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ABSTRACT: A trityl ion-mediated practical C—H functionalization of
a variety of benzopyrans with a wide range of nucleophiles
(organoboranes and C—H molecules) at ambient temperature has
been disclosed. The metal-free reaction has an excellent functional
group tolerance and high chemoselectivity and displays a broad scope
with respect to both benzopyran and nucleophile partners, efficiently
affording a collection of benzopyrans bearing diverse skeletons and a-

functionalities in one step.
B enzopyrans are one of the most common structural motifs
spread across biologically active natural products and
synthetic pharmaceuticals." For example, benzopyrans compris-
ing (iso)chromans and (iso)chromenes bearing diverse a-
functionalities (aryl, vinyl, and alkyl) have been extensively
used as antioxidants (e.g, vitamin E) and pharmaceuticals
possessing antipsychotic, antibacterial, antifungal, antiviral, and
anticancer activities (Figure 1).' Besides that, a-functionalized
benzopyrans have also found a wide range of applications in
other high-tech applications like photochromic lenses and
sensitizers in solar cells.”
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Figure 1. Representative a-substituted benzopyrans in human
technology.

Inspired by the significance of these compounds in modern
pharmacology, extensive efforts have been devoted to their
synthesis. While the traditional strategies relying on reactive
functional group transformations have found wide utility in
chemical synthesis, the installation of the functionalities usually
requires multiple and unproductive steps.> On the other hand,
precise and direct C—H functionalization of ethers with carbon
components presents an atom- and step-economic strategy
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without prior incorporation of activating groups.* Since Li’s
pioneering study in 2006, the synthesis of a-substituted
benzopyran derivatives through direct sp® C—H functionaliza-
tion has attracted considerable attention.> In the presence of
suitable metals, oxidants including 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ), organic peroxides, N-hydroxyphthali-
mide (NHPI), 2,2,6,6-tetramethylpiperidine-1-oxoammonium
tetrafluoroborate (T*BF,”), and Na,S,04 were reported to
promote the cross-dehydrogenative coupling (CDC) of isochro-
mans with several types of C—H nucleophiles including reactive
carbonyl compounds, arylacetylene, and electron-rich aryl rings
including indole and anisole. Despite great innovation, each
method only focused on a single class of the nucleophile, and the
scope with respect to benzopyran is largely restricted to xanthene
and isochroman moieties. Moreover, known methods rely
heavily on the employment of a metal additive, usually requiring
high temperature, neat conditions, and long reaction time, all of
which are generally disadvantageous for developing asymmetric
variants. With respect to the synthetic utility, the specific
structures of employed C—H nucleophiles restrict the integrated
pattern of functionalities in the a-position of benzopyrans.
Therefore, the majority of structures exhibited in Figure 1 could
not be concisely achieved through these methods. Recently,
Muramatsu and Li disclosed a one-pot oxidative coupling of
isochroman with Grignard reagents, affording diverse a-
substituted derivatives in high efficiency.” However, the
employment of Grignard reagents might bring about unfavorable
regioselectivity and functional group intolerance during the
manipulation of highly functionalized substrates. Highly
functionalized organometallic reagents might also not be readily
accessible. Therefore, the development of a practical and mild
metal-free method for direct C—H functionalization of a variety
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of benzopyrans with a wide range of carbon nucleophiles is highly
desired.

We focused our attention on trityl ions as the oxidant for
benzopyran oxidation for the following reasons: trityl ions are
stable, nontoxic, easily handled, and readily prepared from trityl
chloride and the corresponding acid (e.g,, HCIO, or HBF,) in a
single step.sa Moreover, trityl ions were reported to mediate
benzyl ether cleavage and the C—H functionalization of 1,3-
dioxolane.®* ™ Very recently, we disclosed that the combination
of Ph;CCl and 1 equiv of GaCl; can promote C—H
functionalization of a variety of ethers with potassium phenyl-
ethynyltrifluoroborate.” Although isochroman was a suitable
substrate for the specific nucleophile, the oxidation system
proved to be ineffective for alkylethynylboranes and other types
of organoboranes, such as aryl-, vinyl-, benzyl-, and allylboranes,
as well as tgfpical C—H nudleophiles like reactive carbonyls and
aryl rings.'” While the origin of the limited scope was not clear,
the different counterion effect of the trityl ion on the coupling
efficiency observed in the previous study encouraged us to
explore the suitable oxidation system for the C—H functionaliza-
tion of benzopyrans with a wide range of nucleophiles.*®

Given the paramount importance of a-arylated benzopyrans,
the arylation of isochroman la with potassium (4-
methoxyphenyl)trifluoroborate 2a was initially selected as a
model reaction for the optimization (Table 1). A variety of trityl

Table 1. Screen for the Oxidant”

9@

BF K oxidant
@; " O CHCly, rt
MeO
1aH 2a 3a O
OMe
entry trityl ion time (h) yield” (%)

1 Ph,CCl/GaCl, 2 10
2 PhyCSbCl; 2 33
3 Ph,COTf 2 49
4 Ph,CPF, 2 46
s PhyCCIO, 2 82
6 Ph,CBE, 2 80
7 C,H,BE, 24 0
8¢ Oxidant 24 <5

“Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), and oxidant (0.2
mmol) in CH,Cl, (2.0 mL) at rt. *Isolated yield. “Oxidants including
DDQ, PhI(OAc),, K,S,05, CAN, MnO, and TBHP/CuBr,. Tf =
trifluoromethanesulfonyl.

salts bearing different counterions were examined, and reaction
optimization experiments identified Ph;CCIO, in CH,Cl, at
room temperature in 2 h as ideal conditions (entries 1—6, Table
1). Other common oxidants including tropylium cation
(C,H,BF,), DDQ, PhI(OAc), Na,S,0; CAN (cerium
ammonium nitrate), MnO,, and TBHP (fert-butyl hydro-
peroxide)/CuBr, failed to effect the coupling (entries 7 and 8
and Table S1 in the Supporting Information).

The reaction proved general for a broad range of organo-
boranes, allowing for efficient coupling with potassium aryl-,
vinyl, alkynyl, benzyl-, and allyltrifluoroborates (Table 2).
Boronic acids (3ab, 3ga, and 3ia) and boronate ester (3ac) are
also competent components, providing results comparable to
those of the potassium trifluoroborate (3a, 3g and 3i). The
employment of organoboranes as nucleophiles is classically
confined to z-rich aryl moieties or relies on transition metals or
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Table 2. Coupling of Benzopyrans with Organoboranes®

AR 9
1a H 3 R'
-

RY-EF . (2), PhyCCIO,
CHyCly, rt

scope of organoboranes
(5 classes &19 examples)

R?= OMe, 3a, 82%

isoC isoC
R? = OMe, 3ab, 80%" = | 5
50C  R2=OMe, 3ac, 77%¢ s N
B R? = Me, 3b, 76% 3e, 69% 3, < 5%
R

R? = H, 3¢, 68%¢

2 = o
R* = Br, 3d, 70% R* = Ph, 3i, 72%

R* = Ph, 3ia, 68%°

3=
R =Fh, 50, S5% R* = 4-FCgH,, 3, 87%

isoC
P ok

32 b
R R B 23 = ;hﬁsgaﬁ?a::% R R* = CgHyy, 3k, 66%
= CygHy7. 3h, R* = CH,CH,0Bn, 31, 63%
RS RY=H, 3m, 64% i
> X 1 isoC
| X R” = OMe, 3n, 73% e
= 80C  Rs - By, 30, 60% 3p.71%

H Ar—BFK (2), PhyCCIO,
BcielliE ool i L o, N

CH,Clo, 1t -

scope of benzopyrans

(5 classes & 16 examples) Ar = 4-MeOCgH,

R®=R®=H,R" =F, 5a, 80%
RS =Br, R”=R®=H, 5b, 70% OO o &
R®=Me, R" =R®=H, 5¢, 78%

RE

RE =R =H, R® = Me, 5d, 76% 5f, 61% Ar 5g, 60% Ar
Ar RE=R7=0Me, R®=H, 5e, 74%
Ar
Rlﬂ
R O B ®
S = P
| o o
0 0 Ar 5p, 89%
i
A R%=8r, R'0=H, 6i, 97% R

R =H, 5n, 86%7

R'! = Br, 5o, 83% -8
C-~
#~0

5q, B5%

r
5h, < 5% R¥=R"=H, 5j, 93%
R?=Me, R'"=H, 5k, 95%
RY=0Me, R" = H, 51, 91%

R¥=H.R" = Me. 5m. 93%

“The reaction was carried out with 1a or 4 (0.2 mmol), 2 (0.4 mmol),
and Ph;CClO, (0.2 mmol) in CH,Cl, (2.0 mL) at 0 °C or rt in 2 h.
YBoronic acid as nucleophile. “Diethyl (p-methoxyphenyl)boronate as
nucleophile. “Reaction at 40 °C.

Lewis acids.'' As shown in Table 2, the metal-free reaction is
efficient not only for the z-rich aryl (3a,b) and heteroaryl borates
(3e) but also for z-neutral (3c) and z-deficient (3d) arylboranes,
though electron-poor 2-pyridinyl borate (3f) failed to give the
desired product. The C—H functionalization strategy does not
require any additive and thus alleviates potential chemo-
selectivity problems that usually arise from the conventional
Lewis acid initiated methods for electrophile formation through
acetal collapse. Consequently, the functional group compatibility
is excellent, with halogens (3d, 3j, and 30), benzyl ether (3I),
olefins (3g, 3h, and 3p), and alkynes (3i—1) well-tolerated for
further manipulations.

Next, we examined the scope of benzopyrans (Table 2).
Structurally and electronically varied isochromans 4a—f reacted
smoothly with potassium aryltrifluoroborate 2a. Electron-rich
isochromans, which were expected to be much less reactive than
isochroman 1a, also afforded products in good yields (5c—e).*>”
Isothiochroman (4g) reacted well under the standard conditions.
1H-Isochromene (4h) was subjected to decomposition under
the oxidation conditions, which could be ascribed to an
incompatibility of the enol ether moiety toward the Lewis
acidity of the trityl ion.'”> 2H-Chromenes also proved to be
competent substrates, with electronically varied substrates Si—m
well tolerated. The reaction is highly regioselective, delivering
predominantly C,-addition products, and no double functional-
ization was observed. High efficiency was also achieved when 7-
neutral (2c) and 7-deficient (2d) arylboranes were applied (5n
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and 50). In consideration of a variety of known protocols
utilizing the unsaturation in 2H-chromene as a reactive handle
for further functionalization, the direct access to a-substituted
chromenes provides excellent opportunities to develop a
structurally and stereochemically diverse library of chroman-
like compounds through diversity-oriented synthesis."> Xan-
thene (Sp) and benzoxathiole (5q) also worked well under the
standard conditions.

The CDC of isochromans with C—H nucleophiles typically
required the employment of metal additives under harsh
conditions for reaction completion,® and each condition is only
suitable for a single class of the nucleophile. The mild metal-free
oxidation system encouraged us to explore the scope of CDC
reactions by using the trityl ion as the sole agent (Table 3). The

Table 3. Scope of Trityl Ion-Mediated CDC Reactions®

0

MNu—H (6), PhyCCIO,

o CH,Cl;
1a H 0°Corrt o
scope of C-H nucleophiles (4 classes & 17 examples) isoC = CE)O
R12 o o o
” | ; |

AL ls0C A isoc S “isoC =1, 7 87%,dr > 201

I | L ol n=2 7g, 82%, dr > 20:1
Me0” ~F RIS

R =H, 7a, 72%®
R' = OMe, b, 15%"

R'=H, Tc, 90% o

R17=0OMe, 7d,85% gid | _jsoc R'=H,7h, 60%

R'? = Br, 7e, 91% =~ RY = e, 7i, 81%, dr =3.5:1
L
i 0 o
=_‘..J-L\]/JSQC ”/IL.KiSOC ”J!.\_Y‘//.\]/moc
s i o8

RS = H, 7], 71907 7n, 7090+
R = CHjy, 7k, 73%, dr = 3:1869
RS = CyHy, 71, 85%, dr = 2:15¢

RS =iPr, 7m, 80%, dr=3:1°¢

;

R'™=R" =H, 7o, 56%"*
R'™=H, R" = C;Hs, Tp, 61%, dr = 1.6:18¢
R =R = CHy, 7q, 55%, dr = 1.8:15¢

- i =Nu
sz

Nu—H {6}, PhyCCIO,

CH,Cly
4 0°Corrt 8
benzopyrans with C-H nucleophil Ar = 4-MeOCgH,
R Br. 2
Ar e e 8h, BO%Y
R'8=F, R"=H, 8a, 73%* o] \”\

R'™ = R' = OMe, Bb, 71%b R = OMe, Bc, B5%
R = Me, 8d, 90%
R* = Br, 8e, 83%

R?! = OMe, Bf, 75%, dr = 2:105¢
R = Me, 8g, 76%, dr = 2:1bed

“The reaction was carried out with 1a or 4 (0.2 mmol), 6 (0.4 mmol),
and Ph;CClO, (0.2 mmol) in CH,Cl, (2.0 mL) at 0 °C or rt in 2 h. b6
was added once the oxidation process was complete. “Na,HPO, (0.4
mmol) was added. 1.0 mmol of aldehyde used.

arylation of 1a with anisole proceeded smoothly at 0 °C in 2 h to
deliver 7a in a yield comparable to that reported by Todd
through DDQ/CuCl,-mediated coupling at 100 °C after 36 h.*"
3-Methoxyanisole, a challenging substrate for the DDQ system,
afforded the desired 7b in 15% yield.*® Trityl ion mediated mild
conditions allowed a variety of ketones (7c—i) including volatile
acetone (7h) to participate in the coupling efficiently. The
aldehyde component was next studied. However, when propanal
6k was subjected to the standard conditions, no desired 7k was
detected, with aldehyde self-condensation identified as the major
pathway probably because of the Lewis acidity of the trityl ion.">
After extensive investigation of a variety of basic additives,
Na,HPO, was finally found to be essential to suppress the
undesired pathway, affording 7k in 73% yield (see Table S2,
Supporting Information). Under the optimized conditions, both
linear aldehydes like acetaldehyde (7j) and pentanal (71) and
sterically hindered branched ones like 7m and 7n joined in the
coupling efficiency."* Additionally, the modified condition
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adapted to a,f-unsaturated aldehydes, yielding predominantly
y-alkylated products in good efficiency (70—q). Electronically
varied isochromans and 2H-chromenes were competent
substrates for CDC reactions with representative C—H
nucleophiles like anisole, acetophenone, and propanal (8a—h).

The trityl ion mediated C—H oxidation is typically believed to
undergo direct hydride abstraction or formal hydride transfer
involving an initial single electron transfer (SET) (Figure 2). 15

PhyCCIO,

= PhyCr +
Intermolecular KIE
. 2a, PhyCCIO,
—-
0 - HorD ©
HH D cleavage H(D}
1a [Dz]-1a KifKp = 3.0

Figure 2. Mechanistic analysis for Ph;CClO,-mediated benzopyran
oxidation.

The reaction efliciency was not influenced when the C—H
oxidation was conducted prior to the addition of 2a, suggesting
that the organoborane might not participate in the oxidation
process. Substrates displayed a kinetic isotope effect, indicating
the C—H cleavage involved in the rate-determining step. Radical
trapping experiments were performed, in which the coupling of
la with 2a was not affected by 1 equiv of 2,2,6,6-
tetramethylpiperidin-1-yloxy (TEMPO) or 2,6-di-tert-butyl-4-
methylphenol (BHT). The observation suggested that a radical
intermediate might not be involved in the reaction. While we
cannot conclude which of the two possibilities might be viable at
this time, we would like to reemphasize that DDQ-mediated C—
H omdatlon, typlcally involving a formal hydride transfer initiated
by a SET,' could be dramatically suppressed in the similar
radical trapping experiments.””

In conclusion, a metal-free C—H functionalization of
benzopyrans using a readily available trityl ion as the sole
oxidizing agent has been developed. The reaction proceeds
smoothly under ambient temperature with excellent chemo-
selectivity, and it exhibits a broad scope with respect to both
benzopyran ((iso)chroman and chromene) and nucleophile
(organoborane and C—H component) partners with high
functional group tolerance. The integrated pattern of function-
alities in the a-position of benzopyrans is broad, including aryl,
vinyl, alkynyl, benzyl, allyl, and alkyl moieties, which have
potential for further functional handles. We envision that this
avenue will not only allow a facile and rapid access to series of
multiple benzopyrans through “structural core diversification”
strategy to discover biologically significant small molecules but
also provide a valuable platform for further efforts toward
inventing catalytic asymmetric C—H functionalization of
benzopyrans.
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Experimental details and spectral data for new compounds. This
material is available free of charge via the Internet at http://pubs.
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