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Transition metal-catalyzed cycloaddition is involved in many

of the most useful synthetic methods for assembling complex

organic molecule$.Many transition metals catalyze the cyclo-
trimerization of alkynes to yield substituted benzeh&dowever,
the reaction rarely proceeds with high regioselecti¥tidighly

regiocontrolled synthesis of arenes is very attractive since arene

are important building blocks in organic synthesis. Our interest
in the influence of ancillary ligands on organic transformations

mediated by the group 4 metals led us to synthesize titanium
complexes supported by a 1,2-alternate, dimethylsilyl-bridged

p-tert-butylcalix[4]arene (DMSC) ligand. Whereas alkoxides have
been effectively used as ancillary ligands in early transition meta
organometallic chemistr§the application of calixarenes as ancil-
lary ligands in organotransition metal chemistry is relatively
unexplored. Herein, we describe highly regioselective, catalytic
cyclotrimerization of terminal alkynes by DMSC-based titanium
complexes.

The reaction of (DMSC)k? with TiCl, furnished [(DMSC)-
TiCly] (1) in excellent yield, as an air- and moisture-sensitive
orange solifl (eq 1). An X-ray crystallographic study of

(DMSC)H,

Ether/pentane,
-40°C -RT

(DMSC)H,, = 1,2-alternate [p- Bu'-Calix[4]-(02SiMe2)(OH)2]

TiCly [(DMSC)]TICl, (1) (93%) (1)

Figure 1.
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Molecular structure of, showing the atom labeling scheme.

titanium center (Figure 1)® The calix[4]arene ligand clearly
imposes different stereochemical environments at the two titanium-
bound chlorides. That is, the steric environment around the endo
chloride [Cl(1a), located inside the calix[4]arene cavity, above

| the centers of two aromatic rings] is more crowded than that

around the exo chloride [Cl(2a)]. The solid-state structurg isf
maintained in solution, as evidenced by the presence of two
inequivalent SiMe group methyls in both théH and3C NMR
spectrd The endo Me is strongly shielded compared to the exo
Me, most likely due to ring current effee?f.

At 80 °C, in GDe, and in the presence of excess sodium,
catalyzed the cyclotrimerization of terminal acetylenes$@R;
R = Ph, p-CsHsMe, or SiMe) to 1,2,4-trisubstituted benzenes
with excellent regioselectivity X97%) and in excellent yield
(Table 1, entries £3). *H and*3C NMR and GC-MS analysis of
the reaction mixtures showed that no acyclic oligomers were
present!H and'3C NMR revealed induction periods of 2@0
min before any cyclotrimerization product could be detected.
Presumably, the induction period is required to produce ®HaC
CR (R= Ph,p-CsHsMe, or SiMe) and to allow it to react with

established that the calix[4]arene ligand exists in 1,2-alternate 1 to generate the corresponding bis(alkynyl)Ti(IV) species
conformation and that a tetrahedral environment exists about the[(DMSC)Ti(C=CR),].1° Reductive eliminatiott of RC=C—C=
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Organic SynthesjsTrost, B. M., Ed.; Permagon: Oxford, 1991; Vol. 5, pp
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CR would give a putative Ti(ll) intermediate which oxidatively
couples two alkyne molecules to yield titanacyclopentadiene
species (Scheme 1); metallacyclopentadiene intermediates have
been implicated in alkyne cyclotrimerization reactié®s?> The

rate of formation of Na&CR evidently depends on the amount

(6) Anal. Calcd for GeHseClOSITi (1): C, 67.23; H, 7.11; Cl, 8.63.
Found: C, 67.39; H, 7.37; Cl, 8.73d NMR (CsDg) 0 7.17 (br, 4H, arom
CH), 7.07 (d,J = 2 Hz, 2H, arom CH), 6.93 (d, 2H, arom CH), 4.50 {d+=
14.3 Hz, 1H, calix-CH), 4.46 (d,J = 14.3 Hz, 1H, calix-CH), 3.89 (s, 4H,
calix-CHy), 3.39 (d,J = 14.3 Hz, 1H, calix-CH), 3.26 (d,J = 14.3 Hz, 1H,
calix-CH,), 1.39 (s, 18H, t-Bu), 1.23 (s, 18H, t-Bu), 0.32 (s, 3H, exo-SiCH
—1.46 (s, 3H, endo-SiCHl Full characterization data are available as
Supporting Information.

(7) Crystal data: space group, monocli@i2/c; Z = 4, a= 20.750(1) A,

b = 17.0434(9) Ac = 17.1877(9) A B = 124.79(13, V = 4991.9(4) &,

R(F = 40(F)) = 0.123, GOF= 1.19. Data forl were collected at 173 K on

a Nonius Kappa CCD diffractometer. The calixarene moiety resides on an
inversion center, although the moiety itself does not possess an inversion center.
Thus, the structure was modeled with Sil1 and Til occupying the same position
with 50% occupancies and equivalent thermal parameters. Two large peaks
roughly 2.2 A from Til were labeled as CI1 and CI2 and given 50%
occupancies, which subsequently led to the discovery of two smaller peaks
roughly 1.8 A from Si1, which were labeled C23 and C24, respectively. Full
structural details are available as Supporting Information.

(8) Selected interatomic distances (A): FCI1 = 2.243(9), Tit-Cl2 =
2.198(6), Tit-01 = 1.712(4), Tit-O2 = 1.708(5). Selected bond angles
(deg): CIE-Til—CI2 = 106.0(3), CI+-Til—0O1 = 110.4(3), CI+-Ti1l—02
= 111.8(3), CI2-Til—01 = 110.7(2), ClI2-Ti1—02 = 111.6(3), O+ Til
—02 = 106.4(2).

(9) Gunther, HNMR Spectroscopy: An Introductipwiley: New York,
1980; pp 7786.

(10) Under our reaction conditions, [[DMSC)TE(1) does not react with
sodium metal even after 48 h.
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Table 1. Alkyne Cyclotrimerization at 80C
R R
R—— _ cat /@\ +
R R R
R = SiMes, Ph, p-tolyl
i 0,
entry yield (% isolated
no. alkyne 1,2,4-isomer 1,3,5-isomgrield® (%)
1 trimethylsilylacetylen® 98 2 98
2 p-tolylacetylené 97 3
3 phenylacetylerie >97 <3 95
4 trimethylsilylacetylen 98 2
5 trimethylsilylacetylen®e 95 5

a Catalyzed by [(DMSC)TIC] (1) activated with excess Na in
toluene or GDe. P Catalyzed by [(DMSC)TIG] (1) activated with
NaC=CSiMe; in toluene or @De. ¢ Catalyzed by [(DMSC)Ti(&C-
SiMes)o(THF)] (2a) in CsDe. ¢ Ratios determined from GEMS and
IH NMR data.¢Minor isomer not isolated.The yield of 1,3,5-
substituted isomer was estimated based on the result obtained for
p-tolylacetylene!3C NMR data confirmed the major product as 1,2,4-
substituted isomer and G@VIS showed only one peakd NMR data

Communications to the Editor

of [[DMSC)TICl] (1), 1000umol of alkyne, and 5&mol of Na
(or NaG=CR) were used to effect the cyclotrimerization in 0.5
mL of C¢De. The reaction proceeded to 98% conversion after 5
h at 80°C for trimethylsilylacetylene, and after 30 min for phenyl-
acetylene ang-tolylacetylene (excluding the induction period).
We reasoned that DMSC-based bis(alkynyl)titanium(1V) de-
rivatives would function as single-component alkyne cyclotrim-
erization catalysts under our reaction conditions and therefore
investigated their synthesis. Reaction between Mgbd/e;), and
1 gave brown-colored [(DMSC)Ti(ECSiMe;)(THF)] (2a) in
94% vyield; it was not possible to cleanly isolate a product in the
absence of THF2a is stable only as a THF adduct and must be
stored as a solid at low temperature2Q °C). Therefore2awas
characterized only in solution byd NMR datal” It is not very
stable in solution at 25C (t» ~ 24 h)!® 2areacts quantitatively
with 4,4dimethyl-2,2-dipyridyl (dmbpy) to give more stable
[(DMSC)Ti(C=CSiMe;),(dmbpy)] @b), which could be fully
characterized? As expected?a catalyzed cyclotrimerization of
trimethylsilylacetylene at 80C with excellent regioselectivity
without need for activation with Na (Table 1, entryAlthough
2b produces 1,4-bis(trimethylsilyl)butadiyne quantitatively, it does
not catalyze alkyne cyclotrimerization under our conditions

could not be used to characterize the 1,3,5-substituted isomer, presumpresumably, because the resulting Ti(ll) species is stabilized by

ably because of extensive peak overlap.

Scheme 1
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of Na and alkyne in the reaction mixture as well as on the acidity
of the alkyne. It is generally faster for phenylacetylene than for
trimethylsilylacetylene. Consistent with this proposal, the use of
preformed Na&CR shortens the induction period to2 min,
while the regioselectivity is maintained (Table 1, entry 4). More-
over, 1,4-bis(trimethylsilyl)butadiyne was detectedblyNMR

and GC-MS!® The presence of an excess NaCR or Na does
not interfere with the cyclotrimerization process. Typically;rbol

Bu'

Me

the strongly stabilizing 4,dimethyl-2,2-dipyridyl ligand?*

The details of the alkyne cyclotrimerization mechanism are
currently under investigation. Titanacyclopentadiene intermediates
are probably involved in the reaction, in line with mechanisms
proposed for related compoun#s? Four different intermediate
disubstituted titanacyclopentadiene species are possible, each
possessing different steric properties (Scheme 1). We are par-
ticularly interested in determining the influence of the stereo-
chemical environment imposed at titanium by the 1,2-alternate,
DMSC ligand on formation of titanacyclopentadiene complexes
and their subsequent reactions with a third equivalent of alkyne
to regioselectively produce arenes.

In summary, new catalysts for highly regioselective alkyne
cyclotrimerization were developed from titanium compounds
supported by 1,2-alternate, dimethylsilyl-bridgetert-butylcalix-
[4]arene. Further reactivity studies of these and related complexes
are underway in our laboratory with emphasis on determining
the scope of alkyne cyclotrimerizations and elucidating the
reaction mechanism.
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dimetallic M, species with bridging diacetylide ligands, see: (a) Pulst, S,;
Arndt, P.; Heller, B.; Baumann, W.; Kempe, R.; RosenthalAbigew. Chem.,
Int. Ed. Engl.1996 35, 1112. (b) Pellny, P.-M.; Peulecke, N.; Burkalov, V.
V.; Tillack, A.; Baumann, W.; Spannenberg, A.; Kempe, R.; Rosenthal, U.
Angew. Chem., Int. Ed. Endl997, 36, 2615. (c) Stucky, G. D.; Sekutowski,
D. G.J. Am. Chem. Sod 976 98, 1376.

(12) Buchwald, S. L.; Nielsen, R. B.. Am. Chem. S0d 989 111, 2870.

(13) Bruck, M. A.; Copenhaver, A. S.; Wigley, D. B. Am. Chem. Soc
1987, 109 6525.

(14) Wielstra, Y.; Gambarotta, S.; Meetsma, A.; de Boer, J. L.; Chiang,
M. Y. Organometallics1989 8, 2696.

(15) Strickler, J. R.; Wexler, P. A.; Wigley, D. ®rganometallics1988
7, 2067.

(16) Identified by GG-MS and comparison oiH NMR data with that of
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(17) (2a): *H NMR (CeDg) 6 7.13-7.20 (m, 6H, arom CH), 7.03 (d, 2H,
arom CH), 5.49 (dJ = 14 Hz, 1H, calix-CH), 4.39 (d,J = 14 Hz, 1H,
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0.04 (s, 3H, exo-SiMe);-1.48 (s, 3H, endo-SiMe). In addition, protonolysis
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(18) Decomposition oRayields a complex mixture of products. Nonethe-
less, 1,4-bis(trimethylsilyl)butadiyne could be readily identified.

(19) Anal. Calcd for GgHggN,O,SisTi (2b): C, 72.30; H, 7.85; N, 2.48.
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Supporting Information.
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