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Abstract A rhodium-catalyzed annulative coupling of (2-arylphe-
nyl)boronic acids with alkynes has been developed for the facile con-
struction of phenanthrene frameworks. The reaction proceeded with-
out external bases, and dioxygen worked as a terminal oxidant.
Deuterium-labeling experiments indicated the involvement of five-
membered rhodacycle intermediates.
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The chemistry of polycyclic aromatic hydrocarbons
(PAHSs) has attracted much interest because of their increas-
ing importance in organic materials chemistry.! Despite
their plain chemical compositions, PAHs exhibit diverse
chemical and physical properties based on the molecular
architectures, ranging from simple acene and phenacene
derivatives to elaborate three-dimensional compounds
such as fullerenes? and carbon nanotubes.?

Phenanthrenes are one of the most simple and stable
compound classes among PAHs,* so that it would be rather
easy to modify their properties by the installation of func-
tional groups. In fact, various phenanthrene derivatives
have been synthesized focusing on their excellent optical
and electric properties® as well as interesting biological ac-
tivities.5 It is a growing tendency to apply transition-metal-
catalyzed C-H bond transformations to the synthesis of ar-
omatic functional molecules from the viewpoint of step-
and atom-efficiency.” For the construction of phenanthrene
frameworks, the annulative coupling reactions of appropri-
ate C2-functionalized 1,1'-biphenyls with alkynes have
emerged as promising methods under palladium,® iron,®
and iridium'® catalysis (Scheme 1). All these reactions in-
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volve a mechanism involving C2 metalation, which occurs
by substituting C2-functional group (X in Scheme 1), and
subsequent C2'-H bond cleavage prior to or posterior to
alkyne insertion.
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Scheme 1 Phenanthrene synthesis via annulative coupling with
alkynes

We previously reported the rhodium-catalyzed oxida-
tive 1:2 coupling reaction of arylboronic acids with alkynes
to produce linearly fused aromatic molecules such as naph-
thalene and anthracene derivatives.!! On the basis of these
findings, it may be conceived that (2-arylphenyl)boronic
acids can be converted into the corresponding phenan-
threnes under a similar catalytic system. Indeed, we
demonstrated a single example to construct 9,10-diphenyl-
phenanthrene by the method.!"® Subsequently, we report
herein that the rhodium-catalyzed strategy allows to pre-
pare variously substituted phenanthrene derivatives via the
oxidative 1:1 coupling of the boronic acids and alkynes us-
ing dioxygen as a terminal oxidant. This catalytic system
triggers a selective C2'-H scission over the formation of 1:2
coupling product via C3-H cleavage, and, additionally, 9,9'-
biphenanthrenes are formed upon applying diynes into the
present protocol. Preliminary mechanistic insights ob-
tained from deuterium-labeling experiments are also de-
scribed.
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At the outset in the present work, we examined the test
reaction of [1,1'-biphenyl]-2-ylboronic acid (1a) with 4-oc-
tyne (2a) as a typical aliphatic alkyne in the presence of
[Cp*RhCL,], (Cp* = pentamethylcyclopentadienyl) and
Cu(OAc),H,0 under air. Expectedly, the corresponding
phenanthrene 3aa was obtained selectively in 83% isolated
yield under the optimal reaction conditions (Equation 1).
It was confirmed that the reaction did not proceed without
adding either the rhodium catalyst or the copper co-cata-
lyst.

"Pr, Pr
[Cp*RhCls], (2.0 mol%)

Cu(OACc)2*H20 (10 mol%) O
O v OO
DMF, 100 °C, air,2 h

3aa: 83% yield

Equation 1 Rhodium-catalyzed oxidative annulation of [1,11'-biphe-
nyl]-2-yl-boronic acid (1a) with 4-octyne (2a)

We thus investigated the substrate scope for alkynes
and boronic acids under the conditions employed in Equa-
tion 1 (Scheme 2). The reaction of 1a with diphenylacety-
lene (2b) successfully afforded the corresponding phenan-
threne compound 3ab in 81% yield. 4,4’-Dimethoxy- and
4 4'-bis(trifluoromethyl)-substituted diphenylacetylenes 2¢
and 2d also reacted to give 3ac and 3ad in good yields,
whereas a stoichiometric amount of the copper salt was re-
quired to achieve a high yield for the production of ethoxy-
carbonyl-substituted 3ae. Use of phenylacetylene as a ter-
minal alkyne gave a poor result, giving only a ca. 5% yield of
the product (not shown). 1,4-Dimethoxy-substituted 2-bu-
tyne 2f was converted into 3af in 57% yield. Diethyl acety-
lenedicarboxylate (2g) gave a mixture of annulation prod-
uct 3ag and hydroarylation product 3ag’. On the other
hand, acetylene-monoester 2h gave phenanthrene 3ah as a
sole product, albeit with a low yield. Various 2-arylphenyl
boronic acids 1b-f smoothly underwent cyclization upon
treatment with alkyne 2a and the desired phenanthrenes
3ba-fa were obtained in high to excellent yields. It is noted
that the yields of compounds 3ba and 3da were significant-
ly improved compared with the previous method using the
corresponding acid chlorides under iridium catalysis.!°

This annulation protocol was successfully expanded to
the synthesis of 9,9'-biphenanthrenes using diynes as cou-
pling partners (Equation 2).%3 Thus, 1,4-dialkylbuta-1,3-
diynes 4a and 4b underwent twofold cyclization to give 5aa
and 5ab upon treatment of boronic acid 1a using a stoichio-
metric amount of the copper salt. This class of twisted aro-
matic molecules has recently attracted considerable inter-
est for their unique redox and electric properties.!4

To gain some mechanistic insights into the present cata-
lytic system, a number of deuterium-labeling experiments
were conducted using 1a-ds (Scheme 3). When 1a-d; was
treated with alkyne 2a for three minutes under the catalytic
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Scheme 2 Substrate scope for alkynes and boronic acids. # 2.0 equiv of
Cu(OAC),-H,0 was used under N,.

B(OH),

1a [Cp*RhCl2)2 (2.0 mol%)
Cu(OACc)2*H20 (4.0 equiv)
+ _—
— DMF, 100 °C, Np, 2 h
R————=—R

rac

R = Me (5aa) 58% yield
R =Et (5ab) 57% yield

Equation 2 Twofold annulation with diynes
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conditions, 3aa-d, was obtained in 25% yield along with re-
covered 1a-ds; without any loss of its deuterium content
(Scheme 3, A). This result clearly indicated that the C2'-H
cleavage should be irreversible. Additionally, KIE values for
1a against 1a-d; which were calculated from a set of paral-
lel reactions and an intermolecular competition, 1.11 and
0.96, respectively, suggested that the C2'-H cleavage event
is not involved in the rate-determining step (for details, see
Supporting Information). The reaction of an asymmetric
alkyne 2x afforded a 1:1 mixture of isomers 3ax-d, and
3ax'-d, in 89% yield (Scheme 3, B). Because we previously
observed that such an insertion of alkyl(aryl)alkynes into a
Rh-C bond proceeded regioselectively,!’ this result strongly
suggested the involvement of five-membered rhodacycle
intermediates in the catalytic cycle (vide infra).

A BOH),

-0
_|_ "Pr. Pr

1ads 9% [Cp*RNClol, (2.0 mol%) B(OH).
Cu(OACc)2*H20 (10 mol%)
Q N, 7NN
+ DMF, 100 °C, air, 3 min 2| __ ==
"Pr—=——"pr ds &
2a 3aa—dj,: 25% yield 75% yield
B)
1a—ds [Cp*RNCla], (2.0 mol%)
Cu(OAC)2*H20 (10 mol%)
+
DMF, 100 °C, air,2 h
"Bu—==—~Ph

2x

89% vyield (3ax—dj:3ax'—dy = 1:1)

Scheme 3 Deuterium-labeling experiments

Based on these observations, a plausible mechanism for
the annulative coupling is illustrated in Scheme 4. A rhodi-
um(IIl) complex undergoes transmetalation with boronic
acid 1 to afford intermediate A. Consequently, C2'-H cleav-
age takes place to generate the five-membered rhodacycle
complex B, which is followed by insertion of alkyne 2 into
one of two Rh-C bonds. Since this insertion proceeds with
almost the same frequency in the Rh-C bonds of the com-
plex B, use of the asymmetric alkyne 2x resulted in the for-
mation of 1:1 mixture of the regioisomers (Scheme 3, B).
Thus, complex C produces the corresponding phenanthrene
3 by reductive elimination, and the catalytically active rho-
dium(Ill) species are regenerated by copper(ll)-mediated
oxidation to close the catalytic cycle.

In conclusion, we have described a rhodium-catalyzed
oxidative annulation of (2-arylphenyl)boronic acids with
alkynes that ensured the rapid access to a range of func-

Scheme 4 A plausible catalytic cycle for the rhodium-catalyzed annu-
lative coupling

tionalized phenanthrene derivatives from readily available
boronic acids. This catalytic system called for no external
bases, and atmospheric dioxygen in air basically worked as
terminal oxidant. Some twisted 9,9'-biphenanthrenes were
also accessible upon applying diynes, so that the present
protocol would be a practical synthetic tool for such a series
of m-conjugated compounds.
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