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Dinuclear niobium complexeg NbCLL} »(u-Cl),(u-L)] (L = tetrahydrothiophene £sS, THT (1a))
have been prepared by the reaction of diniobium(V) decachlorideQRp with magnesium in THT.
The structure olawas determined by X-ray crystallography to have ab bond, which is consistent
with that of 1b (L = dimethyl sulfide, MgS). The reaction oia, as well aslb, with alkyne (RC=CR,)
at room temperature gave a head-to-tail cycloadded alkyne trimer, 1,352(R,6-(R)s-benzene (R=
H, R, = Ph (2), Ry = p-t0|y|, R,=H (3), R; = R, = CH,CI (4), R; = R, = COOEt 6), Ri=n-Pr,R
= Me (6); Ri = n-Bu, R, = H (7); R = Me;sSi, R = H (8), Ry = R, = Et (9), Rt = R, = n-Pr (10)),
regioselectively in high yields. The cyclotrimerization is found to be catalyzed by complexaasd 1b,
since only 1/600 equiv of the complex to the alkynes can lead to the corresponding product in high
yields. The reactions ofa with 6 equiv of 3-hexyne and 4-octyne gave a mononuclear byproduct,
NbCls(7>-RC=CR—RC=CR) (R= Et (11), Pr (12)), beside® and10, respectively. The reactions tf
or 12with an excess of original alkyne, however, resulted exclusively in the formation of the corresponding
benzene derivative, in equimolar amount to 1,2,3,4-83%-(R).-benzene (R=R' = Et (9), R=R' =
Pr (10), R=Et, R = Pr (13), R= n-Pr, R = Et (14)). This observation suggests that the mononuclear
species does not behave as a catalyst, and the regioselectivity may be due to a dinuclear structure of the
niobium complexes.

1. Introduction The tantalum(lll) analogue [BXsLs] (X = CI, Br; L =
Me,S, THT) was also investigated by single-crystal X-ray
The chemistry of the lower oxidation states of niobium and techniques as well as spectroscopic methddsjetermine that
tantalum in discrete complexes remains relatively unexplored. the structure was identical to that of the corresponding Nb
The first structurally characterized niobium(lll) complex with  complex. Furthermore, the reaction of the Ta complex
halides is a class of metametal bonded dinuclear salts [{ TaCL(THT)}2(u-Cl)2(u-THT)] with an alkyne MeG=C'Bu
M3[Nb2Xo] (M = Rb, Cs; X= ClI, Br, I) reported in 1970. was found to form [TaG(THT)(2-MeC=C'Bu)(u-Cl)],, and
The observed NbNb distances (2.662.86 AP and the  the structure was determined by X-ray crystallography.

diamagnetic behavior suggest that there is a-Nb bond with On the other hand, it was known that many metals and their
a formal bond order 2. Subsequently, the neutral dinuclear complexes catalyze the{2+2] cyclotrimerization of alkynes
complexes with sulfur donors [NBleLs] (L = tetrahydro- g give benzene derivativés?® Among these catalysts, there

thiophene THT, dimethyl sulfide M&) were characterized by
spectroscopic methods. These complexes have a triply bridged (s cotton, F. A.; Najjar, R. Clnorg. Chem 1981, 20, 2716.
bioctahedral structure with one THT as a bridging ligdfidhe (6) Cotton, F. A.; Hall, W. T.Inorg. Chem 1981, 20, 1285.

iamaanetic (not antiferromaaneti haracter ite the oxida- _ (7) For the first transition metal-catalyzed trimerization of alkynes, see:
diamagnetic (not antiferromagnetic) character despite the oxida Reppe, W.; Schlichting, O.; Klager, K.; Toepel, Justus Liebigs Ann.

tion state+3 for both Nb centers suggests the strong-Ntb Chem.1948 560, 1.

interaction. We have already carried out X-ray determinations  (8) Schore, E. N. InComprehensie Organic SynthesisTrost, M. P.,

of the structure of [NEClgL3].4 Fleming, I., Paquatte, A. L., Eds.; Pergamon: Elmsford, NY, 1991; Vol. 5,
p 1129.

(9) Grotijahn, B. D. InComprehensie Organometallic Chemistry ;lI
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are mononuclear Nb and Ta complexes, NJJOME)!’ and
TaCk(DME)!® (DME = 1,2-dimethoxyethane). Products of
these catalytic reactions have always been a mixture of 1,3,5-
and 1,2,4-cyclotrimers, which is formed through both head-to-
tail and head-to-head additions, respectively, and the yields
generally do not depend on the substituents on the alkynes. In
the past 50 years, the regio- and chemoselectivity for the
cyclotrimerization of alkynes are the major challenge of
synthetic chemist® In this paper, we will report a novel
regioselective and highly chemoselective process for preparing
benzene derivatives via NBlg(THT)s- or Nb,Clg(MesS)s-
catalyzed cyclotrimerization of alkynes.

2. Results and Discussion

Syntheses of the ComplexesAlthough dinuclear nio-
bium(Ill) complexes{NbCly(L)} 2(u-Cl)2(u-L)] (1a, L = THT;
1b, L = Me,S) are knowr?,we developed a new route for the
preparation. The reaction of diniobium(V) decachloride ABlk)
with magnesium and L in a mixture of dichloromethane
(CHxCI,) and diethyl ether (EO) for 2 days provideda and
1b, in 86% and 88% yields, respectively, as shown in eq 1.
The application of Mg as a reducing agent may give the targeted
products in high yields. Single crystals were also successfully
obtained probably because of the high purity. The molecular
structures ofla (vide infra) and1lb* as single crystals were
determined by X-ray crystallography. TRel, 13C, and®Nb
NMR spectra in CDGlsuggest that the molecular structures in
the solid state remain unchanged in solution. The diamagnetism
of these complexes is rationalized by the formation of a-Nb
Nb double bond, although the oxidation number of NbH3
with d? electron configuration.

L /Mg, CH,Cla /E,O \ /

Nb,Clyjg —————————————

2 days, r.t.

1a (L = THT)
1b (L = Me;,S)

Complexla did not react with MgS, while the reaction of
1b with THT gave la, as illustrated in eq 2. These results
indicate thatla has a higher stability thaib and higher
activation energy for the ligand substitution. This difference may
reflect the strength of the coordination bond of Nb to the sulfur
donor: greater electron-donating ability of THT than J8e

cl I !i> MesS / CH,Cl
s §’
Nz \/ 18h, rt.
NG

CI/,/

S 2 THT / CH,CI. cm ",
o 1 \S N\ o “e)
cl (_) C1 ¢l 18h,rt. of L
1a 1b

X-ray Crystallographic Study. Crystal Structure of 1la.
The molecule contains a triply bridged dinuclear cdrsBa(u-
Cl)2(u-THT)}” with the THT rings in the same orientation with
respect to the remainder of the molecule, as shown in Figure 1.

(19) Oshiki, T.; Tanaka, K.; Yamada, J.; Ishiyama, T.; Kataoka, Y.;
Mashima, K.; Tani, K.; Takai, KOrganometallic2003 22, 464.

(20) Gevorgyan, V.; Yamamoto, Y1. Organomet. Chenil999 576,
232.
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Figure 1. ORTEP drawing ofLa with the numbering scheme.

Table 1. Crystal Data and Structure Refinement for 1a

empirical formula GoH24CleNbS;
fw 663.01
temperature 173(2) K
wavelength 0.71073 A
cryst syst orthorhombic

space group
unit cell dimens

volume

z

density (calcd)

absorption coeff

F(000)

cryst size

6 range for data collection
index ranges

no. of refins collected

no. of indep reflns
completeness t = 27.93
absorp corr

max. and min. transmn
refinement method

no. of data/restraints/params
goodness-of-fit orfr2

final Rindices | > 20(l)]
Rindices (all data)
largest diff peak and hole

Pnma

a=11.749(2) Ao = 90°
b=20.215(4) Ap = 90°
€c=9.792(2) A,y = 90°
2325.7(8) A

4

1.888 Mg/t
1.940 mm
1312
0.15¢< 0.12x 0.10 mn?
2.6127.93
—15=<h=<15-26=< k= 23,
-12=<1=<9
15905
2851H(int) = 0.0974]
99.4%
semiempirical from equivalents
0.8297 and 0.7596
full-matrix least-squaresrén
2851/0/115
1.013
R. = 0.0456 wR, = 0.0906
R1 = 0.0626 WwR, = 0.0964
1.034 ard.958 e A3

The molecular structure is very similar to that Hb already
reported elswheréThere are few significant differences in the
structural parameters of the molecule, as reflected in the bond
distances and angles listed in Tables 1 and 2.

The shared trigonal face consists of one sulfur of THT and
two chlorides in a pseudo-octahedral environment around each
Nb, which is completed by two terminal chlorides and one
terminal THT. Formation of the metametal bonding is obvious
from the Nb-Nb distance, 2.6956(9) A, which coincides within
the range of atomic distances of MiNb" double bonds,
2.60-2.86 A. A further indication of the strong metahetal
attraction is the displacement of each Nb, ca. 0.20 A, toward
one another, away from the center of the idealized octahedral

coordination sphere.

(21) Ozerov, O. V.; Patrick, B. O.; Ladipo, F. . Am. Chem. Soc

2000 122 6423.
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Takahashi, T.; Tsai, F.-Y.; Nakajima, K.; Kotora, Nl. Am. Chem. Soc.
1999 121, 11093. (c) Takahashi, T.; Hsi, C.-Bpn. Kokai Tokkyo Koho
2002 2002-265393. (d) Negishi, E.; Takahashi, $ci. Synth2003 2,
681. (e) Takahashi, Tpn. Kokai Tokkyo Koh@003 2003-261469.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for 1a Scheme 1. Cyclotrimerization of Alkynes Catalyzed by
Bond Lengths [{NbCI(THT) }2(s-Cl)o(u-THT)] (1a)
Nb(1)—Nb(1)# 2.6956(9) S(HYNb(1)# 2.4370(11) R
CI(1)—Nb(1) 2.3879(11) Nb(1)yS(2) 2.6573(12) 1a Ro Ry
CI(2)—Nb(1) 2.3853(11) Nb(1)yS(1) 2.4370(11) I 11 6-1/ 600 eq.
CI(3)—Nb(1)# 2.5058(12) CI(3¥Nb(1) 2.5059(12) T R CHClp 1t
CI(4)—Nb(1) 2.5136(12) CI(4yNb(1)# 2.5136(12) ’ Rq ! Rt
Bond Angles ’
Cl(1)—Nb(1)—CI(2) 101.82(4) CI(1¥Nb(1)-CI(3)  91.64(4) 2(Rq=H Rx=Ph)
CI(1)-Nb(1)-Cl(4)  166.32(5) CI(1)}Nb(1)-S(1) 87.30(4) 3(Ry =p-tolyl, Ry =H)
CI(2)—-Nb(1)-S(1) 90.11(4) CI(1XNb(1)-S(2) 87.41(4) 4(Rq =Ry = CHyCl)
Cl(2-Nb(1)-CI(3)  163.59(5) CI(2rNb(1)-Cl4)  89.16(4) 5(Ry =Ry = COOEY
Cl(2)-Nb(1)-S(2) 88.17(4) CI(3YNb(1)-Cl(4)  76.29(5) 6 Ry =n-Pr. Ry =Me)
CI(3)—Nb(1)—-S(1) 99.96(4) CI(3}Nb(1)-S(2)  83.06(4) T(Ry =n-Bu, Ry =H)
Cl(4)~Nb(1)-S(2) 84.77(4) CI(4FNb(1)-S(1)  100.97(4) g? :i"‘"f&ER? =H
Nb(1)-CI(3)-Nb(1)#  65.08(4) S(HNb(1)-S(2)  173.98(4) ; 0( e "):
Nb(1)-Cl(4)—Nb(1)#  64.85(4) Nb(1}S(1-Nb(2)  67.15(4) (Rq=Ra = n-Pr)
C(1)-S(1)y-C(4 94.8(3 C(8)S(2)-C(5 92.8(3
(-s-ce) @) (@ S(2-C6) @) Scheme 2. Cyclotrimerization of Alkynes Catalyzed by
The Nb—S bond lengths for the bridging and terminal THT’s [{NbClo(MeS)} o(u-Cl)(u-Me-S)] (1b)
are 2.44 and 2.66 A, respectively, while the-NBlI lengths for b Ra
the bridging and terminal chlorides are 2.51 and 2.39 A, vereoneq Re
respectively. The Nb(«-S)—Nb and average Nb(u-Cl)—Nb Ri——-R; TP R R
angles are 67.15(%and 64.97(4), respectively. These features e v
suggest stronger bonds to the bridging THT than those of :
terminal ones in the THFNb—THT axis, while the terminal §$1=;‘_‘t§2|=:h) "
o X = ptolyl, R, =
Nb—CI bonds are stronger than those of bridging—N@i in 5(R1=R2=005E0
the CNb—CI axis. 7 (Ry=n-Bu, Ry = H)
These differences in coordination bond lengths and bridging 10 (Ry = Ry = n-Pr)

angles may come from the nature of the bond. The normal
coordination radius of & (1.84 A) is very similar to that of
Cl~ (1.81 A)?4 and electronic factors may be responsible for
the difference. The bridging sulfur atom:-8) donates p
electrons into a vacant d-orbital of each Nb center to form a
o-bond, and the low-lying vacant d-orbital gfS receives d
electrons from one of the NBNb bonds, forming a back-

or 600 equiv of alkynes witila. Scheme 2 shows benzene

derivatives 2, 3, 5, 7, 9, and10)25:26:28.30.32.3%f 6, 200, or 600

equiv of alkynes withlb. Compounds2—10 were identified

by IH NMR, FAB-MS, and melting point measurements.
Tables 3 and 4 summarize the resultd af and1b-catalyzed

cyclotrimerization of alkynes to give benzene derivatives under

various conditions, respectively. When the precursor is an alkyne

donatingz-bond. On the other hand, the sulfur atom of the °* . . . . .
terminal sulfide ¢-S) binds only through a donatingbond to with electron-withdrawing substituents, the reaction provides
the head-to-tail cyclotrimer almost exclusively in a high yield

each Nb metal center, since Nb has no available d electrons. ) :
because of the formation of the NiNb bond. Sulfur is not a in 0.17-4 and 4-18 h forlaand1b, respectively, even if only

strong electron-donating atom, and theS interacts much 1/600 equiv of the complex was applied to the alkynes. On the
stronger than the-S does ' other hand, when the initial alkyne has electron-donating groups,
Chloride is different from sulfur in the lack of the vacant the required duration is longer{48 h) and the yield is lower

d-orbitals. Therefore, the bridging Ctannot receive d electrons when the amount ratio of the complex o the_ reactant Is low.
from the Nb centers as well as the NNb bond. On the Therefore, for both catalysts the cyclotrimerization rates are

contrary, the repulsion of NbNb bonding electrons and higher for alkynes with electron-withdrawing groups than those

; ith electron-donating ones.

chloride may elongate the Nt{u-Cl) bond and the NbCI— wi o . .

Nb angle becomes smaller. This may be the reason(MtCl) Elu_C|dat|on of the Mechanism. Igolanon of a Mononuclegr

is longer than Nb-(3-Cl). Species.Scheme 3 shows reactions @& with alkynes in
Cyclotrimerization of Monoalkynes. General Features. CH;Cl>. The reaction ofla with a large excess of 3-hexyne

Reactions ofla and1b with an excess of alkynes under argon and 4-octyne gave only 1,2,3,4,5,6-hexaethylbenz@fé4nd

. i 3
atmosphere at room temperature gave benzene derivatives. Thisl’z’?”‘l’S’6 hexapropylbenzena(), respectively’> When 6

e . equiv of 3-hexyne and 4-octyne were mixed with, mono-
cyclotrimerization of alkyne is found to be catalyzed by the . 2 i .
present complexes, since only 1/600 equiv of the complex to nuclear complexes with 1,4%1,2,3,4-tetraalkylbutadiene

2_ —] — = = = |-
the alkynes can lead to the product in high yields. The most [NbCls(y*-RC=CR-RC=CR)] (R = Et (11), R - n-Pr (12))
remarkable feature is that the reaction gave onlyacorrespondingWere formed as byproducts &fand 10, respectively. These
mononuclear complexes were identifiedyNMR and FAB-

head-to-tail cyclotrimerized product, i.e., 1,3,5-substituted ben- . . . .

zene, from each alkyne. Scheme 1 shows benzene derivatived/S: Reaction of isolated and 12 with 1 equglgl of 3-hexyne
(Ri=H, R, = Ph @): Ry = polyl, R, = H (3): Ri = R, = and 4-octyne, resp_ectlvely, gave 09R# and 10, r_espectlvely,
CH,CI ( 4,.)- R, = R, — COOEt 5); R, = n-Pr R, ~ Me ©):R and the cross reactions bf with 4-octyne and 2 with 3-hexyne

~ AU Ry 2 h (%, R: = MesSi Rlz —H @) R =R~ £t Provided 13 and 14, respectively, as shown in Scheme 3.

(9), R1 = Ry = n-Pr (10))2>-33 given by the reaction of 6, 200,

(29) Uhm, J.-K.; Lee, W.-S.; Kim, S.-B.; Cha, J.-S.; Lee, H.-S.; Lee,
D.-H.; Kim, H.-S.; Sim, S.-CJ. Korean Chem. S0d.993 37, 832.

(24) Shannon, R. DActa Crystallogr, Sect. A1976 32, 751. (30) McCaulay, D. A;; Lien, A. P.; Launer, P.J.Am. Chem. So2954
(25) Cade, J. A.; Pilbeam, Aletrahedron1964 20, 519. 76, 2354.

(26) Monson, R. STetrahedron1975 31, 1145. (31) Chaffee, R. G.; Beck, H. Nl. Chem. Eng. Datd963 8, 453.
(27) Backer, H. JRecl. Tra.. Chim. Pays-Bad4936 55, 591. (32) Smith, L. I.; Harris, S. AJ. Am. Chem. S0d.935 57, 1289.

(28) Lindner, E.Organometallics1989 8, 2355. (33) Hopff, H.; Gati, A.Helv. Acta1965 48(3), 509.
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Table 3. Cyclotrimerization of Alkynes to Benzene
Derivatives Catalyzed by Complex 1aunder Various
Conditions in CH,Cl, at Room Temperature.

entry R R2 product yield (%)
1h9 H Ph 2 98
2cf H Ph 2 91
3df H Ph 2 22
4bg p-tolyl H 3 97
5ef p-tolyl H 3 11
6of p-tolyl H 3 3
709 CH,CI CHCI 4 97
8ee CH.CI CH.CI 4 95
gde CHCI CH.CI 4 18
1009 COOEt COOEt 5 92
11¢e COOEt COOEt 5 90
12de COOEt COOEt 5 20
13p9 n-Pr Me 6 78
14¢f n-Pr Me 6 16
154 n-Pr Me 6 5
1679 n-Bu H 7 83
17ef n-Bu H 7 30
18df n-Bu H 7 8
1909 SiMes H 8 75
20°f SiMes H 8 16
21df SiMes H 8 3
22b.h Et Et 9 60
23 f Et Et 9 10
2441 Et Et 9 2
25p.h n-Pr n-Pr 10 40
26°f n-Pr n-Pr 10 8
274f n-Pr n-Pr 10 2

a[complex1a) = 50 mg (0.075 mmol) in 20 mL of CCly. ° [alkyne]/
[complexl1a] = 6. ¢ [alkyne]/[complexla] = 200. 9 [alkyne]/[complexla]
= 600.¢Duration (h)= 0.17.fDuration (h)= 1.9 Duration (h) = 4.
h Duration (h)= 18.

Table 4. Cyclotrimerization of Alkynes to Benzene
Derivatives Catalyzed by Complex 1B under Various
Conditions in CH,CI, at Room Temperature

entry R R2 product yield (%)
25ph H Ph 2 99
26°9 H Ph 2 96
2799 H Ph 2 46
2geh p-tolyl H 3 99
299 p-tolyl H 3 93
3049 p-tolyl H 3 43
31ph COOEt COOEt 5 99
39 COOEt COOEt 5 90
3309 COOEt COOEt 5 50
34ph n-Bu H 7 98
3500 n-Bu H 7 93
3649 n-Bu H 7 41
370h Et Et 9 99
38°9 Et Et 9 94
3949 Et Et 9 35
4000 n-Pr n-Pr 10 85
41°9 n-Pr n-Pr 10 65
4249 n-Pr n-Pr 10 15

a[complex1b] = 50 mg (0.085 mmol) in 20 mL of CCl,. ° [alkyne]/
[complex1b] = 6. ¢ [alkyne]/[complexLb] = 200.9 [alkyne]/[complexLlb]
= 600.¢Duration (h)= 0.17.fDuration (h)= 1.9 Duration (h) = 4.
" Duration (h)= 18.

Furthermore, the addition of a large excess of THT to the
solution of the mononuclear complex after the trimerization of
alkyne had finished did not provide the initial dinuclear complex
la Similar results have been observed for reactions wBare
was applied instead dfa. All those results suggest that this
mononuclear complex is not a significant catalyst species in
the catalytic trimerization of alkynel1 and12 are formed by
the degradation of a dinuclear complex with two 3%-
butadienes such as [Ma-Cl).Cls(7>-RC=CR—RC=CR),] (R

Kakeya et al.

Scheme 3. Reactions of a Mononuclear Complex Formed
by the Reaction of 1a with Alkyne

1a
1/200, or 1/ 600 eq.

‘ CHoCly, rt.
1eq.
R
1/6eq.1
R—— R %012 _ +Cl— Nb
T ohoChrt CHzclz R R
R
IR=EY 1 (R Et) 13 R=Et, R = n-Pr)
10R=nP)  12(R=nPp 14 R = n-Pr, R = Et)

= Et, Pr), which is supposed to be one of main intermediates
in the catalytic cycle.

Reaction of alkyne withy?-butadiene to give a benzene
derivative has been known for other mononuclear complexes.
Takahashi et al. reported thaRhwPr, was formed by the
reaction of [NiCp(n2-PhG=CPh-PhG=CPh}] with 1 equiv
of 4-octyne, although §Ets and GPr.Et, were obtained by the
reaction of [ZrCp(y2-EtC=CEt—EtC=CEt),] with 1 equiv of
3-hexyne and 4-octyne, respectively, in the presence of
NiBr(PPh),.23 In both those cases the'Ntenter may play an
important role, probably as a Lewis acid. Thd' Zenter with
d? electron configuration, however, is not an effective active
center alone without a nickel species, and the combination with
Ni' is important for the accomplishment of the trimerization.
We have no evidence why the present dinucledt bmplexes
with d? configuration for each center can accomplish the
trimerization. Cooperation of two metal centers bound directly
with a metat-metal bond makes botlr-acid and z-base
activities possible.

Evidence from NMR Measurements. The reaction of
2-hexyne with 1/6 equiv ofain CDCl; (0.4 mL) was monitored
by 'H NMR at room temperature. Two groups of signals were
observed ad 3.13 and 1.87 (THT) and at 2.09, 1.78, 1.49, and
0.98 (2-hexyne), which are assigned to a dinuclea Nb
intermediate, {NbCL(THT)[#2-(n-Bu)C=CMe][} »(«-Cl)] (15).

The reaction was also monitored $ib NMR. The resonance

of la at 0 —494 Wy, = 1400 Hz) shifted tod —480 (vs
Nb,Clyo, Wi = 1110 Hz) after the addition of 2-hexyne. Since
the chemical shifts of the Nbspecies are generally observed
in the ranged —700 to +13003435 the resonance can be
assigned tol5. When additional THT was poured into the
solution after the intermediafib had been generated, the signal
was observed at —494, again indicating the recovery bé
Accordingly 15is found to exist in an equilibrium between the
original complexla in solution. On the other hand, when
2-hexyne and 0.5 equiv dfa were mixed,'H NMR signals
assigned to cyclotrimer and free THT were observed. These
results suggest that the rate-determining step of the overall
catalytic process is the insertion of the second alkyne into an
alkyne-bound intermediat&5 to give the dinuclear complex
with two 1,4+2-butadiene derivatives.

Overall Catalytic Cycle. A plausible mechanism of the
cyclotrimerization is shown in Scheme 4. NMR observations
suggest that the first oxidative addition of the alkyne takes place
onto the vacant site of each Npafter the bridging THT leaves
from 1. There is no indication about the insertion into the-Nb
(u-Cl), Nb—(n-Cl), or Nb—(»-S) bond, which is claimed in the
“sequential insertion” mechanis?f.The high lability of the

(34) Mason, J., EdMultinuclear NMR Plenum: New York, 1987.

(35) Albers, M. O.; de Waal, D. J. A;; Liles, D. C.; Robinson, D. J.;
Singleton, E.; Wiege, M. BJ. Chem. Soc., Chem. Commu986 1680.

(36) (a) Dietl, H.; Reinheimer, H.; Moffat, J.; Maitlis, P. M. Am. Chem.
So0c.197Q 92, 2276. (b) Li, J.; Jiang, H.; Chen, K. Org. Chem2001, 66,
3627.
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Scheme 4. Possible Cyclotrimerization Mechanism of Alkynes Catalyzed by Complex 1
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bridging sulfur donor as a leaving group seems responsible for mediate { NbCly(THT)(7?*R;C=CR,—R;C=CRy)} 2(u-Cl)7] (16)

the reactivity. Through this process alkyne binds td’ Nbthe was not detected by NMR and FAB-MS measurements, the
n? mode, giving a dinuclear intermediaté. This reaction is reactions of isolated mononuclear complexEs.and 12, are
analogous to the formation of a dinuclear complex of congener not involved in the overall catalytic cycle, as evidenced from
tantalum(V), { TaCh(THT)[5*-(t-Bu)C=CMe[} o(u-Cl),], by the the reactions shown in Scheme 3. Therefore, thenRb-
reaction of { TaCL(THT)} 5(u-Cl)z(u-THT)] with t-BuC=CMe?> butadiene specieks should be present even in a low concentra-
This complex, however, does not give cyclotrimerized products. tjon as an essential intermediate in the catalytic cycle. Therefore,
Probably this is because that the Ta complex is so inert in the 5though no direct evidence was available, the present catalytic
insertion and addition of additional alkyne into the coordinated |oaction seems to be controlled by electronic factors influenced
alkyne that the next and{or third steps are very slow._ . by the steric conditions in the coordination sphere.

In the present catalytic process, the 1,3,5-cyclotrimerized . .
product was selectively available from various unsymmetrical Although it was an enormous effort to develop regio- and
alkynes. The second step, addition of the second alkyne to formchemoselectivity in the formation of metallocyclopenta-
an?-butadiene moiety, is the rate-determining and the key step dienylalkenyl intermediates, M{-RiC=CR,—RsC=CRu)(1*-
for the regiose|ectivi[y. The carbettarbon bond should be R5C=CR6), little success was achieved for the intermolecular
formed between incoming and coordinated alkynes, and this [242+2] cycloaddition reactiof’ Ladipo et al. have recently
reaction should take place in the head-to-tail fashion. There aresucceeded in preparing a titanium(V) complex, [Ti(DMSC)-
two possibilities for this process: first, the insertion of the {7%1,2,4-GHs(SiMe3)s}] (DMSC = 1,2-alternate MgSi-
second alkyne into the NbC bond; second, the addition of the bridged p-tert-butylcalix[4]arene), and characterized it by
second alkyne onto the-&C bond. If the reaction proceeds via spectroscopic methods and single-crystal X-ray technigues.
the insertion, the electric factor seems to play an important role. The regioselectivity in this cyclotrimerization reaction is not
Incoming alkynes with electron-donating substituents may tend rigorously controlled by the electronic demand but by the steric
to attach to the more positive Nb center than to the coordinatedfactors of the calixarene cavity.
alkyne. On the other hand, incoming alkynes with the electron-
withdrawing groups may bind to the more electron-donating
carbon of the coordinated alkyne. On the other hand, if the direct
addition is operative, both steric and electronic factors can affect

the selectivity. The dinuclear structure is considered to play a i . - 5
significant role in this process, since catalysis of the mono- metallocyclopentadienylalkenyl intermediafbCL(THT)(y

nuclear Nb and Ta complexes does not exhibit such regio- RICTCR—RIC=CRy)(>-RiC=CR,)}2(u-Cl)2] may be dif-
selectivityl”18 An interesting example is [TagDME)(y% ficult. Furthermore, this process seems to be influenced by the
R.C=CR,)].1° In the complex with 3-hexyne (R= t-Bu, R, = electronic factors as the second step is. The reductive elimination

Me) the bond length of one TealkyneC) for the carbon process of the cyclotrimer proceeds presumably through a
located above the CITa—MeO plane (2.046 A) is shorter than ~ “common” mechanisi? proposed by Schore or substitution of
the other one, which is above the-€Ta—Cl plane (2.102 A). alkyne for the coordinated metallacyclotrimer. Thus, the mech-
On the other hand, in the complex with PRCMe, almost the anism in Scheme 4 is suggested, although none of the dinuclear
same TaC bond lengths are observed: f@Ph above the niobapentadiene or niobaheptatriene intermediates have been
Cl-Ta—MeO plane (2.053 A) and FeCMe above the Gt detected by reactions of complég or 1b with unsymmetrical
Ta—Cl plane (2.053 A). Furthermore in the above-mentioned alkynes.

dinuclear Tay?-alkyne complex{Ta@;-Cl)(THT)[72-(t-Bu)C=

CMe]} ?(ﬂ_CI)Z]’ the Ta-CMe bond above the TI—FFI'a—QI (37) For regioselective stoichiometric reactions off4R,C=CR,—
plane is 2.029 A and the FeCBu bond trans to th@-Cl is RsC=CRy)(72-RsC=CRs) with diphenylacetylene, see: (M= Co) (a)
2.033 A. These structural observations suggest, although ratheiWakatsuki, Y.; Kuramitsu, T.; Yamazaki, Aietrahedron Lett1974 4549.
ndrccty,that thelength and the srengthof e metalbon (M P9 ) Uals EAce Chem Redsr o o8,
bond are governed by both steric and electronic factors. In the gq - \wiley: New York, 1988.

present catalytic reaction, although the Kbsbutadiene inter- (39) Schore, N. EChem Re. 198§ 88, 1081.

In the third step, the selective insertion of the third alkyne
into the Nb-C bond may give the Nig?-hexatriene complex,
because Nb complexes with coordination numbers 7 and 8 are
known to be gener&f Accordingly, the formation of the
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3. Conclusion Preparation of [{NbClx(Me,S)},(u-Cl)2(u-Me;S)] (1b). The
complex was prepared by the method proposed in the literéiture.
A mixture of Nb,Clyo (2.3 g, 4.3 mmol), dimethyl sulfide (ElsS,

SMe, 1.71 mL, 23.4 mmol), and Mg (0.57 g, 23.4 mmol) was

The structure olawas determined by X-ray crystallography
to be a dinuclear structure with a Ne-Nb'"" double bond with
a distance of 2.6912(4) A. The reaction 1d with Me,S did dissolved in a mixture of CKCl, (75 mL) and E4O (11.5 mL) at
not give 1b, while the reaction oflb with THT leads tola. room temperature. The mixture was stirred for 2 days at room
The regioselective head-to-tail cyclotrimerization of various temperature. The solution caused the formation of a precipitate,
alkynes took place in the presence PNpCLL} 2(u-Cl)o(u-L)] which was removed by suction filtration. The resultant filtrate was
(L = THT, Me;S, 1) commonly to give 1,3,5-(¥-2,4,6-(Y3)- concentrated to dryness, leaving a purple powder. The crude product
hexasubstituted benzene derivatives {0) in high yields. The was washed with hexane and dried under reduced pressure. The
dinuclear structure of the complexes may be responsible for complexib thus obtained was recrystallized from &H,—hexane
the novel regioselectivity. The stronger the electron-withdrawing 0 give purple crystals (2.2 g, yield 88961 NMR (CDCl;, 300

ability of the substituents on the alkyne, the higher the yield of K): 9 3.33 (6H, bridgeMe;S), 2.63 (12H, terminae;S). *C{*H}
the cyclotrimerized product. NMR (300 K, CDCE): 6 30.0 (2C, bridgeMeS), 22.7 (4C,

terminalMe;S). 93Nb NMR (300 K, CDCE): 6 —495 Wi, = 1320
Hz). Anal. Found (calcd for GH,4ClsS3Nby): C, 12.38 (12.32);
H, 3.10 (2.93).
Reaction of 1b and THT. THT (0.05 mL, 0.56 mmol) was
added tolb (100 mg, 0.17 mmol) in CkCl, (20 mL) and stirred
for 2 days at room temperature. The solution caused the formation

over LiAIH, and distilled: CHCI,, toluene, anch-hexane were of a precipitate, which was removed by suction filtration. The

refluxed over Cakfand distilled. These purified solvents were stored 'eSultant filtrate was concentrated to dryness, leaving purple

under an argon atmosphere. Other reagents employed in the researdi®Wders. The crude product was washed with hexane and dried
were of reagent grade and used as received without further Under reduced pressurkb could be obtained as a purple powder
purification. (90 mg, yield 80%). This complex was identified ¥y and*3C{ H}

IR spectra were recorded on a Perkin-Elmer System 2000 FT- NMR Spef:tra' S ]
IR spectrometeiH and?3C NMR spectra (400 MHz fotH, 100.6 Catalytic Cyclotrimerization of Alkynes with 1. General
MHz for 13C NMR) were recorded on a Bruker DRX-400 or a Procedure.Alkyne (0.45 or 15 or 45 mmol) was added to complex
Bruker AM-400 NMR spectrometef3Nb NMR spectra (97.9 MHz ~ 1a(50 mg, 0.075 mmol) in CkCl, (20 mL), and the mixture was
for 93Nb) were recorded on a Bruker AM-400 NMR spectrometer. Stirred at room temperature. The solution caused the formation of

The reference was as follows: & and*C NMR, Me,Si as an a precipitate, which was removed by suction filtration. The resultant
internal standard¥= 0); for Nb NMR, Nb,Cl;oin CDsCN as an filtrate was concentrated to dryness. The crude product was washed

external standard(= 0). FAB-MS spectra were recorded on a With hexane and dried under reduced pressure. The same procedures

JEOL JMS-700AM mass spectrometer. Elemental analyses wereWere applied tdlb (50 mg, 0.085 mmol) in CkCl; (20 mL) with
carried out using a FISONS EA 1108 analyzer at the Material and alkyne (0.45, 15, or 45 mmol). The results are collected in Tables
Life Science Research Center of Saitama University. 3 and 4, respectively.

Crystals oflawere grown in CHCl,—hexane (GH;,) at room Analysis Data. Compound2: *H NMR (CDCls, 300 K)o 7.79
temperature and submitted for X-ray crystallography measurements.(S, 3H, GHs, 1,3,5-(GHs)3CsH3), 7.70 (d,J = 7.0 Hz, 6H,0-CgHs,
Data were collected on a Bruker SMART APEX CCD area-detector 1,3,5-(GHs)sCeHs), 7.47 (t, J = 5.4 Hz, 3H, m-CsHs, 1,3,5-
diffractometer by using graphite-monochromated Mw tédiation (CeHs)sCeH3), 7.38 (tt, J = 7.5, 1.6 Hz, 6H,p-CeHs, 1,3,5-
(A =0.71073 A) at 173 K. The structures were solved by a direct (CeHs)3sCsHz). Compound3: *H NMR (CDCl, 300 K)o 7.72 (s,
method using SHELXTL-NT software and refined by the full-matrix 3H, CeHa, 1,3,5-(GHs-p-CH3)3CeH3), 7.58 (d,J = 8.0 Hz 6H,
least-squares method in the SHELXTL-NT system. The final 0-CeHa-p-CHs, 1,3,5-(GH4-p-CHs)sCeHs), 7.28 (d,J = 8.0 Hz, 6H,
refinement with anisotropic thermal parameters convergeri=o M-CeHa-p-CHs, 1,3,5-(GHa-p-CHz)sCeHa), 2.41(s, 9H, 1,3,5-(6H4-
0.0456 andR,, = 0.0906 for 2851 independent reflections with p-CHa)3CeH3, 1,3,5-(GH4-p-CHz)3CeHz). Compoundd: *H NMR
> 20(Fy). (CDCls, 300 K) 6 3.39 (12H,—CH,, Cs(CH,)e); mp 287.5°C.

Preparation of [{NbCIly(THT) }2(u-Cl)o(u-THT)] (1a). A mix- Compound5: *H NMR (CDCl;, 300 K) ¢ 4.45-4.05 (br, 12H,
ture of diniobium decachloride (NBlio, 2.3 g, 4.3 mmol), = ~COOGHCH; C¢(COOCH,CHs)g), 1.50-1.20 (br, 18H,
tetrahydrothiophene (@S, THT, 2.0 mL, 23.4 mmol), and —COOCHCHs, Cs(COOCHCH:3)s); mp 38°C. Compounds: *H
magnesium (Mg, 0.57 g, 23.4 mmol) was dissolved in a mixture NMR (CDCl;, 300 K) 6 2.63 (m, 2H, G, CH;CH,CH;), 1.22
of dichloromethane (CkCl,, 75 mL) and diethyl ether (2D, 11.5 (M, 2H, tHy, CHCH,CH), 1.18 (M, 2H, G5, CHzCH,CH,), 1.01
mL) at room temperature. The mixture was stirred for 2 days at (M, 2H, GHs, CHs). Compound?: *H NMR (CDCl;, 300 K) 6 6.80
room temperature. The solution caused the formation of a precipi- (S: 3H, GHs, 1,3,5-(CHCH,CH,CH;)3CqHs), 2.54 (t,J = 8.0 Hz,
tate, which was removed by suction filtration. The resultant filtrate 2H, CHsCH,CH,CHj, 1,3,5-(CHCH,CH;CH,)3C¢H3), 1.58 (m, 2H,
was concentrated to dryness, leaving a purple powder. The crudeCHsCH2CH2CHz, 1,3,5-(CHCHCH,CHz)sCeHs), 1.37 (m, 2H,
product was washed with hexane and dried under reduced pressurécHsCH2CHzCHz, 1,3,5-(CHCH,CH,CH;)sCeH3), 0.94 (t,J = 7.5

4. Experimental Section

All the reactions were carried out under an atmosphere of dry
argon by using standard Schlenk tube techniques. All the solvents
were dehydrated and purified by distillation: ;8twas refluxed

The complexla thus obtained was recrystallized from @H,—
hexane to give purple crystals (2.4 g, yield 86%) NMR (CDCl,
300 K): 6 4.03 (4H,H,, bridge-GHgS), 3.41 (8HH,, terminal-
C4HsS), 2.31 (4H,Hg, bridge- GHgS), 2.15 (8H,Hpg, terminal-
C4HgS). 13C{H} NMR (300 K, CDC}): ¢ 38.0 (2C,C,, bridge-
C4HgS), 35.7 (4C,C,, terminalC4HsS), 30.4 (4C,Cp, terminal-

HZ, 3H, G‘|3CH2CH2CH2, 1,3,5-(O'|3CH2CH2CH2)3C6H3). Com-
pound 8 'H NMR (CDCl;, 300 K) 6 7.61 (s, 3H, GHas,
C6H3(Megsi)3), 0.20 (S, 27HM63$|, C6H3(Me3SI)3)

Reaction of 1la with 6 equiv of 3-Hexyne and 4-Octyne.
General Procedure.3-Hexyne (0.45 mmol) was added 1a (50
mg, 0.075 mmol) in CKCl, (20 mL), and the mixture was stirred

C4HgS), 27.9 (2CCp, bridgeC4HsS). *Nb NMR (300 K, CDC}):
0 —494 Wy, = 1400 Hz). Anal. Found (calcd for ;GHos-
CleSNby): C, 21.61 (21.74); H, 3.53 (3.65). UWis (CHCl,):
Amax 536 NM €max = 92 000 Mt cm™1). FAB-MS/DMSO: 664
(M* 100%).

for 18 h at room temperature. The resulting precipitates were
removed by filtration. The resultant filtrate was concentrated to
dryness. The crude product was washed with hexane and dried under
reduced pressure. Complék thus obtained was recrystallized from
CH.Cl,—hexane to give blue crystals (14 mg, yield 26%). Cyclo-
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trimer 9 was obtained by the drying of the washings of crdde

Organometallics, Vol. 25, No. 17, 2008637

to give colorless crystals (33 mg, yield 98%). Cyclotrimi&from

as a pale yellow solid (22 mg, 60%). The same procedures were4-octyne was a white powder (23 mg, 61%). The same procedures

applied to 4-octyne (0.45 mmol) to obtain complEX (recrystal-
lized from CHCl,—hexane, blue crystals, 37 mg, 58%) and
cyclotrimer 10 (white solid, 19 mg, 40%).

Analysis Data. Compound: 'H NMR (CDCls, 300 K) 6 2.63
(g, = 7.0 Hz, 12H, CHCH,, Cs(CH3sCH,)s, 1.19 (tt,J = 18.7,
7.5 Hz, 18H, G3CH,, Cs(CH3CHy)s); FAB-MS/NBA 247 (M*
100%). Compound0: *H NMR (CDCls, 300 K) 6 2.40-2.50 (m,
12H, CHCH,CHj, Cs(CHsCH,CHy)g), 1.50-1.60 (m, 12H,
CHzCH,CH,, Co(CH3CH,CHy)g), 1.04 (t,J = 7.0, 18H, GH43CH,CH,,
Cgs(CH3CH,CH,)6). Complex11: 'H NMR (CDCl, 300 K)o 3.3~
3.1 (m, 8H, CHCH,, NbCkLC4(CH3CHy)4, 1.05-0.95 (m, 12H,
CH3CH,, NbCkLC4(CH3CHy),4); FAB-MS/NBA 364 (M™ 100%).
Complex 122 'H NMR (CDClz, 300 K) ¢ 3.00-3.30 (m, 8H,
CH3CH,CH,, Co(CH3CH,CH,)6), 1.25-1.45 (m, 8H, CHCH,CHs,
Co(CH3CH,CHy)g), 0.7-0.9 (m, 12H, G13CH,CH,, Cs(CHs-
CH,CH,)e).

Reaction of la with 200 or 600 equiv of 3-Hexyne or
4-Octyne. To 1a (50 mg, 0.075 mmol) in CkCl, (20 mL) was
added 3-hexyne (15 or 45 mmol) or 4-octyne (15 or 45 mmol),
and the mixture was stirredifd h atroom temperature. Precipitates
were removed by filtration, and the filtrate was concentrated to
dryness under reduced pressure.

Reactions of 11 and 12 with 1 equiv of 3-Hexyne and
4-Octyne.To 11 (50 mg, 0.14 mmol) in CkCl, (20 mL) was added
3-hexyne (0.015 mL, 0.14 mmol) or 4-octyne (0.020 mL, 0.14

mmol), and the mixture was stirred for 18 h at room temperature,
filtered, and concentrated to dryness. The crude product was washe

with hexane and dried under reduced pressure. Cycloti@ntieus
obtained from 3-hexyne was recrystallized from £OH—hexane

were applied to the reaction G2 (50 mg, 0.12 mmol) in CECl,
(20 mL) with 3-hexyne (0.014 mL, 0.12 mmol) or 4-octyne (0.018
mL, 0.12 mmol). Cyclotrimef.0 from 4-octyne was recrystallized
from CH,Cl,—hexane to give colorless crystals (31 mg, 80%).
Cyclotrimer14 from 3-hexyne was a white powder (23 mg, 65%).
Analyisis Data. Compoundl3: *H NMR (CDCls;, 300 K)o 2.63
(q, J=7.0 Hz, 4H, CHCHz, Ce(CHgCHchz)z(CH:;CHz)A,), 2.61
(q,3=7.1Hz, 4H, CHCH,, Cs(CH3;CH,CH,)2(CH3CHy)4), 2.43—
2.55 (m, 4H, CHCH,CH,, C¢(CH3CH,CH,)2(CHsCH,)4), 1.52—
1.58 (m, 4H, CHCH,CH,, Cs(CH3CH2CH,)2(CH3sCH,)s), 1.19 (t,
J = 7.3 Hz, 12H, ®i3CH,, Cs(CH3CH,CH,)2(CH3CH,)4), 1.05 (t,
J = 7.2 Hz, 6H, CH3CH2CH2, Cg(CHaCHzCHz)z(CchHz)4).
Compoundl4: 'H NMR (CDCl, 300 K) ¢ 2.55-2.70 (m, 4H,
CH3CHa, C4(CH3CH,CHy)4(CH3CHy),), 2.30-2.55 (m, 8H, CH-
CH,CH,, Co(CH3CH,CH2)4(CH3CHy),), 1.45-1.75 (m, 8H, CHCH,-
CH,, C4(CH3CH,CH,)4(CH3CHy)), 1.18 (t, J = 8.1 Hz, 6H,
CH3CHj,, Cs(CH3CH,CHy)4(CH3CHy),), 1.01 (t,J = 7.7 Hz, 12H,
CH3CH20H2, C5(0H3CH2CH2)4(CH3CH2)2).
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