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A polarity-reversed coupling of phenols with imines is reported by means of photocatalytic conditions. Using the intrinsic

DOI: 10.1039/x0xx00000x

redox potentials of both partners, coupling of the polarity-matched phenoxyl and a-amino radicals can be achieved in

moderate to high yields without the need for exogenous oxidants or reductants. Both the ortho- and para-products can be

obtained. However, the para-product dominates if both sites are available, complementing other known methods in

literature that typically favor ortho- functionalization. The method exhibits good functional group tolerance for both phenol

and imine substrates, including heteroaryl aldimines. This method was applied to the synthesis of pharmaceutically relevant

compounds, as shown by synthesis of an NSC321578 fragment, without the need for pre-functionalization of the phenolic

substrate.

Introduction

The aza Friedel-Crafts (FC) reaction is a well-studied
transformation used to couple electron-rich aromatic
compounds with imines.? Similar to a typical FC reaction, this
method proceeds through two-electron chemistry under acidic
conditions, where the arene acts as the nucleophile and the
imine acts as an electrophile. The Betti reaction is one of the
first examples of an aza FC where benzaldehyde and ammonia
are condensed in one pot with 2-naphthol to afford the ortho-
C—C coupled product.? This type of reactivity was expanded to
other less activated arenes and more diverse imines with the
help of catalytic Brgnsted or Lewis acid catalysts (Fig. 1a).38
Despite the advances made in coupling imines with phenols via
acid catalysis, these methods are often limited to very electron-
rich or nucleophilic arenes, and typically favor reactivity at the
ortho-position.

In recent years, the reactivity of imines has also been
explored photochemically. In the presence of visible light and a
sufficiently reducing photocatalyst, the single-electron
reduction of imines can be achieved to generate a-amino
radicals.>10 Rather than acting as an electrophile, the resulting
a-amino radical is nucleophilic in nature (w = 0.5-1.0 eV)!! and
exhibits umpolung reactivity where it can participate in radical-
radical couplings with polarity-matched radicals. While the
reduction potential of many imines falls outside of the redox
window of many photocatalysts, the coordination of a Brgnsted
or Lewis acid has been shown to lower their reduction
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potentials through proton-coupled electron transfer (PCET).? In
2014, Macmillan reported the first photocatalytic single-
electron reduction of imines to form B-amino ethers through
radical-radical coupling with a polarity-matched benzylic radical
(Fig. 1b).12 Other groups have expanded on this since, coupling
the a-amino radicals with radicals generated from amines,3-14
alkyl radical precursors,'>1® and others.17-1°

Our laboratory has also shown that phenols can be oxidized
to their corresponding phenoxyl radical under photochemical
conditions. These radicals tend to be more electrophilic (w =
~1.5-2.24 eV),!! and we have been able to engage them in
radical-nucleophile couplings with neutral phenols and nitrogen
nucleophiles.?922  Therefore, we envisioned that the
photochemically generated electrophilic phenoxyl radical can
be captured by the nucleophilic a-amino radical obtained from
imines.

In this work, we were able to successfully couple less
activated phenols with (hetero)aryl aldimines under transition-
metal-free conditions using an organic dye photocatalyst and a
very mild Lewis acid catalyst under ambient temperatures (Fig.
1c). The reaction proceeds with short reaction times and
tolerates acid-sensitive functionality. This method is also more
selective for para-functionalization, providing a complementary
modality for this bond construction.

Method and Development

In considering initial substrates for development, a
commercially available phenol that was readily oxidizable yet
less prone to dimerization?°??! was targeted. 2,3,6-
Trimethylphenol 1h (E® = +1.10 V) fits these criteria as the meta-
substituent would hinder dimerization while readily oxidizing to
a persistent radical.??> The imine component needed to be
stable, readily reducible, and the resultant transient radical
nucleophilic. The N-methanesulfonyl imine 2h (E1; = —1.45 V)
satisfied these requirements and is easily made in one step from
benzaldehyde. An acid additive was employed to facilitate the
reduction of the imine by coordination. Photocatalysts were
selected based upon the above oxidation and reduction
potentials. Aprotic polar solvents were chosen to prevent imine
hydrolysis while stabilizing the radical intermediates. Our initial
discovery of their coupling with the [Ir] photocatalyst in
combination with a phosphoric acid in MeCN afforded 14% yield
(see Supporting Information). Following this result, a range of
anhydrous solvents, additives, additive amounts, and
photocatalysts were screened (full optimization results can be
found in the Supporting Information).

The highest yield was obtained with N-methyl-2-pyrrolidone
(NMP) as the solvent, which was used in further screens. Adding
sub-stoichiometric amounts of MgCl, as the additive was also
found to increase yields; however, other stronger Lewis and
Brgnsted acids were comparable (Table 1, entry 7 and 8).
Additionally, it was found that 4-CzIPN outperformed other
iridium- and ruthenium-based photocatalysts. Increased 4-
CzIPN loading slightly increased yield (Table 1, entry 3), while
the addition of excess imine raised the vyield significantly,
consistent with the high reactivity of the resultant transient

2| J. Name., 2012, 00, 1-3

Table 1. Reaction Discovery and Optimization? View Article Online

oH 4-CzIPN I:1.|:PI'I%|: %q.lOBQ/Dhﬂ6QO@IIHOSC
e e NMs MgCl; (10 mel %) . e
* FhilLH MMP [0.10 M], 427 nm—- M
Me A5°C, 4h
(1.0 eguiv) (1.0 equiv) MeHN™ “Fh
1h 2h 3h
Entry Deviations from Above Conditions 3h (%)*
1 none 3
2 1 mal % [ir] + 10 mol % PA 24
3 5 mol % 4-CzIPN 32
4 5 mol % 4-CzIPN + 2.0 equiv 2h 51
5 5 mal % 4-CzIPN + 2.0 equiv 2h + 0.05M NMP 65 (60%)
[ 5 mol % 4-CzIPN + no MgClz 21
T 5 mol % 4-CzIPN + 10 maol % BF =Et:0 25
8 10 mol % TFA 29
9 no light 0
10 no 4-CzIPN 0

9Reaction conditions: 1h (0.100 mmol, 1.00 equiv), 2h (0.100 mmol,
1.00 equiv), 4-CzIPN (1.00 mol %), MgCl, (10.0 mol %), NMP (1.00
mL, 0.100 M), Ar, 427 nm Kessil, 35 °C, 4 h. bYields judged by LCMS
analysis using 4,4’-di-tert-butylbiphenyl as internal standard. Yield
in parentheses corresponds to the isolated yield (1Y) of the
optimized condition after purification by column chromatography.
[Ir] = (Ir[dF(CF3)ppy]2(dtbpy))PFs; PA = 1,1’-binaphthyl-2,2’-diyl
hydrogenphosphate

radical (Table 1, entry 4). More dilute conditions increased the
product yield further, delivering the desired product in a 65%
assay yield and 60% isolated yield (Table 1, entry 5). We theorize
that dilution minimizes dimerization of the imine. Control
reactions performed without the use of additives resulted in
lower yields (Table 1, entry 6). In the absence of light, no desired
product was formed, confirming that this is a light-driven
process (Table 1, entry 9). Finally, the reaction was conducted
without 4-CzIPN, which also gave no coupling product,
indicating that a productive electron-donor acceptor complex
(EDA) does not form between the phenol and imine (Table 1,
entry 10).

Substrate Exploration

With the optimized conditions in hand, we explored the
scope using electron-rich phenols (Scheme 1). Phenols with
more electron-donating groups around the ring tended to
deliver higher yields, likely due to stabilization of the phenoxyl
radical intermediate. Notably, the coupling proceeds at both
para- and ortho-positions of the phenol. Even so, couplings at
the para-position furnished higher yields than their respective
ortho-couplings (3b vs 3I, 3d vs 3n), likely due to less steric
hindrance and greater radical character at the para-positions.?*
25

The method proceeded with moderate to high yields (up to
81%) and good functional group tolerance (halogens, carboxylic
acids, aldehydes, amines) for 20 phenolic substrates.
Heterocycles (3j) and fused arenes (3u) were also tolerated,

This journal is © The Royal Society of Chemistry 20xx
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giving rise to modest yields (22% and 24% respectively). When
both ortho- and para-positions were available for reaction, as in
the case of 3j, the para-coupled isomer was obtained as the
major product, as determined by TOCSY, HSQC, and HMBC,
although trace amounts of the ortho-coupled isomer were
observed by LCMS. A common precursor for aryne chemistry,
3p, also gave rise moderate vyields. Biologically relevant
compounds were also examined, such as propofol (3c), an
anesthetic, which gave 74% vyield. Sinomenine (3i), a plant
alkaloid, afforded a 58% yield, albeit with low dr, highlighting
the utility of the method in late-stage functionalization. In
addition, products of the ortho-coupled isomers can be used as
ligands for transition-metal catalysts after deprotection of the
amine.

A range of imines were also tested (Scheme 2). While most
Scheme 1. Phenol Scope?
4-CzIPM (5.0 mal %)

OH OH
HNMs MgCl; {10 mol %) )\
- MHMs
- + -
R—@ F'h‘JLH MMP, 35 °C, 427 nm, 4 h -
= L\/ Ph
1a-u 2h
(1.0 equiv) (2.0 aquiv)
jpara functionalization
OH OH OH OH
MED\@N MEU\@OME iF‘r\©,iFr MQD\©/\.-/’
Propofal
3a, 70% 3b, TE% 3c, T4% 3d, 59%
OH OH CFa OH OH
MaO i Ph MeO. Mal t Br Me j ]
l Me'
Je, 53% 3, 43% 3p, 45% 3h, G0%
MaD
OMa [s] i i
isahormovanillic acid
3, 5&% (dr=1.3:1} 3j, 22%! 3k, 20%
ovtho funclionalization
OH
i i Ma0 i
OMe
3, 48% 3m, 1% n, 28% | 3o, :ma 3p, 3%

@‘#

OH OH
MaO i Mel Mal, |
N_N N
f,\ 1y | @ MPhih
= CHO

3q, 41% Ir, 3% Is, 24% 3t, 40%"' 3w, 24%'
9Reaction conditions: 1a-u (0.100 mmol, 1.00 equiv), 2h (0.200
mmol, 2.00 equiv), 4-CzIPN (0.005 mmol, 5 mol %), MgCl, (0.010
mmol, 10 mol %), NMP (2.00 mL, 0.050 M), Ar, 427 nm Kessil, 35 °C,
4 h. Isolated yields shown. 118 h.

imine substrates were synthesized and recrystallized in >95%
purity, we discovered that the starting materials do not need to

This journal is © The Royal Society of Chemistry 20xx
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be rigorously pure, as aldehydes are inert under the, reaction
conditions (3x). Acidic protons are also tBféra®da3 ¥ rNOease
of phenol 3ab. Overall, both electron-donating and electron-

Scheme 2. Imine Scope®

OH
4-CzIPN (5.0 mal %)
OH
NMe MgClz (10 mal %) bt Me
Me Me ,J'L -
R H MMP, 35 *C, 427 nm, 4 h Ma
Ma
MsHM R
1h 2h-2ag Jh-ag
(1.0 aguiv) (2.0 aquiv)
scope
8] MMs MMs
,©)L HJJ\©)LH ©AH
Br
CFa
v, % Iw, 48% Ix, 51% Jy, I6%
NR' NMs OH MNMs
Mal
3h, R' = Ms, B0%
I, R = Ts, 37% 3z, T6% Jaa, 0% Jab, 44%
ﬁ N5 MMs MMs NTs
H H H = H
® ot G ot
[#] BiocH M
Jac, 36% Jad, 16% Jae, 268% daf, 32%
samEmns e EENIE s s s s s ma s e ——————————— .
MNTs i
dLH o L, |
Me :
WD i

%Reaction condltlons 1h (0.100 mmoI 1 00 equiv), 2h- Zag (0 200
mmol, 2.00 equiv), 4-CzIPN (0.005 mmol, 5 mol %), MgCl, (0.010
mmol, 10 mol %), NMP (2.00 mL, 0.050 M), Ar, 427 nm Kessil, 35 °C,
4 h. Isolated yields shown.

withdrawing substituents were tolerated under the reaction
conditions (methoxy, halogens, cyano, trifluoromethyl,
hydroxy, aldehydes) across 10 substrates (3v-3ab).

No clear trend emerges when correlating the Hammett
parameters of the substituents to the yields obtained, likely due
to conflicting factors (see Supporting Information Fig. S6). While
EWGs groups facilitate imine reduction, they also reduce the
nucleophilicity, stability, and overall lifetime of the resulting
radical, likely causing homo-coupling or HAT to be more
favorable than coupling with the phenoxyl radical. Conversely,
while EDGs cause the imines to be more difficult to reduce, the
corresponding a-amino radicals are more nucleophilic and
stable (or long-lived), allowing the coupling to proceed
smoothly.

Other carbocycles and heterocycles (3ac-3af) also gave rise
to moderate yields (Scheme 2). However, aliphatic imines and
ketimines failed to produce significant amounts of product,
which can be attributed to high reduction potentials and steric
hindrance of the resultant radicals.

J. Name., 2013, 00, 1-3 | 3
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Synthetic Applications and Mechanistic Studies

To highlight the synthetic applicability of this method, we
undertook the synthesis of a fragment of NSC321578, a small
molecule that inhibits the IDO protein, which is expressed in
many tumors and has been implicated in depression.26 Imine
2aa was generated from its corresponding aldehyde in a 71%
yield. Imine 2aa was successfully coupled with 2,4-di-tert-
butylphenol using our photochemical method to afford 4a
(Scheme 3). Using our original reaction conditions for the
coupling step, a 10% yield was obtained for the coupling step,
presumably due to using both a less oxidizable phenol (Ei2 =
+1.25 V) and a less reducible imine (Ei» = —1.54 V),27-30
necessitating further optimization of this transformation (see
Supporting Information). After further screening of Brgnsted
and Lewis acid additives, 10 mol% of isopropyl borate was
discovered to afford the highest isolated yield of 4a at 22% (see
Supporting Information for full optimization results).
Deprotection of the imine under with Red-Al gave a near
quantitative yield of NSC321578 fragment 5a, and an overall
yield of 15% over 3 steps.

Scheme 3. Applications in the Synthesis of NSC321578

.- NBCI21578 [DO Inhibitor --,

: : a. AlCl,
: N NH OH H MsNHZ
; tBu
: | o ,©)L /©JL
: : MeQ
L MeD” ~F :
: 5a B H
b. o Bu MsHN NH; OH
tBu tBu c Red-Al
229(, @ G 4% Ma0 G O
(1g scale: 16%)

9Reaction conditions: a) 1aa (1.20 equiv), methanesulfonamide
(1.00 equiv), AICI5 (20.0 mol %), toluene (0.200M), 110 °C, 18 h. b)
2,4-di-tert-butylphenol (1.00 equiv), 2aa (2.00 equiv), B(Oi-Pr)s
(10.0 mol %), NMP (0.050 M), Ar, 427 nm Kessil, 35 °C, 4 h. c) 4a
(1.00 equiv), Red-Al (8.00 equiv), benzene (0.500 M), Ar, 80 °C, 18
h. Isolated yields shown.

Mechanistic studies were performed to determine the
photocatalytic cycle of the reaction. Stern-Volmer quenching
studies were performed with phenol 1h, imine 2h, and imine 2h
combined with 2.5 mol % MgCl, (Fig. 2a). Plotting the
luminescence intensities against concentration of the quencher
revealed a reductive quenching pathway of the photocatalyst
by the phenol, as the imine exhibited no quenching of the
photocatalyst, and addition of the Lewis acid to imine 2h only
caused slight quenching. The addition of radical inhibitors
(TEMPO or galvinoxyl) completely inhibited the reaction as no
product was seen after 4 h, supporting a radical mechanism (Fig.
2b).

Thus, a catalytic cycle was proposed where, upon excitation
of the photocatalyst by visible light, the phenol is selectively
oxidized to form the phenoxyl radical (Fig. 2c). Then, single-
electron transfer occurs between the reduced photocatalyst
and imine to furnish the a-amino radical and close the cycle.
Radical-radical coupling between the phenoxyl radical and a-

4| J. Name., 2012, 00, 1-3

amino radical and subsequent tautomerization then delivers
the final product. Off-cycle pathways &PtHE 1FFdi€seGARIGde
dimerization as well as HAT of the a-amino radical in the
absence of a suitable coupling partner.

a. Stern-Volmer Quenching

Me .
HO—@
-
- Dl h [LE] 414K
™ . Iy hs : ®imine 2h
. J simine 2h+2 5 mol % Mg,
i 2h NMs
: F'h‘J“LH
; e ol e i B b s nsnaesinsensn s 2h
a 0.0 0.2 0.08 004 .05 0.06 0.67
[Guencher] (M)
b. Radical inhibifors
galvinoxyl {1.00 equiv)
TEMPO (3.00 aguiv) OH
oH 4-CzIPN (5 mol %)
MgCly (10 mal % Me Ma
NMs gClz (10 mol %)
Me Me . ,J-L -
Ph H NMP [0.05 M), 427 nm Ma
Me 35 °C, 4h
(1.00 equiv) (2.0 equiv) MsHN™ “Fh
1h 2Zh 3h
not defected
t. Proposed Cafalytic Cycie
CH
==
Rl=
e
4&|PN'\% '
&
4-CzIPN™
4-:::|P’i,% :j:;':" RZHN
Ar
NRZ
Ar H

Fig 2. Mechanistic Studies and Proposed Mechanism a) Stern-
Volmer quenching and b) Radical inhibitors c) Proposed catalytic
cycle

Concluding Remarks

In summary, we have developed a mild photocatalytic
method to couple phenols with imines at both the ortho- and
para-sites of the phenol. Because our method preferentially
reacts at the para-position of phenols, it complements other
known methods in literature that typically favor ortho-
functionalization. Using the intrinsic redox potentials of both
partners, coupling of the polarity-matched radicals can be
achieved in moderate to high yields without the need for
exogenous oxidants or reductants. This method exhibits wide
functional group tolerance for both phenol and imine
substrates, as showcased by the diverse phenols and
(hetero)aryl aldimines tried. In addition, this method can be
applied to the synthesis of pharmaceutically
compounds, as shown by the fragment synthesis of NSC321578,

relevant

This journal is © The Royal Society of Chemistry 20xx
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without the need for pre-functionalization of the phenolic
substrate.
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