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Scalable, Transition-Metal-Free Direct Oxime O-Arylation: Rapid
Access to O-Arylhydroxylamines and Substituted Benzo[b]furans

Hongyin Gao, Qing-Long Xu, Craig Keene, and Lészlé Kirti*®

Abstract: O-Aryloximes, generated from readily available
and inexpensive oximes through transition-metal-free O-
arylation, can either be hydrolyzed to O-arylhydroxyl-
amines or conveniently converted to structurally diverse
benzo[blfurans through an environmentally benign, one-
pot [3,3]-sigmatropic rearrangement/cyclization sequence.

The benzofuran™ structural motif, in particular the benzo[b]fu-
ran motif, appears widely in many biologically active natural
products,’ active pharmaceutical ingredients"® (APIs), and in-
termediates/building blocks for the synthesis of complex mole-
cules, as well as in functional materials such as dyes, polymers,
and film-forming compounds (Figure 1).
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Figure 1. Important benzo[b]furan motifs.

Given the importance of functionalized benzo[blfurans and
their derivatives across several key scientific fields, there is
great demand for versatile synthetic methods that allow their
rapid, efficient, and readily scalable preparation. Thus, it is not
surprising that during the past few decades a number of syn-
thetic approaches have been developed to access these het-
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erocycles from acyclic precursors.” The overwhelming majority
of these methods utilize transition-metal (TM) catalysts (e.g.,
Cu, Pd, P)B241 to form the required C—C and C—O bonds of
the benzo[blfuran substructure; most commonly the furan nu-
cleus is assembled on a prefunctionalized benzenoid scaffold
(i.e., through cycloisomerization®®)). Even though TM-catalyzed
syntheses of benzofurans are currently the most widely used,
they often suffer from certain drawbacks such as the necessity
to employ harsh conditions (e.g., elevated temperatures for ex-
tended periods of time) and the generation of toxic heavy
metal waste that is expensive to remove, especially during the
production of APIs in which residual metal contamination
needs to meet stringent specifications.” In light of the above,
there is a clear need for the development of versatile TM-free
approaches to functionalized benzo[b]furans that utilize struc-
turally diverse, readily available, and inexpensive starting mate-
rials and/or reagents (Scheme 1C).
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Scheme 1. 3,4-Oxaza-Cope rearrangement approach to benzo[b]furans.

In this regard, we considered the [3,3]-sigmatropic rear-
rangement of O-aryl-N-alkenyl hydroxylamines (e.g., a 3,4-
oxaza-Cope rearrangement; Scheme 1A and B) to be syntheti-
cally attractive, because the cleavage of the weak N—O bond
drives the formation of the much stronger C—C bond under
mild reaction conditions.” The subsequent intramolecular cyc-
lization/elimination sequence then furnishes the substituted
benzo[b]furan product (Scheme 1B).

O-Arylketoximes bearing acidic o-hydrogen atoms (I,
Scheme 1B) arguably are the most convenient precursors for
the required O-aryl-N-alkenyl hydroxylamines (Il), which are
short-lived intermediates en route to the benzo[blfuran prod-
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Scheme 2. Transition-metal (TM)-free direct synthesis of O-aryl ketoximes
and their subsequent [3,3]-rearrangement to benzo[blfurans.

ucts. The in situ tautomerization of O-arylketoximes (I1—lI,
Scheme 1B) and the subsequent [3,3]-rearrangement (I1—Il)
can be readily achieved either by the use of protic or Lewis
acids®®*? at elevated temperatures or by N-acylation”>? at am-
bient temperature or below (Scheme 2D). O-Arylketoximes are
generally prepared by the spontaneous condensation of
O-arylhydroxylamines ~ with the corresponding ketones
(Scheme 2E).® However, the lack of commercially available
structurally diverse O-arylhydroxylamines is a major limitation
of this approach, a fact that can be attributed primarily to the
sensitivity of these compounds.

Currently, synthetic access to O-arylhydroxylamines
(Scheme 2 A and B) invariably requires an O-arylation/deprotec-
tion sequence: a) O-arylation of N-hydroxyphthalimide (NHP,
Scheme 2A)® by using either stoichiometric amounts of Cu
salts and arylboronic acids®™ and/or diaryliodonium salts,”***
followed by cleavage with hydrazine, hydroxylamine, or ammo-
nia; b) O-arylation of ethyl acetohydroximate (EAH,
Scheme 2B)" either under SyAr conditions with activated aryl
fluorides"™ or by using aryl bromides and iodides under Pd
catalysis"® in the presence of a biarylphosphine ligand, fol-
lowed by acid hydrolysis. In the latter case, the often volatile
O-arylated ethyl acetoxihydroximate products must be heated
with ketones in the presence of HCl, which facilitates a transoxi-
mation/[3,3]-rearrangement sequence to afford the corre-
sponding benzo[blfurans (Scheme 2C)."%" O-Arylketoximes can
also be synthesized, albeit generally only on a small scale and
in moderate vyields, directly from ketoximes through a Cu-
mediated cross-coupling reaction (Scheme 2F)™"" by using aryl
iodides and Cu' salts at elevated temperatures"'® or by utiliz-
ing arylboronic acids and Cu" salts.""™ Unfortunately, the ma-
jority of the above approaches also suffer from additional
shortcomings that include but are not limited to a) long reac-
tion times, b) the use of excess coupling partners (>2 equiv)
and stoichiometric amounts of transition metal salts, ¢) incom-
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patibility of substrates with multiple Br and | substituents, d)
a generally narrow substrate scope, e) the necessity to employ
expensive TM catalysts (e.g., Pd) and/or sensitive ligands, and
f) the lack of reasonable scalability (i.e., generally only up to
<1 mmol).

Therefore, a new TM-free direct oxime O-arylation approach
would be highly advantageous, because it a) does not require
the use and removal of protecting groups (compare
Scheme 2 A), b) obviates the storage and handling of sensitive
O-arylhydroxylamines and their separate condensation with ke-
tones (compare Scheme 2E), c) offers an alternative to surro-
gate O-aryloximes (compare Scheme 2B) that are often volatile
and can only be converted to benzo[b]furans after an acidic
transoximation (compare Scheme 2C), and d) allows the use of
readily available/inexpensive ketone oximes.

We envisioned that diaryliodonium salts might be well-
suited for the direct O-arylation of ketoximes under mild condi-
tions. During the past decade, diaryliodonium salts have been
widely used owing to their relatively high reactivity and toler-
ance to a wide range of functional groups.'” Recently, diarylio-
donium salts were utilized as inexpensive electrophilic re-
agents in C-arylations,™, O-arylations,™ N-arylations, and
for a variety of other functionalizations."® Herein, we report
a scalable, transition-metal-free direct O-arylation of ketone
oximes with diaryliodonium salts at ambient temperature.

After extensive optimization of the reaction conditions, we
selected DMF/tBUOK as the optimal solvent/base pair for the
O-arylation of ketoximes (Table 1; see a detailed discussion of
these studies and an expanded Table 1 in the Supporting Infor-
mation). During the final round of optimization, we were de-
lighted to find that lowering the reaction temperature from
60°C to RT affected neither the isolated yield of 3a nor the
overall reaction time (Table 1, entry 8). It was also gratifying to
observe that decreasing both the amounts of 2a and tBuOK

Table 1. Optimization of the reaction conditions.”

©
@X .0
N'OH . 1 base N @
_—
JLMe @ © solvent PhJL e
2

Ph M
1a 3a
(0.5 mmol)
Entry X 2 Base Solvent  Temp. Time Yield 3
[%][b]
1 OTf 2a N/A THF RTto 70°C  10h n.r.
2 OTf 2a tBuOK THF RT 10h 70
3 OTf 2a tBuOK dioxane 60°C 30 min 77
4 OTf 2a tBuOK DMF 60°C 30 min 89
5 OTf 2a tBuOK DMSO 60°C 30 min 78
6 OTf 2a tBuOK DMA 60°C 30 min 78
7 OTf 2a tBuOK NMP 60°C 30 min 72
8 OTf 2a ‘BuOK DMF RT 1h 90
91 OTf 2a tBuOK DMF RT 1h 83
109 OTf 2a tBuOK DMF RT 1h 76

[a] Reactions were performed on a 0.5 mmol scale (0.1 M solution) by
using 2 (1.5equiv) and base (1.5equiv), unless indicated otherwise.
[b] Yield of isolated product after column chromatography. [c] 1.3 equiv
of 2a and 1.3 equiv of base were used. [d] 1.1 equiv of 2a and 1.1 equiv
of base were used. n.r.=no reaction; DMA =dimethylacetamide; NMP =

N-methylpyrrolidone.
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from the optimal 1.5 equivalents to 1.3 and then 1.1 equiva-
lents dropped the isolated yield of 3a only slightly from 90%
to synthetically still valuable levels of 83 and 76 %, respectively
(Table 1, entries 9 and 10). Employing more than 1.5 equiva-
lents of base and arylating agent did not improve the yield
beyond 90 %.

With the optimized reaction conditions in hand, we next in-
vestigated the scope of the TM-free direct O-arylation of ketox-
imes 1 with symmetrical diaryliodonium salts 2 (Table 2). First,

Table 2. Scope of the O-arylation of oximes 1 with diaryliodonium salts
2.[a,b]

LOH N-O~ar
N ©0 BuOK (1.5 equi R
IR R + AraIX w» R— N H
RT_ s X = OT, BF, DMF, RT, 1 h G
1a-t 2a-g 3a-z
(1 mmol) (1.5 equiv)

39, R =4-NO,, 76% yield, 2 h
3h, R = 4-CF3, 80% yield, 2 h
3i, R = 2-Me, 46% yield, 1 h
3j, R=2-Br, 40% yield, 1 h
3k, R = 3-OMe, 83% yield, 1 h
3l, R=3-Cl, 85% yield, 1 h

.0 3a, R=H, 90% yield, 1 h

* 3b, R = 4-Me, 85% yield, 1 h

X 3c, R =4-OMe, 88% yield, 1 h

| \ 3d, R=4-F, 84% yield, 1 h
3e, R =4-Cl, 79% yield, 1.5 h

3f, R=4-1,81% yield, 1.5 h

N-O, N-O O<pp
° me PP e Ph L_ph
LO Me PhJJ\’

cl
3m, 70%, 3h 3n,88%, 1h 30,87%, 1h
0. o o
N° "Ph n“C~pn N” “Ph N'o‘ph
@)’\/Ph X O)k
Me < Me
Br L N \o

3p,78%, 1h 3q,86%, 1h 3r, 96%, 1 h 3s,92%, 1 h
O 3t, Ar = Ph, 83% yield, 1 h 3x, Ar = 4-BrCgH,, 85% yield, 1 h

3u, Ar = 4-MeCgHg, 82 yield, 1 h  for the examples below, X = BF4:

3v, Ar=4-FCgHy, 76% yield, 2 h 3y, Ar = 2-MeCgHy, 64% yield, 1 h
? 3w, Ar = 4-CICgHg4, 81% yield, 2 h 3z, Ar = 2-naphthyl, 86% yield, 1 h
Ar

S

Me

[a] Reaction conditions: 1 (1 mmol), 2 (1.5 mmol), tBuOK (1.5 mmol), DMF
(10 mL) at RT. [b] Yield of isolated product after column chromatography.

a wide range of aryl-alkyl ketoximes with diverse substitution
patterns were evaluated. Para- and meta-substituted acetophe-
none oximes (Table 2, 1a-n) gave rise to the corresponding O-
arylated oximes products 3a-n in good to excellent yields
when reacted with diphenyliodonium triflate (2a) as the arylat-
ing agent. Both electron-donating and electron-withdrawing
groups on the aromatic ring of these substrates are well-toler-
ated, resulting only in minor variation of the isolated yields.
However, ortho-substituted acetophenone oximes (3i and 3j)
could only be O-arylated in moderate yields under a variety of
conditions (including our standard conditions), presumably
owing to steric hindrance. It is worth noting that halogen sub-
stituents, especially bromine and iodine (3 f, 3j, and 3p), be-
haved well in this transformation (i.e., no side reactions at
these halogenated positions were observed); aryl bromides
and iodides are generally incompatible with TM-catalyzed/
-mediated O-arylation conditions."” a-Substituted acetophe-
none oximes (20 and 2p) and a cyclic aryl-alkyl oxime (2q)
were also smoothly coupled with diphenyliodonium triflate
(2a) to furnish the O-arylated derivatives (Table 2, 30-q) in
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good to excellent isolated yields. In addition, we were delight-
ed to find that heteroaryl-alkyl oximes such as 2-pyridinyl and
2-furanyl ethanone oximes (Table 2, 2r and 2s) were suitable
coupling partners, affording the O-arylated products (3r and
35s) in excellent yield.

Next, we turned our attention to explore the impact of the
structural variation in the diaryliodonium salt coupling partner
(Table 2, 2b—g) on the efficiency of the O-arylation process
under the optimized reaction conditions. Notably, symmetrical
diaryliodonium salts that bear para- and ortho- substituents, in-
cluding methyl and halogen atoms, reacted well with 1-(naph-
thalen-2-yl)ethanone oxime (1t) to give the desired O-arylke-
toxime products in good yields (Table 2, 3t-3y). Symmetrical
di(2-napthyl)-iodonium tetrafluoroborate (2g) was prepared
and used in our laboratory for the first time (see the Support-
ing Information), and it performed efficiently during the O-ary-
lation of oxime 1t. It is important to note that when a number
of unsymmetrical diaryliodonium salts (2h-I, Figure 2) were

o Lot ot

R = Me (2h), OMe (2i), Br (2j)
Figure 2. Unsymmetrical diaryliodonium salts that were also tested in the
O-arylation process.

tested as arylating agents, only complex reaction mixtures
were obtained under our optimized O-arylation conditions; the
desired O-arylated ketoximes could not be isolated in syntheti-
cally useful amounts.

To demonstrate the synthetic utility of this direct oxime O-
arylation process on a multi-gram scale, we chose (E)-1,2-di-
phenylethanone oxime (10) and diphenyliodonium triflate (2a)
as substrates (Scheme 3). To our delight, we found that this re-

(]
.OH .0
N © ot {BUOK (1.5 equiv) N°" “Ph
+ +
Phﬂ\ Ph” “Ph DMF, RT, 1 h Phjﬁ Phi
Ph Ph 78%
10 2a 30 recovered
40 mmol (1.5 equiv) 9.49,82% & reused

Scheme 3. Direct O-arylation of oxime 10 on a 40 mmol scale.

action could be easily scaled-up to a 40 mmol scale. The O-ary-
lated product 30 was isolated in 82% vyield (9.4 g). Moreover,
the by-product iodobenzene (Phl) could be recovered in a syn-
thetically useful yield of 78%; subsequently, Phl was reused in
the preparation of diphenyliodonium triflate (2a; Scheme 3).
This facile recovery of aryl iodides improves the atom econo-
my, reduces costs, and decreases the overall environmental
impact of the reaction. All other substituted iodoarenes could
be recovered from the various O-arylation reactions (Table 2) in
70-80% isolated yield and were recycled for the preparation
of new batches of the corresponding symmetrical diaryliodoni-
um salts (2b-g).
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Table 3. O-Arylation of ethyl N-hydroxyacetimidate (EAH), followed by
hydrolysis.®><

©0
Ar,IX
OH X = OTf, BF,
ﬂ' 2 (1.0 equiv) N-O~ar _ HCLH0 A= O NH
RS —_— r 2
Me” OEt  BuOK (1.5equv) e  OEt oooxane
EAH DMF, RT a6 : 5a-e
(2.0 equiv)
N O<ar o
HN™ " SAr
MeJLOEt z

4a, Ar = Ph, 74% yield, 2 h (20 mmol scale)
4b, Ar = 4-FCgH,4, 58% yield, 2 h

4c, Ar = 4-CICgH4, 72% yield, 2 h

4d, Ar = 4-BrCgHg,, 78% yield, 2 h

4e, Ar = 2-naphthyl, 63% yield, 1 h

5a, Ar = Ph, 89% vyield, 1 h

5b, Ar = 4-FCgH4,88% yield, 1 h
5¢, Ar = 4-CICgH4, 92% yield, 1 h
5d, Ar = 4-BrCgHy4, 93% yield, 1 h
5e, Ar = 2-naphthyl, 87% yield, 1 h

[a] Reaction conditions of 2—4: diaryliodonium salt (1 mmol, 1 equiv),
ethyl N-hydroxy-acetimidate (2 equiv), tBuOK (1.5 mmol), DMF (0.1 m) at
RT [b] Reaction conditions of 4—5: O-aryl oxime (1 equiv), H,O (5 equiv),
HCI (4 m in dioxane, 5 equiv), 1,4-dioxane (0.1 m), 0°C. [c] Yield of isolated
product after column chromatography.

Since the use of surrogate O-aryloximes (Scheme 2C) can be
advantageous in certain situations, we were eager to extend
our optimized protocol for the direct TM-free O-arylation of
ethyl N-hydroxyacetimidate (EAH) to a variety of diaryliodoni-
um salts (Table 3). The O-arylated products (Table 3, 4a-e)
could be obtained in good isolated yields at room tempera-
ture, albeit the volatile nature of these compounds necessarily
results in some loss of material during isolation and purifica-
tion. The yields for compounds 4a-e are comparable to those
reported by Buchwald"® who used aryl halides as coupling
partners at elevated temperatures with Pd catalysis (compare
Scheme 2B). Thus, one now has the option to avoid the use of
TM catalysts if circumstances demand (i.e., during late-stage
syntheses of APIs™) in addition to running the O-arylation of
EAH at ambient temperature. The O-arylated products could
either be readily hydrolyzed to the free O-aryloxyamines in the
presence of aqueous HCI (Table 3, 5a-e) or converted to the
corresponding benzo[blfurans in the presence of ketones
through an acid-mediated transoximation/tautomeriza-
tion/[3,3]-rearrangement sequence (Scheme 4)."*

The more than two dozen O-arylated ketoximes that were
prepared by using our new TM-free O-arylation protocol
(Table 4, 3a-z) were then successfully transformed into the
corresponding 2-substituted benzo[blfurans (Table 4, 6a-2)
under acid-mediated conditions in good to excellent yields.

HCI (5 equiv)

o, o H20 (5 equiv) o. NH | [3:3]
N 4 e — (a)

Me)LOEt dioxane o) 4

70°C,2h
4a 1u 7,91%
HCI (5 equiv)
*N o H20 (5 equiv) cl Ph
1 loxane
c Me” OEt  pp 70°C, 3 h o
4c v 8, 84%

Scheme 4. One-pot transoximation approach to benzo[blfurans.
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Table 4. Preparation of benzo[b]furans starting from O-aryl oximes.?!

’ONA
R N r HCI (5 equiv)
@K‘\ _HO(Bequv) | R [3 3]
e dloxane 70°C Cﬁ\\
3a-z
(0.5-0.7 mmol)
\_/~ 6a, R = H, 86% yield, 2 h 69, R = 4-NO,, 73% yield, 6 h

o \p 6b,R=4-Me, 83%yield, 3h 6h, R=4-CF3, 83% yield, 6 h
6c, R = 4-OMe, 81% yield, 3h  6i, R = 2-Me, 73% yield, 6 h
6d, R =4-F,89%yield, 4h 6], R =2-Br, 69% yield, 6 h
6e, R=4-Cl, 84%yield, 4h 6k, R =3-OMe, 92% yield, 3h
6f, R = 4-1, 83% yield, 5 h 6l, R = 3-Cl, 80% yield, 3h

6m, 85%, 6 h 6n, 84%, 3 h 60, 80%, 3 h 6p, 68%, 3 h

6q, 79%, 5 h 6r, 57%, 16 h 6s,66%,3 h 6z, 79%, 4 h

6t, R'=H, 84% yield, 3 h 6w, R'=
6u, R' = 4-Me, 79% yield, 5h 6x, R'=
6v, R'=4-F, 83%yield, 5h 6y, R'=

4-Cl, 81% yield, 6 h
4-Br, 80% yield, 6 h
2-Me, 72% yield, 6 h

R'—

OQ

N
Z~0

[a] Reaction conditions: O-aryl oxime (1 equiv), H,O (5 equiv), HCI (4™ in
dioxane, 5 equiv), 1,4-dioxane (0.1m), 70°C, 3-16 h. [b] Yield of isolated
product after column chromatography.

The O-arylketoximes (3a-2z) can also be rearranged through N-
acylation”*? at ambient temperature or below if acid-sensitive
functional groups are present.

Finally, a one-pot TM-free ketoxime O-arylation/[3,3]-rear-
rangement process was successfully developed, utilizing diox-
ane as the solvent (Scheme 5). The O-arylated ketoximes 3a
and 3w could be treated with HCI with subsequent [3,3]-rear-
rangement at 70°C. The yields of the benzo[blfuran products
(6a and 6w) obtained in the one-pot process were nearly
identical to the yields of the two-step process (compare
Tables 2 and 4).

©
,OH
I@ oTf i) BBUOK (1.5 equw)
Me + ©, @ dioxane, RT, 1 h m Ph
i) HCI (6 equiv) in dioxane o
1a 2a Ho0 (6 equiv), 70 °C, 4 h 6a, 66% yield
(1 mmol) (1.5 equiv) O
eOTf i) BuOK (1.5 equiv)
@ dioxane, RT, 1 h _ O
“)lme + @ @ ii) HCI (6 equiv) in dioxane =
cl H20 (6 equiv), 70 °C, 4 h O 0
(1 mmol) (1.5 equw) Cl

6w, 58% yield

Scheme 5. Convenient one-pot preparation of benzo[blfurans from oximes.

In conclusion, we have developed a scalable, transition-
metal-free direct O-arylation of ketone oximes utilizing struc-
turally diverse and readily available diaryliodonium salts as
electrophilic arylating agents. The O-arylation proceeds under
mild conditions at ambient temperature and furnishes the cor-
responding O-aryl oximes in high yields while tolerating both
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electron-rich and electron-poor substituents on both reactants.
The O-arylated ketoxime products can be efficiently converted
into substituted benzo[b]furans either under acid-mediated or
N-acylation conditions if acid-sensitive functionalities are pres-
ent. We have also developed a one-pot TM-free O-aryla-
tion/[3,3]-rearrangement sequence that conveniently affords
benzol[b]furans in a streamlined fashion in good isolated yields,
while avoiding the preparation and handling of sensitive O-ary-
loxyamines. We anticipate that this transformation will serve as
a prototype for related transformations that build molecular
complexity rapidly under mild conditions in a step-economical
and environmentally friendly fashion.
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Scalable, Transition-Metal-Free Direct

Oxime O-Arylation: Rapid Access to O-
Arylhydroxylamines and Substituted
Benzo[b]furans

R .
|\\ tBuOK (1.5 equiv) |\\ ‘
A7 DMF, RT oo
TM-free
O-arylation

A scalable, transition-metal-free (TM-
free) direct O-arylation of ketone oximes
with a wide range of diaryliodonium
salts has been developed. More than
two dozen O-arylated oximes have been
prepared in good to excellent yields at
ambient temperature and were convert-
ed to the corresponding substituted

26 examples [3,3]-
up to 96% yield

A" Hel (5 equiv) R oA
H,0 (5 equiv) \ N3
—_— H
dioxane, 70 °C Y ! o’

26 examples

rearrangement  up to 92% yield

benzo[b]furans through a [3,3]-sigma-
tropic rearrangement/cyclization se-
quence. Overall, this operationally
simple, environmentally benign, and
protecting-group-free approach, includ-
ing a one-pot variant, allows rapid and
convenient synthetic access to substi-
tuted benzo[b]furans (see scheme).
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