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Cyclic Diaryl 2A3-chloranes: reagents and their C-C and C-O
couplings with phenols via aryne intermediates
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ABSTRACT: Hypervalent chloranes are a class of rare and poorly explored reagents. Their unique electronic properties confer them
reactivity that is complementary to that of the common iodanes and emerging bromanes. Highly chemo- and regio-selective, metal-
free and mild C-C and C-O couplings are reported here. Experimental and computational mechanistic studies elucidate the unprece-
dented reactivities and selectivities of these systems and the intermediacy of aryne intermediates. The synthetic potential of these
transformations is further demonstrated via post-functionalization of C-C and C-O coupling products obtained from reactions of
chloranes with phenols under different conditions.
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Due to the prevalence of the phenol motif in medicinal chemis-
try, agrochemistry, and natural products, >>2* the development
of site-selective and transition metal-free methodologies for
their late-stage functionalization is highly desirable.? In partic-
ular, cross-dehydrogenative coupling (CDC)-type reactions
rapidly expanding molecular complexity on the phenol scaf-
folds have attracted considerable attention over the last years
(Figure 1c). 2" Various approaches towards O-arylation via
cross-couplings of phenols ** have been disclosed, including C-
O coupling between phenols and arynes, 3! and direct aryla-
tion with diaryl iodonium salts. * In clear contrast, ortho-C-
functionalization of phenols via cross-couplings are less devel-
oped and mainly limited to electrochemical transformations,
oxidative couplings, and metal-catalyzed reactions. 2’ On the
contrary, the direct C-arylation of phenols with arynes under
transition metal-free and mild conditions remains unprece-
dented. **** Consequently, considering the expected unusual re-
activity of A*-chloranes, combined with the interest in the de-
signing chemoselective C-O vs. C-C cross-couplings of phe-
nols, and diversity of the terphenyl compound in natural and
biologically active products (Figure 1d), ** we have embarked
on exploring the reactivity of chloranes with phenols.

We report herein: 1) the synthesis and characterization of a
large panel of cyclic diaryl A’-chloranes; 2) their amplified re-
activity as aryne precursors as illustrated in metal-free
chemoselective C-O coupling; 3) previously unachievable site-
selective, metal-free C-C couplings (Figure 1e). Noteworthy,
the selectivity issues associated with this transformation are
multifaceted and go far beyond the C-O vs. C-C chemoselectiv-
ity. Aiming synthetically useful protocols, control of ortho-
/meta-functionalization should be reached, together with the
site-selectivity, relating to the selective decoration of only one
aromatic ring in case of unsymmetrical hypervalent chloranes.
Moreover, mechanistic investigations and density functional
theory (DFT) calculations rationalized the superior reactivity of
chloranes, the solvent-dependent chemoselectivity of C-O vs.
C-C couplings, as well as the preferential meta-functionaliza-
tion.

RESULTS AND DISCUSSION

Synthesis of cyclic diaryl A’-chloranes. We began our inves-
tigation by developing a simple and efficient approach for the
preparation of cyclic diaryl A*-chloranes 2. Encouraged by our
previously described synthetic route to cyclic diaryl A*-broma-
nes, we hypothesized that similar mild reaction conditions, in-
volving fBuONO as organic oxidant and a Brensted acid could
enable the preparation of 2 starting from a simple 1,1°-
chloro(amino)biphenyl 1°¢ (Scheme 1). Remarkably, an aque-
ous solution of HBF, assented to isolate 2a-BF. in 79% yield
through simple precipitation with diethyl ether. In analogy, the
HPFg, MsOH and TfOH acids enabled the preparation of 2a in
moderate to good yields (52 — 63%). Subsequently, the gener-
ality of this method was evidenced while engaging various 1,1’-
chloro(amino)biphenyls 1a-z. A large variety of cyclic diaryl
A\3-chloranes 2a-z was thus furnished in excellent to moderate
yields. Electron-donating groups such as methyl, tert-butyl and
methoxy were well tolerated at the 1- 2-, 3- and 4-positions, re-
spectively, delivering the desired products 2b-k in good to ex-
cellent yields (46 — 81%). Substrates bearing various electron-
withdrawing substituents, including chlorine, methyl and ben-
zyl ester as well as methyl-ketone were also compatible, further
illustrating an interesting functional group tolerance. Notably,
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even a radical sensitive -CN moiety could be installed (11), fur-
nishing 21 in synthetically useful 47% yield. Selected unsym-
metric substrates (1q — 1z) were successfully submitted to the
standard reaction conditions furnishing highly decorated cyclic
diaryl A*-chloranes. Particularly interesting are the “push-pull”
A3-chloranes, 2q, 2t and 2x, bearing an electron-donating (Me-
and MeO-) and electron withdrawing groups (MeOOC- and CI-
) which were obtained in excellent yields. The robustness and
usefulness of the procedure were furthermore demonstrated by
performing the synthesis of 2d, 2w, 2x and 2z at gram-scale
level (1.2 or 2.2 mmol scale).
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Single crystal X-ray analysis of 2a-BF4 and 2w confirmed the
tricyclic structure of the hypervalent cyclic diaryl A*-chloranes.
Considering the scarcity of the hypervalent chlorine-type com-
pounds and targeting their comparison with the corresponding
bromanes and iodanes congeners, the crystallographic struc-
tures of these hypervalent compounds have been examined
(Figure 2). The crystallographic data for the compounds 2a-
BF4, 3a-OMs and 4a-OMs revealed a peculiar structural trend.
The bond length between the carbon and the hypervalent halo-
gen atom increases in the order CI(III) < Br(Ill) < I(III). Ac-
cordingly, a significant enlargement of the C-X-C angle is ob-
served, translating into an almost perfect T-shape structure for
the chlorine compound (4a-OMs, 81.9°; 3a, 86.9°; 2a-BF.,
92.0°), establishing the A3-hypervalent compounds three-cen-
ter-four-electron bond (3c-4e) feature.



C1-cin 1.779
Cs8-Cl1 1.781
C1-C11-C8 92.06°
C5-C6-C7-C12 0.63°
C1-Brl 1.928
C12-Brl 1.932
C1-Br1-C12 86.95°
C5-C6-C7-C8 -0.99°
Ci1-11 2.103
C12-11 2.100
C1-11-C12 81.93°
C5-C6-C7-C8 2.91°

°  4aOMs
Figure 2: X-ray structure analysis of 2a-BFs; (CCDC
2176956), 3a-OMs (CCDC 2063898) and 4a-OMs (CCDC
2063903)

Reactivity. With the simple and scalable protocol delivering a
large family of cyclic diaryl A-chloranes 2 in hand, we em-
barked on exploring their reactivity in sustainable, transition
metal-free couplings. Aiming at the development of straightfor-
ward and site-selective diversification strategies of phenols we
began our study by investigating the reaction of hypervalent A*-
iodane (4a-OTf), A>-bromane (3a-OTf), and A’-chlorane (2a-
OTf) with 4-methylphenol 5a in the presence of a weak base,
such as cesium or potassium carbonate (Table 1).

Table 1: Reactivity of cyclic diaryl hypervalent A3-reagents

LD
X OH
5a (1.5 equiv) O (o)
Base (3 equiv) +
O X+ Conditions
TfO 2a-0OTf, X =Cl Me

3a-OTf, X=Br X=Cl 6a 7a

- Me
4a0ThX=1 " . & 8a 9a
XID)-OTf Conditionsf=! Yields(®!

C-C Cc-0
1.4a-OTf No conversion
2.3a-0OTf Cs,COs; CHCls 15% 70%
3.2a-0OTf 35% 35%
4. 4a-OTf No conversion
5.3a-0OTf K.CO;; CHCL: 26% 9%
6.2a-0OTf 49% Traces
7. 4a-OTf No conversion
8.3a-OTf K,COs; H,O No conversion
9.2a-0OTf 13% 60%

la] Conditions: 0.1 mmol of X(III)-OTf reagent (4a-OTf, 3a-OTf, 2a-
OTY), 0.15 mmol of 5a, and 0.3 mmol of Cs,CO; or K»COs in 1 mL of
CHCI; or HO at room temperature for 16h. ® Isolated yields.
While no reaction occurred using the hypervalent A\*-iodine
compounds (Table 1, entries 1, 4 and 7), the A*-bromane and A*-

chlorane substrates reacted smoothly. Encouragingly, in addi-
tion to the expected meta-selective C-O coupling, metal-free
dehydrogenative meta-selective C-C bond formation was also
observed, delivering product 6a in a significant amount while
using 2a-OTf. Remarkably, the nature of the base and the sol-
vent appeared to have a crucial impact on the C-O vs. C-C
chemoselectivity. Indeed, the hypervalent bromide 3a-OTf in
the presence of cesium carbonate provided the C-O coupling
product 9a in 70% yield (Table 1, entry 2). In clear contrast,
under the same reaction conditions 2a-OTf showed a comple-
mentary reactivity, favoring the formation of the challenging C-
C coupling product (6), together with the C-O product (7) (Ta-
ble 1, entry 3). The simple replacement of the Cs,COs base by
the potassium salt almost completely inhibited the formation of
the ether-derived product, furnishing selectively the direct ary-
lation product, 6a, in 49% yield (Table 1, entry 6). The use of
water turned out to be an additional handle to control the reac-
tion outcome, as in the aqueous medium the reaction between
2a-OTfand Sa provided 7a in 60% isolated yield (Table 1, entry
9), while no coupling occurred when using the hypervalent io-
dine 4a-OTf and bromane 3a-OTf (Table 1, entries 7 and 8),
further highlighting the complemental and potent reactivity of
these reagents. Additional control experiments were carried out
to elucidate the nature and the role of the base and the solvent
(see the SI, Table S-3) identifying potassium carbonate as cru-
cial to avoid the concomitant production of both C-C and C-O
coupling products whereas the choice of the solvent gives a
unique handle to reach high chemoselectivity. Noteworthy, in
the case of both transformations the generation of the meta-sub-
stituted products is largely favored and only a trace amount of
the ortho-coupling product is observed (see the SI, Table S-2).

Scope of C-C and C-O couplings. With the optimal reaction
conditions in hand, we first investigated the generality of the
metal-free dehydrogenative ortho-arylation of phenols.
(Scheme 2). In all cases, very high meta-selectivity has been
observed with regard to the biaryl unit of the hypervalent chlo-
rine precursor. Alkyl substituents (Me, Bu and Et) at the para-
positions were well tolerated providing 6a, 6b, and 6¢ in mod-
erate to good yields. Functionalization of the natural product
chavicol (5d) afforded 6d in 64% yield, illustrating compatibil-
ity with a synthetically useful allyl moiety. Functional groups
such as iodo (5e) and methyl ester (5f) derivatives were toler-
ated under these mild reaction conditions, albeit 6e was ob-
tained only in 30% yield. Considering the special role of bi-
oisosteres in medicinal chemistry, ¥’ the 4-adamantyl phenol 5g
was also investigated providing the desired 6g in 72% yield
whereas 5h leads to 6h in moderate amount. Protected 1,4-di-
hydroxyquinones 5i and §j conveyed respectively 6i and 6j in
synthetically useful yields. Couplings with sensitive moieties
such as propargyl 5k, allyl 51 and cyclopropyl 5m derivatives
occurred smoothly, yielding highly valuable products. Disubsti-
tuted phenol 5n furnished a 1:1 mixture of regioisomers of 6n.
Interestingly, the introduction of an ortho-substituent on the
phenol (50) does not affect the reaction yield. Furthermore, a
remarkable ortho-regioselectivity (with respect to the OH group
of the phenol) has been achieved while investigating unsym-
metric and sterically hindered substrates such as 5p, 5q, 5r and
Ss, delivering the desired products as single regioisomers in
high yields (up to 76% yield). Finally, the arylation of the phe-
nol 5t and 2-naphthol 5u supplied regioisomerically pure 6t and
6u.



Intrigued by the discovery of a solvent-dependent chemoselec-
tivity, we then focused our attention on the development of a
water mediated metal-free C-O coupling (Scheme 3a). The ver-
satility and the robustness of this approach were validated re-
garding the compatibility of this reaction with a large diversity
of ortho-, meta- and para-functionalized substrates 5. Syntheti-
cally useful functional groups, including nitro Sv, iodo 5z, me-
thyl ketone 5x as well as cyanide 5C, were well tolerated fur-
nishing the corresponding products in good yields. Phenols
bearing electron withdrawing-groups, such as, Sw and 5y, out-
competed the electron rich coupling partners, due to the acidity.
Remarkably, the C-O arylation of the challenging sterically hin-
dered phenol SH was still possible, albeit 7H was isolated in
moderate yield. Moreover, L-tyrosine derivative 51 was submit-
ted to the standard reaction conditions and a good yield of the
arylated product 7I was obtained, further illustrating the high
versatility of the method.

Scheme 2: Scope of metal-free C-C bond formation with

cyclc diaryl A’-chloranes
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Cyclic diaryl hypervalent A’-bromane 3a-OTf was also briefly
tested for the metal-free carbon-oxygen bond formation
(Scheme 3b). Due to the lower reactivity of Br(III)-species un-
der the standard procedure, an alternative protocol involving

CHClIs as solvent and cesium carbonate as base, was identified

as suitable for various electron-rich and electron-poor phenols

which delivered products 9 in good to excellent yields.
Scheme 3: Scope of metal free C-O coupling; a) with cyclic
diaryl A’-chloranes; b) with cyclic diaryl A3-bromanes

Cond. A
X = CI(lll)
K>CO3 (3 equiv.)
OH H,O/CH,CN 2:1 X
rt., 16h m
O X+ * | \7R Cond. B O o 9
- = X = Br(lll)
. =
2a-OTfor 3:(§)Tf 5a-l C:Cslf—i%cl)3 (:? E?ELV) X=Cl,7a-l @R
3, i X =Br, 9a-E
a X=Cl
Cl
7a, R = Me, 60%, m.0 93:7 Cl
(o] 7v, R =NOy, 51%, m:0 94:6 o

7y, R = CF3 67%, m:0 95:5

O 7w, R = OCF3, 80%, m:0 99:1
7x, R = COMe, 58%, m:o0 96:4 i OEt

7z, R=1,62%, m:0 93:7 7A, 41%
m:o0 91:9
Cl ‘/‘ ‘/‘
R
7B, R =F, 48%, m:0 95:5 TE, 73% Me 7F, 65%
7C, R=CN, 65%, m:090:10 m:091:9 m:o 94:6
7D, R = OCF3 52%, m:0 91:9
Cl

BocHN
7G, 57% 'V'e 7H, 42% Me 71, 62%
m:0 95:5 m:0 92:8 mio 955 COOMe
X= Br
Br
(o]
9a,R= Me 70% 9v, 79% 9E, 85% i
m:o 9 m:092:8 NO; m:094:6 Me
9w, R= OCF3, 99%
m:o0 92:8

The complexity of the coupling between diaryl A’-chloranes
and phenols does not only rely on the chemoselectivity between
C-O and C-C coupling, but an additional degree of selectivity
arises from 1) a possible functionalization of the biaryl unit of
the A’-chloranes either in ortho- or meta-positions and 2) selec-
tive functionalization of one ring over the other in case of un-
symmetrical hypervalent substrates. While using the simple 2a-
OTf substrate, meta-selective coupling is highly favored (m/o
selectivity from 99:1 to 88:12). To further investigate the meta-
/ortho-regioselectivity trends, the reactivity of unsymmetric cy-
clic diaryl A*-chlorines were tested (Scheme 4). Under the C-O
coupling protocol, the 2-methyl substituted chloranes 2d and
2w were efficiently reacted with the phenol 5w, delivering se-
lectively meta-substituted products 7dw and 7ww respectively
in 74% and 71% isolated yields. The presence of an electron-
withdrawing group at the 3-position, such as methyl ester
group, (2z), provided 7zw in good yield but a regioselectivity-
switch occurred, translating into formation of the ortho-regioi-
somer as the major product (m:0 31:69). On the other hand, the
impact of the ester substituent, when introduced at the 2-posi-
tion, is less pronounced, thus generating the meta-product 7yw
as the major regioisomer (m:0 68:32). In addition, the unsym-
metric A*-chloranes prone to undergo the functionalization at



both, different biaryl aromatic units, tend to be functionalized
at the less electron-rich aryl motif. *3° Indeed, OMe- substi-
tuted chlorane 2k delivered 7kw as a mixture of two products
in a:b regioselectivity ratio 73:27. Impressively, a perfect regi-
oseletivity was reached by designing a “push-pull”-type sub-
strate. In case of 2t bearing one electron-rich and one electron-
withdrawing substituent a complete regioselective-control was
achieved while reacting with Sw. Finally, we extended the regi-
oselectivity studies taking into consideration the effect of dif-
ferent phenols on the transformation with 2w and 2b into the C-
C bond formation. Sterically hindered phenols Su and Sb pro-
vided 6wu and 6wb with a similar regioselectivity ratio of 87:13
m:o, while a methyl group 5a furnished 6wa in 59% yield, albeit
with a marginally reduced regioselectivity.

Scheme 4: Unsymmetric cyclic diaryl A>-chloranes in C-

O and C-C bond formations
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In order to demonstrate even further the sustainability of this
methodology, the C-O coupling was performed under flow pro-
tocol. Reaction of 2a-OTf and the phenol Sa delivered the de-
sired product 7a in 72% isolated yield after a simple liquid-lig-
uid extraction and filtration through silica gel. Remarkably, a
drastic reduction of the reaction time (13.3 min of residence
time vs. 16 hours) and an improved chemoselectivity were
reached under flow chemistry conditions (see the SI, Scheme
S-12).

Mechanistic Studies. Captivated by the singular reactivity of
this class of cyclic diaryl A*-chloranes, mechanistic studies were
undertaken, combining both, experimental and DFT ap-
proaches.

Experimental studies: Generation of aryne intermediate:
Firstly, competition tests between A’-chloranes and A*-broma-
nes, in both C-C and C-O coupling, were performed (see the SI,
Scheme S-14 and Scheme S-15). Remarkably, C-C coupling is
twice as efficient for A’-chlorane 2a than for A*-bromane 3a.
Even more impressive is the almost 5 times increased reactivity
observed for 2a in the C-O coupling reaction. Following this

trend, in case of the parallel reactions conducted with 2a-OTf
and 3a-OTf, the bromine substate provided the desired products
8b and 9w in only low yields, with 2-bromo-biphenyl being a
major decomposition product. On the contrary, 2a-OTf fur-
nished the desired product in good yields, proving the higher
and complemental reactivity of the latter.

Subsequently, deuteration studies were conducted (Scheme
5a). C-O coupling between 2a-OTf and 5w, conducted in deu-
terated solvents, furnished 7w-[D;] in good yield with high deu-
terium incorporation (up to 95%) at the ortho-position. This re-
sult perfectly validates the expected formation of the aryne in-
termediate and the meta-functionalization. Upon a nucleophilic
attack, a carbanion intermediate is formed which can be easily
trapped in the presence of [D*]-sources. *°

Afterward, aiming at the determination of the kinetic isotope
effect characterizing these metal-free C-C and C-O couplings,
deuterated substrate 2a-[D4]-OTf was reacted with 5w and 5b,
respectively (Scheme 5b). Both reactions delivered 6a-[D] and
7w-[D] as a mixture of -[D4] and -[Ds] adducts with an identical
[D4] : [Ds] ratio of 77:23, suggesting that the aryne generation
features a KIE of 3.3 and might be expected to be the rate-de-
termining step of these transformations.

Scheme 5: Mechanistic studies
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Generation of the aryne intermediate was also proven by trap-
ping such a highly reactive species (Scheme 6). Taking ad-
vantage of the highly versatile cycloaddition reactions for the
construction of new carbon-carbon and carbon-nitrogen bonds,
2a-OTf was reacted with 2,5-dimethylfuran and benzyl azide,
thus delivering 10 in excellent yield and 11 as a separable mix-
ture of product in 58% yield.

To better understand the aryne formation process the initial
rates of both, C-C and C-O coupling were measured (see the SI,
Scheme S-20 and Scheme S-21). Similar rates have been ob-
served within 30 min of the reactions leading to 50% of conver-
sions. These results support a limited influence of the reaction



media on the formation of the aryne intermediate step from 2a-
OTf, which can further rapidly react with the phenol.

Scheme 6: Cyclic diaryl A*-chloranes in cycloaddition
reactions
2,5-dimethylfuran

(1.5 equiv) Cl
K,COj3 (3 equiv) Me
S LR
rt., 16h Me
O 10, 90%
O cr
TfO
2a-OTf Bn-N3 (1.5 equiv)
\ K>COj3 (3 equiv)
CHCl3
rt., 16h

Bn/N‘Nl

" 1’
68 : 32

58%

DFT calculations: To gain further insights into the formation
of arynes from hypervalent compounds 2a-4a and their subse-
quent reaction with phenols 5, density functional theory (DFT)
calculations at the ®B97X-D/def2-
QZVPP+SMD(CHCl3)//@B97X-D/def2-TZVP level of theory
including corrections for solvation by chloroform were per-
formed (see the SI for full computational details). '+

Aryne generation: The formation of highly reactive aryne in-
termediates from 2a-4a is proposed to take place via deproto-
nation with carbonate and concurrent C-X bond cleavage. Co-
ordination of carbonate to intermediate A was found to be ther-
modynamically favorable (Figure 3), and the larger stabiliza-
tion of B-I compared to B-Br and of B-ClI can be rationalized
by the greater electrostatic stabilization due to the significantly
larger positive charge of iodine in A-OTf (+1.20 for I compared
to +0.87 for Br, and +0.67 for Cl; see the SI, Figure S-3).

( H)

Figure 3: Calculated energy diagram (in kcal mol™) for the for-
mation of arynes C from hypervalent halonium 2a (red color), 3a
(black) and 4a (blue).

Subsequent deprotonation and C-X bond cleavage occur in a
concerted process via seven-membered cyclic transition state
TS1, with an activation free energy of 16.2 kcal mol™ for I, 9.4
kcal mol”! for Br and only 4.3 kcal mol”! for Cl with respect to
the corresponding intermediate B. The substantially smaller ac-
tivation free energy as well as the considerably higher stabiliza-

tion of C agrees well with the experimentally observed pre-
ferred aryne formation with hypervalent A*-bromane and A3-
chlorane compounds compared to well-established A3-iodane
reagents. Furthermore, the experimentally determined in-
creased reactivity of hypervalent A>-chloranes is consistent with
the surprisingly low energy barrier required for aryne for-
mation. The geometries and electronic properties of 3-(o-halo-
phenyl)benzynes C were found to be largely independent of the
halide substituent (Figure 4).

c4 C-Br c-cl

Figure 4: Calculated geometries of aryne intermediates C. Dis-
tances are given in A; values in red correspond to NBO charges.

meta- vs. ortho-selectivity: While the slightly larger distortion
towards linearity at C2, i.e. the aryne C atom in ortho-position
with respect to the ArX substituent, indicates a marginally pre-
ferred nucleophilic attack at C2 due to the more pronounced p-
orbital character, partial positive charge, and lesser transition
state distortion energy, *® we hypothesize that the significant
steric bulk of the ArX substituent overrides the predicted selec-
tivity, thus leading to the observed attack at meta-position. **
Chemoselectivity: The C-O vs. C-C, condition-controlled
chemoselectivity was subsequently investigated. The formation
of a solvent-separated potassium and phenolate ion pair is likely
to occur in water, whereas in less polar chloroform, the potas-
sium phenolate ion pair is formed, presumably rendering an at-
tack of the phenolate oxygen onto the benzyne less facile. In
contrast, cesium phenolate is expected to form loose ion-pairs
in chloroform, due to the more complete solvation in part
caused by the significantly lower charge density compared to
potassium. To shed light on the meta-/ortho-selectivity of the
transformation as well as the solvent-dependent switch from C-
O to C-C bond formation, we performed a series of calculations
at different C-O and C-C bond distances, respectively. These
computations were performed because there is no electronic en-
ergy barrier to the reaction, although there will be a free energy
barrier due to the decrease of entropy for this bimolecular reac-
tion. The barrier will be low (less than the 8-12 kcal/mol -TAS
of a bimolecular reaction). For the reaction of intermediate C-
Cl with phenolate, a clear preference for C-O over C-C bond
formation can be observed for all relevant bond distances (Fig-
ure 5a). ¥

In addition, C-O as well as C-C bond formation was found to
preferentially occur in the meta-position, which is in good
agreement with the experimental observation. In contrast, re-
placing phenolate with potassium phenolate led to a distinct
change in reactivity, with C-C bond formation in the meta- po-
sition now preferred over C-O bond formation for bond dis-
tances d >1.8 A (Figure 5b).



Based on these mechanistic evidence, a plausible reaction
mechanism for the formation of C-C and C-O coupling is pro-
posed (Scheme 7). Initially, an anion exchange leads to the en-
ergetically more stable 2a-carbonate intermediate I, which
through a low barrier process, evolves into a seven-membered
ring TS. Concerted base-mediated deprotonation and carbon-
halogen cleavage generate the aryne intermediate II. The meta-
selective nucleophilic attack onto the benzyne intermediate 11
can provide the formation of the new C-C and C-O bond respec-
tively yielding intermediate IIla and IIIb. The rearomatization
of the intermediate IIIa and the subsequent protonation of the
carbanion generate the products 6a and 7a.
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Figure 5: Calculated energy profile (in kcal mol™) for C-O bond
(black and red squares) and C-C bond (blue and green triangles)
formation with (a) phenolate and (b) potassium phenolate.

Post-functionalization. The transition metal-free C-C and C-O
couplings described here provide a sustainable and rapid access
to highly modular building blocks, straightforwardly diversifi-
able into various interesting compounds (Scheme 8). To
demonstrate several possible post-modifications, large-scale
couplings were first performed. The 15 mmol scale synthesis of
the cyclic diaryl A*-chlorane was performed, yielding 3 grams
of 2a-OTf in 60% yield within 90 minutes, ensuring a useful
and simple approach to these hypervalent reagents. Subse-
quently, a vast diversification study was carried out to further
display the utility of our products. The 2 mmol scale reactions
of 2a-OTf with 5a and 5d under the C-C coupling conditions
provided 6a and 6d in synthetically useful amounts. Interest-
ingly, exploiting the allyl fragment of 6d, a Grubbs catalyzed
metathesis furnished the highly functionalized dichloro-diphe-
nol compound 12 in 61% yield. A straightforward conversion

of the hydroxy group to the corresponding triflate 13 enabled
the synthesis of the m-quinquephenyl 14 via a double Suzuki
reaction in 58% yield, while a Cl-selective palladium catalyzed
Suzuki coupling furnished the product 15 in 59%. The peculiar
presence of a hydroxyl residue was also exploited for the syn-
thesis of a new phosphine 16 which was prepared in 55% yield.
Subsequently, the relevance of C-O coupling product was eval-
uated. The scale-up reactions up to 3 mmol scales, produced the
desired products 7y, 7z and 7J in good to excellent yields (55%,
78% and 68% respectively). Taking advantages of the selective
reactivity of the iodine with respect to the chlorine atom, a Su-
zuki reaction and a lithium base mediated exchange were per-
formed starting from 7z, suppling respectively 17 and 18 in 40%
and 50% yields. On the other hand, a palladium catalyzed C-H
activation delivered the dibenzofuran 19 from 7J in 64% yield.
Notably, the resulting products contain the residual chlorine
substituent as a handle for further post-modifications. Accord-
ingly, a palladium catalyzed C-N Buchwald-Hartwig and a Su-
zuki reaction were performed staring from 7y granting respec-
tively access to 20 and 21 in 64% and 83% yields. Finally, a
palladium-catalyzed dechlorination process yielded the benzo-
furan 22.

Scheme 7: Proposed mechanism
cl
cl OH
O
O O - 2a-0Tf  ----- -
7a

62 e
Me

-
HCOy v{f COg> o COs HCOs;T» COg

L0
cl O 0y

(o)
R0

K

llla Me O gl" 03

! O !

al O O ‘
272 Barrierless O ~ 0
(o~ © J §§
Me
Me
‘— al O 4’
3a Zm 3a
o H,0
1]

CHCl,

Conclusion. We have here reported a new, simple, and robust
synthetic method for the preparation of novel cyclic diaryl A>-
chloranes 2. The higher reactivity of these compounds proved
to be complementary to the well-established chemistry of cyclic
diaryl A*-iodane and more recent A’-bromane compounds. The
increased reactivity of cyclic diaryl A*-chloranes as aryne pre-
cursors enhances the unparalleled metal-free ortho- arylation of
phenols under mild based-mediated reaction conditions. Fur-
thermore, experimental and DFT mechanistic investigations
elucidated the origins of the reactivities, as well as the chemo-
and regio- selectivity observed in this work. A variety of syn-
thetic applications show the considerable potential of these new
reagents in synthetic organic chemistry



Scheme 8: Post-Functionalization
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