can allow for a
straightforward synthesis of phenols without the need for
transition metals or highly reactive intermediates. However, due
to the low nucleophilicity and high basicity of hydroxide salts,
such a direct SyAr reaction is limited to simple and highly
activated aryl electrophiles.® To overcome the low nucleophil-
icity of hydroxide ions, several hydroxide surrogates have been
used (Scheme 1c).” Yet, these reactions still operate under
strongly basic conditions and require the need for a subsequent
deprotection step. Herein we report the development of a
simple, high-yielding, one-step synthesis of phenols from
electron-deficient haloarenes and heteroarenes under mild
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reaction conditions with acetohydroxamic acid as a novel
nucleophilic surrogate for hydroxide.

To develop a mild and direct SyAr reaction for the synthesis
of phenols, we sought to identify a hydroxide surrogate that is
(i) more nucleophilic than hydroxide salts, (ii) reacts under
mildly basic conditions, (jii) is tolerant of electrophilic and
protic functional groups, and (iv) forms an intermediate that
reveals the phenol under the reaction conditions without a
separate deprotection step. We hypothesized that a hydroxamic
acid as the nucleophile would satisfy all of these criteria. In this
proposal, the phenol would be formed via an intermediate O-
aryl hydroxamate ester that subsequently undergoes a Lossen-
type rearrangement. The Lossen rearrangement has been used
for the preparation of amines through the formation of an
isocyanate (Scheme 2).'"" Most commonly, reactions are

Scheme 2. Lossen Rearrangement and Proposed Application
toward the Synthesis of Phenols
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performed with a highly activated leaving group on nitrogen
in the presence of a strong base. Since the only examples with a
phenoxide leaving group have been with 2,4-dinitrophenoxide,
it was unclear if this rearrangement reaction could be applied to
the synthesis of phenols where the conjugate base is a worse
leaving group.

In order to develop a tandem SyAr/Lossen rearrangement
reaction, we investigated reactions with ethyl 4-fluorobenzoate.
The choice of this electrophile would allow for the
identification of conditions that were mild enough to tolerate
esters and conditions which promote the Lossen rearrangement
with a weakly activated leaving group on nitrogen. We chose to
focus on acetohydroxamic acid as the nucleophile, as it is
inexpensive, available on large scale, and the most atom
economical hydroxamic acid for the synthesis of phenols.

A series of polar aprotic solvents, weak bases, and
stoichiometries were examined for the conversion of ethyl 4-
fluorobenzoate to ethyl 4-hydroxybenzoate, and the results are
summarized in Figure 1. The combination of 3 equiv of
acetohydroxamic acid, S equiv of K,CO;, and DMSO at 80 °C
formed the product in high yield and in a short reaction time. A
control experiment was conducted with 3 equiv of water in
place of acetohydroxamic acid. However, none of the phenol
product was detected, ruling out adventitious water as a
hydroxide source.

We explored the generality of this sequence for the synthesis
of phenols from electron-deficient haloarenes and heteroarenes.
As shown in Schemes 3 and 4, the reaction conditions formed
phenols in the presence of esters, enolizable ketones, nitriles,
nitro groups, sulfones, sulfonamides, aryl bromides, free
carboxylic acids, and primary amides. Activated aryl and
heteroaryl chlorides and bromide substrates also underwent
the transformation in high yield (Scheme 4). In all cases, the

F OH
AcNHOH, Base
—_—
EtO\[(@/ 80°C 18 h EtO\H/©/

O 1a O 2a
entry base equiv of equiv of solvent conversiog
base AcNHOH (0.6 M) to 2a (%)

1 K3POy4 3.0 2.0 DMSO 82
2 Na,CO3 3.0 2.0 DMSO 15
3 DBU 3.0 2.0 DMSO 65
4 K,CO3 3.0 2.0 DMSO 84
5 K,CO3 5.0 3.0 DMSO 99
6 K,CO3 5.0 3.0 DMF 61
7 K,CO3 5.0 3.0 THF 1

8P K,CO3 5.0 H,0, 3.0 DMSO 0

Figure 1. Conditions screened for the hydroxylation of ethyl 4-
fluorobenzoate with acetohydroxamic acid.  Conversion based on
HPLC area percent, uncorrected. * Water (3.0 equiv) used in place of
AcNHOH.
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“Isolated yields for reactions performed on 2.0—5.0 mmol scale. All
reactions proceeded in >95% yield by HPLC, uncorrected.

phenol or hydroxylated heteroarene products were formed in >95%
yield by HPLC analysis; lower isolated yields were the result of
losses during the purification process. In some cases, the
products precipitated directly from the reaction mixture upon
the addition of water and a pH adjustment with dilute HCL

The mild reaction conditions allow for the hydroxylation
reaction to be applied to more complex molecules containing
sensitive functionality. To demonstrate the application of this
methodology, we applied our new reaction conditions to the
hydroxylation of a densely functionalized pharmaceutical
intermediate bearing an ester, primary aniline, aryl chloride,
and ortho-acetamide group (eq 1). Notably, under strongly
basic conditions an intramolecular SyAr reaction of the
acetamide group occurred to generate the corresponding
benzoxazole. Using the conditions described here, only the
phenol was formed and the product was isolated directly upon
the addition of water and dilute HCL
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Scheme 4. Scope for the Hydroxylation of Halogenated
Heterocycles with ACNHOH”
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“Isolated yields for reactions performed on 2.0—5.0 mmol scale. All
reactions proceeded in >95% yield by HPLC, uncorrected.
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Next, we applied the SyAr/Lossen rearrangement conditions
to the hydroxylation of a chloroquinoxaline containing an
epimerizable N-Boc amino ester. This compound is an
intermediate in the synthesis of Grazoprevir (MK-5172), a
selective NS3/4a protease inhibitor for the treatment of HCV
(eq 2)."" When subjected to AINHOH and K,COj; at 40 °C,

standard
Oz2Me conditions CO;Me

/@ ICI CNBOC 40°C,2h /@ IOHEfNBoc

- Quant/tatlve conversion

- 93% isolated yield

- Direct isolation after the
addition of dilute HCI

- No epimerization observed

- Prone to ester hydrolys:s
- Epimerization with strong base

the hydroxyquinoxaline product was formed in high yield after
2 h. Again the product could be directly isolated after the
addition of water and dilute HCI as a single diastereomer, with
no trace of epimerization.

Throughout the course of the reactions, the O-aryl
acetohydroxamate intermediates were observed by HPLC and
LC/MS. To confirm the identity and reactivity of the proposed
intermediates, an authentic O-(4-nitrophenyl) acetohydroxa-
mate standard was prepared from O-(4-nitrophenyl)hydroxyl-
amine and AcCl (Scheme 5A)."”> This species matched the
observed intermediate in the reaction of 1-chloro-4-nitro-
benzene with ACNHOH by HPLC and LC/MS analysis. The
isolated hydroxamate ester reacted with K,CO; in DMSO at 80
°C over 40 min to form 4-nitrophenol in quantitative yield. The
rate of the rearrangement is consistent with the 2 h reaction
time for the SyAr/Lossen rearrangement of 1-chloro-4-
nitrobenzene to 4-nitrophenol (Scheme 3, 1d). These
observations, along with the observation that water is not a

Scheme 5. (A) Synthesis and Rearrangement of
Hydroxamate Ester Intermediate; (B) Fate of Methyl

Isocyanate
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competent nucleophile (Figure 1, entry 8), support our
originally proposed hypothesis of an SyAr/Lossen rearrange-
ment mechanism.

During the Lossen rearrangement, MeNCO is formed in
stoichiometric amounts. Because MeNCO is volatile and toxic,
we studied the fate and persistence of this species in the
reaction mixture. Performing the reaction in DMSO-dy allowed
us to monitor the fate of MeNCO by 'H NMR spectroscopy.
At the end of the reaction, it was found that MeNH, and N,N’-
dimethylurea were the major byproducts, and MeNCO was
undetected. MeNH, results from quenching of the MeNCO
with adventitious water or excess ACNHOH (Scheme SB). The
initial adduct (3) from reaction of MeNCO with AcCNHOH can
undergo further reactions to give N,N’-dimethylurea with the
formation of MeNH,, CO,, and MeNCO."? The MeNH, that
is formed during these reactions can also react with MeNCO to
give N,N’-dimethylurea.

Having demonstrated that MeNCO is not present at the end
of the reaction, we performed in situ gas phase IR spectroscopy
to determine if MeNCO persists during the reaction. Due to
the low boiling point (38 °C) of MeNCO, if it is present in
solution, it will be detectable in the gas phase. In the reaction of
1-fluoro-4-nitrobenzene under the standard reaction conditions,
MeNCO was not observed at ppm levels of detection. The
results from these spectroscopic experiments suggest that the
highly reactive MeNCO is quenched as soon as it is formed in
solution.

In conclusion, we have developed a mild and general method
for the hydroxylation of electron-deficient haloarenes and
heteroarenes with acetohydroxamic acid as a novel hydroxide
surrogate. These reactions occur under mildly basic conditions,
are tolerant of several electrophilic and protic functional groups,
and can be applied to the hydroxylation of complex, base-
sensitive molecules. Mechanistic studies support a tandem SyAr
and Lossen rearrangement pathway for the reaction mecha-
nism.
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