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Rhodium-Catalyzed [2+1+2+1] Cycloaddition of Benzoic Acids
with Diynes via Decarboxylation and C=C Triple Bopd Cleavage

*,[a]

Yusaku Honjo, Yu Shibata,*™ and Ken Tanaka

Abstract: It has been established that an electron-deficient
cyclopentadienyl rhodium(lll) (Cp“Rh") complex catalyzes the
oxidative and decarboxylative [2+1+2+1] cycloaddition of benzoic
acids with diynes through C=C triple bond cleavage, leading to fused
naphthalenes. This cyclotrimerization is initiated by directed ortho C—
H bond cleavage of a benzoic acid, and the subsequent
regioselective alkyne insertion and decarboxylation produce a five-
membered rhodacycle. The electron-deficient nature of the Cp“Rh"
complex promotes reductive elimination giving a cyclobutadiene-
rhodium(l) complex rather than the second intermolecular alkyne
insertion. The oxidative addition of the thus generated
cyclobutadiene to rhodium(l) (formal C=C triple bond cleavage)
followed by the second inframolecular alkyne insertion and reductive
elimination give the corresponding [2+1+2+1] cycloaddition product.
The synthetic utility of the present [2+1+2+1] cycloaddition was
demonstrated in the facile synthesis of a donor-acceptor [5]helicene
and a hemi-hexabenzocoronene by a combination with the
chemoselective Scholl reaction.

The transition-metal-catalyzed alkyne cyclotrimerization is
one of the most useful and straightforward methods

cycloaddition of three alkynes has been widely inv
using various transition-metal catalysts for the
functional molecules such as polycyclic aromati
(Scheme 1a, left).") In rare cases, the [2+1+2+1
three alkynes that affords structurally isomeric benze
C=C triple bond cleavage also proceeds by using cyclic
or electron-deficient and/or sterically demanding triynes a
substrates and cationic rhodium(l) complexes as cat
(Scheme 1a, right).*¥ In this unusugl cyclotrimerization,
reductive elimination of
rhodacyclopentadiene A,

On the other hand,
afford a substitute
precursors and equivalen
cycloaddition =11 while the

arious aryne

, Meguro-ku, Tokyo 152-8550, Japan
ac.jp

E-mail: ktanal j

Homepage: http://www.apc.titech.ac.jp/~ktanaka/

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

of the document

conomical, but the
od and the harsh
(Scheme 1b, left). As a
roup was successfully
ienyl (Cp*)-iridium(11)"
complex-catalyzed
cycloaddition of benzenes
y water and carbon dioxide as

these reactions required high
flux to 160 °C) and stoichiometric
Very recently, our research group
reported that the U electron-deficient Cp-rhodium(lll)
complex (CpERh'") significantly mildened the reaction conditions
t RT—80 °Cgnder air or 0).!"® The highly Lewis acidic nature
he Cp© complex may accelerate the decarboxylation step
ell as the C-H bond cleavage step!'”! as a result of the
m-rhodium interaction in their transition-states. Here, we
stablished that the CpFRh" complex catalyzes the
and decarboxylative [2+1+2+1] cycloaddition of
ith acyclic diynes (Scheme 1b, right). The highly
nature of the Cp“Rh"' complex may promote the
reductive elimination to form a cyclobutadiene-rhodium(l)
intermediate. Furthermore, it is worthy of note that this report is
thexfirst example of the [2+1+2+1] cycloaddition using the aryne
quivalent and acyclic diynes.
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Scheme 1. Transition-metal-catalyzed cyclotrimerization to construct benzene
and naphthalene rings. [M] = transition-metal complex. DG = directing group.

As mentioned above, benzoic acid (1a) reacted with two
internal monoynes in the presence of the Cp*Rh" complex to
give oxidative and decarboxylative [2+2+2] cycloaddition
products C in good vyields without forming [2+1+2+1]
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cycloaddition products D (Scheme 2a)."®! On the contrary, the
reaction of 1a with 1,6-diyne 2a instead of two monoynes
afforded [2+1+2+1] cycloaddition product 3aa as a major product
along with a small amount of [2+2+2] cycloaddition product 4aa
(Scheme 2b).

(a) reactions of 1a with two monoynes

R, cat. [CpERACl,],
AN , cat. AgOAc

H R* cat. Cu(OAC)*H,0
+ _
OH ”

PhCl or toluene

R® (R%)
Seul Sou

> RT-80 °C s e
o Rs/ under air or O, R*(R%) R¢
1a C / good yields D / not detected
[2+2+2] [2+1+2+1]
Me
Et0,C CO,Et
Me™ | "Me
CI'R/h
Cl
2
[CP®RNCL ],

(b) reaction of 1a with 1,6-diyne 2a

H
L
5 mol % [Cp"RhCl,],

F NTs
0 20 mol % AgOAc =
1a 10 mol % Cu(OAG),*H,0 9 O N
_— 3 + NTs

PhCI, 60 °C, 16 h
@— =. —\ under air
: 3aa/46%

“ equw) [2+1+2+1]

4aa/ 3%
[2+2+2]

Scheme 2. Cp FRR" complex-catalyzed oxidative and decarboxylative [2+2+2]

and [2+1+2+1] cycloadditions of benzoic acid with alkynes.

To improve the yield of 3aa, we conducted further
investigations into the reaction conditions as shown in Table 1.
With respect to the solvent (entries 1-3), the use of toluene that
was a suitable solvent for our previously reported oxidative and
decarboxylative [2+2+2] cycloaddition markedly decreased the
yield (entry 2), but the use of (CHCl), improved the yield to 57%
(entry 3). Lowering the reaction temperature to 40 °C led to an
incomplete conversion of 2a even for 72 hours (entry 4).
Screening of additives revealed that AgOAc was the best one
(entries 5-9), although the use of NaOAc instead of AQOAc still
promote the desired reaction (entry 8). The use of moderately
electron-deficient Ind*Rh""® and Cp*Rh""® complexes lowered
the yields of 3aa (entries 10 and 11). Importantly, the use of
electron-rich Cp*Rh" and Cp*Ir"" complexes failed to give 3aa
(entries 12 and 13), and no reaction was observed in the
absence of the rhodium/iridium complex (entry 14).

With the optimized conditions in hand, we investigated the
substrate scope of the CpRh" complex-catalyzed [2+1+2+1]
cycloaddition (Scheme 3).2% The investigation of the diyne
termini revealed that not only non-substituted phenyl (2a) but
also electron-withdrawing (2b) and donating (2¢) phenyl groups
are tolerable to afford 3ab and 3ac, although the product yields
decreased. Unfortunately, the use of diyne 2d possessing alkyl
groups at the alkyne termini significantly decreased the product
yields. Concerning tethers of the 1,6-diynes, oxygen-linked diyne
2e reacted with 1a to give 3ae as a sole product, although its
yield was moderate. Carbon-linked diynes 2f and 2g showed low
reactivity even at 80 °C, especially, the use of malonate-linked
diyne 2g led to an incomplete conversion (ca. 40%). Importantly,
the reaction of naphthalene-linked 1,6-diyne 2h with 1a afforded
[2+2+2] cycloaddition product 4ah as a predominant product.
Concerning benzoic acids, introduction of electron-donating (1b

10.1002/chem.201901050

and 1c¢) and withdrawing (1d) groups at the 4-position was
tolerable. Interestingly, in these reactions, regioisomeric
products 3’ were not generated at all. Sterically demanding 3,4-
dimethyl-substituted 1e also reacted with 2a to give the
corresponding naphthalene 3ea. Not only 1,6-diynes but
biphenyl-linked 1,7-diyne 2i also reacted with 1a at 80 °C to give
3ai in 36% yield along with a small amount of 4ai (7%). In this
reaction, lowering substrate concentration (0.01 M) improved the
yield to 42%. Concerning substituents at the alkyne termini, the
introduction of electron-donating (2j) and withdrawing (2k)
groups was tolerable, and the structure of 3aj was confirmed by
the X-ray crystallographic analysis.?” The introduction of
electron-donating (21) and withdrawing (2m) groups into the
biphenyl-linker was also tolerable, while the use of 2m afforded

Table 1. Screening of reaction conditions.”

Qe

NTs
o) 5 mol % Rh or Ir complex [.
20 mol % additive =
1a 10 mol % Cu(OAc),*H,0 < O N
+ e —— " + NTs

solvent, 60 °C, 16 h
®7.E.~\ under air
: NTs

<) .
4aa

3aa

(1 equiv)
Entry Rh or Ir complex Additive Solvent Yield [%]“’]
3aa 4aa
1 [CP°RNCL,] AgOAc PhCl 46 3
2 [CpERhCI2]2 AgOAc toluene 25 2
3 [CP°RNCL,] AgOAc (CH,CI), 57 4
4 [CPFRNCL), AgOAc (CHLCI), 38 2
5 [CP°RNCL,] AgNT, (CH,CI), 0 0
6 [CP°RNCL,] AgSbFg (CH,CI), 0 0
7 [CPFRNCL), Ag2COs (CHLCI), 49 4
8 [CPFRNCL), NaOAc® (CHLCI), 3 3
9 [CP°RNCL,] none (CH,CI), 0 0
10 [INd*RhCl,], AgOAc (CH,CI), 16 1
11 [CP*RNCL,] AgOAc (CH,CI), 3 4
12 [CP*RhCly], AgOAc (CH,CI), 0 0
13 [Cp*IrCl); AgOAc (CH,CI), 0 2
14 none AgOAc (CH,CI), 0 0

[a] [CP®RNCly], (0.0050 mmol), AgOAc (0.020 mmol), Cu(OAc),*H,0 (0.010
mmol), 1a (0.100 mmol), 2a (0.100 mmol), and solvent (2.0 mL) were used. [b]
Determined by 'H NMR of the crude reaction mixture using dimethyl sulfone
as an internal standard. [c] At 40 °C for 72 h. [d] Ag.CO3 (10 mol %) was used.
[e] NaOAc (40 mol %) was used.

EtO,C \ séz;\n/ :
ok vl | ©
CIJ c \7 cl ,Ij
2 2 2
[IndERNCI,], [CP*RACl,] [CP*RNhCly], (M = Rh)

[Cp*IrCl,], (M =1r)
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5 mol % [CpERNCl,],
20 mol % AgOAc

! = 1
R@[H R—= j 10 mol % Cu(OAc)H,0 R O O
+ T R TR
R? CO,H RI— (CH2Cl), under air R? r3 OO
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Scheme 3. Substrate scope. [CpERhCI2]2 (0.0050 mmol), AgOAc (0.020 mmol), Cu(OAc),*H,O (0.010 mmol), 1 (0.100 mmol), 2 (0.100 mmol), and (CH,CI), (2.0
mL) were used. The cited yields are of the isolated products. [a] A mixture of 3 and 4 was isolated. The ratios were determined by 'H NMR. [b] The yields were
determined by 'H NMR of the crude reaction mixture using dimethyl sulfone as an internal standard. Analytically pure compounds were isolated by sequentiual

silica gel chromatography and/or gel permeation chromatography. See the Supporti

[2+2+2] cycloaddition product 4am as a major product. As with
1,6-diyne 2a, 1,7-diyne 2j reacted with a series of substituted
benzoic acids 1b—f to furnish the corresponding [2+1+2+1]
cycloaddition products 3bj—fj.

Based on the previous reports concerning the oxidative and
decarboxylative [2+2+2] cycloaddition of benzoic acids with two
alkynes,"'® and the [2+1+2+1] cycloadditon of three
alkynes,?® mechanisms for the formation of 3 and 4 are
proposed as shown in Scheme 4a. Rhodium(lll) acetate E,
generated by the reaction of [CpRhCl;]; with AgOAc, reacts
with 1 to give rhodacycle F via directed ortho C-H bond cleavage.
Subsequently, insertion of one alkyne unit of diyne 2 affords
regioisomeric  seven-membered rhodacycle G or G’.
Decarboxylation from G furnishes five-membered rhodacycle H,
and intramolecular alkyne insertion and reductive elimination
generate [2+2+2] cycloaddition product 4 and rhodium(l)
complex 1M On the other hand, decarboxylation from G’
affords H’, in which intramolecular alkyne insertion cannot

ng Information for details. [c] (CH,Cl), (10 mL) was used.

proceed. Thus, reductive elimination furnishes cyclobutadiene-
rhodium(l) complex J, and the subsequent oxidative addition of
tautomeric cyclobutadiene J° (dearomatized form) to rhodium(l)
generates rhodacycle K. Subsequent alkyne insertion and
reductive elimination generate [2+1+2+1] cycloaddition product 3
and rhodium(l) complex I. Finally, oxidation of I by the copper(ll)
co-catalyst regenerates rhodium(lll) complex E. This mechanism
is consistent with the observed complete regioselectivity
(absence of regioisomers 3’ in Scheme 3) in the reactions of
substituted benzoic acids. According to the above mechanism,
the chemoselectivity between 3 and 4 depends on the
regioselectivity of the first alkyne insertion step giving G or G’.
The phenyl group of 2a rather than the tosylamide group may
prefer to locate on the rhodium side (F-2a) giving G’ as a result
of the coordination of the phenyl group to rhodium. In the
reaction of biphenyl-linked 1,7-diynes 2j, the phenyl group rather
than the biphenyl group may prefer to locate on the rhodium side
(F-2j) giving G’ as a result of the steric repulsion between the
biphenyl group and the ligand.?*%®! On the contrary, the

This article is protected by copyright. All rights reserved.
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naphthalene moiety of 2h may prefer to locate to the rhodium
side (F-2h) giving G presumably due to the stronger interaction
between the rhodium center and the t-electron of naphthalene
than benzene,!"®?! and thus the [2+2+2] cycloaddition product
4ah was generated as a major product. Consistent with the
above mechanism, the reaction of 1a with monoyne 5 under the
standard conditions furnished 2,3-diarylnaphthalene 6 as a
major regioisomer (Scheme 4b).? The electron-deficient nature
of the Cp®Rh"' complex may accelerate the reductive elimination
to form cyclobutadiene-rhodium(l) complex J.?® Additionally, the
intramolecular coordination of the arylacetylene moiety to

rhodium in intermediate H’ may deter the intermolecular reaction.

i A
@pﬁ "y
A S
Rh
[Q -CO, @g’,mh]
/‘ Z 4 Ar decarboxylation
C(I )
[2+2+2] pathway ’ 2
3 R [Rh]
RH] Cu(OAc), [Rh]. 1 o
AcO OAC _oacoH
| E
C-H cleavage F
Roh
Ol
=, // [2+1+2+1] pathway 2
\

[Rh]

t \( I ( < Ar\\
// @ [Rh] Ar
[RA] —C 2 0
%@
reductive decarboxylation
elimination

[Rh]

"
Ar / /
J Ar
TN =4 ) Q/,/ N /
[RAI-CpE [Rh]-CpE
e} o)
0 o]
F-2a F-2h
(b) Ts
5 mol % [CpERNCI,], Noys
o 20 mol % AgOAc e
Ph—=—"\ 10 mol % Cu(OAc),*H,0 Ph
OH + NTs OO
Me (CH,Cl),, 60 °C, 16 h Ph
o
5 -Me
1a (2 equiv) N

Ts
6/71%

Scheme 4. (a) Proposed mechanisms for formation of 3 and 4. [Rh] = CpERh

complex. (b) Intermolecular reaction of 1a with 5.

A combination of the present [2+1+2+1] cycloaddition and
the chemoselective Scholl reaction enabled the facile synthesis
of a donor-acceptor [5]helicene and a hemi-hexabenzocoronene
as shown in Scheme 5. The Scholl reaction of partially fused
tetraarylnaphthalene 3am with iron(lll) chloride at room
temperature promoted the selective dehydrogenation between
the electron-rich aryl groups to give donor-acceptor [5]helicene 7
in good vyield. The use of a large excess amount of iron(lll)
chloride at the elevated temperature (40 °C) enabled complete

10.1002/chem.201901050

dehydrogenation to give hemi-hexabenzocoronene 8 in
quantitative yield. Whereas, the Scholl reaction of none-fused
tetraarylnaphthalene 9%” under the same conditions furnished
partially fused tetraarylnaphthalene 10, in which only the
electron-rich aryl groups were dehydrogenated.

CFs
@ oy
FeCl; (5 equiv) OO‘
CFs CH,Clp-MeNO,
28°C,52h ‘O
OMe
T
OMe
7/82%
O CF
O OMe 8
O CF
OMe ®
FeCl; (20 equiv)
sam CH,Cl-MeNO, OO‘
40°C, 30 min ‘O

o
<
9

o
=<
®

8/>99%

CF3
I OMe

10/78%

FeCI3 (20 equiv)
CH2CI2 MeN02

CFS
OMe

Scheme 5. Synthetic application.

In conclusion, we have established that an electron-deficient
Cp"Rh" complex catalyzes the oxidative and decarboxylative
[2+1+2+1] cycloaddition of benzoic acids with 1,6- and 1,7-
diynes through C=C triple bond cleavage, which produces fused
unsymmetric naphthalenes. In this cyclotrimerization, the
electron-deficient nature of the Cp*Rh" complex may facilitate

reductive  elimination giving a cyclobutadiene-rhodium(l)
complex that is a key intermediate of this [2+1+2+1]
cycloaddition. The present Cp°Rh"-catalyzed [2+1+2+1]

cycloaddition of benzoic acid with a biphenyl-linked donor-
acceptor 1,7-diyne was successfully applied to the facile
synthesis of a donor-acceptor [5]helicene and a hemi-
hexabenzocoronene by a combination with the chemoselective
Scholl reaction using iron(lll) chloride.
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Rhodium-Catalyzed [2+1+2+1]
It has been established that an electron-deficient CpFRh" complex catalyzes the Cycloaddition of Benzoic Acids with
oxidative and decarboxylative [2+1+2+1] cycloaddition of benzoic acids with diynes Diynes via Decarboxylation and C=C
through C=C triple bond cleavage. The electron-deficient nature of the Cp“Rh" Triple Bond Cleavage

complex may facilitate reductive elimination giving the key cyclobutadiene-
rhodium(l) intermediate. The combination of the present [2+1+2+1] cycloaddition
and the chemoselective Scholl reaction enabled the facile synthesis of a donor-
acceptor [5]helicene and a hemi-hexabenzocoronene.
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