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Abstract: An iron-catalyzed coupling reaction of O-acyloxime/O-
benzoyl amidoximes with silyl enol ethers is reported. The protocol
provides access to functionalized pyrroles, 1,6-ketonitriles, pyrrolines
and imidazolines via carbon-centered radicals generated from an
initially formed iminyl radical. The intramolecular cyclization and ring-
opening processes of the iminyl radical take place preferentially over
a 1,3-hydrogen transfer, providing insights into iron-catalyzed
reactions with oxime derivatives. The cheap and environmentally
friendly iron catalyst, the broad substrate scope and functional group
compatibility make this protocol useful for synthesis of valuable
nitrogen-containing products.

Transitional metal-catalyzed cross-coupling reactions are
pivotal for the construction of new C-C and C—X bonds. This
research area has for long been dominated by precious metals,
e.g. palladium." Compared with precious metals, iron is
advantageous in catalysis in terms of low cost and low toxicity.
Furthermore, the broad spectrum of oxidation states (-2 to +5) of
iron provides a rich reactivity platform which is useful for the
development of new transformations.? In contrast to Pd-catalysis,
where the electrophilic cross-coupling partners are typically
activated via a two-electron oxidative addition, Fe-catalysis often
involves radical species and single electron transfer (SET)
mechanisms.®

As a part of our interest in the applications of N-O bond-
containing substrates we envisaged that oxime esters would
serve as viable electrophilic partners for iron-catalysis by
reduction of the N-O bond. Iminyl radicals are useful
intermediates* that can be generated from oxime esters by
heat,® transition metals® or photo irradiation.” As the heat-
induced activation of oxime esters wusually requires harsh
conditions®*®*® or toxic reagents (e.g. BusSnH/AIBN)*™' and
photo irradiation typically requires more complex oxime ester
derivatives (e.g. O-Ar or O,C-Ar groups),”®° transition metal
catalysis is an attractive alternative.

Iminyl radicals® are reactive electrophilic species that can be
transformed into carbon-centered radicals via three different
pathways (Scheme 1 path a-c). In path a, the iminyl radical is
added to a tethered alkene®"™"*® or alkyne® in a 5-exo-trig or 5-
exo-dig cyclization to form radical A.° In path b, the electrophilic
iminyl radical can abstract a hydrogen atom via an
intramolecular 1,3-hydrogen transfer process to form the
stabilized radical B.*®? The radical intermediate B may also be

[a] Dr. H.-B. Yang, Dr. N. Selander
Department of Organic Chemistry, Stockholm University
Arrhenius Laboratory, SE-106 91 Stockholm (Sweden)
E-mail: nicklas.selander@su.se

Supporting information for this article is given via a link at the end of
the document.

formed via a metal-coordinated enamine intermediate (D). In the
third pathway, c, the release of ring-strain in a cyclobutanone-
derived O-acyloxime generates cyano-substituted radical C.”""°
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Scheme 1. Divergent reaction modes of iminyl radicals

Unlike heat- or photo-induced generation of iminyl radicals,
transition metals can interact with the reactive radicals A-C
above to improve the reaction selectivity."" Thus, it is highly
desirable to develop a united ftransition metal-catalyzed
methodology to understand the competitive relationship between
the three different reaction modes, hitherto unexplored by a
single catalytic protocol.

Herein, we report on the iron-catalyzed coupling of O-
acyloximes/O-benzoylamidoximes with silyl enol ethers'® via the
three radical intermediates A-C above. Silyl enol ethers are
useful reaction partners as they react rapidly™ with the
electrophilic carbon-centered radicals. Thus, the competing self-
condensation®® and hydrolysis' of a-iminyl radicals can be
avoided. Furthermore, the coupling with a-iminyl radicals
provides access to pyrroles via an intramolecular condensation
of the 1,4-ketoimine product. Although the synthesis of
biologically relevant pyrrole derivatives has extensively been
explored,” the synthesis of unprotected electron-rich pyrroles,
amenable for N-functionalization,® remains challenging.

We began our studies with O-acyloxime 1a and silyl enol
ether 2a. With 20 mol% of CuCl in 1,4-dioxane at 100 °C, pyrrole
3a was formed in 25% vyield by 'H NMR. Further screening of
metal salts and reaction conditions (see the Supporting
Information), pointed towards FeCl, as a better catalyst for this
transformation (57% yield)." Improved yields were obtained in
MeCN; pyrrole 3a was obtained in 83% yield using 5 mol %
FeCl, at 80 °C (Table 1). It should be pointed out that oxime
esters have previously been used as (N4+C;) synthons in
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cyclizations with electron-deficient unsaturated substrates
through metal-coordinated enamine intermediates, however not
with electron-rich alkenes.'® In comparison, our method allows
for the synthesis of a variety of pyrrole derivatives.

Table 1: Representative screening data

H
NOAc OTMS N
)K/ + /& cond. a-c Ph \ Ph
Ph Ph + H,0
1a (0.1 mmol) 2a (0.3 mmol) 3a

a) CuCl (20 mol%), 1,4-dioxane (1 mL), 100°C/24h  25%
b) FeCk (20 mol%), 1,4-dioxane (1 mL), 100°C/24h 57%
c) FeCl, (5 mol%), MeCN (1 mL), 80 °C/24 h 83% (82% isol.)

With these reaction conditions in hand, we continued to
investigate the substrate scope with respect to various oxime
acetates and silyl enol ethers. Propiophenone-derived O-
acyloximes provided pyrroles 3a-3d in high yields (70-82%),
regardless of the electronic character of the aryl group (Table 2).

Table 2: Substrate scope for pyrroles[a'b]

H
ﬁ@ch . ?314 FeCl, (5 mol%) R{QRW
R R MeCN, 80 °C, 24 h
1 2 R4 3 R2 +H20

oxime acetates:

H R H H
Ph N Ph—N Ph—N

3a, R=H, 82%

3b, R = Br, 7% 3d, 73% 3e, 74%
3c, R=0Me, 70%
H o ST H H
Phe N4 Ph—_N_Ph Ph__N
w v pug
Ph Ph
3f, 55% 39, 70% 3h, 32%
H H
Ph N Ph— N\ _Ph
W_@ w
CO,Et
,,,,,,,,,,,,,,,,,,,,,, 3,30% WS
silyl enol ethers:
R H H H
No_Ph N__Ph Ph \N/ Ph
. ) j_(
3k, R=Cl, 7% R
3I, R=CO,Me, 80% 30, 66% 3p, R = Me, 65%

3m, R =NO;, 93%
3n, R =0OMe, 60%

3q, R = Ph, 14%

\ J/\&ph ph

3r, 65%!°] 3s, 20%°! 3t, 71%

QM H 0O H
N _Ph Et0,C— N\ _Ph N _ph

\ /) \ PR\

3u, 70% 3v, 69% 3w, 22%

[a] Reaction conditions: 1 (0.20 mmol), 2 (0.60 mmol) and FeCl, (5 mol%)
were stirred in MeCN (2.0 mL) under Ar for 24 h at 80 °C. [b] Isolated yields.
[c] Yields were determined by 'H NMR using CH,l, as an internal standard.
For some oxime derivatives, an E/Z mixture was used, see the Sl.

10.1002/chem.201605636

WILEY-VCH

A cyclic O-acyloxime provided the fused pyrrole 3e in 74% yield
and the thiophene-substituted oxime derivative gave the
corresponding pyrrole 3f in 55% yield. The highly conjugated
pyrrole 3g was obtained in 70% yield for the diphenyl-substituted
O-acyloxime. When non-conjugated O-acyloximes were applied,
lower yields were observed; pyrroles 3h-i were however isolated
in respectable yields. For compound 3h, two carbon-centered
radicals can be formed. As expected, the more stable secondary
radical determined the regiochemical outcome.'® The method is
also applicable for the hitherto unexplored ester-substituted
oxime derivative to yield pyrrole 3j in 31%. With respect to the
nucleophilic component, substituted acetophenone-derived silyl
enol ethers led to the formation of pyrroles 3k-o in 60-93% yield.
Electron-poor silyl enol ethers performed better than the
electron-rich counterparts. Furthermore, di-substituted silyl enol
ethers (R* #H) were applied. in the reaction to yield the tetra-
substituted pyrroles 3p-r. For the methyl substituted pyrrole 3p,
a yield of 65% was obtained, whereas the diphenyl-substituted
silyl enol ether resulted in a low yield, 14% of 3q, likely due to
the extended conjugation. Products 3r and 3s, formed from the
corresponding cyclic and alkenyl-derived silyl enol ethers were
unfortunately not stable upon concentration; the yields, 65% and
20% respectively were determined by 'H NMR. The naphthyl-
and furyl-substituted pyrroles 3t-u were obtained in good yields.
Notably, the method also provides access to the ester- and keto-
functionalized pyrroles 3v-w by employing the less explored
electron-poor silyl enol ethers (Table 2).

Next, we investigated the effect of ring-strain by employing
cyclobutanone-derived O-acyloximes. In contrast to the pyrrole
formation (Table 2) where the iminyl radical is converted into a
carbon-centered radical through a hydrogen transfer process,
the cyclobutanone oxime derivatives underwent a selective ring-
opening. The resulting radical then coupled with the silyl enol
ether to yield the useful 1,6-ketonitrile building blocks 4 (Table
3)% With the non-substituted cyclobutanone-derived O-
acyloxime, 1,6-ketonitrile 4a was obtained in 68% yield, without
traceable amounts of the cyclobutane-fused pyrrole.”® Moderate
yields, around 50%, were obtained for ketonitriles 4b-d from 3-
mono and 3,3-disubstituted cyclobutanone O-acyloximes
respectively. The opening of a 2,3-disubstituted cyclobutanone-
derived oxime acetate proceeded efficiently with a selective
cleavage to provide ketonitrile 4e in 72% yield (~4:1 isomeric
mixture). Interestingly, ketonitrile 4f was obtained in 31% yield,
indicating that the ring-opening process is preferred over a 5-
exo-trig cyclization with the allyl moiety. Furthermore, we were
able to use the previously unexplored benzene-fused
cyclobutanone derivative. The ring-opening yielded the more
stable benzylic radical for the selective formation of ketonitrile 4g
in 65% yield." Various para-substituted phenyl silyl enol ethers
gave the corresponding 1,6-ketonitriles 4h-k in moderate to
good yields. Lower yields (35-39%) were obtained with the
naphthyl-substituted silyl enol ether and a non-terminal coupling
partner (4l-m). The lower yields of the 1,6-ketonitriles (c.f. Table
2) is a consequence of the more reactive non-stabilized radical®
formed in the ring-opening process, making competitive
hydrogen abstraction processes inevitable.
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Table 3: Substrate scope for 1,6-ketonitriles™®

NOAc s A .
OTMS FeCl, (5 mol%) R R
R’ MR R5
r2 R R MeCN, 80 °C, 24 h R2
2 NC R' 4

cyclobutanone O-acyloximes:

0 0
/—/_>\~Ph ﬁé_}—Ph
NC NG g PP

Ph

P4
O
d\fo

4a, 68% 4b,R = H,50% Ph
4c, R =Me, 51% 4d, 50% (1-1 ratio)
CN CN

Ph

f@

O O

4e, 72% (3.7:1 ratio) 49, 65%

silyl enol ethers:

g G .

4h,R=Cl, 73% 41, 35% 4m, 39%

4i, R =CO,;Me, 44%

4j, R =NO,, 46%

4k, R = OMe, 76%
[a] Reaction conditions: 1 (0.20 mmol), 2 (0.60 mmol) and FeCl, (5 mol%)
were stirred in MeCN (2.0 mL) under Ar for 24 h at 80 °C. [b] Isolated yields.
For some oxime derivatives, an E/Z mixture was used, see the SI.

We then investigated the possibility of an intramolecular C-N
bond-formation taking place in favor of a 1,3-hydrogen transfer
path for the iminyl radical. For a y,0-unsaturated oxime
derivative, pyrroline 5a was formed in 81% yield, without traces
of the corresponding allyl-substituted pyrrole (Table 4).

Table 4: Substrate scope for pyrrolines and thio-/aza-derivatives®®”

NOR' R3 0

OTMS  Fech, (5mol%) g2 N
R
R2kz/\/ _ = {/JI/\/Z( X
3 MeCN, 80 °C, 24 h 7 R
1 R 5
5a-5b, Z = (-CH,-)o.1, R’

=Ac; 5¢, Z=S,R’
olefinic O-acyloxime derivatives:

= Ac; 5d-5j, Z = NBz, R' =Bz

N 0 Ph— N N o)
Phw o) Ph\(/N
Ph Ph
5a, 81% 5b,0% Ph 5¢c, 10%
o)
Ph N Ph N Q\(N
/ /
Bz 5d,83% BZ se, 30% Bz 5, 439
silyl enol ethers: e}
5h, R = Cl, 62%

Ph\(N Ph\(/

5g, R = 1-naphth., 35%

[a] Reaction conditions: 1 (0.20 mmol), 2 (0.60 mmol) and FeCl, (5 mol%)
were stirred in MeCN (2.0 mL) under Ar for 24 h at 80 °C. [b] Isolated yields.
[c] The O-acetylamidoxime derivatives were synthetically inaccessible.
[d] Yields were determined by 'H NMR using 1,3,5-trimethoxybenzene as an
internal standard. [e] Performed on a 0.10 mmol scale. For some oxime
derivatives, an E/Z mixture was used, see the SI.

5i, R= CO,Me, 59%
5, R=OMe, 40%
R

However, for the B,y-unsaturated oxime acetate, a complex
mixture was obtained as the formation of 5b would require the
disfavored 5-endo-cyclization. The scope of the method was
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further expanded to thiohydroximic acid®® and amidoxime?®?
derivatives. Although thiazoline derivative 5¢ was obtained in
only 10% yield (due to hydrolysis), imidazoline 5d could be
obtained in 83% yield using the O-benzoylamidoxime derivative.
A methyl group on the alkene moiety lowered the efficiency,
providing 5e in 30% vyield along with a comparable amount of a
aminooxygenated byproduct.?® The furyl-substituted imidazoline
5f was obtained in 43% yield. Furthermore, upon variation of the
silyl enol ether, imidazolines 5g-j were obtained in acceptable
yields, demonstrating that iron catalysis is useful for the
generation of amidinyl radicals and biologically relevant
imidazoline motifs.?*

Upon subjecting oxime acetate 1x to the standard conditions
we observed a mixture of products. Pyrrole 6a was obtained in
20% NMR-yield along with 10% of 3x, demonstrating the
competitive pathways of the 5-exo-dig cyclization and the 1,3-
hydrogen transfer of the iminyl radical for an intermolecular
coupling reaction (Scheme 2).

Ph
NOAc OTMS FeCl, (5 mol%)  HN- , HN-\
—_—

Ph ™ =~ =~
N Ph MeCN Ph Ph
1x 2a 80°C, 24 h —
6a, 20% 3%,10%

Scheme 2. Competitive 5-exo-dig cyclization vs. hydrogen transfer/coupling

The addition of TEMPO to the presented reactions (Tables
2-4) did not result in any traces of products 3-5. Instead, we
were able to isolate TEMPO coupling products (See the
Supporting Information). Thus, we propose a mechanism
involving iminyl radicals (c.f., Scheme 1). In this process, the
applied iron catalyst first cleaves the N-O bond, and turns over
by forming the keto group after reaction with the silyl enol ether.

Our method was applied for the synthesis of the biologically
important pyrrolizine skeleton.”® In a two-step reaction, oxime
acetate 1r was converted into pyrrolizine derivatives 7a-b in
57% and 48% yield (major diastereomers), respectively through
an iron-catalyzed coupling/reduction sequence.”® The sterically

hindered reagent NaBH(O,CPr); led to an improved
diastereoselectivity (~2.5:1) for the formation of 7 (Scheme 3).%’
NOAc otms 1) FeCla (5 moi%) Ph R
—* _ MeCN,80°C, 241 N
Ph R 2)NaBH(O,CPr) |
iPr-COOH :
1r 2a, R=Ph o H
2f, R= 4-MeOph CHeClz 1t-807°C

major-7a, R = Ph, 57%
major-7Tb, R = 4-MeOPh, 48%

Scheme 3. Synthesis of the pyrrolizine skeleton

In summary, the iron-catalyzed reaction of silyl enol ethers
and oxime esters was demonstrated in three different reaction
modes of iminyl radicals for the synthesis of pyrroles, 1,6-
ketonitriles and imidazolines. Our studies show that the
intramolecular cyclization and ring-opening take place in favor of
reactions proceeding via a 1,3 hydrogen transfer. These results
are important for the further development of iron-catalyzed
coupling reactions via radical intermediates.
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An iron-catalyzed coupling reaction of O-acyloxime/O-benzoyl amidoximes with silyl
enol ethers is reported. The protocol provides access to functionalized pyrroles,
1,6-ketonitriles, pyrrolines and imidazolines via carbon-centered radicals generated
from an initially formed iminyl radical. The intramolecular cyclization and ring-
opening processes of the iminyl radical take place preferentially over a 1,3-
hydrogen transfer, providing insights into iron-catalyzed reactions with oxime
derivatives. The cheap and environmentally friendly iron catalyst, the broad
substrate scope and functional group compatibility make this protocol useful for
synthesis of valuable nitrogen-containing products.
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