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Abstract: Two new Ti-n%-arene complexes [(DMSC)i®-1,2,4-GHs(SiMes)s}] (6) and [(DMSC)T{ -
1,3,5-GH3Bu'3}] (7) containing 1,2-alternate, M8i-bridgedp-tert-butylcalix[4]arene (DMSC) ancillary ligand

have been synthesized. The solid-state structui@ refvealed a highly folded arene ligand [with a dihedral
angle of 29.7(7)] and suggests th#&tis better described as a 7-titananorbornadiene species 6Bottl7 are

efficient catalysts for highly regioselective [2 2 + 2] cycloaddition of terminal alkynes to yield 1,2,4-
substituted benzenes. Kinetic studies of the catalytie-[2 + 2] cycloaddition of M@SIiC=CH revealed
first-order dependence o6][and [Me;SiC=CH]; and activation parameterAH* = 14 kcal/mol, andASF =

—11 cal/mol K, that are consistent with an associative mechanism. The reaction rate is influenced by the steric
requirements of both the alkyne and tjfearene compound. The high selectivity for 1,2,4-substituted benzene
may be understood in terms of the directing influence of the DMSC ligand.

Introduction

The organometallic chemistry of the group 4 metals has been
studied using mainly complexes supported by cyclopentadienyl
(Cp) or substituted Cp ligandsSince the electronic and steric
properties of an ancillary ligand can have a pronounced effect
on the reactivity of a transition metal complex, non-Cp ligand
arrays such as chelating diamidearyloxides® carborane$,
amidinates, porphyrinsS tetradentate Schiff baséforataben-
zene$ and calixarenéd%f have recently been attracting
increased attention, especially with regard to Zieghatta
o-olefin polymerization. The use of calixarenes as ancillary
ligands in organotransition metal chemistry has not been
adequately exploretil® The degree of steric shielding and
electronic stabilization provided by a calix[4]arene ligand may
be influenced by which conformation it adoptsDuring the
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past few years, Floriani has been studying the use-tefit-
butylcalix[4]arene and its O-methylated derivatives (in cone
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conformation) to support organometallic chemistry at early
transition metal centefsl09

We have been investigating the potential of bis(aryloxide)
ligands derived fronp-tert-butylcalix[4]arene in early transition

metal chemistry. Recently, we described the synthesis of Ti-

(IV) complexes supported by proximally bridgpetertbutylcalix-
[4]arenes in 1,2-alternate conformatii3In this conformation,

Ozeal.

in excellent yieldt® Although many transition metals catalyze
[2 + 2 + 2] cycloaddition of alkynes to yield substituted
benzened?15 the reaction rarely proceeds with high regio-
selectivity4d Highly regiocontrolled synthesis of arenes is very
attractive since arenes are important building blocks in organic
synthesis. In this paper, we present results from our investigation
of the scope and mechanism of the{22 + 2] cycloaddition

the calix[4]arene ligand imposes a unique stereochemical of terminal alkynes mediated by titanium complexes supported

environment at titanium. For example, the two chloride ligands
in (DMSC)TIiCl, (1) (DMSC = 1,2-alternate Mg5Si-bridged
p-tert-butylcalix[4]arene) exist in different stereochemical en-
vironments!3 The endochloride is located inside the calix[4]-

arene cavity, above the centers of two aromatic rings while the

exochloride is located outside of the calix[4]arene cavity. The

difference between the endo and exo coordination sites is also

evident in the reactivity of dialkyl derivatives (DMSC)TiRz,

R = Me; 3, R = CHyPh). Thus,2 and 3 give alkyl-triflato
complexegt and5, respectively; formed by exclusive abstraction
of the more exposedxaalkyl (eq 1)12

- Ph3CR

R = Me (2) or CHPh (3) R = Me (4) or CH,Ph (5)
We have found that (DMSC)Tigl(1) catalyzed the [2+ 2

+ 2] cycloaddition of terminal alkynes RECH (R = MesSi,

Ph, orp-tolyl) at 80 °C and in the presence of an excess of

sodium (with respect to Ti) to yield the corresponding 1,2,4-

substituted benzene with excellent regioselectivitp %) and
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by ancillary DMSC ligation.

Experimental Section

General. All experiments were performed under dry nitrogen
atmosphere using standard Schlenk techniques or in a Vacuum
Atmospheres, Inc. glovebox. Solvents were dried and distilled by
standard methods before use. Alkynes were purchased from Aldrich
or Farchan and were distilled from Calgdrior to use. Mg(GsHo)-
(thf)s'® was prepared by modification of the reported metHéti(200
MHz) and'3C (50.3 MHz) NMR spectra were recorded on a Varian
Gemini-200 spectrometer at22 °C. *H and*3C chemical shifts were
referenced to residual solvent peaks.-@a@S analyses were performed
on a Hewlett-Packard 5890 series Il gas chromatograph with a Hewlett-
Packard 5972 series mass selective detector at an ionizing potential of
70 eV. HR-MS analysis was performed in the University of Kentucky
Mass-Spectrometry Center. Elemental analyses were performetiRy E
Microanalytical Laboratory, Inc., Ithaca, NY.

[(DMSC)Ti{#5-CsH3(SiMes)3}] (6). A suspension of GH;3oMg-
(THF)3¢ (1.31 g, 3.13 mmol) in 50 mL of toluene was heated under
N2 atmosphere at 9CC for 30 min, during which time Mg* precipitated.
The toluene solution was removed via suction through a glass tube
equipped with a glass frit. Mg powder was washed with ether until all
of the anthracene was removed. Toluene (30 mL) was added to the
flask followed by MgSiC=CH (1.78 mL, 12.5 mmol) and (DMSC)-
TiCl, (1) (2.06 g, 2.50 mmol). THF (1 mL) was added, while the
reaction mixture was vigorously stirred. The mixture quickly turned
brown-yellow, it was stirred for 10 min, and then the volatiles were
removed in vacuo. The remaining solids were triturated with heptane,
extracted with pentane until the washings were colorless, and then
filtered. The filtrate was stripped to dryness, and the residue was treated
with 15 mL of ether. The resulting suspension was stirred for 30 min
and then cooled at15 °C for 24 h. The suspension was then filtered,
and the solids on the filter were washed with 15 mL of cold ether. The
yellow product was dried in vacuo (1.80 g, 69%) and identified as
on the basis of the following dataH NMR (C¢Dg) 6 7.83 (br, 2H,
arom CH), 7.30 (dJ = 2.5 Hz, 1H, arom CH), 7.26 (dl = 2.5 Hz,
1H, arom CH), 7.01 (dJ = 2.5 Hz, 1H, arom CH), 6.96 (d} = 2.5
Hz, 1H, arom CH), 6.80 (br, 1H, arom CH), 6.60 (br, 1H, arom CH),
5.39 (br d, 1H, GHs{SiMe}3), 5.14 (br d, 1H, GHx{SiMe}s), 4.73
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(d, 1H, GHs{SiMe}3), 4.41 (d,J = 16 Hz, 1H, calix-CH), 4.21 (d,J
=17 Hz, 1H, calix-CH), 4.13 (d,J = 14 Hz, 2H, calix-CH), 3.84 (d,
J = 14 Hz, 1H, calix-CH), 3.79 (d,J = 14 Hz, 1H, calix-CH), 3.59
(d, J = 17 Hz, 1H, calix-CH), 3.36 (d,J = 16 Hz, 1H, calix-CH),
1.51 (s, 9H, Bf), 1.45 (s, 9H, BY), 1.34 (s, 9H, BY), 1.24 (s, 9H,
BuY), 0.20 (s, 3H, exo-SiCk), —0.04 (s, 9H, GHs{SiMe}3s), —0.27
(s, 9H, GHs{SiMe}s), —0.35 (s, 9H, GHs{SiMe}s), —0.77 (s, 3H,
endoSiCHs); 3C NMR (75 °C, GDe) 161.2(TiCC), 160.1(TiCT),
152.0(SiCC), 150.7(SiCC), 142.8, 142.4, 142.3, 141.7, 139.2, 139.0,

J. Am. Chem. Soc., Vol. 122, No. 27, 24%b

for 30 min and was then passed through a short silica column. Following
removal of the volatiles in vacuo, the crude product (3.68 g, 95%) was
obtained as a colorless oil that was essentially pure (a small amount of
1,2,4-(MeSi);CsH3 was present). Analytically pure product could be
isolated by fractional vacuum distillation. The product is a mixture of
1,2,4- and 1,3,5-regioisomers in 95:5 ratio. Spectroscopic data for 1,2,4-
CeH3(CH,0SiMey)3 (16): H NMR (CeDs) 6 7.65 (s, 1H), 7.49 (d,
1H), 7.29 (d, 1H), 4.80 (s, 2H), 4.75 (s, 2H), 4.62 (d, 2H), 0.12 (s,
9H), 0.10 (br s, 18H)¥C NMR (CsDg) 6 140.7, 138.8, 137.3, 127.6,

136.8, 135.6, 132.8(br), 131.3, 130.9, 129.3, 129.1, 128.9, 128.3, 127.8,125.7, 125.3, 64.7, 62.6 (br;,0.5 (br). GG-MS(El) M+ (384), M+ —
127.3, 127.1, 126.9, 126.8, 126.6, 126.2, 126.0, 125.7, 125.7, 114.3-CHs (369). Anal. Calcd for: C, 56.19; H, 9.43. Found: C, 55.81; H,

(br), 41.1 (calix-CH), 38.4 (calix-CH), 38.1 (calix-CH), 36.7 (calix-
CHy), 34.3 (br, C(CHs)s), 34.2 (C(CHs)3), 34.0 C(CHs)3), 32.1
(C(CHg)s), 32.0 C(CHy)s), 31.9 C(CHg)s), 31.8 C(CHg)s), 2.3 X0
SiMe), 1.3 (SiMg), 0.3 (SiMg), —1.9 (SiMe), —2.0 (endaSiMe).
Anal. Calcd for GiHgsO4SisTi: C, 70.07; H, 8.48; CI, 0.00. Found: C,
69.76; H, 8.54; Cl,<0.005.

[(DMSC)Ti(#55-1,3,5-GH3sButs)] (7). (DMSC)TiCl, (1.23 g, 1.50
mmol) was treated with a solution of N&@C=CH (1.28 mL, 9 mmol)
in toluene (20 mL). @H10Mg(THF); (0.63 g, 1.50 mmol) was added
to the resulting suspension with rapid stirring. The mixture quickly
turned brown-yellow. After 10 min, the volatiles were removed in

9.20.

Characterization of Products from [2 + 2 + 2] Cycloaddition of
1-(Trimethylsilyl)-4-thiahepta-1,6-diyne. 1-(Trimethylsilyl)-4-thia-
hepta-1,6-diynt (0.88 g, 4.84 mmol) was dissolved in 3 mL of heptane
and 4 portions of6 (21 mg, 0.02 mmol each) were added at 12 h
intervals. The reaction was monitored by analyzing aliquots of the
solution by*H NMR. The completion of the reaction was signaled by
the absence of the starting diyne peaks. The solution was transferred
onto a 15x 1 cm SiG-packed column and eluted with ether. The ether
solution was stripped, and the residue was poured onto a similar column
of Si0,. Pentane was used to elute 1,2 ¢HgSiMe;)s. The rest of the

vacuo. The residue was triturated with heptane and extracted with material was eluted from the column with ether, and the volatiles were
pentane until extracts became colorless. After the suspension wasremoved in vacuo. The product (0.80 g, 91%) was obtained as a
filtered, all of the extracts were combined and stripped in vacuo. The yellowish oil. The oil was somewhat cloudy due to the presence of

resulting residue was then dissolved in pentane and filteretC=Bu
CH (1.0 mL, 8 mmol) was added to the filtrate, and the mixture was
stirred for 72 h. After removal of the volatiles in vacuo, the solid residue

trace amounts gf-Bu-calix[4]arene, which were removed by filtering
the oil neat'H NMR and GC-MS analysis of the resulting oil revealed
a 91:9 ratio of 1,2,3,4- and 1,2,3,5-regioisomers of 1,3-dihydroben-

was washed with pentane (10 mL) and filtered (filtrate discarded). The zothiophene derivativé7 (see text). All of the above manipulations

precipitate was extracted with toluene. After filtration, the toluene

were performed in a glovebox, 49 is susceptible to decomposition

extract was concentrated to dryness under reduced pressure. The residu@ air. Spectroscopic data for 1,2,3,4-regioisomérg: H NMR
was washed with pentane (10 mL) and dried under vacuum to give an (CsDe) 6 7.18 (d,J = 8 Hz, 1H), 6.82 (dJ = 8 Hz, 1H), 4.19 (br t,

orange product (0.50 g, 33%) which was identified7asn the basis
of the following data: 'H NMR (CgDs) 0 7.84 (d,J = 2.5 Hz, 2H,
arom CH), 7.36 (dJ = 2.5 Hz, 2H, arom CH), 6.88 (d] = 2.5 Hz,
2H, arom CH), 6.74 (dJ = 2.5 Hz, 2H, arom CH), 4.87 (s, 3Hs8s-
Buts), 4.76 (d,J = 15 Hz, 1H, calix-CH), 4.53 (d,J = 13 Hz, 1H,
calix-CHy), 4.12 (d,J = 17 Hz, 2H, calix-CH), 3.87 (d,J = 13 Hz,
1H, calix-CHy), 3.85 (d,J = 17 Hz, 2H, calix-CH), 3.37 (d,J = 15
Hz, 1H, calix-CH), 1.50 (s, 18H, calix-BY, 1.22 (s, 18H, calix-BY,
0.44 (s, 3H, exo-SiC), 0.33 (s, 27H, @Hz{CMe3}3), —0.51 (s, 3H,
endoSiCHg); 1°C NMR (GsDes) 6 160.3(TiOC), 151.0(SiQ), 142.3,

141.3, 140.9, 135.7, 130.1, 129.1, 128.3, 126.9, 126.8, 126.5, 126.2,

115.5, 39.9 (calix-Ch), 38.4 (calix-CH), 36.4 (calix-CH), 34.25
(C(CHg)s), 34.20 C(CHg)s), 33.7 C(CHg)s), 31.9 (CHg}s), 31.5
(C{CHg}3), 29.5 ( CHa}3), 4.1 (exo-SiMe)—~1.1 endoeSiMe). Anal.
Calcd for: C, 77.07; H, 8.89; CI, 0.00. Found: C, 76.86; H, 8.51; ClI,
<0.03.

General Procedure for [2+ 2 + 2] Cycloaddition of Terminal
Alkynes in an NMR Tube. Catalyst (5u¢mol) was dissolved in 0.6
mL of C¢Ds in a screw-capped 5-mm NMR tube and 5080l of the

2H), 3.96 (s, 2H), 3.89 (br t, 2H), 2.98 (s, 2H), 0.32 (s, 9H, SiMe
0.19 (s, 9H, SiMg); *H NMR (CD,Cl,) 6 7.21 (s, 2H), 4.31 (br t, 2H),
4.15 (br t, 2H), 4.00 (s, 2H), 3.22 (s, 2H), 0.45 (s, 9H, SiM6.19 (s,
9H, SiMey); 1°C NMR (CDCk) 6 146.8, 141.7, 139.1, 134.6, 129.2,
125.1, 101.7, 87.8, 39.4, 36.5, 36.1, 20.3, 2:®.2. MS (EI-GC-
MS): 364 (M), 349 (M" — CH3). EI-HRMS: Measured mass (average
of four scans): 364.1177 Calculated forgl82sS,Sh: 364.1171. 1,2,3,5-
regioisomer {7h): H NMR (CD,Clp) ¢ 7.29 (br s, 1H), 7.22 (br s,
1H), 4.29 (br, 2H), 4.20 (br, 2H), 3.83 (s, 2H), 3.10 (s, 2H), 0.31 (s,
9H, SiMey), 0.20 (s, 9H, SiMg.

Synthesis of 1,3-Bis(trimethylsilyl)-6-(4-chlorophenyl)cyclohexa-
1,3-diene (19). 6(0.125 g, 0.12 mmol) was added to a mixture of
4-chlorostyrene (3.2 g, 23 mmol) and pM@C=CH (1.65 mL, 11.6
mmol). The reaction mixture was stirred at ambient temperature and
monitored by analyzing aliquots of the solution By NMR. The
following additions were performed: (i) 0.04 mmol of catalyst was
added after 9 h; (ii) 0.02 mmol of catalyst was added after 27 h; (iii)
practically all of MgSiC=CH was consumed after 50 h; hence, another
1.22 mL (8.6 mmol) of MgSIC=CH was added; (iv) 0.02 mmol of

alkyne was added to it. The course of the reaction was monitored by catalyst was added after 95 h; (v) all of BBC=CH was consumed

IH NMR until the starting alkyne was completely consumed. At this
point the'3C NMR spectrum of the product could be obtained. The
CsDs solution was poured into pentane (15 mL) and treated with MeOH
(0.5 mL). This solution was allowed to stand for 20 min in the air and

after 100 h, and the reaction was quenched with 0.5 mL &Hpr
Excess 4-chlorostyrene and other volatiles were distilled off in vacuo.
The residue was passed through a short, $@umn using pentane as
eluent. The pentane solution was concentrated under reduced pressure

was then passed through a plug of silica gel to remove Ti byproducts to yield 3.0 g of a colorless oil. NMR and GQVS analysis revealed

and p-tert-butylcalix[4]arene. An appropriate aliquot of the solution
was subjected to GEMS analysis. Characterization data f8+15
and 18 are given in the Supporting Information.

Synthesis Characterization of 1,2,4-Synthesis and Characteriza-
tion of 1,2,4-GH3(CH,0SiMes); (16). Compound 6(0.157 g, 0.15
mmol) was dissolved in 30 mL of heptane. }#OCHC=CH (4.62
mL, 30.0 mmol) was added in 6 portions (0.77 mL every 2 riln).
Ten minutes after addition of the last portion, the reaction mixture was
treated with MeOH (2 mL). The solution was allowed to stand in air

(17) The alkyne was added in portions to overcome deactivatidh of
during the reaction, due probably to oxidative cleavage of th©®ond.
For an example of [2+ 2 + 2] cycloaddition followed by GO bond
cleavage mediated by titaniuraryloxide species, see: Balaich, G. J.;
Rothwell, I. P.Tetrahedron1995 51, 4463.

that the oil consisted of 80% 1,3 bis(trimethylsilyl)-6-(4-chlorophenyl)-
cyclohexa-1,3-dienel@), 12% 1,2,4-(MgSi);CsHz and~8% of isomers

of 19. Attempts to purify the product oil by chromatography or
recrystallization were completely unsuccessful, and apparent isomer-
ization occurred upon an attempt to distill the product oil at 0.3 Torr.
19was therefore characterized as a part of the mixtit&MR (CsDg)

0 7.10 (pseudo d] = 8 Hz, 2H, CHCgH,), 6.92 (pseudo d] = 8 Hz,

2H, CI=CgHa), 6.77 (s, 1H, H), 5.90 (dd,Jgp = 2.8 Hz,Jgc = 5.8

Hz, 1H, Hs), 3.33 (dd,Jce = 2.5 Hz, Joe = 9.2 Hz, 1H, H), 2.48
(ddd, Jgp = 2.8 Hz,Jpg = 9.2 Hz,Jcp = 17.2 Hz, 1H, H), 2.12 (ddd,
Jec = 5.8 Hz,Jce = 2.5 Hz,Jep = 17.2 Hz, 1H, K), 0.12 (s, 9H,
SiMes), 0.02 (s, 9H, SiMg; 13C NMR (CsDe) 0 141.5, 139.3, 136.4,
135.6, 134.2, 132.4, 129.8, 128.5, 38.7, 32:8,4, —2.0.

(18) The preparation is given in the Supporting Information.
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Table 1. Summary of Crystal Data and Structure Refinement for
[(DMSC)Ti{#°1,2,4-GHx(SiMes)s}] (6)

empirical formula GaHos04SisTi
formula weight 1088.66
temperature 173(2) K
wavelength 0.71073 A
crystal system triclinic
space group P-1

unit cell dimensions
a=12.0956(6) Ao =97.080(10)
b= 16.2223(8) A3 = 100.920(10)
¢ =17.3931(9) Ay = 91.990(10)

volume 3319.6(3) A

z 2

density (calculated) 1.089 mgfm

absorption coefficient 0.243 mrh

F(000) 1178

crystal size 0.4% 0.26 x 0.105 mm

6 range for data collection 3.05t0 2792

index ranges & h=<15-21<k=21,
—-22<1=<22

reflections collected 11600

independent reflections
refinement method
data/restraints/parameters
goodness-of-fit o2
FinalRindices | > 20(1)]
Rindices (all data)
extinction coefficient
largest diff. peak and hole

15328([nt) = 0.0000]
Full-matrix least-squares én F
11590/17/685
1.125
R1=0.0783, wR2=0.1730
R* 0.0939, wR2=0.1841
0.0000(9)
0.788 an®.580 eA~3

Scheme 1
(i) Mg*
: (ii) Me;3SiC= CH (xs)
(DMSC)TiCl, [(DMSC)Ti{n®-1,2,4-C¢H3(SiMe3)3}] (6)
1 Toluene

70% yield

(i) (THF);Mg(C4H)0)
(i) Me;SiC= CH (xs)

[(DMSC)Ti(n°-1,3,5-C¢H3Bu')] (7)
(iii) Bu'C= CH (xs)

Typical Procedure for Kinetic Study of the [2 + 2 + 2]
Cycloaddition of Trimethylsilylacetylene. A stock solution of [(DM-
SC)T{75-1,2,4-GH3(SiMe3)s}] (6) (0.360 mL, 0.040 M) in €Dg
(0.0144 mmol of6) was added into an NMR tube, followed by 0.057
mL (0.403 mmol) of MgSiC=CH and then 0.183 mL of {Ds. This
resulted in 0.600 mL of a 0.024 M solution & The tube was

vigorously shaken and placed into the spectrometer at a set temperatur

The first 'H NMR spectrum (at time= 0) was recorded after the

temperature had stabilized. Spectra were recorded at various time

Ozeal.

structure of6 were established by microanalysi$] and3C
NMR and X-ray crystallography. NMR data demonstrate that
6 is C;-symmetric in solution, three singlets are observed in
the TH NMR spectrum for the inequivalen®-arene SiMe
groups while the calix[4]arene Bgroups show as four singlets.
That the calix[4]arene ligand exists in 1,2-alternate conformation
is apparent from the NMR resonances of #elo-and exo
methyls of the bridging SiMeunit, which are observed as
separate signals at—0.77 and 0.20, respectivelyH NMR),

and atd —2.0 and 2.3, respectively3C NMR). Invariably,'H
and3C NMR resonances for trendeMe are strongly shielded
compared to corresponding signals for #eMe, due most
probably to ring current effedf:2% The 55-arene ring-protons
are observed as a singlet and two doublets, consistent with 1,2,4-
substitution. These resonances are slightly broad &C2but
become sharp at —30 °C and > 40 °C. The broad peaks
could be a result of the arene oscillating or rotating about the
Ti—Cse(ring) vector.

Single-crystals of [(DMSC)Tin%-1,2,4-GH3(SiMes)s}] (6)
suitable for an X-ray diffraction study were obtained by slow
evaporation from heptane at ambient temperature. The molecular
structure o6 (Figure 1) confirmed that the calix[4]arene ligand
exists in 1,2-alternate conformation and that the Sigl®ups
are 1,2,4-substituted about thgf-arene. Selected metrical
parameters are listed in Table 2. Thg-arene ligand is
characterized by substantial foldigand a loss of aromatic
character; the dihedral angle between the ©289-C50-C51
plane and the C48C47—C52—-C51 plane is 29.7(7) This
folding suggests a strong contribution from the highly reduced
cyclohexadiene dianion resonance structure (Figure 2). Although
6 may be conceived as a Ti(l)-arene complex, it possesses
significant Ti(IV) character and is probably more precisely
described as a 7-titananorbornadiene complex. TheCThond
distances are reflective of this structure, C48 and C51 approach
Ti more closely (2.142(3) and 2.150(3) A, respectively) than
the other four arene carbons (2.322422 A)22 The G-C
bonds in then®-arene ring also reflect the apparent loss of
aromaticity, having short C47C52 and C49-C50 bonds and
longer C47#C48, C48-C49, C50-C51, and C51C52 interac-
tions (Table 2§23 As shown in Figure 1, the environment about
the titanium center i® may be described as pseudo-tetrahedral
(with O1, 02, C48, and C51 as vertexes of the tetrahedron, see

®rable 2 for bond angles). One tetrahedral face is sterically

protected by the highly distorted 1,2-alternate DMSC ligand.

intervals thereafter. The time was measured with a timer. The 1h€ Severe distortion of the DMSC ligand is evidently due to

dependence of [Z 2 + 2] cycloaddition of MgSiC=CH on catalyst
concentration was obtained by varying the concentration of [[DMSC)-
Ti{75-1,2,4-GH3(SiMe3)3}] (6) while conducting each experiment in
CsDs at the same temperature, using an identical amount gENle=
CH (0.071 mL, 0.500 mmol) and the same total volume (0.6 mL).
Crystallographic Study. Crystal data and data collection parameters
are collected in Table 1. Further details of the crystallographic study
are given in the Supporting Information.

Results and Discussion

Synthesis and Characterization ofp8-Arene Complexes.
The reduction of (DMSC)TiGI(1) with Mg(C14H10)(thf)36 or
activated Mg, in the presence of an excess 0§3168=CH led
to isolation of [(DMSC)T{#®-1,2,4-GH3(SiMes)3}] (6) as a
diamagnetic yellow solid (70% yield with Mg* as reductant,
Scheme 1). Whett was reduced with Mg(GH10)(thf)s in the
presence of3 equiv of MgSIC=CH, 6 was the only detectable
product. Reduction of by Mg(Ci4H10)(thf)s in the absence of
alkyne did not yield a clean product. The formulation and

the steric requirements of the bulky Sibgroups of the 1,2,4-
substituted arene ring.

Arene complexes of titanium are quite rare, and two main
classes of such species are known: Ti(0) sandwich complexes
[(#5-arene)Ti]?427 and Ti(ll)—x5-arene complexe®¥ 34 In

(19) Fan, M.; Zhang, H.; Lattman, MOrganometallics1996 15, 5216.

(20) Gunther, H.INMR Spectroscopy: An IntroductipiViley: New
York, 1980; pp 7786.

(21) For a discussion of structurally folded arenes, see: Arney, D. J.;
Wexler, P. A.; Wigley, D. EOrganometallics199Q 9, 1282.

(22) In this context, it is interesting to note that-1t48 and T+ C51
distances are in the range expected for Ti(hZ(sp3) bonds. See for
example: Chesnut, R. W.; Durfee, L. D.; Fanwick, P. E.; Rothwell, I. P.;
Folting, K.; Huffman, J. CPolyhedron1987, 6, 2019.

(23) The short €&C bonds (C4#C52 and C49-C52) are slightly
elongated from C(sp2)C(sp2) bond distance of 1.34 A, while the longer
C—C bonds have Ien/gths between those of benzene (1.395 A) and a-€(sp3)
C(sp3) bond= 1.54 A. See: Loudon, G. MOrganic Chemistry3rd ed.;
Benjamin/Cummings: Redwood City, 1995; p 717.

(24) Anthony, M. T.; Green, M. L. H.; Young, 0. Chem.. Soc. Dalton
Trans.1975 14109.

(25) Morand, P. D.; Francis, C. Gnorg. Chem.1985 24, 56.
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Figure 1. Molecular structure of [[DMSC)Tiy®-1,2,4-GH3(SiMes)3}] (6).

Table 2. Selected Bond Lengths (A) and Angles (deg) &or

Ti(1)—0(1) 1.829(2)  O(L¥Ti(1)—O(2) 100.41(11)
Ti(1)—0(2) 1.841(2) O(L¥Ti(1)-C(48)  117.09(12)
Ti(1)-C(48)  2.142(3) O(JTi(1)-C(48)  113.53(12)
Ti(1)-C(51)  2.150(3) O(BTi(1)-C(51)  114.86(12)
Ti(1)-C(52)  2.340(3) O(JTi(1)-C(51)  127.67(12)
Ti(1)-C(49)  2.354(3) C(48)Ti(1)-C(51)  84.10(13)
Ti(1)-C(47)  2.379(3)
Ti(1)—-C(50)  2.422(3)
C(47)-C(52)  1.388(5)
C(47)-C(48)  1.490(5)
C(48)-C(49)  1.476(5)
C(49)-C(50)  1.365(5)
C(50)-C(51)  1.460(5)
C(51)-C(52)  1.447(5)
R R
— R

A

Figure 2. Cyclohexadiene dianion resonance structure ofjfharene
ligand of 6.

Ti

comparison with the arene ligand @ Ti(ll) —»®-arene com-
plexes generally show nearly planar arene rings with longer
Ti—C bonds ¢2.50 A)28-34 Arnold and co-worker have
recently reported a FinS-toluene complex supported by a
cyclohexane-linked bis(amidinate) ligand, which displayed a

(26) Hawker, P. N.; Kundig, E. P.; Timms, P. I. Chem.. Soc. Chem.
Commun1978 730.

(27) Gardner, T. G.; Girolami, G. &ngew. Chem., Int. Ed. Endl988
27, 1693.

(28) Fischer, E. O.; Rohrschied, B. Organomet. Chenl 96§ 6, 53.

(29) Martin, F.; Vohwinkel, FChem. Ber1961, 94, 2416.

(30) Thewalt, U.; Osterle, RI. Organomet. Chen1979 172, 317.

(31) Thewalt, U.; Stolimaier, FJ. Organomet. Chen1982 228 149.

(32) Calderazzo, F.; Ferri, I.; Pampaloni, G.; Englert, U.; Green, M. L.
H. Organometallics1997 16, 3100.

(33) Troyanov, SJ. Organomet. Chenl994 475 139.

(34) Troyanov, S.; Polacek, J.; Antropiusova, H.; MachJ KOrganomet.
Chem.1992 431, 317.

(35) Hagadorn, J. R.; Arnold, Angew. Chem., Int. EA.998 37, 1729.
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puckered arene structure (analogou8)twith a dihedral angle
of 20.0°. Ti(0)—naphthalene complexff-CioHg) Ti{ BU'Si(CH,-
PMe)3} ] was reported to have a dihedral angle of 2274Also,
Wigley and colleagues have reported sevep@lGsMeg)TaXs
(X = 0-2,6-GH3Pr, or Cl) complexes with dihedral angles in
the range of 26:34°.2! The folding of the arene ligand in these
complexes has been attributed to a strong metal to ligand
back-bonding interaction from a filledy@-y2 orbital into the
LUMO of the arene’136

The [2+ 2 + 2] cycloaddition of BULC=CH by [(DMSC)-
Ti{n%1,2,4-GH3(SiMe3)s}] (6) gave [(DMSC)T{#%-1,3,5-
CeH3BU'3}] (7) as a diamagnetic orange solid in fair yield
(Scheme 1). In contrast & a significant amount of was not
produced when (DMSC)TiGl (1) was reduced with Mg-
(CuH10)(thf)z in the presence of an excess of '8&CH.
Presumably, the formation afé-1,2,4-GH3Bul3 is disfavored
because it results in increased steric repulsion betweén Bu
groups in comparison tg%-1,3,5-GH3Bu'3.3” In comparison
with 1,2,4-GHa3(SiMe3)s, greater repulsive interaction between
But groups should occur in 1,2,4s83:Bu's because the €C
bond (1.54 A) is significantly shorter than the-Gi bond (1.85
A).38 Microanalysis data confirmed the formulation given for
7. 1H and3C NMR studies established thaiis Cs-symmetric
in solution. The data are consistent with a symmetrically
substitutedr®-arene and a 1,2-alternate calix[4]arene ligand.
Thus, the Bligroups of the calix[4]arene ligand are observed
as two singlets, and the bridging methylene protons show as
two pairs of doublets and an AB system (integrating as four
protons) in the!H NMR spectrum. In thé3C NMR spectrum,
the bridging methylene carbons show as three pea&s3ét8,

(36) (a) Green, J. C.; Kelly, M. R.; Grebenik, P. D.; Briant, C. E;
McEvoy, N. A.; Mingos, D. M. PJ. Organomet. Chen1982 228 239.

(b) Jorgensen, W. L.; Salem, Che Organic Chemist's Book of Orbitals
Academic Press: New York, 1973; pp 25Z59.

(37) Molecular mechanics calculations (using CS Chem3D Pro version
3.2, CambridgeSoft Corporation) of the steric energies of 1,3,5- and 1,2,4-
R3GH3 (R = BU, SiMe;, or Ph) reveal that 1,3,5-substituted benzenes
possess lower steric energy in each cas&H° = AH (1,2,4-R3GH3) —

AH (1,3,5-R3GHs3)

(38) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry4th

ed.: Harper-Collins: New York, 1993.
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38.8, and 39.9 (doubly intense), consistent with chemical shifts Table 3. Catalytic [2+ 2 + 2] Cycloaddition of Terminal
previously reported by us for corresponding carbons of 1,2- Alkynes

alternate DMSC-based titanium complex@& Analogous to entr yield (%)
6tan|(35§:o?sisftelgt \(IiVith the ?tru%ulrz;l, ghéﬁcéezi;?ti(()cnl_tg«\/)wg|ey no_y alkyne 1.2 4isomer 1.3.5isomer
et al1® of a folded arene for {f°-1,3,5-GH3Bu'3) Ta - - , -

2,6-GH3Pr),], the arene ligand iV is most likely folded. % tlrfgq:rtl?%sé'macetylen@ gg (98) i
However, the NMR data does not permit such a structure to be 3 ppenylacetylerfer® 99 (95Y 1
unambiguously established. The'Bwoups of the;®-1,3,5-GHz- 4 p-tolylacetylené 99 1

Bu'; ligand are observed in thél NMR spectrum as a singlet 5 1,6-heptadiyre 100

ato 0.33, and the ring protons resonate as a singlét4ag73° g B:gg::gi: ggﬁ; R 188

Also,o no ne\lN pezzks v;/]ere ol?selrved |nf tne spectrum down to 8 N.N-dimethylpropargylamirie 9 10
—70°C in tolueneds. The equivalence of these groups suggest g  g’trimethylsilylpropargyl alcohdl  >95 (70§ <5

that the arene ligand does not adopt a static folded structure in 10  1-(trimethylsilyl)-4- 91 (173 9 (17b)
solution; and that interconversion among folded structures _thiahepta-1,6-diyrfe"®

probably occuré® Unfortunately, all attempts to obtain single 11 trimethylsilylacetylerfe 95 5
crystals of7 suitable for an X-ray diffraction study have thus aCatalyzed by [(DMSC)Tin®-1,2,4-GHs(SiMes)s}] (6) in CeDe.
far proven unsuccessful. b Catalyzed by [(DMSC)Tin®-1,3,5-GH3Bu's}] (7) in CeDs;. © Ratios

The 7®-arene complexe§ and 7 are extremely sensitive to ~ determined from GEMS and'H NMR data.” Isolated yield  Cata-
oxidation and hydrolysis. Both compounds are soluble in grzez%n% g(fDT'\fl_'S,’:(_:)T{” -1,2,4-GH3(SiMes)s}] (6) in CeDs in the
hydrocarbon solvents, especially aromatic hydrocarbon solvents

R
(although? is not as soluble a8). The compounds are unstable !
in halogenated organic solvent6:is somewhat stable in GH cat. /@\ +
R R R
R

Cl, with a half-life of several hours, whil& undergoes fast R—="
decomposition in CkCl,. The decomposition of in CDClg is
extremely fast, yielding (DMSC)TiGI(1) and 1,3,5-GH3Bu's

quantitatively.7 is generally less stable tha® Thus, 6 is conversion after 13 h; no decrease in the intensity of the signals
thermally more stable thafi decomposing slowly at 82C in of 6 was observed during the course of the cataly$isNMR
CeDs (t12 = 6 days) with release of 1,2,4¢83(SiMes)s. The and GC-MS analysis of the reaction mixture revealed formation

decomposition rate was not affected by addition of either PMe  of 1,2,4-GH3(SiMes)s (8a) and 1,3,5-GH3(SiMes)s (8b) in 99:1
or THF. Neither6 nor 7 undergo arene ligand exchange with  ratio. Terminal diynes generally undergo{22 + 2] cycload-

CeDg or toluene. Furthermor@,was not produced whehwas dition at a faster rate than monoynes. For example, catalytic [2

reduced with Mg(GaH10)(thf)s in the presence of 1,2,4¢85- + 2 + 2] cycloaddition of 1,6-heptadiyne (100 equiv) By5

(SiMeg)s. umol) is extremely exothermic and was complete<it min
Catalytic [2 + 2 + 2] Cycloaddition of Terminal Alkynes. with 12 as the sole product (eq 2).

The formation of n%-arene complexes by [2F 2 + 2]

cycloaddition of alkynes is know#<21 and#®-arene species N

have been implicated in cyclotrimerization of alkydé®8oth HC:C_\X ) @(j @)

6 and 7 are highly efficient catalysts for [2+ 2 + 2] Hezc—/

cycloaddition of terminal alkynes at 2%, producing 1,2,4- X

substituted benzenes with excellent regioselectivity and in X =CHy12;X=0,13;X=8, 14

excellent yield (Table 3). Even thoughlikely possesses less
Ti(IV) character tharg,*! it is generally less reactive toward _ . L

alkynes tharé for steric reasons (vide infra) The catalyticf2 . The ratg and regioselectivity of'the cyclotrlmerlzatlon reac-
2 + 2] cycloaddition of various alkynes Hywas investigated. ~ tions are influenced by the steric properties of the alkyne
Typically, a mixture of6 (5 umol) and alkyne (100 equiv) in subst!tuent, although modest variation in th(_a steric size of the
CeDs was monitored at 25C by 'H NMR. Generally, aliphatic substltugnt does not adversgly affect the regloselectlv!ty (Table
and aromatic terminal alkynes are cyclotrimerized in rapid and 3)- The influence of the steric size of the alkyne substituent on
exothermic fashion bg. However, the reaction occurred more rate and regioselectivity is demonstrated by the reactiof of
slowly for MesSiIC=CH (200 equiv), proceeding to 98% With an excess of B&=CH, which gave [(DMSC)Tin°-1,3,5-
_ CsHeBU'3}] (7) and no evidence of catalytic [ 2 + 2]

| (39)hAfen% ZFS;ODS (glfjngflﬁ,5-QH38U‘3)Ta(CH3)(O-2.G-QsHa'Prz)z] cycloaddition of B{C=CH over 14 days at 25C. Also, no
as&g) Ig\gp?d rin'g roltr;tion 6allone cannot account for the equivalence of these reaction occurred betwedand more_ bulky PESIC=CH over
groups in a static, folded structure. Wigley et al. have proposed intercon- several hours at 80C. Furthermore, internal alkynes are rarely

version among folded structures, via plangrarene intermediates, to  cyclotrimerized, even at elevated temperatures. For instance,
account for the equivalence of the arene protons:jf-1(3,5-GH3Buls)-

Ta(CH)(0-2,6-GH3 Pp)s]: ik _93 h was required for 91_1% conversion of 65 equiv of 2-butyne
o into CsMeg at 25 °C, with 21% of the original catalyst6]
Bu! u Bu! ini i H
= — - remaining intact (by'H NMR). This suggests that the rate-
— Bu‘
Bu' V W@w B“'% determining step of this cycloaddition proceeds at a faster rate
M than the reaction betwee6 and 2-butyn# and that the
By But Bu!
- @ = A\ \ (42) We have isolated a product tentatively identified as [(DMSC)TiC
Bum T Bu pYa:n Me4Ti(DMSC)] from the reaction betweeb and 2-butyne. Complete
M characterization and the role of this product inf22 + 2] cycloaddition
(41) The greater electron-releasing character of thé doup (in of 2-butyne are under investigation. For related compounds, see: Veldman,
comparison with SiMg should result in reduced metal-to-ligandoack- M. E. E.; Van der Wal, H. R.; Veenstra, S. J.; De Liefde Meijer, HJ.J.

bonding. Organomet. Chenil98Q 197, 59.
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unisolated intermediate [(DMSC)¥j¢-1,2,4-GMeg)] reacts Scheme 2
faster with 2-butyne thaf. More bulky internal alkynes such R
as EtG=CEt, and MgSiC=CMe did not react witt6 at 80°C Ro=C ok
in benzene, nor did any reaction occur betwe@nand Ly M |
MeOCH,C=CCH,OMe, or MgSiC=C(CH,)sC=CSiMe; at 25
°C over several days. Similarly, catalytic [ 2 + 2] LM):[ R=" RLnM);[
cycloaddition was not observed when the reduction of (DMSC)-
TiClz (1) with Mg(Ci4H10)(thf)3 was carried out in the presence
of an excess of any of these internal alkynes.

[((DMSC)Ti{#%5-1,2,4-GH3(SiMe3)s}] (6) exhibits modest
functional group tolerance. For instanéegatalyzed [2+ 2 + . .
2] cycloaddition of propargylic compounds, bearing oxygen, selectivity for 18 probably reflects the fact that M8iC=CH

CE o
R

nitrogen, or sulfur functionality HECCH,R (R = NMey, is a _better_dienop_hile than 1,6-_hej'ptadiyne and effectively
OSiMes, SCHC=CH, OCHC=CH, or SCHC=CSiMey), with participates in reactions after rate-limiting dlsplacgment _of arene
high regioselectivity (Table 3). The reaction &fwith HC= desp_|te its steric bulk. Howev_er, analog_ous_ ree_lctlons with other
CCH.NMe; (250 equiv) was complete in3 min, giving a 90: terminal .alkyn.es generally yleld.ed a dls'trlbutlon of products.

10 ratio of 1,2,4-GH3(CH,NMe,)s (158) and 1,3,5-GHs(CH,- We also investigated cross-coupling reactions betweesi@e

NMey)s (15b). The reduced regioselectivity is probably due to CH and olefins. At 25C, [(DMSC)TK7°1,2,4-GHs(SiMes)s}]
coordination of the amine moiety to titanium, altering the (6) catalyzed [2+ 2+ 2] cycloaddition of 4-chlorostyrene with
stereochemical environment at titanium (vide infra). Similarly, MesSIC=CH to give the 1,3-cyclohexadierid as the major
the cyclotrimerization of H&CCH,0SiMe; by 6 gave 1,2,4- product (80%, GE&MS). Minor isomeric _ cyclohexadiene
CeHa(CH,0SiMes)s (16) in 95% yield. It is worth noting that ~ Products 8%, GC-MS) and 1,2,4-GH3(SiMeg)s (~12%)
HC=CCH,OSiMe; is similar to 1-pentyne in terms of its steric  Were also formed (eq 5). Cyclohexadiene isomers can differ by
influence on the course of the reaction since the Me groups are

three atoms away from the=€C bond; the SiMg group thus cl O SiMeg
serves mainly to protect the oxygen atom. The reactioB of  ye.si_c=cH + 4-CHCeHiCH-CHp — ‘\‘ (©)
with MesSiIC=CCH,SCH,C=CH in heptane gave the 1,3- O
dihydrobenzothiophene derivatiie? as 1,2,3,4- and 1,2,3,5-
substitutional isomerslfaand17b, respectively; eq 3) in 91:9
ratio and in 91% vyield. The formation df7b is likely due to
prior coordination of the sulfur atom to titanium (vide infra) or
the flexible three-atom linker group which permitted the required
orientation of the &C bond.

SiMe3
19

double bond positions as well as substitution pattéfiHence
some of the minor cyclohexadiene isomers may have substit-
uents that are positioned “1,2,4” relative to one another but
possess different double bond positions. In this regard, several
studies have demonstrated that titanium aryloxide species can

/©:>s isomerize 1,3-cyclohexadien&sAttempts to purify and isolate
Me3Si—C=C-C &g 19 (see Experimental Section) were unsuccessful. Similar
s 2 % SiMe investigation of the cross-coupling reaction between$ie=
MesSi—C=C-C |, —C=CH 17a 3) CH and ethylene catalyzed b§ produced a mixture of
MesSi—C=0- G products®® Only cyclotrimerization of MgSiC=CH occurred
Hy H s in the presence of more bulky terminal or disubstituted olefins
including MgSiCH=CH,, Ph,C=CH,, Cl,C=CCl,, and BC=
17b SiMes CMe-CMe=CHs,.
Mechanistic Considerations.Much discussion has centered
Interestingly, added ED, EgN, BUNH,, PCys, PPh, BUC=N, on the nature of the intermediates involved in theH2 + 2]

ButMe,SiC=N, SiMe;Cl, or SiMel did not affect the rate or  cycloaddition reaction. Many studies have implicated metalla-
regioselectivity of [2+ 2 + 2] cycloaddition of MgSiC=CH cyclopentadiené-*>or 5®-arené® intermediates in the reaction.
catalyzed by6. Perhaps in part, because of the relatively Two pathways have been proposed to account for the reaction
crowded environment at titanium. Added THF or TMEDA of a metallacyclopentadiene intermediate with 1 equiv of alkyne
decreased the selectivity for 1,2,4H3(SiMes); during catalytic to produce the free arene product (Scheme 2): (i) the two new
cyclotrimerization of MgSiC=CH by 6 (Table 3, entry 11), C—C bonds are formed in a stepwise manner via a metallacy-
although neither THF nor TMEDA independently react with cloheptatriene intermediate and (ii) the two new C bonds
This suggests that THF and TMEDA influence alkyne cyclo- are formed in a concerted fashion (as in the Didider
trimerization by reacting with coordinatively unsaturated inter- reaction) via a metallanorbornadiene intermediate. Although the
mediates generated frof

(43) For a discussion of the NMR of 1,3-cyclohexadienes, SEee

Catalytic Cross-Coupling Reactions.The catalytic [2+ 2 Conformational Analysis of Cyclohexenes, Cyclohexadienes, and Related
+ 2] cycloaddition of MgSIC=CH with a variety of terminal Hydroaromatic Compoungi®Rabideau, P. W., Ed.; VCH Publishers: New
alkynes was investigated. The reactior6d® xmol) with 1,6- York, 1989; Chapter 3.

. . . : (44) See for example: (a) Johnson, E. S.; Balaich, G. J.; Rothwell, I. P.
heptadiyne (250 equiv) and M&IC=CH (250 equiv) at 25C J. Am. Chem. S0d.997, 119, 7685. (b) Warantuke, S. A.; Johnson, E. S.:

in benzene was found to be exothermic, producing the benzo-Thorn, M. G.; Fanwick, P. E.; Rothwell, I. B. Chem. Soc. Chem. Commun.

cyclopentene derivativé8 almost quantitatively (eq 4). The 1996 2617. (¢) Balaich, G. J.; Rothwell, 1. B. Am. Chem. Sod 993
115 1581. (d) Warantuke, S. A.; Thorn, M. G.; Fanwick, P. E.; Rothwell,

A. P.; Rothwell, I. P.J. Am. Chem. S0d.999 121, 9111.

HC=C Me3Si—C=CH 4) (45) GC-MS analysis of the reaction mixture following protonolysis
~ T revealed isomeric mixtures of cyclohexadiene products as well as products
HC=C Mej3Si of cross-coupling between ethylene and cyclohexadiene species, and among

18 cyclohexadienes. See ref 44d for similar results.
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Figure 3. Plot showing the disappearance of {8&C=CH with time
during [2+ 2 + 2+] cycloaddition.

steps in each mechanism have precedence, neither pathway has

been unambiguously established. Rothwell et al. have exten- ‘xSi/
sively studied reactions of aryloxide-based titanacyclopenta- Bu' / Bu'
dienes with alkynes and olefit8%-44and their results are best Me Me

interpreted in terms of a concerted pathway for the reactions. . . .
Studies by Wigley et al. also suggest a concerted addition knowledge, this study presents the first unambiguous demon-

pathway for the reactions of tantalacyclopentadiene and tanta-Stration of the involvement of an®-arene (7-titananorborna-
lanorbornadiene complexes supported by aryloxide ligdfieh. ~ diéne) species in the rate-limiting step of {2 2 + 2]
Bianchini and Caulton et 4f.also favored a concerted pathway ~cycloaddition of alkynes.

for the [2-+ 2 + 2] cycloaddition of acetylene at iridium centers. ~ 1"€ product regiochemistry can be accounted for by a
Recently, a theoretical study of the mechanism of the cyclo- mechanlstlc pathway in which the st_ereochemlcal en_wronment
trimerization of acetylene by CpCel(L = CO, PR, olefin) imposed at titanium by the DMSC ligand plays an important

concluded that the intermediacy of a cobaltocycloheptatriene role._ Four different_ disubstituted titanacyclopentadiene _inter-
was energetically prohibitive and favored a concerted addition Mediates are possible.g’, o’ .5, of', ,4") each possessing
pathway?’ different steric properties (Scheme 3). Both the'- anda’, -

In the present work, we found that [(DMSCJT#-1,2,4-GHs- substituted species would probably be disfavored because

. . . : incorporation of a bulky substituent in thendea’-position
S_Slg? %))/3C}I1)z(;(ij) dlifi;?]eo:‘el\jltég?;%i ofrthh: g;{ge’;;lgctgjgzzt a would likely lead to unfavorable steric interactions with nearby

A A .
convenient rate over a broad temperature range and yields 1’2’49romat|c rings and the attached "Bgroups. Wigley and

f H .
CesH3(SiMes)s almost exclusively (vide supra). Kinetic studies colleagues™ have shown in a reIat(_a_d tantalgcyglopentad_|e_r_1e
were conducted by adding an excess o&SIE=CH to a GDs system that the thermodynamic stability and kinetic accessibility

solution of6, and monitoring the reactions at various intervals of the a,a 'SUbSt'tUt?d regloisomer I .lOSt as steric congestion
by IH NMR spectroscopy. The reaction showed first-order at the metal center increases. We believe that the 1,2-alternate,

: L DMSC ligand promotes predominant (or quite possibly exclu-
dependence on botb][and [MeSiC=CH)], confirming that the . - \ . : . .
rate-limiting step is the displacement of 1,2,4HG(SiMes)s3 Elvlt_e)ffcf)_rrgatlotn ofo.,3 'SUbS,I't.Utiﬂ tltanacyclopel_ntadlenet._ Th'sf
from 6. A plot of the disappearance of N®C=CH with time eliet inds strong support In the cross-coupling reaction o

. - : L ... trimethylsilylacetylene with 4-chlorostyrene, which gaM@as
is shown in Figure 3. Analysis of the kinetic data gave activation ; ) .
parametersAH* = 14 kcal/mol, andASt = —11 cal/mol K, the major cyclohexadiene produet91% of the cyclohexadiene

consistent with an associative mechanism. Thdid not react products)."H NMR data established that the Sibgroups in
with bulky terminal alkynes such as ‘BiC%CH and most 19are arranged in 1,3-fashion about the cyclohexadiene*fing.

internal alkynes may therefore be explained by the inability of MesSi Ha

the substrates to displace thfearene ligand. In fact, the reaction

rate is influenced by the steric requirements of both the alkyne Hg SiMeg

and they5-arene compound. Thus, [[DMSC{¥#-1,3,5-GHs- H B

Bu's}] (7) did not cyclotrimerize BIC=CH but acts as a catalyst CHD R R=4-Cl-CeHy

precursor for [2+ 2 + 2] cycloaddition of less bulky alkynes

such as phenylacetylene and 1-pentyne, resulting in identical The SiMe groups show as different singlets®0.02 and 0.12,
regioselectivities aé (Table 3, entries 2 and 3).apparently ~ and H shows as a singlet @t 6.77. Hs and H: each show as
reacts with these substrates to generate the correspoptling doublet of doublets at 5.90 and 3.33, respectively, whilepH
arene complex which does the catalysis. To the best of ourand H each show as a doublet of doublets of doublets at
2.48 and 2.12, respectively. This product can only be derived

(46) Bianchini, C.; Caulton, K. G.; Chardon, C.; Eisenstein, O.; Folting, from reaction of ar,3'-substituted titanacyclopentadiene with
K.; Johnson, T. J.; Meli, A.; Peruzzini, M.; Rauscher, D. J.; Streib, W. E.; 4—ch|orostyrene
Vizza, F.J. Am. Chem. S0d.991 113 5127. . N . . .

(47) Hardesty, J. H.; Koeme%y 7. aB_; Albright, T. A.; Lee, G.X.Am. Unlike ,4'-substituted titanacyclopentadiene, which would

Chem. Soc1999 121, 6055. exclusively yield 1,2,4-substituted benzene regardless of the
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Scheme 4 Table 10
[(DMSC)Ti{ne-1,2.4-CeHy(SiMe3)s)] (6) R 1,3,5- R3GHs kcal/mol  1,2,4- R3EHz kcal/mol  AAH®

| 24-Cyt(SiMeys Bu 11.0 33.2 225
R RZ SiMes ~165 8.3 8.2
@R ] Ph ~18.0 ~16.0 2
R Bl( l | Bu'

Ti.

titanium from pseudo-tetrahedral. Finally, a concerted pathway
best accounts for products of [2 2 + 2 ] cycloaddition
catalyzed by6 and7. Support for a concerted pathway can be
found in the results of the cross-coupling reaction of 4-chlo-
rostyrene with MgSiC=CH. We did not observe products that
can be attributed t@-H migration in a titanacyclohepta-2,4-
diene intermediaté® In contrast, the related complex [(2,6-
PhCeH30),Ti(CH,CMe=CMeCH,)] has been shown to cata-
lyze cross-coupling of 2,3-dimethyl-1,3-butadiene and ethylene
via -H elimination from an isolable titanacyclohept-3-éfie.

Conclusions

The effect of the DMSC ligand on the mechanism of Ti-
catalyzed [2+ 2 + 2] cycloaddition of alkynes is remarkable:
DMSC ligation resulted in isolation of Tif®-arene complexes
(6 and7) from [2 + 2 + 2] cycloaddition of terminal alkynes;
approach of.the third alkyne molecule,ﬂ'-substituted titana— ggggav(\jlz}sﬂg:]eorf :/Tgsgiéi_féeH?thSﬁhﬁﬁgrset, I:,gjﬂfb;iﬂed
cyclopengadlene COUI.d glve.elther 124 or 1’3’5'SUb.St'tUt6d benzenes are formed with excellent regioselectivity. These
benzend?® The very high regioselectivity for 1,2,4-substituted results represent a sharp departure from those previously

benzene. presented_in this report for catalytic422 + 21 observed for related titaniuraryloxide systems, where titana-
cycloaddition of terminal alkynes suggests that the DMSC ligand cyclopentadienes are usually formed as stable species and high

directs the reaction through the stereochemical environment it regioselectivity is rare. In 1,2-alternate conformation, the DMSC
imposes at titaniur_n. For instance, the related titanium aryloxide, ligand sterically defines ihe reaction sites at tit:';mium; the
[(2,6-PhCeHz0).Ti(C4H2BU')], was shown to catalyze [2 2 formation ofo.,3'-substituted titanacyclopentadiene intermediate
+ 2] cycloadcﬁtmn of MQS!C’ECH to .y'eld. 13,5-and 1,2,4- is apparently favored. The DMSC ligand also exerts steric
CeHs(SiMes)s in ~95:5 ratio; and aliphatic alkynes such as c,quo1 over approach of a substrate to thg'-substituted
1-pentyne gnd 1-hexyne, were cyclotnm_erged to 1’3’5' and titanacyclopentadiene; the less hindered end of an olefin or
1’2'4_SUbSt'FUted arene product.sm:3 (at|o. X We believe alkyne is directed into the calixarene cavity. Thus, the DMSC
the D.MSC ligand promotes rgglcselgctwe formation of 1,2,4- ligand results in a dramatic change in the reaction mechanism
substituted benzenes by exerting steric control over the approachy, regioselectivity in comparison with that previously observed

.Of the third alkyne molecule to _the t_itanacyclope_ntadiene for Ti—aryloxide systems. Further reactivity studies of these
intermediate. Thus, the preferred orientation for the third alkyne ;4 (ajated complexes are underway in our laboratory

molecule is one in which the bulky R group is pointing out of

the calix[4]arene cavity. The product distribution obtained from  Acknowledgment. Thanks are expressed to the Kentucky
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the second effect apparently wins out, resulting in the formation tropic displacement parameters, bond lengths and angles,
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(49) This pathway would have to be a very minor one even if one allowed
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