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Trimethylammonium-containing rhodacarborane
[(9-NMe;-7,8-C,BoH;()RhCl, ], as a catalyst for the annulation
of arylcarboxylic acids with alkynes
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Rhodacarborane [(9-NMe;-7,8-C,BgH ) RhCl,], exhibited moderate catalytic activity in
the reaction of annulation of arylcarboxylic acids with alkynes, giving naphthalenes as the
major products. Effects of the substituent at the carborane ligand, as well as the nature of or-
ganic substrates, on the catalytic activity and selectivity of the reaction were estimated. In
particular, it was revealed that a replacement of the NMej group at the carborane ligand with
the SMe, one leads to a significantly decreased activity of the catalyst.
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Annulation reactions of arylcarboxylic acids 1 with
alkynes 2 in the presence of cyclopentadienyl complexes
of rhodium are an efficient method for the synthesis of
isocoumarins and polyaromatic hydrocarbons,=® which
are widely employed in medicine and photoelectron-
ics.”7—12 We have recently demonstrated1? that the reaction
exhibits a unique chemoselectivity depending on the pres-
ence of methyl substituents in the cyclopentadienyl ligand
(Scheme 1). For instance, in the case of complex bearing
the pentamethylcyclopentadienyl ligand [Cp*RhCl,],,
isocoumarins 3 were selectively formed upon the annula-
tion with one molecule of an alkyne, while the reactions
catalyzed by the methyl-free derivative [CpRhl;], were
concerted with a decarboxylation and subsequent inclusion
of two alkyne molecules to give corresponding naphth-
alenes 4.

Rhoda- and iridacarboranes can also catalyze this
important organic reaction.13—16 The other examples of
successful use of metallacarboranes in homogeneous catal-
ysis include the reactions of radical polymerization of

methyl methacrylate,17-18 hydrogenation, isomerization,
and metathesis of olefins,19—21 as well as the cycloaddition
of cyclopentadiene to activated alkenes.2? Herein, we
revealed that in contrast to cyclopentadienyl complexes,
substituents in carborane ligands affect only on the catalytic
activity of metallacarboranes in the annulation of aryl
carboxylic acids with alkynes, but cause no effect on its
selectivity.

Results and Discussion

Contrary to unsubstituted dicarbollide dianion
[7,8-C,BgH; 1]2’, charge-compensated carborane ligands
[L-7,8-C,BgH,o]” (L = SMe,, NMejs, pyridine, efc.) are
not only isolobal to the cyclopentadienide anion, but also
possess the same charge, which provides the similarity of
transition metal complexes based on them.23—27 In par-
ticular, it was previously demonstrated that a simple re-
placement of Cp~ with a charge-compensated carborane
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anions in the synthesis of metallocenes leads to the form-
ation of corresponding bis(carborane) sandwich com-
plexes.28:29 A similar approach was reported30—32 for the
synthesis of rhodacarborane halide complexes [(9-L-7,8-
C,BgH¢)RhX;], (X = Cl, Br, and I) that are structural
analogs of catalysts for the CH activation of cyclopenta-
dienyl derivatives [(CsR5)RhX,],.

To estimate the catalytic activity of rhodacarborane
halide complexes in the annulation of aryl carboxylic
acids with alkynes, we selected complexes 5 and 6 contain-
ing either SMe, or NMej group at the boron atom of
carborane ligand.

L = SMe, (5), NMe; (6)

The coupling of benzoic acid with diphenylacetylene
in boiling o-xylene in the presence of copper(il) acetate
was selected as the model reaction. The copper salt is
an oxidizing agent that is necessary for the regeneration
of rhodium catalyst (see Ref. 4 for details). It emerged
that dimethylsulfonium complex 5 (at the loading of
1 mol. %) catalyzes this reaction to give 1,2,3,4-tetraphen-
ylnaphthalene (4a) as the only product in the yield of 30%
(Scheme 2; Table 1, entry 7), which was confirmed by
GC/MS data showing that in addition to naphthalene 4a,
there was only unreacted diphenylacetylene. The replace-

Table 1. Reaction of the annulation of arylcarboxylic acids
with alkynes, catalyzed by rhodacarboranes 5 and 6

Entry Acid Alkyne Catalyst Product Yield of
products*
(%)
1 1a 2a 5 4a (30)
2 1a 2a 6 4a 41 (62)
3 1b 2a 6 3b 3
4b 22
4 1c 2a 6 3c 5
4c 10
5 1d 2a 6 4d Traces
6 le 2a 6 3e 36
4e 27
7 1a 2b 6 3f 16

* The yields are given for the isolated products. The yields
estimated using 'H NMR spectroscopy data are given in
parentheses.

ment of the SMe, group with NMe; one in the carb-
orane ligand of the catalyst led to a significantly in-
creased yield of 4a (up to 62% according to 'H NMR data;
see Table 1, entry 2). The observed effect may be ex-
plained by the affinity of SMe, group to demethyl-
ation processes even in the presence of very weak nu-
cleophiles (e.g., halide ions) to give sulfide derivatives,33
in which the SMe group can hinder the proceed-
ing of catalytic processes. In particular, we have previ-
ously reported34 that the iron methyl sulfide complex
(9-SMe-7,8-C,BgH () Fe(C¢Hg) does not undergo arene
exchange reactions due to the presence of an intra-
molecular S—Fe interaction in the intermediate (9-SMe-
7,8-C2B9H10)Fe.
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For further evaluations of substrate specificity, we
selected the most active trimethylammonium complex 6
as the catalyst (see Table 1, entries 3— 7). In particular, it
was demonstrated that the selectivity of the reaction was
maintained upon the introduction of substituents at the
para-position of benzoic acid, and naphthalenes were the
major products. However, in the case of strong electron-
withdrawing substituents such as CF; and NO,, yields of
the target products were significantly reduced (see Table 1,
entries 4and 5), which may be explained by a deactivation
of the benzene ring.35 At the same time, using of 1-naphth-
alenecarboxylic acid led to a high conversion under the
reaction conditions to give a mixture of products, iso-
coumarin 3e and naphthalene 4e (see Table 1, entry 6). It
should be noted that compound 4e according to NMR
data contains a linear anthracene moiety in its structure,
rather than a bent phenanthrene system. The formation
of 4e is apparently associated with the isomerization of
intermediate A into a more thermodynamically stable
intermediate B (Scheme 3).5 Moreover, we revealed that
using of dialkylacetylenes (e.g., diethylacetylene) leads to
a change in the direction of reaction with benzoic acid to
give isocoumarin 3f as the only product (see Table 1,
entry 7). Such a behavior is consistent with the redox
character of the reaction and may be explained by a de-
crease in the oxidation potentials of key intermediates due
to the appearance of electron-donating alkyl groups, which
makes the decarboxylation process less favorable.

In summary, this work revealed that the catalytic activ-
ity of rhodacarborane halide complexes in the annulation
of arylcarboxylic acids with alkynes depends on the nature
of the charge-compensating substituent at the carborane
ligand, while trimethylammonium complex 6 exhibited
the greatest activity. Similarly to the cyclopentadienyl
complex [CpRhl,],,, rhodacarborane 6 leads to the form-
ation of naphthalenes as the major products. However, it
was demonstrated that the selectivity depends also on the

nature of substrates (arylcarboxylic acids and alkynes),
while in the presence of electron-donating substituents,
isocoumarins can be obtained. At the same time, strong
electron-withdrawing groups in arylcarboxylic acids sig-
nificantly reduce the activity of the catalysts considered
in this work. Therefore, the further design of catalytic
systems is an important task for subsequent studies in this
field in order to overcome this problem.

Experimental

The reactions were carried out under an argon atmosphere.
o-Xylene was purified by distillation over metallic Na. Operations
associated with the isolation of products were performed in air.
Complexes 5 (see Ref. 30) and 6 (see Ref. 32) were obtained
according to known procedures. Silica gel (70—230 mesh, Merck)
was used for column chromatography. 'H NMR spectra were
recorded on a Bruker Avance-400 instrument (400.13 MHz).

Annulation of arylcarboxylic acids with alkynes (general pro-
cedure). 0-Xylene (2 mL) was added to a mixture of arylcarboxylic
acid (0.6 mmol), alkyne (1.3 mmol), complex 6 (4.5 mg,
0.006 mmol), and Cu(OAc),*H,0 (250.0 mg, 1.3 mmol). The
reaction mixture was refluxed under vigorous stirring for 6 h. The
formed precipitate was centrifuged and washed with dichloro-
methane. The solutions were combined, and the solvent was
removed in vacuo. The residue was loaded onto a column
(15%1 cm) filled with silica gel and petroleum ether. The unre-
acted alkyne was eluted off with the same solvent. Then, using
a mixture of petroleum ether and dichloromethane as the eluent,
the first yellow or colorless fraction containing the naphthalene
product was collected. Increasing the dichloromethane fraction
in the eluent, a second yellow fraction containing the isocouma-
rin product was collected. After evaporating the solvents in
vacuo, the target products were isolated as colorless or light yellow
crystalline substances. The yields are shown in Table 1.

Reaction of benzoic acid with diphenylacetylene. 1,2,3,4-Tetra-
phenylnaphthalene (4a) was isolated as a light yellow crystalline
solid. The eluent was petroleum ether—dichloromethane (3: 1),
Re = 0.47. 'TH NMR (CDCl,), &: 6.82—6.96 (m, 10 H, Ph);
7.18—7.35 (m, 10 H, Ph); 7.41—7.50 (m, 2 H); 7.68—7.74
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(m, 2 H) (¢f. Ref. 10). The corresponding isocoumarin product
(3,4-diphenyl-1H-isochromen-1-one) was not detected.

Reaction of 4-chlorobenzoic acid with diphenylacetylene.
6-Chloro-1,2,3,4-tetraphenylnaphthalene (4b) was isolated as
a light yellow crystalline solid. The eluent was petroleum ether—
dichloromethane (3 : 1), Ry = 0.31. 'H NMR (CDCly),
8:6.86—6.87 (m, 10 H, Ph); 7.20—7.27 (m, 10 H, Ph); 7.32 (dd,
1 H,J=9.8 Hz, J=2.2 Hz); 7.61 (d, 1 H, J = 8.8 Hz); 7.64
(d, 1 H, J=2 Hz) (¢f. Ref. 10).

6-Chloro-3,4-diphenyl-1H-isochromen-1-one (3b) was iso-
lated as a colorless crystalline solid. The eluent was petroleum
ether—dichloromethane (1 : 1), Ry = 0.18. 'H NMR (CDCl),
8:7.16—7.26 (m, 6 H); 7.30—7.32 (m, 2 H); 7.43—7.49 (m, 4 H);
8.33(d, 1 H, J= 8.4 Hz) (cf. Ref. 10).

Reaction of 4-(trifluoromethyl)benzoic acid with diphenyl-
acetylene. 1,2,3,4-Tetraphenyl-6-(trifluoromethyl)naphthalene
(4c) was isolated as a colorless crystalline solid. The eluent was
petroleum ether—dichloromethane (4 : 1), Ry= 0.34. '"H NMR
(CDCly), 8: 6.86—6.89 (m, 10 H, Ph); 7.20—7.28 (m, 10 H, Ph);
7.54 (m, 1 H);7.77 (d, 1 H, J=8.8 Hz); 7.98 (s, 1 H) (¢f. Ref. 1).
9F NMR (CDCly), §: —62.22.

3,4-Diphenyl-6- (trifluoromethyl)- 1 H-isochromen-1-one (3c)
was isolated as a colorless crystalline solid. The eluent was pe-
troleum ether—dichloromethane (2 : 1), Ry = 0.10. 'H NMR
(CDCly), 8:7.16—7.28 (m, 5 H); 7.30—7.35 (m, 2 H); 7.44—7.46
(m, 4 H); 7.74 (d, 1 H, J = 8.4 Hz); 8.53 (d, 1 H, / = 8 Hz)
(cf. Ref. 1). 19F NMR (CDCls), 8: —63.37.

Reaction of naphthalene-1-carboxylic acid with diphenyl-
acetylene. 1,2,3,4-Tetraphenylanthracene (4e) was isolated as
a colorless crystalline solid. The eluent was petroleum ether—di-
chloromethane (3: 1), Ry=0.46. 'H NMR (CDCls), &: 6.80—6.99
(m, 10 H, Ph); 7.26—7.36 (m, 10 H, Ph); 7.41—7.44 (m, 2 H);
7.86—7.88 (m, 2 H); 8.25 (s, 2 H) (cf. Ref. 5).

3,4-Diphenyl-1H-benzo[k]isochromen-1-one (3e) was iso-
lated as a colorless crystalline solid. The eluent was dichloro-
methane, Re=0.76. 'H NMR (CDCls), §: 7.12—7.33 (m, 6 H);
7.42—7.49 (m, 3 H); 7.51—7.55 (m, 2 H); 7.61—7.65 (m, 1 H);
7.77—7.81 (m, 1 H); 7.87 (d, 1 H, J = 8.0 Hz); 8.00 (d, 1 H,
J=28.8 Hz); 9.88 (d, 1 H, /= 8.4 Hz) (¢f. Ref. 10).

Reaction of benzoic acid with diethylacetylene. The corre-
sponding naphthalene product (1,2,3,4-tetracthylnaphthalene)
was not detected. 3,4-Diethyl-1H-isochromen-1-one (3f) was
isolated as a light yellow crystalline solid. The eluent was petro-
leum ether—dichloromethane (1 : 1), R = 0.35. '"H NMR
(CDCly), &: 1.21 (t, 3 H, Et, J = 7.6 Hz); 1.29 (t, 3 H, Et,
J=17.4 Hz); 2.60—2.69 (m, 4 H, Et); 7.46 (t, 1 H, /= 7.4 Hz);
7.55 (@, 1 H, J =84 Hz); 7.72 (t, 1 H, J = 7.8 Hz); 8.32
(d, 1 H, /=8 Hz) (¢f. Ref. 10).
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