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ABSTRACT

Highly stable triazatriangulenium carbocations, of p  Kgr+ higher than 20, can be used as novel phase-transfer catalysts for several classical
organic reactions, their intrinsic stability in strongly basic and nucleophilic conditions rendering this novel use feasible.

Since the pioneering work of Makosza almost 40 years ago polar reagents from one phase to another and has many
and the extensive study of Starks in the early 1F7jflsase- advantages over other catalytic (and stoichiometric) pro-
transfer catalysis (PTC) has become a topic of great interestcesses: simple reaction procedure, safe, inexpensive, envi-
belonging, nowadays, to the burgeoning fields of organo- ronmentally friendly reagents, absence of anhydrous solvents,
catalysis and green chemisf$. ease of scale-up, and (most often) metal-free conditions.
PTC allows reactions to proceed through active transport Many PTC-mediated processes are performed under
by small molecules (in substoichiometric amount) of reactive strongly basic and nucleophilic conditions. As such, the small
organic molecules that are used as phase-transfer catalysts
(1) Makosza, M.; Serafin, BRocz. Chem.1965, 39, 1223-1230. need to be stable under these strenuous conditions. If most
M""(kzc)’sszgrmémcz{'fog‘g rgpigs‘g]'%?;?s'fi?'cggta?;‘is: Principles and  POIyethers as well as cationic nitrogen- and phosphorus-based
Techniques; Academic Press: New York, 1978. catalysts fit the case, it is not so for usual carbocations. These
Catalysis: Fundarentals, Appications, and inaustial perspess  Toieties. although interesting due to their charge and the
Springer: New York, 1994. Makosza, M.; Fedorynski, Rbl. J. Chem. subsequent solubility of their salts in both aqueous and
1996 70, 1093-1110. Makosza, M.; Fedorynski, M. Handbook of Phase  organic phasesare general electrophiles reacting with strong
B ot a7 e a7 Favmer o o P Cravadiri® 2 hases and nucleophiles to form neutral adducts by addition,
(London)1997, 22-24. Wolff, M. O.; Alexander, K. M.; Belder, GChim. elimination, or fragmentation reactiofA€arbocations have,
0ggi2000,18, 29-32. Sasson, Y.; Rothenberg, G.Handbook of Green per se, not been used as Catalysts for PTC purposes, and it

Chemistry and TechnologyClark, J., Macquarrie, D., Eds.; Blackwell .
Science Ltd.: Oxford, 2002; pp 206—257. Lucchese, A. M.; Marzorati, L. Was questionable whether they would ever be.

Quim. Na:a 2000 23, 641-652. O’'Donnell, M. J. InCatalytic Asymmetric Reports have however indicated that highly stable carbe-
Synthesis2nd ed.; Ojima, I., Ed.; Wiley-VCH: New York, 2000; pp 727 . . b R | | f h
755. Makosza, M.; Fedorynski, M. imterfacial Catalysis; Volkov, A. G., n'um '9”5 can be prepar '_ecem Yy, & New class orf suc .
Ed.; Dekker: New York, 2003; pp 15201. Jwo, J.-J. Innterfacial derivatives have been described that make use of the reaction

Catalysis; Volkov, A. G., Ed.; Dekker: New York, 2003; pp 22784. ; ; ; ; ; ;
Dalko, P. I.; Moisan, LAngew. Chem., Int. E®004.43, 5138—5175. of tris(2,6-dimethoxyphenyl)carbenium idnwith primary

(4) Yadav, G. DTop. Catal.2004,29, 145—161. Yadav, G. D.; Lande,  alkylamines to form a variety of very stable carbocations
S. V. Adv. Synth. Catal2005,347, 1235—1241. Yadav, G. D.; Desai, N.
M. Org. Process. Res. De2005,9, 749—756. (5) Duxbury, D. F.Chem. Rev1993,93, 381—-433.
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and triazatriangulenium ions of tyf@an particular (Scheme
1) 8°We thus wondered whether the high chemical stability

Scheme 1. One-Step Synthesis of Triazatriangulenium Salts,
[2a][BF4]—[2d][BF 4]

RNH,
(excess)
170-180 °C
[2][BF]
2a R =(CH,),OH 41%
2b R=(CH,),CH; 40%
2¢ R=(CHy)sCH; 44%
2d R= (CH2)7CH3 44%

of moieties2—translated in quantitative terms by a highly
positive pkz+ value (=20)—was sufficient to permit their

primary amines in excess at elevated temperatures—170
180 °C).10 Purification of the resulting salts28][BF4]—
[2d][BF4], was better afforded by crystallization (e.g.,
CH3;CN/EtO or MeOH), although the necessity to perform
the purification steps several times afforded analytically pure
samples in reduced yields (40—44%, Scheme 1).

To check the lack of reaction of the carbenium ions under
strongly basic and nucleophilic conditions and thus the
viability of the PTC approach, care was taken to select test
reactions that would associate, as ion pairs along the
mechanistic pathways, carbenium ighwith reactive bases
(e.g., OH) and nucleophiles (e.g., OOHenolates). Three
reactions fitting this description (é-keto ester alkylation,
an alkene epoxidation, and an olefin dichlorocarbene addi-
tion) were selected for the study along with a synthetically
useful alkene aziridination.

The generation of tertiary and quaternary centers byCC
bond-forming reactions is of great importance for the
synthesis of natural and unnatural proddésor this reason,
the alkylation of {-substituted)s-keto esters has been
strongly studied. This reaction is amenable to PTC using

use as phase-transfer catalysts. Herein, we report that it isStrongly basic conditions and a biphasic mixture of solvents
indeed the case as several classical PTC reactions can bé-g., 50% KOH, toluene/water, or GEl,/water). The
mediated by these carbenium ions, with their efficiency being alkylation of methyl-1-oxo-2-indanecarboxyledy benzyl
compared to that of tetrabutylammonium (as its bromide salt, Promide to affordo,a’-disubstitutedf-keto ester4 was

TBAB) and/or 18-crown-6 (18-C-6).

chosen as a particular example. Halogenated solvents ¢CHCI

As the efficacy of a phase-transfer catalyst often dependsCHzCl2) were selected as organic phases because of the high
on its partition ability between aqueous and organic phasesSolubility of salts Pb][BF,]—[2d][BF ] in these media, with

and, hence, on its hydrophilicity/lipophilicity, several tri-
azatriangulenium cations were prepar@d,—2d, bearing

alkyl side chains of various lengths and polar/apolar character

(R = CH,CH,0H, n-Pr, n-Hex, andn-Oct, respectively;

compound [2a][BE] being, on the contrary, highly soluble
in water. The results are reported in Table 1.

Significantly, salts 2b][BF]—[2d][BF 4] behaved as ef-
fective catalysts; no reaction was observed in their absence

Scheme 1). These triazatriangulenium ions were synthesized®’ in the presence oR|[BF.]. Whereas salt [2b][BI gave

by the simple reaction of salt]]BF 4] with the corresponding

(6) Olah, G. A.Angew. Chem1973,85, 183—225. Olah, G. AAcc.
Chem. Res1976,9, 41-52. Arnett, E. M.; Hofelich, T. CJ. Am. Chem.
So0c.1983,105, 2889—2895. Prakash, G. K. S.; Rawdah, T. N.; Olah, G.
A. Angew. Chem1983, 95, 356—367. Bagno, A.; Scorrano, G.; More
O'Ferrall, R. A.Rev. Chem. Intermed.987,7, 313—352. Griitzmacher,
H.; Marchand, C. MCoord. Chem. Re:1997,163, 2287—344. Corma,
A.; Garcia, H.Top. Catal.1998,6, 127—140. Olah, G. AJ. Org. Chem.
2001,66, 5943—5957. Richard, J. P.; Amyes, T. L.; Toteva, M. Aéc.
Chem. Res2001,34, 981—-988. Abboud, J.-L. M.; Alkorta, |.; Davalos, J.
Z.; Muller, P.; Quintanilla, EAdv. Phys. Org. Chen2002,37, 57-135.
Balasubramanian, M. I€omprehensie Organic Functional Group Trans-
formations It Katritzky, A. R., Taylor, R. J. K., Eds.; Elsevier Ltd.: Oxford,
2005; Vol. 6, pp 713-727.

(7) Komatsu, K.; Akamatsu, H.; Jinbu, Y.; Okamoto, X.Am. Chem.
So0c.1988,110, 633—634. Ito, S.; Morita, N.; Asao, Tetrahedron Lett.
1994,35, 751—-754. Ito, S.; Kikuchi, S.; Morita, N.; Asao, CThem. Lett.
1996, 175—176.

(8) (a) Laursen, B. W.; Krebs, F. C.; Nielsen, M. F.; Bechgaard, K.;
Christensen, J. B.; Harrit, Nl. Am. Chem. S0d.998,120, 12255—12263.
(b) Laursen, B. W.; Krebs, F. C.; Nielsen, M. F.; Bechgaard, K.; Christensen,
J. B.; Harrit, N.J. Am. Chem. S0d.999,121, 4728. (c) Laursen, B. W.;
Krebs, F. CAngew. Chem., Int. EQ000,39, 3432—3434. (d) Laursen, B.
W.; Krebs, F. C.Chem.—Eur. J2001,7, 1773—1783.

(9) Triazatriangulenium cations are related to the historically important

slightly lower yields of4 than TBAB, compounds [2c][Bf

and [2d][BF] gave similar and better results, respectively.
With the latter salt, yields could be increased using longer
reaction times (3 vs 1 h). Lower catalyst loading (5 mol %)
was amenable. As far as solvent effects are concerned,
biphasic CHCI,/H,O conditions were better overall than
CHCIy/H,O conditions!?

In the case of2a, the effective partitioning of the
carbenium ion in the aqueous layer prohibits any reaction
of its hydroxide salt with3 in the organic layer. The
difference in the reactions performed in the presence of salts
[2b][BF 4] —[2d][BF 4] is probably due to an increased lipo-
philicity of the cations. The more lipophilic the carbenium
ion is, the better catalyst it is for this reaction.

(10) Cations2a—2d result from the nucleophilic aromatic substitutions
(SvAr) of all six methoxy substituents dfby nitrogen-containing moieties;
see refs 8c and 8d.

(11) Fuji, K. Chem. Soc. Re 1993, 93, 2037—2066. Corey, E. J.;
Guzman-Perez, AAngew. Chem., Int. EA.998,37, 389—401. Shibasaki,
M.; Vogl, E. M. Organomet. Chen1999 576 1—15. Christoffers, J.; Mann,

class of trioxatriangulene derivatives. For references on these moieties andA. Angew. Chem., Int. EQ001,40, 4591—4597. Christoffers, J.; Baro, A.

on azadioxa and diazaoxo derivatives as well, see: Martin, J. C.; Smith, R.

G.J. Am. Chem. S0d.964,86, 2252—2256. Lofthagen, M.; Chadha, R;
Siegel, J. SJ. Am. Chem. Sod 991,113, 8785—8790. Lofthagen, M.;
Siegel, J. SJ. Org. Chem1995,60, 2885—2890. Andresen, T. L.; Krebs,
F. C.; Larsen, M.; Thorup, NActa Chem. Scand999 53, 410-416. Krebs,
F. C. Tetrahedron Lett2002,44, 17-21. Krebs, F. C.; Spanggaard, H.;
Rozlosnik, N.; Larsen, N. B.; Jorgensen, Mangmuir2003,19, 7873—
7880.
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Angew. Chem., Int. EQ003,42, 1688—1690. Denissova, |.; Barriault, L.
Tetrahedror2003 59, 10105-10146. Douglas, C. J.; Overman, L.Froc.
Natl. Acad. Sci. U.S.2004,101, 5363—5367. Peterson, E. A.; Overman,
L. E. Proc. Natl. Acad. Sci. U.S.R004,101, 11943—11948. Trost, B. M;
Jiang, C.Synthesi2006, 369—396 and references therein.

(12) The lower yield in CHG might be the result of a side reaction,
that is, the attack of the solvent by the hydroxyde anion associated with
the carbenium ior2.
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Table 1. PTC Alkylation of Methyl-1-ox0-2-indanecarboxylate

0 catalyst (mol %) O
PhCH,Br CO,Me
@éfcone @é{/%
50% KOH ag, 20 °C
3 4
entry catalyst® mol% solvent time(h) yield (%)°
1 none CH,Cly 19 0
2 TBAB 10 CHCl; 1 60
3 TBAB 10 CH.Cl, 1 50
4 [2a][BF4] 10 CHCl; 1 0
5 [2a][BF4] 10 CH:Cl 1 0
6 [2b][BF 4] 10 CHCls 1 40
7 [2b][BF 4] 10 CH:Cl, 1 55
8 [2¢][BF4] 10 CHCl; 1 60
9 [2¢][BF4] 10 CH:Cl; 1 65
10 [2d][BF4] 10 CHCl3 1 70
11 [2d][BF4] 10 CH.Cl,y 1 85
12 [2d][BF4] 1 CH.Cl, 3 35
13 [2d][BF4] 2 CH.Cly 3 60
14 [2d][BF4] 5 CH.Cly 3 92¢
15 [2d][BF4] 10 CH.Cly 3 99

aUnless otherwise specified, the reaction was carried out @/i(A9
mg, 150umol), catalyst (10 mol %), benzyl bromide (22, 180 umol),
and mesitylene (2L, 150 umol), in a mixture of 50% KOH aq (42L,
750umol) and halogenated solvent (1 mb)Yield measured byH NMR
spectroscopy using mesitylene as an internal referér@%% isolated yield
of 4.

After this example, the ability of carbenium ioristo
perform under strongly basic and nucleophilic conditions was
tested further in the context of the epoxidation trdns-
chalconeb. For this reaction, a variety of biphasic or triphasic
conditions are known using, as stoichiometric oxidants,
sodium/potassium hypochlorite, hydrogen peroxide, alkyl
hydroperoxide, combinations of urea andQi sodium
perborate or percarbonate, as well as trichloroisocyanuric
acid!® Recently, an effective protocol was developed using
a cocatalytic amount of surfactafitThese are the conditions
(H202 (10 equiv), 50% KOH agPrO/H,O, TRITON X-100
(1 mol %)) that were used to test the efficiency of sali|{
[BF4—[2d][BF 4 as catalysts. Results are summarized in
Table 2.

Interestingly, all four saltsZa][BF4]—[2d][BF 4] behaved
as catalysts. Whereas sala][BF4] —[2c][BF4] gave slightly
lower yields of epoxidé than TBAB, compoundZd][BF,]
gave better results (44 vs 35% isolated yields); this example
demonstrates further the general aptitude of carbenium ion

Table 2. PTC Epoxidation otrans-Chalcong
catalyst (10 mol %)

0 30% H,0, o?
Ph/\)LPh 50% KOH aq PhMPh
5 Triton X-100 (1 mol %) 6
iPr,0, 20 °C
Triton
entry catalyst time(h) X-100 conversion (%) yield (%)
1 no 18 yes 0 0
2  TBAB 17 yes 45 35
3 [2a][BF4] 17 yes 21 16
4 [2b][BF4] 17 yes 27 23
5 [2¢][BF4] 17 yes 26 22
6 [2d][BF4] 17 yes 50 44

a Aqueous HO; (30%, 270uL; 2.4 mmol) and 50% KOH aq (24L,
0.24 mmol) were added to a mixture of chalcdné0 mg, 0.24 mmol),
catalyst (10 mol %), naphthalene (0.24 mmol, reference), and Triton X-100
(1 mol %) in diisopropyl ether (0.8 mLY.Conversion was determined by
HPLC analysis (Nucleosil 50-5, hexait&a’OH 99:1, 0.5 mL min?, 23°C,
A 230 nm;tgr 5.05 min (naphthalene), 6.6 mitrgns-chalconé&), 7.3 min
(epoxide6)). ¢ Isolated vyields after flash chromatography (gi@exane/
EtOAc 9:1,R; 0.22).

715 Previously, Nomura and collaborators have reported a
procedure of this type to generatemdichlorocyclopropane
8 (Table 3)1¢ The results of the reactions (KOH powder (5.0

Table 3. PTC Addition of Dichlorocarbene to Styrehe

Cl
P Xy CHCl3, KOH powder o ﬁ/CI
catalyst (2 mol %)
7 CH,Cly, 40 °C, 6 h 8
equiv of
entry catalyst CHCIy/KOH conversion (%)?  yield (%)®
1 no 5.0 12 10
2 18-C-6 5.0 100 >95¢
3 TBAB 5.0 100 100
4 [2a][BF4] 5.0 16 16
5 [2b][BF4] 5.0 28 27
6 [2¢][BF4] 5.0 27 27
7 [2d][BF4] 5.0 26 26
8 no 20.0 20 18
9 [2b][BF4] 20.0 70 684

aTo a stirred CHCI; (305uL) solution of styrene (7@&L, 0.60 mmol)
with powdered KOH (171 mg, 3.0 mmol, 5 equiv), catalyst (2 mol %), and

Smesnylene (73.2 mg, 86L, 0.6 mmol) was added CHE(3.0 mmol, 244

2 to act as phase -transfer catalysts for reactions performeduL 5 equw) dropwise at 40C. ? Conversions and yields determined by

under strongly basic and nucleophilic conditions.

Having showed that liquid/liquid PTC reactions can be
mediated by carbenium ior#s a solid/liquid PTC protocol
was tested in the context of a cyclopropanation of styrene

(13) Ye, J.; Wang, Y.; Liu, R.; Zhang, G.; Zhang, Q.; Chen, J.; Liang,
X. Chem. CommurR003, 2714—2715. Ye, J.; Wang, Y.; Chen, J.; Liang,
X. Adv. Synth. Catal2004,346, 691—-696 and references therein.

(14) Jew, S.-S.; Lee, J.-H.; Jeong, B.-S.; Yoo, M.-S.; Kim, M.-J.; Lee,
Y.-J.; Lee, J.; Choi, S.-H.; Lee, K.; Lah, M. S.; Park, H.A&hgew. Chem.,
Int. Ed. 2005,44, 1383—1385.
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H NMR using mesitylene as an internal refererfc®@0% isolated yield
obtained by distillation on a 10 mmol scale of starting matefidl 65%
isolated yield obtained by distillation on a 10 mmol scale of starting material
7.

equiv), CHC} (5.0 equiv), CHCI,/H,0) in the presence of
salts [2a][BR]—[2d][BF 4] are reported in Table 3 and are
compared with those of TBAB and 18-C-6 as catalysts.
In this case, salts2g][BF4]—[2d][BF4 performed less
efficiently than 18-C-6 or TBAB. Using 5.0 equiv of CHZI
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and KOH powder as reagents and a standard reaction timdj | N N NG

of 6 h a maximum yield of 27% Wgs Optai”ed ®in the . Table 4. PTC Aziridination of Styrene by Chloramine-F|
reactions catalyzed by the carbenium ions and essentially

guantitative reactions were obtained using TBAB or 18-C- catalyst (10 mol %) - 7¢

c, o I
6. Whereas salts2p][BF4]—[2d][BF 4 could compete ef- P X + :N—%OMe ’ M
fectively with TBAB or 18-C-6 in liquid/liquid PTC reac- Na O CH,Cl,: H,0o PN
tions, slower kinetics hamper their efficiency in this solid/ 7 3 20°C 10

liquid protocol. As far as we can tell (NMR, UV), there is . . .
no catalyst decomposition or deactivation in the crude _entry  catalyst  time(h)  conversion (%)° yield(%)

reaction mixture. The lower rates may then be due to a poor 1 no 5 5 3
extraction of OH from the surface of the powdered KOH 2 TBAB 5 37 30
by the carbenium ion2. To compensate this effect, a larger 3 [2a][BF4] 5 7 5
excess of reagents can be used. For instance, a decent yield ¢  [2b/[BF4] 5 9 7
of 8 (70%) can be afforded if 20 equiv of CHZKOH 5 [2¢][BF.] 5 28 23
. 6 [2d][BF4] 5 20 16
povyder is used. . S 7 TBAB 15 95 30
Finally, a synthetically useful PTC alkene aziridination 8 [2¢][BF,] 24 ~100 85

reaction was teSted-in the presence of CarbeniL-jm s @ Reaction conditions: at room temperature, styrengd4®.43 mmol)
catalysts. The effective protocol developed by Minakata and yioramine.T (60 mg, 0.21 mmol). catalyst (10 mol o). iodine (5.4 mg,
Komatsul’ that is, the PTC reaction of olefins with a mixture 0.021 mmol), and phenabnthrene (7.6 mg, 0.043 mmol) were stirred in
of Chloramine-T 9) and diiodine, was used, and the results (C,\Eﬁgé gﬁoé)l_-év ﬁé?;(;“n'-g’- S onversion was Hce’tiff;ézeﬂnt;%’tgzl_-&) analysis
are summarized in Table 4. With styref@s the substrate,  (styrene), 7.99 min (phenanthreng)Yield of isolated productlO after
a standard reaction time of 5 h, and 10 mol % of carbenium column chromatography (SiOhexane/EtOAc 9:1% 0.26).
ions or TBAB as catalysts, aziridirkd was afforded in low
to moderate yields. Salt@¢][BF] and TBAB were the two  thege derivatives are then possible nonracemic reagents for
best phase-t_ransf_er agents this time. As the m|I_d_ conditions gnantioselective PTC processes.
of the reaction did not lead to any decomposition of the
reagents or products, higher conversions and yields-(80  Acknowledgment. We are grateful for financial support
85%) were easily afforded by extending the reaction time of this work by the Swiss National Science Foundation and
to 15 and 24 h with salts TBAB an@¢][BF 4], respectively.  the State Secretariat for Education and Research.

In conclusion, experimental data indicate that PTC reac-
tions can be performed using chemically robust carbenium  Supporting Information Available: Synthesis and spec-
ions as phase-transfer catalysts. This is an interestingtral characterization of novel salt8d][BF4] and [2c][BF].
development in this field of organocatalysis as highly stable This material is available free of charge via the Internet at
[4]helicenium ions can be readily synthesized and resol¥ed; http://pubs.acs.org.

(15) PTC conditions are particularly important for this reaction for OL0617392
historical and synthetic perspectives: Makosza, M.; Serafin, B.; Gajos, I.
Rocz. Cheml1969 43, 671-676. Makosza, M.; Wawrzyniewicz, M. (18) Herse, C.; Bas, D.; Krebs, F. C.; Buergi, T.; Weber, J.; Wesolowski,
Tetrahedron Lett1969 4659-4662. Makosza, MPure Appl. Chem1975 T.; Laursen, B. W.; Lacour, JAngew. Chem., Int. EQ003,42, 3162—

43, 439—-462. Banwell, M. G.; Reum, M. E. lAdvances in Strain in 3166. Laleu, B.; Mobian, P.; Herse, C.; Laursen, B. W.; Hopfgartner, G.;
Organic Chemistry; Halton, B., Ed.; JAI Press Inc.: Connecticut, 1991; Bernardinelli, G.; Lacour, Angew. Chem., Int. EQ005 44, 1879-1883.

Vol. 1, pp 19-64. Laleu, B.; Machado, M. S.; Lacour, Chem. Commur2006, 2786—2788.
(16) Nomura, E.; Taniguchi, H.; Otsuiji, Bull. Chem. Soc. Jpri994, (19) Vachon, J.; Lacour, himia 2006, 60, 266—275. Maruoka, K.;
67, 792—799. Qoi, T.Chem. Re2z2003,103, 3013—3028. Lygo, B.; Andrews, B.Acc.
(17) Kano, D.; Minakata, S.; Komatsu, M. Chem. Soc., Perkin Trans. Chem. Res2004,37, 518—525. O’Donnell, M. JAcc. Chem. Re004,
12001, 3186—3188. 37, 506—517.
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