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ABSTRACT

A convenient synthesis of perfluoroalkylated benzenes and pyridines has been achieved by a cationic Rh(l)/modified BINAP-complex-catalyzed
chemo- and regioselective [2  + 2 + 2] cycloaddition of alkynes with a perfluoroalkylacetylene and a perfluoroalkylnitrile.

Fluorous chemistd? has received much attention as an

environmentally benign recycling process and an efficient Scheme 1
tool for combinatorial synthesfPerfluoroalkylated aromatic Cu reagent
compounds are important building blocks for the synthesis Ar=X + 1=CpFonyy  —— Ar—CpFanyq

of various fluorous catalysts, reagents, and substrates used X=1,Br
for the above-mentioned fluorous chemistry, so the develop- new cross-[2 + 2 + 2] cycloaddition route

ment of convenient synthetic approaches to them is highly R
attractivg. The mos_t frequently employed r.egioselective — p CoFonet  Rh catalyst A _CiFan
method is a Cu-mediated cross-coupling reaction of perfluo- Z “ z |Y
roalkyl iodides and aryl halides developed by McLoughlin N N

and Thrower (Scheme *)However, this method requires Y =CH, N R?

(1)'(a) Horvath, I. T.; RahbiaJ. Sciencel994,266, 72. (b) Gladysz, J.
. (Szgllggf?é\%?ee\;szg?ﬁfgfous chemistry, see: (a) CornilsABgew. Chem., harsh reaction gonditions, excess Cu reagents, and regiose-
Int. Ed. Engl 1997,36, 2057. (b) Horvath, I. TAcc. Chem. Red.998,31, lective preparation of aryl halides. On the other hand, a
E"‘lcrgg)mcﬂréi? JDiggA;%e‘%%‘e(”;j' é’ghﬁg?sgéf]_lg f"éfgd';'sszh' R transition-metal-catalyzed chemo- and regioselective-[2
Coord. Chem. Re 1999, 190192, 587. (f) de Wolf, E.; van Koten, G.. 2 + 2] cycloadditiof of alkynes with perfluoroalkylacety-
ggg{mizég-'E]h?f:fo";higgc-ﬁﬁégﬁgéié ﬁq?'ége)yzc(;](;rza%zu 56593/?["9(% lenes, which are commercially available and can be readily
Otera, JAcc. Chem. Re®004,37, 288. () Gladysz, J. A., Curran, D. P.,  Prepared from perfluoroalkyl iodidésyould be an attractive

Horvath, I. T., Eds.Handbook of Fluorous Chemistrywiley-VCH: method (Scheme 1). Although a transition-metal-catalyzed

Weinheim, Germany, 2004. (k) For a review of fluorous ligands and >
catalysts, see: Pozzi, G.; SheppersorCaord. Chem. Re:2003,242, homo-[2+ 2 + 2] cycloaddition of a perfluoroalkylacetylene

115. leading to triperfluoroalkylbenzenes by using Mo(G@3 a
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catalyst was reporte,? a cross-[2+ 2 + 2] cycloaddition
involving a perfluoroalkylacetylene has not been reported
to datel®

Our research group demonstrated that a cationic rhodium-
(N/modified BINAP complex catalyzes cross-{2 2 + 2]
cycloadditions involving various unsaturated compounds with
high chemo- and regioselectivity.*3 In this communication,
we describe a convenient synthesis of perfluoroalkylated ben-
zenes and pyridines through a cationic rhodium(l)/modified
BINAP-complex-catalyzed chemo- and regioselectiveH2
2 + 2] cycloaddition of alkynes with a perfluoroalkylacety-
lene and a perfluoroalkyinitrile.

First the reaction of malonate-derived internal 1,6-diyne
laand perfluoroalkylacetylen2 (1.1 equiv) was examined
in the presence of various cationic rhodium(l)/modified
BINAP complexes. We were pleased to find that desired
cross-[2+ 2 + 2] cycloaddition producBawas obtained in
high yield at room temperature by using 5% [Rh(c{Bl4/

Table 1. Rh(l)*/Hg-BINAP-Catalyzed [2+ 2 + 2]
Cycloaddition of 1,6-Diyned with Perfluoroalkylacetylen@

5% R
. [Rh(cod);]BF 4/ .
——R  1-CeFi3 Hg-BINAP n-CeF13
z +
—R ‘ | (CH.Cl)p, 1t
1 2 3h R 3
1.1 equiv
yield®
entry 1 Z R 3 (%)
1 la C(COzMe)2 Me 3a 85
2 1b NTs Me 3b 94
3 1c NTs H 3c 21
4 1d C(COzMe)2 COzEt 3d 89
5 le NBn COsMe 3e 72
6 1f (0} COzEt 3f 75
7 1g CH, COzMe 3g 99

a|solated yield based oh.

(3) For selected applications of fluorous chemistry to organic synthesis,
light fluorous synthesis, see: (a) Curran, D. P.; LuoJZAm. Chem. Soc
1999, 121, 9069. (b) Matsuzawa, H.; Mikami, KSynlett2002, 1607.
Fluorous catalysts: (c) Juliette, J. J. J.; Rutherford, D.; Horvath, I. T;
Gladysz, J. AJ. Am. Chem. S04999 121, 2696. (d) Ishihara, K.; Kondo,
S.; Yamamoto, HSynlett2001, 1371. (e) Wende, M.; Meier, R.; Gladysz,
J. A.J. Am. Chem. So001,123, 1149. (f) Mikami, K.; Mikami, Y.;
Matsuzawa, H.; Matsumoto, Y.; Nishikido, J.; Yamamoto, F.; Nakajima,
H. Tetrahedron2002, 58, 4015. Phase vanishing reaction: (g) Ryu, |.;
Matsubara, H.; Yasuda, S.; Nakamura, H.; Curran, 0. Rm. Chem. Soc
2002,124, 12946.

(4) McLoughlin, V. C. R.; Thrower, JTetrahedron1969, 25, 5921.

(5) Recent reviews: (a) Chopade, P. R.; LouieAd». Synth. Catal.
2006,348, 2307. (b) Gandon, V.; Aubert, C.; Malacria, ®hem. Commun.
2006, 2209. (c) Kotha, S.; Brahmachary, E.; Lahiri,Bur. J. Org. Chem
2005, 4741. (d) Yamamoto, YCurr. Org. Chem?2005,9, 503. (e) Varela,

J. A.; SdaC. Chem. Re»2003,103, 3787. (f) Malacria, M.; Aubert, C;
Renaud J. L. IrScience of Synthesislouben-Weyl Methods for Molecular
Transformations; Lautens, M., Trost, B. M., Eds.; Georg Thieme Verlag:
New York, 2001; Vol. 1, p 439. (g) Saito, S.; Yamamoto,Ghem. Reuv.
2000,100, 2901.

(6) Calleja-Rubio, S.; Crette, S.; Blancou, Synthesi003, 361 and
references therein.

(7) Batizat, D. V.; Glazkov, A. A.; Ignatenko, A. V.; Yarosh, A. A;;
Ponomarenko, V. Alzyv. Akad. Nauk SSSR, Ser. Khit994, 1789.

(8) For Ni(PPh)s-catalyzed homo-[2+ 2 + 2] cycloaddition of
1-perfluoroalkyleneynes, see: Saito, S.; Kawasaki, T.; Tsuboya,
Yamamoto, Y.J. Org. Chem2001,66, 796.

(9) For Pd(PP$)4-catalyzed homo-[4+ 2] cycloaddition of 2-perfluo-
roalkyleneynes, see: Saito, S.; Tanaka, T.; Koizumi, T.; Tsuboya,
Itagaki, H.; Kawasaki, T.; Endo, S.; Yamamoto,J Am. Chem. So200Q
122, 1810.

(10) For co-cyclotrimerization of perfluoroalkyleneynes with acetylene
gas and (trimethylsilyl)acetylene, see ref 8.

(11) Synthesis of substituted benzenes: (a) Tanaka, K.; Shirasaka, K.
Org. Lett.2003,5, 4697. (b) Tanaka, K.; Nishida, G.; Wada, A.; Noguchi,
K. Angew. Chem., Int. EQ2004,43, 6510. (c) Tanaka, K.; Toyoda, K.;
Wada, A.; Shirasaka, K.; Hirano, MChem.—Eur. J2005,11, 1145. (d)
Tanaka, K.; Nishida, G.; Ogino, M.; Hirano, M.; Noguchi, Rrg. Lett.
2005, 7, 3119. (e) Tanaka, K.; Takeishi, K.; Noguchi, &. Am. Chem.
So0c.2006,128, 4586. (f) Nishida, G.; Suzuki, N.; Noguchi, K.; Tanaka, K.
Org. Lett.2006,8, 3489. (g) Tanaka, K.; Sagae, H.; Toyoda, K.; Noguchi,
K. Eur. J. Org. Chem2006, 3575. (h) Tanaka, K.; Sagae, H.; Toyoda, K.;
Noguchi, K.; Hirano, M.J. Am. Chem. So2007,129, 1522. (i) Tanaka,

K.; Suda, T.; Noguchi, K.; Hirano, MJ. Org. Chem2007,72, 2243. (j)
Tanaka, K.; Osaka, T.; Noguchi, K.; Hirano, 1@rg. Lett.2007,9, 1307.

(12) Synthesis of substituted nitrogen heterocycles: (a) Tanaka, K.; Wada,
A.; Noguchi, K. Org. Lett. 2005, 7, 4737. (b) Tanaka, K.; Wada, A.;
Noguchi, K.Org. Lett.2006,8, 907. (c) Tanaka, K.; Suzuki, N.; Nishida,
G. Eur. J. Org. Chem2006, 3917. (d) Wada, A.; Noguchi, K.; Hirano, M.;
Tanaka, K.Org. Lett.2007,9, 1295.

(13) For a review of the rhodium-catalyzed 422 + 2] cycloaddition,
see: Fujiwara, M.; Ojima, |. InModern Rhodium-Catalyzed Organic
Reactions; Evans, P. A., Ed.; Wiley-VCH: Weinheim, Germany, 2005;
Chapter 7, p 129.
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Hs-BINAP [2,2-bis(diphenylphosphino)-5,%,6,7,7,8,8-
octahydro-1,1'-binaphthyfj as a catalyst (Table 1, entry 1).
Thus, a series of 1,6-diynes was subjected to this optimal
reaction condition. Internal 1,6-diynéaandlb reacted with

2 to give the corresponding perfluoroalkylated benzenes in
high yield (entries 1 and 2), but the use of terminal 1,6-
diyne 1csignificantly lowered the yield of the desired product
due to the competitive homo-[2 2 + 2] cycloaddition of
1cleading to a dimer (entry 3). Not only electron-rich internal
1,6-diynes but electron-deficient internal 1,6-diyries—g
possessing alkoxycarbonyl groups at alkyne termini could
be employed for this reaction (entries 4—7).

Next, we investigated a complete intermolecular cross-[2
+ 2 + 2] cycloaddition of monoalkynes witR.15 In our
previous report, two molecules of terminal monoalkynes
reacted with one molecule of dialkylacetylene dicarboxylates,
furnishing 3,6-disubstituted phthalates in high yield with
excellent regioselectivity upon treatment with a catalytic
amount of [Rh(cod)BF4/Hs-BINAP.112¢On the contrary,
one molecule of reacted with two molecules of dimethyl
acetylenedicarboxylatd) in the presence of 5% [Rh(cath
BF4/Hs-BINAP to give the corresponding perfluoroalkylated
benzenes in high yield (eq 1). The reaction of an unsym-
metrical electron-deficient monoalkyne, ethyl phenylpropi-
olate @), with 2 also proceeded to give 1,2-teraryl compound
7 in moderate yield as a single regioisomer (eq 2).

Interestingly, in the case of ethyl 2-butynoa®),(two
molecules o reacted with one molecule 8fin the presence
of 5% [Rh(cod})|BF4/Hs-BINAP to give the corresponding

(14) Zhang, X.; Mashima, K.; Koyano, K.; Sayo, N.; Kumobayashi, H.;
Akutagawa, S.; Takaya, Hetrahedron Lett1991,32, 7283.

(15) For examples of the transition-metal-catalyzed complete intermo-
lecular cross-[2+ 2 + 2] cycloaddition of alkynes, see: (a) Ura, Y.; Sato,
Y.; Tsujita, H.; Kondo, T.; Imachi, M.; Mitsudo, T. Mol. Catal. A2005,
239, 166. (b) Ura, Y.; Sato, Y.; Shiotsuki, M.; Kondo, T.; Mitsudo,JT.
Mol. Catal. A2004,209, 35. (c) Takeuchi, R.; Nakaya, ©rg. Lett.2003,

5, 3659. (d) Mori, N.; Ikeda, S.-l.; Odashima, Khem. Commur2001,
181. (e) Dieck, T. H.; Munz, C.; Miiller, CJ. Organomet. Chenil990,
384, 243. (f) Abdulla, K.; Booth, B. L.; Stacey, @. Organomet. Chem.
1985,293, 103.
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n-CeF13 5% [Rh(cod)s]BF 4/

Hg-BINAP n-CeF13
|l oo M
E HoClyo, rt
~ 2 3h E
E E
4 E=COyMe 5 80%
3 equiv
/E 5% [Rh(cod),]BF 4/
= nCgFyg3 5% €0d)|BF 4
Ph Hg-BINAP Ph n-CeF13
Ph . (CHaCl)y, 1t ®
2vl)2, Ph
AN 2 3h
E E
6 E=COEt 7 50%
5 equiv
P 5%
~  COxEt [Rh(cod),IBFy/
n-CeF13/ Hg-BINAP G613 COqEt
nCeF | CHoCl)o, 1t ®
6 13\\\ Mo ( :23h)2' n-CeF 15 Me
2 8 9 84%
3 equiv
2  COE o
t
=z 2 [Rh(cod)2]BF 4/
nCgHi3 | Hg-BINAP R CO,Et
+ _— +
n-CgHq3 (CHCl)o, rt
N Me 3h R Me
10 1

8
3 equiv R
R R CO,Et
2 CO,Et
CO,Et
+ + (4)
Me
R Me R Me
R
12 13 14

R = n-CgHy3: 56% (11/12/13/14 = 48:18:27:7)

diperfluoroalkylbenzen® in high yield as a single regio-
isomer (eq 3). On the other hand, the reaction of 1-octyne
(10) and8 furnished a mixture of regioisomers in moderate
yield (eq 4). In these complete intermolecular cross-[2

+ 2] cycloadditions of monoalkynes shown in egs4, the

chemo- and regioselectivity may be determined by prefer-
ential formation of metallacycl& from 2 and 8 through
coordination of the carbonyl group to rhodium followed by
the coordination of to form complexB.'® Regioselective
coordination of2 may be explained by the interaction of
two perfluoroalkyl groups. Reductive elimination of rhodium
gives9 and regenerates the rhodium catalyst.

In the cationic rhodium(l)/modified BINAP-complex-
catalyzed [2+ 2 + 2] cycloaddition of alkynes with nitriles,
electron-deficient nitriles showed high reactivi® There-
fore, we anticipated that this complex would catalyze the [2
+ 2 + 2] cycloaddition of alkynes with commercially avail-
able electron-deficient perfluoroalkylnitrilé5, leading to
perfluoroalkylated pyridine¥~1° Indeed, the reaction of
1,6-diyne 1a and 15 (1.1 equiv) in the presence of 5%
[Rh(cod}]BF4/tol-BINAP proceeded at room temperature to
give the corresponding pyridinksain high yield (Table 2,

Table 2. Rh(I)*/tol-BINAP-Catalyzed [2+ 2 + 2]
Cycloaddition of 1,6-Diyned with Perfluoroalkylnitrile15

5% R
o PR e
z + - '
\M—=——r H (CHoCla, 1t N
1 15 3h R 16
1.1 equiv
yield®
entry 1 Z R 16 (%)
1 la C(CO2Me)q Me 16a 85
20 1h C(CO2Me)q H 16h 62
3 1d C(CO2Me)q COqEt 16d 55
4¢ 1b NTs Me 16b 92
5 1i (0] Et 16i 86
6 1j CH; Et 16j 85

a|solated yield based oh. ? Reaction time: 2 h¢ Reaction time: 1 h.

use of 1 equiv of each reactant furnished the same cycload-entry 1). Terminal 1,6-diynelh and electron-deficient

dition products as major products.

internal 1,6-diyneld could also participate in this reaction,

Scheme 2 depicts a possible mechanism for the selectivealthough lower yields were observed (entries 2 and 3). Not

formation of9. Because cyclotrimerization of perfluoroalkyl-

Scheme 2
Rh(I}*
9)/ «ﬁ
- " 0
n-CegF13 == CeF RN oEt
nCeF 13- RN._CcOo,Et ‘f
\(\_[ e
2 A

acetylene is sluggish under the present reaction conditions
shown in eq 3, formation of metallacyclopentadiene from
two molecules of2 may not be involved. Accordingly,

Org. Lett, Vol. 9, No. 10, 2007

(16) A pentasubstituted benzene (shown below) was generated in a trace
amount as a single regioisomer. Because cyclotrimerizatiod isfalso
sluggish under the present reaction conditions, formation of metallacyclo-
pentadiene from two molecules 8fmay not be involved. Accordingly,
the regioselective formation of this compound can be explained by the
reaction of rhodacycl® with 8 instead of2.

COEt
Me COEt
n-CeF 3 Me

(17) Ru catalysts are also effective for theff22 + 2] cycloaddition of
1,6-diynes with electron-deficient nitriles: (a) Yamamoto, Y.; Okuda, S.;
Itoh, K. Chem. Commun2001, 1102. (b) Yamamoto, Y.; Kinpara, K;
Saigoku, T.; Takagishi, H.; Okuda, S.; Nishiyama, H.; ltohJKAm. Chem.
Soc.2005,127, 605. (c) Varela, J. A.; Carlos, L.; Saa. J. Org. Chem.
2003,68, 8595.

(18) Yamamoto and co-workers recently demonstrated that the coordinat-
ing groups including halogens of nitriles play an important role in the Ru-
catalyzed [2+ 2 + 2] cycloaddition of 1,6-diynes with nitriles: (a)
Yamamoto, Y.; Kinpara, K.; Nishiyama, H.; Itoh, Kddv. Synth. Catal.
2005,347, 1913. (b) Yamamoto, Y.; Kinpara, K.; Ogawa, R.; Nishiyama,
H.; Itoh, K. Chem.—Eur. J2006,12, 5618.
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only malonate-derived 1,6-diyriea but also tosylamide (1b,
entry 4), ether1i, entry 5), and methylendj entry 6) linked
1,6-diynes also reacted withb to give the corresponding
perfluoroalkylated pyridined6 in high yields.

The regioselectivity of the present pyridine synthesis was
then investigated using unsymmetrical 1,6-diythebearing
methyl and methoxycarbonyl at each terminal position. The
reaction oflk and15in the presence of 5% [Rh(caiBF./
Segphos [(4,4bi-1,3-benzodioxole)-5;5liylbis(diphenylphos-
phine)f° at room temperature afforded the corresponding
pyridine 16k as a single regioisomer (eq 5).

5%

nCF1s [Rh(cod)2]BF4/

/—— Me Segphos
TsN + H
= CcOMe N (CHoClyg, 1t
1k 15 3h Ne
2 equiv N nC7F1s
s SN (5)
COsMe
16k 85%

In conclusion, we have demonstrated that a cationic
Rh(l)/modified BINAP-complex-catalyzed chemo- and re-
gioselective [2+ 2 + 2] cycloaddition of alkynes with a

1910

perfluoroalkylacetylene and a perfluoroalkylnitrile represents
a versatile new method for the synthesis of perfluoroalkylated
benzenes and pyridines, respectivély.
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(19) Synthesis of perfluoroalkylated pyridines from perfluoroalkylnitriles
via formation of 3-(perfluoroalkyl)-2-azadienes: Palacious, F.; Alonso, C.;
Rodriguez, M.; de Marigorta, E. M.; Rubiales, BEur. J. Org. Chem2005
1795.

(20) Saito, T.; Yokozawa, T.; Ishizaki, T.; Moroi, T.; Sayo, N.; Miura,
T.; Kumobayashi, HAdv. Synth. Catal2001,343, 264.

(21) In the present study)-CsF13CCH (2) andn-C;F1sCN (15) were
used because of their commercial availability, their low toxicity, and their
high solubility in (CHCI),. The effect of alkyl chain length will be
investigated in due course.
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