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Chapter 1
General Introduction

Background

Rare metals are used in a wide diversity of end-use applications, from capacitors electronics and
metallic cathodes for rechargeable batteries to photovoltaic solar cell and semiconductor materials.
In addition, some rare metals are used in chemical industry. We also utilize rare metals, in particular
Pd, Ir, Ru, Pt, and etc., for most catalytic reaction. As a result, dwindling rare metals have been
acknowledged as a problem. Therefore, | have a need to make effective use resource efficiency for

future society.

Low-valent early transition-metal

Low-valent early transition-metal mediated or catalyzed organic transformation is intriguing
owing to the inherent capability of these metals as reductants for activation of unsaturated
compounds.® To date, reactions with Ti(Il),> Zr(I1),® Ta(ll1),* and Nb(IlI)® have been intensively
explored. Conventionally, these low-valent metals were prepared by reduction using harsh reducing
agents such as elemental metals (Na, Li, Zn), alkyllithiums, Grignard reagents, or LiAlH4.2® In
general, these low-valent early transition-metal species (Ti(ll), Zr(Il)) are thermally unstable, and
their preparation and utilization should be performed at low temperature, which hampered their

attractiveness for use in catalytic reactions.

Synthesis of low-valent Nb(I11) complex, NbCl3(DME)

In 1987, Pedersen and co-workers reported the preparation of NbCl3(DME), a thermally-stable
low-valent early transition-metal complex, by the treatment of NbCls with BusSnH in DME (Scheme
1).° This complex is currently commercially available and has been utilized as both

reagent and catalyst in organic transformations.

DME
NbCls + 2BusSnH

NbCI3(DME) + 2BusSnCl + H,
-78°C

Scheme 1. Preparation of NbCls(DME) from reaction of NbCls wtih BusSnH in DME.

Applications of organic synthesis reaction with stoichiometric amount of Nb(l11)
The application of low-valent early transition metals as two electron reductants in organic
systhesis has centered around titanium and zirconium complexes. | have been interested in using

NbClsL, reagents with anticipation that such species should exhibit markedly different reaction

.1.



chemistry from the group 1V metallocenes. These differences would arise from the enhanced Lewis
acidity of the niobium-chloride complexes and the potential for substitution of the choloride with
other ligands.

Pedersen has reported NbCIl3(DME) may be prepared in large quantitites, and it is a useful
reagent for a variety of organic transformations, such as the cross coupling of imines by using
niobium reagent, NbCl3(DME) (Scheme 2).° Desired products were obtained by the formation of
Nb-imine complex (A).

O Rl
R? L “NH
NbCl(DME), THF RS R4 3

1 _N R
R\?N\RZ (THF)2C|3Nb\k RZJ\ﬁR“

(A) R! OH

Scheme 2. Transformation of imines mediated by stoichiometric amount of
NbCl3(DME).

Low-valent early transition-metal halides are known to react with alkyne to give alkyne
complexes. And these complexes proposed can be considered as a C, C-dianion equivalent.
Therefore, alkyne complexes of low-valent early transition-metal are useful synthetic reagents, and
reactions with various electrophiles have been investigated and developed. In particular,
Ti(l)-alkyne complexes have been intensively studied. However, these complexes must be generated
in situ from Ti(IV) with a reducing reagents. Moreover, the resulting Ti(ll)-alkyne complexes are
thermally unstable and can not be utilized in further synthetic reactions which are carried out below
-30 °C (Scheme 3).2

Ti(O'Pr), Reported as Thermally
2 iprMgcl| Et,0, -78 °C Unstable Compound (< -30 °C)
R i R H_ R
) o Rl——R2 . /\I/ R3R4co | (Pro), /TI H
Pro), Ti " | (PrO),Ti _RRKS H
(PrORTr | —gregzsn | PO g2 | 50°C OJ HOJ
R3 R4 R R3 R4 R

Scheme 3. Thermally unstable Ti(II)-alkyne complexes from Ti(IV) and PrMgCI.

In contrast, Nb(III) compound is thermally stable complex. While only a limited
number of synthetic applications of the Nb(III) reagents have been investigated.5 Takai
and co-workers reported that synthesis of allyl alcohol derivatives from alkynes and

aldehydes by using Nb(III) (generated in situ from NbCls and Zn) (Scheme 4).5a



1) R?CHO

+ R! R?
N NbCls, Zn ~ THF  2)H )\/k
DME, PhH 25°C, 1 h H OH
0°C,1h

Scheme 4. Synthesis of allyl alcohol derives from Nb-alkyne complexes and aldehydes.

Tsuji, Obora, and co-workers reported NbCl3(DME)-mediated synthesis of 1,1,2-trisubstitutd
1H-indenes from aliphatic ketones and aryl-substituted internal alkynes (Scheme 5-a),”* and
Nickel-catalyzed cross-coupling reaction of Nb(lIl)-alkyne complexes with aryl iodides (Scheme
5-b).™

0 NbCl3(DME)
1J\ , + Ph—R?® O‘ R3 (@
R* R 1,2-dichloroethane .

80°C,16h R;
Rl Rl ) Rl
NbCl;(DME) 3'PrOLi .
I (EMD)CIsNbJ] (PPrO)sNbJ
2 2 THF, r.t. k2
R 0.5h (b)
4 eq Ar-| THF, 50 °C
20 mol% Ni(cod), 16 h
. Ar Ar
No cross-coupling
product R R2

Scheme 5. Reaction of Nb(III)-alkyne complexes with electrophiles.

These reactions were performed by using stoichiometric amount of Nb(lll). So, I should develop

reactions with catalytic amount of Nb(III).

Catalytic reactions using low-valent transition metals

Low-valent transition-metal possesses more electron on metal center than high-valent
transition-metal. Ru(0) compounds are known as one of low-valent transition-metal. For example,
Ru(0)-catalyzed cycloaddition with alkynes initiates oxidative cycloaddition of two alkynes
molecules on Ru(0) to form rutenacyclopentadiene complexes. Thereafter Ru-cyclopentadiene
complexes were reacted one alkyne molecule, and then produces corresponding desired benzene
derivatives. Thus, catalytic reactions with low-valent late transition-meatal have been developed.

On the other hand, the use of low-valent early transition-metal as catalysts is unexplored field.

Catalytic reactions using low-valent early transition metals

.3.



To date, some catalytic reactions employing early transition-metal have been reported.

In 1991, Du Toit and co-workers reported a low-valent niobium-catalyzed cyclotrimerization of
terminal alkynes (Scheme 6).2 When NbCls was used as catalyst in the reaction, even though
terminal alkyne was evidently converted during the course of the reaction, almost none of the desired
benzene derivatives were observed. In this reaction, | probably anticipate that catalytic active species

is low-valent niobium from NbCls and C,HgAICl>.
R

e caNbCls/2C,HgAICI, R@\
R

Scheme 6. Cyclotrimerizaton of terminal alkynes by low-valent niobium catalyst

Bruno and co-workers reported the use of niobium(l11) and niobium(V) compounds in catalytic
imine metathesis (Scheme 7).° The niobium reagents NbCI3(DME) and mer-(DME)CIsNb=NPh

serve as effective catalysts or precatalysts in imine metathesis reactions with a variety of aldimines.

cat. NbClz(DME) -
RIHC=NR? + R3HC=NR* = = RHC=NR" + R3HC=NR?

Scheme 7. NbCl3(DME)-Catalyzed imine metathesis reaction

Fuchibe and co-workers reported a low-valent nicbium generated in situ from NbCls and LiAlIH4
served as catalyst for the reductive cleavage reactions of C-F and C-H bonds (Scheme 8).2° These

reactions has contributed widely toward the development of cleavage of unactivated bonds.

CF3H NbCls (30 mol%)

LiAlH, (6 eqiv) -
A Y S W
=/ N\ X RIT=" N\ I po
R

Scheme 8. Low-valent Nb catalyzed reductive cleavage reaction of C-F bonds

Obora, Ishii, and Takeshita previously reported NbClz(DME)-catalyzed [2 + 2 + 2] cycloaddition
of alkynes with alkenes to 1,3-cyclohexadiene derivatives (Scheme 9).1! The reaction would proceed
as follows; (i) oxidative cycloaddition of terminal alkynes to Nb(lll) to form niobacyclopentadiene
intermediate; (ii)Diels-Alder reaction of niobacyclopentadiene intermediate with alkenes followed

by reductive elimination of Nb to give desired products.



cat. NbCl3(DME) = N
tBu — + /\ + tBu—.
R e _
AN 'Buy

Scheme 9. Nb(III)-Catalyzed intermolecular cycloaddition of alkynes and alkenes

Brief overview of the present thesis

On the basis of these knowledge and information, | aniticipated that the low-valent niobioum
complex would take a role as various metallacycle intermediates to get various cyclic products. The
present thesis describes Nb-mediated selective cycloaddition reaction of alkynes with alkenes or

nitriles to form 1,3-cyclohexadienes, pyrimidines, or pyridines (Scheme 10).216

Selective cycloaddition R1 R! R1
= Q0
1_— 4_— R4 R
Rl—= R*—=-R N
[NDb] L T
R3-C=N R2TX R? R R
[Nb] = NbCls R R Rz R!
NbCl3(DME) 4
2RI NbCly/(TMS);SiH 7N R
NbCls/Zn/Ph,Si(OMe), Ay )\Rg -
Rl

Scheme 10. Nb complex-mediated or -catalyzed intermolecular cycloaddition of

unsaturated compounds

In Chapter 2, highly chemoselective cycloaddition of terminal alkynes and a,m-dienes, catalyzed
by NbCI3(DME) complex, leading to 5-o-alkenyl-1,3-cyclohexadienes is described.!? The present
reaction provides a novel protocol for the selective formation of
5-w-alkenyl-substituted-1,3-cyclohexadiene derivatives, which also enables the conversion to
5-w-acetyl-substituted 1,3-cyclohexadiene derivatives.

In Chapter 3, | described NbCl3(DME)-catalyzed three-component [2 + 2 + 2] cycloaddition of
terminal alkynes, internal alkynes, and terminal alkenes, leading to 1,3,4,5-tetrasubstituted
1,3-cyclohexadienes in excellent yields with high chemo- and regioselectivity.** This reaction
provides an unprecedented, selective, and atom-economical methodology for the formation of
tetrasubstituted 1,3-cyclohexadienes from three different simple unsaturated compounds via
intermolecular [2 + 2 + 2] cycloaddition.

In Chapter 4, | described a simple and nontoxic method for the generation of novel low-valent
niobium species from NbCls, using hydrosilanes as reducing agents.'* This novel NbCls/hydrosilane

catalyst system surpasses the existing NbClz(DME) catalyst with regard to both catalytic activity and

.5.



selectivity in the intermolecular [2 + 2 + 2] cycloadditions of alkynes and alkenes

In Chapter 5, I found that intermolecular cycloadditions of alkynes (terminal alkynes and internal
alkynes) with aryl nitriles were successfully achieved, using an NbCls complex, to give substituted
pyrimidine derivatives in high yields with excellent chemo- and regioselectivity. ™

In Chapter 6, | described a catalytic system based on low-valent niobium has been developed,
consisting of NbCls, Zn, and an alkoxysilane.'® This combination has been shown to be an efficient
catalyst for the synthesis of pyridine derivatives from the intermolecular cycloaddition of alkynes
and nitriles via a niobacyclopentadiene intermediate.
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Chapter 2
NbCls-catalyzed Intermolecular [2 + 2 + 2] Cycloaddition of Alkynes

and a,m-Dienes: Highly Chemo- and Regioselective Formation of
5-m-Alkenyl-1,4-substituted-1,3-cyclohexadiene Derivatives
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2-1. Introduction

1,3-Cyclohexadiene derivatives are an important class of compounds and are widely employed in
organic synthesis.! In addition, these compounds have been utilized as monomers for good
transparency and heat resistance polymers.? Therefore, various methods for the synthesis of
substituted 1,3-cyclohexadienes have been investigated.®> Recent methods to the access of these
compounds include tandem diene-alkyne metathesis (Scheme 2-1)* and 1,6-electrocyclic reaction of
1,3,5-hexatrienes (Scheme 2-1).°

Diver (ref 4)

cat.

Mes—N ~— N-Mes
Cl

RU=CHPh
PCy3 )
. P FG Ru gen-2 n
= n Dichloromethane R
R reflux, 5 h
Brandange (ref 5)
SO,Ph S0,Ph
| XX
= 110 °C

Scheme 2-1 Synthesis of 1,3-cyclohexadiene

In contrast, transition-metal-catalyzed [2 + 2 + 2] intermolecular cycloaddition by the reaction of
two alkyne molecules and one alkene is one of the simplest and most atom-economical methods for
preparing 1,3-cyclohexadienes. However, this methodology mainly leads to the cyclotrimerization of
alkynes®’ in preference to the desired cross-cyclotrimerization between alkynes and alkenes.
Therefore, only a limited amount of work has been reported so far.2® As a pioneering work for this
synthetic protocol, Rothwell and co-workers reported the intermolecular cycloaddition of alkynes
and alkenes leading to 1,3-cyclohexadienes by titanacyclopentadiene catalyst (Scheme 2-2).
However, this method generally affords 1,3-cyclohexadienes in unsatisfactory yields and
selectivities. In addition, this reaction pathway typically includes an isomerization step through
1,5-hydrogen shift of thermally unstable low-valent titanium species such as the titananorbornene
intermediate.® Alternatively, NbCI3(DME) is a thermally stable low-valent early transition metal
complex that shows high reactivity in several stoichiometric and catalytic reactions with alkynes.'%*3
As a preliminary attempt, my group reported NbCl3(DME)-catalyzed intermolecular cycloaddition
of 1-alkynes and 1-alkenes to 1,3-cyclohexadienes (Scheme 2-3).24 However, this approach is still

problematic with regard to access of the desired 1,3-cyclohexadiene derivatives in high yield and
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selectivity, which generally gives a cyclotrimerization adducts of alkyne in substantial yields.'
Therefore, the development of a novel and efficient methodology for chemo- and regioselective
formation of 1,3-cyclohexadienes by [2 + 2 + 2] cycloaddition of alkenes and alkynes remains an
unsoluble problem and a challenging target.

Rothwell (ref 8)

cat.
Bu
ArQ,, i
Ti
ArO/ = lBu

CeDg, 25 °C

Bu Bu Bu
a0 0
Bu Ph Bu Ph Bu Bu

Scheme 2-2. Synthesis of 1,3-cyclohexadienes by cycloaddition reactions catalyzed by

tBu + Ph/\

Ti-complex

Obora (ref 14)
Bu ‘Bu
cat NbCl3(DME) = N
Bu—= + g . § + ‘Bup
1,2-dichloroethane _Y~-">p gy
40°C Bu

Scheme 2-3. Synthesis of 1,3-cyclohexadienes by cycloaddition reactions catalyzed by
Nb-complex

2-2. Result and Discussion

tert-Butylacetylene (1a) and 1,9-decadiene (2a) were chosen as model substrates and the reaction
was carried out under various conditions (Table 2-1). For instance, a mixture of 1a (2 mmol) and 2a
(4 mmol) in 1,2-dichloroethane (1 mL) was allowed to react under the influence of a catalytic
amount of NbCI3(DME) (0.2 mmol, 10 mol %) at 40 °C for 4 h, giving
1,4-di-tert-butyl-5-(7-heptenyl)-1,3-cyclohexadiene (3a) in 97% yield (entry 1). In contrast to the
previous paper,’* the reaction proceeded highly chemo- and regioselectively to afford
1,4,5-trisubstituted-1,3-cyclohexadiene (3a) almost exclusively. In this reaction, only a negligible
amount of tri-tert-butylbenzenes (4a) was detected by GC (entry 1). The regiostructure of the
1,4,5-substituted cycloaddition product (3a) was characterized by H and *C-NMR, which
resonances were assigned by means of 2D HMQC and HMBC spectroscopies.

.11.



Table 2-1 NbCl3(DME)-catalyzed reaction of tert-butyl acetylene (1a) with 1,9-decadiene (2a).?

'‘Bu ‘Bu
Bu_—  + /\M/ﬁ\ Catalyst . /f):_ -
la 2a S40(I)v0ecr:1 ' t 6>  'Bu X
Bu
3a 4a
Yield (%) °
Entry Catalyst Solvent 3a 4a
1 NbCls(DME)  1,2-dichloroethane 97 [81] (92) trace
2° NbCI3(DME)  1,2-dichloroethane 65 (90) 7
3d NbCI3(DME)  1,2-dichloroethane 27 (94) 9
4 NbCI3(DME)  1,4-dichlorobutane 83 (91) trace
5 NbCl3(DME) THF 9 (46) 26
6 NbCl3(DME) DME n.d. nd.®
7 NbCl3(DME) Toluene n.d.® n.d.®
8 TaClz(DME) 1,2-dichloroethane n.d.® n.d.®
9 NbCls 1,2-dichloroethane n.d.ef n.d. &f
109 Cp2NbCl2 1,2-dichloroethane nd.® n.d.c©
119 VCI3(THF)3 1,2-dichloroethane nd.® n.d.c©

(a) 1a (2 mmol) was allowed to react with 2a (4 mmol) in the presence of catalyst (0.2 mmol,
10 mol%based on 1a) in solvent (1 mL) at 40 °C for 2 h. (b) Yields were determined by GC
based on la used. The number in square bracket shows isolated yield. The numbers in
parentheses show the selectivity (%) of 1,4,5-substituted adduct. The regiochemistry of other
isomers was not determined. (c) 1a (2 mmol) and 2a (2 mmol) were used. (d) 1a (2 mmol) and
2a (1 mmol) were used. (e) Not detected by GC. (f) The substrates 1a and 2a were converted

thoroughly and an intractable mixture of unidentified oligomerization products was obtained.

The yield of 3a was influenced by the ratio of the substrate 1a to 2a and the best yield was
obtained when the reaction of 1la and 2a was carried out with 1:2 molar ratio (entry 1). As the
amount of 2a was reduced, the yield of 3a was lowered (entries 2 and 3). However, it is noteworthy
that the reaction was exclusively subjected to react only the single alkene side of a,®-dienes with the
alkyne and 3a was the sole cross-cycloaddition product. The reaction was greatly affected by the
solvent employed and halogenated solvents such as 1,2-dichloroethane and 1,4-dichlorobutane
realized high selectivity of 3a (entries 1 and 4). On the other hand, the use of other solvents such as
THF, toluene, and DME resulted in a decrease in the yields of 3a (entries 5-7). As for the catalyst
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precursor of this reaction, a low-valent Nb(Il1) complex, NbCl3(DME), is highly efficient. When a
low-valent Ta(lll) analogue, TaCl3(DME), was used as a catalyst, even though la was evidently
converted during the reaction course, no desired 1,3-cyclohexadiene adduct was produced at all
(entry 8). Other Nb(IV), Nb(V), and V(Ill) complexes such as NbCls, CpaNbCl,, and VCl3(THF)3
were totally ineffective catalysts for the formation of cycloaddition products (entries 9-11).

Table 2-2 NbCl3(DME)-catalyzed reaction of terminal alkynes (1) and o,w-dienes (2)?

R R
L cat. NbCl;(DME) /@
= S 1,2-dichloroethane AN ' RN R
1 2 40 °C R n
3 4
Yield (%)°
Entry  Alkyne (1) R a,0-Dienes (2) 3 4
1 t-Bu (1a) 1,9-Decadiene (n=6) (2a) 97 [81] (62) (3b) trace
2 t-Bu (1a) 1,5-Hexadiene (n=2) (2b) 78 [63] (86) (3b) 6 (4a)
3 t-Bu (1a) 1,7-Octadiene (n=4) (2¢) 84 [64] (91) (3c) trace
4 t-Bu (1a) 1,11-Dodecadiens (n=8) (2d) 73 [64] (95) (3d) trace
5 t-Bu (1a) 1,13-Tetradecadiene (n=10) (2e) 56 [36] (>99) (3e) n.d.
6 MesSi (1b) 2a [65] (>99) (3f) 18 (4b)
7 n-Bu (1c) 2a n.d. 64 (4c)
8 Ph (1d) 2a trace 48 (4d)

(@) 1 (2 mmol) was allowed to react with 2 (4 mmol) in the presence of NbCl;(DME) (0.2 mmol, 10
mol% based on 1) in 1,2-dichloroethane (1 mL) at 40 °C for 2 h. (b) Yields were determined by GC based
on 1 used. The numbers in square brackets show isolated yields. The numbers in parentheses show the

selectivity (%) of 1,4,5-substituted adducts. The regiochemistry of the other isomers was not determined.

Using the optimized condition is shown in Table 2-1, entry 1, reactions of various 1-alkynes
(1a-d) with o,0-dienes (2b-e) were examined (Table 2-2). The yields of the 1,3-cyclohexadiene
products (3) were somewhat influenced by the alkyl chain length of the a,w-dienes (2) and the
reaction of la with various o,m-dienes (2) produced the  corresponding
5-w-alkenyl-1,4-di-tert-butyl-1,3-cyclohexadiene derivatives (3b-e) in good to excellent yields
(56-97%) with high to excellent chemo- and regioselectivity (86-99%) (entries 1-5). In this reaction,
the yield and selectivity of the reaction were greatly affected by the bulkiness and electronic nature
of alkyne substituents. The best yield and selectivity for the formation of 3a was achieved when the

reaction was carried out with tert-butylacetylene (1a). On the other hand, the reaction of
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trimethylsilylacetylene (1b) with 2a led to the mixture of the corresponding intermolecular
cycloaddition products (3f) and the alkyne cyclotrimerization products (4b) (entry 6). Alkynes
having less bulky substituents such as 1-hexyne (1c) and phenylacetylene (1d) resulted in alkyne
cyclotrimerization products (4c-d) as major adducts (entries 7 and 8).

The reaction can be extended to the formation of w-acetoxysubstituted 1,3-cyclohexadiene (eq 1).
For eznmple, the reaction of 1a (2 mmol) with methyl but-3-enoate (5) (2 mmol) under optimized
conditions afforded 6 in 68% yield as a single regioisomer (1,4,5-adduct) along with the formation
of 4a in 8% yield (eq 1).

Bu ‘Bu
(0]
cat. NhCly(DME) =
Bu—= + Mo/ : I Bu (1)
1,2-dichloroethane o B
la 5 40 °C
Bu
6 4a
68% isolated yield 8%
For further exploitation of the synthetic application of the

5-w-alkenyl-1,4-substituted-1,3-cyclohexadienes, the Pd (I)-catalyzed Wacker oxidation reaction of
3c was carried out. The reaction of 3c in the presence of PdCl, combined with CuCl under O> (1
atm)®® led to the formation of 7, as w-acetyl functionalized 1,3-cyclohexadienes in 56% isolated
yield (eq 2). Since the substrates having oxo-functionality like ketones and aldehydes are not
generally tolerated under the conditions in the low-valent early transition metal catalyst system,%-12
this two-step synthesis gives an efficient protocol for the 1,3-cyclohexadienes having

oxo-functionality in the molecule.

t t
Bu cat. pacl, (10 mol%) Bu
CuCl (3 equiv.) ') @)
N DMF/H,0 f

‘ rt.,24h ‘

Bu under O, Bu

3c 7
56% yield

With regard to the reaction mechanism, the reaction would proceed in a similar manner to the
previously reported pathway via the formation of a niobacyclopentadiene (A) by the reaction of two
alkyne molecules, followed by the reaction with o,w-dienes to form niobanorbornene species (B) as
a key intermediate (Scheme 2-4).* In the present reaction, however, it was found that the w-alkenyl
moiety on the a,m-dienes markedly affects the reactivity of the cycloaddition reaction as well as
chemo- and regioselectivity. Although all attempts at isolation and spectral observation of the
relevant niobium intermediates were unsuccessful, the w-alkenyl group would coordinate to the

niobium metal center as a directing group, which hampered the formation of undesired alkyne
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cyclotrimerization products (path A, Scheme 2-4). The directing group effect of the w-alkenyl
moiety presumably enhanced the reactivity of the alkenes, as well as improved selectivity of the
resulting 1,3-cyclohexadiene derivatives. However, the effect the chain length of the o,w-dienes
exerted on the regiochemistry of the reaction is not clearly explained at this moment. The detailed
elucidation on the reaction mechanism based on the experimental evidence is currently in progress.

Scheme 2-4. A plausible reaction mechanism

2-3. Conclusion

In summary, I have developed a new protocol to the highly chemo- and regioselective reaction for
[2 + 2 + 2] cycloaddition of alkynes and alkenes leading to 5-w-alkenyl-1,4-
substituted-1,3-cyclohexadienes in high to excellent yields. In addition, | found that the w-alkenyl

group can be easily converted to the w-acetyl group.

2-4. Experimental Section
General

GLC analysis was performed with a flame ionization detector using a 0.22 mm x 25 m capillary
column (BP-5). H and *C NMR were measured at 400 and 100 MHz, respectively, in CDCl3 with
Me4Si as the internal standard. The products were characterized by *H NMR, *C NMR, HMQC and
HMBC.
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A Typical Reaction Procedure for the Preparation of 3a (entry 1, Table 1-1)

A mixture of tert-butylacetylene (1a) (164mg, 2mmol), 1,9-decadiene (2a) (552 mg, 4 mmol),
NbCI3(DME) (58 mg, 0.2 mmol), and 1,2-dichloroethane (1 mL) was stirred for 2 h at 40 °C under
Ar. The yields of the products were estimated from the peak areas based on the internal standard
technique using GC and 3a was obtained in 97%yield. The product 3a was isolated by silica gel
column chromatography (n-hexane as eluent) in 81% yield (489 mg) as a colorless liquid.

The Reaction of 1la with 5 (eq 1)

A mixture of tert-butylacetylene (1a) (164 mg, 2 mmol), methyl vinylacetate (5) (200 mg, 2
mmol), NbClz(DME) (58 mg, 0.2 mmol), and 1,2-dichloroethane (1 mL) was stirred for 2 h at 40 °C
under Ar. The yields of the products were estimated from the peak areas based on the internal
standard technique using GC (68% (6) and 8% (4a)). The product 6 was isolated as pure form by
silica gel column chromatography (n-hexane/ethyl acetate = 8/2 as eluent) in 55% yield (156 mg) as

a colorless liquid.

Preparation of 7 from 3c (eq 2)

A mixture of 3¢ (822 mg, 3 mmol), PdCl, (53 mg, 0.3 mmol), CuCl (297 mg, 3 mmol), and
H.O/DMF (0.3/2.7 mL) was stirred for 24 h at room temperature under Oz (1 atm). The product 7
was isolated (by silica gel column chromatography with n-hexane/ethyl acetate=8:2 as eluent) in

56% yield as pure form (483 mg) as a colorless liquid.

Charactarization of the compounds
1,4-Di-tert-butyl-5-(oct-7-enyl)cyclohexa-1,3-diene (3a), collorless liquid
‘Bu 'H-NMR (400 MHz, CDCl3) ¢ 0.85-1.02 (m, 2H), 1.05 (s, 9H), 1.09 (s, 9H),
1.28-1.55 (m, 10H), 2.04 (m, 1H), 2.32, (d, 2H), 4.92 (dt, J=10.1, 1.7Hz, 1H), 4.98
N (dt, J=15.4, 1.7Hz, 1H), 5.69 (s, 2H) 5.74 (tt, J = 12.4, 5.2 Hz, 1H); *C-NMR
Bu (100 MHz, CDCls) ¢ 27.5 (CHy), 28.1 (CH>), 28.2 (CH,), 28.5 (CHs3), 28.7 (CH>),
28.9 (CHy), 29.2 (CHy), 29.6 (CHs), 33.2 (CH), 33.8 (CHy), 35.0 (C), 35.6 (C),
114.1 (CH2), 115.4 (CH), 115.5 (CH), 139.2 (CH), 143.6 (C), 150.2 (C); IR (neat, cm™) 3069, 1830,
1768, 1648, 1597, 1361, 1103, 921; GC-MS (EI) m/z (rel intensity) 302 (9) [M]", 190 (1), 175 (6),
119 (4), 79 (1), 57 (100); HRMS (EI) m/z calcd for C22Hsg [M]*302.2974, found 302.2979.
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1.4-Di-tert-butyl-5-(but-3-enyl)cyclohexa-1,3-diene (3b), collorless liquid

By 'H-NMR (400 MHz; CDCls) 6 0.98 (s, 9H), 1.01 (s, 9H), 1.24-1.47 (m, 2H),
1.85-2.10 (m, 2H), 1.98-2.10 (m, 1H), 2.23 (d, J=15.1Hz, 2H), 4.85 (dt, J=10.1,
1.8Hz, 1H), 4.91 (dt, J=15.1, 1.8Hz, 1H), 5.63 (s, 2H), 5.71 (it, J = 11.7, 4.6 Hz,
1H); BC-NMR (100 MHz, CDCls) 6 27.3 (CH), 28.0 (CHy), 28.5 (CHs), 29.6
(CH3), 31.7 (CHy), 32.4 (CH), 35.0 (C), 35.6 (C), 114.4 (CHy), 115.7 (CH), 115.8
(CH), 138.8 (CH), 143.4 (C), 149.8 (C); IR (neat, cm™) 2963, 2869, 1641, 1479, 1392, 1367, 1264,
1021, 910; GC-MS (E1) m/z (rel intensity) 246 (12) [M]", 189 (3), 133 (4), 119 (8), 57 (100); HRMS
(EI) m/z calcd for CigH3o [M]* 246.2348, found 246.2352.

2\
‘Bu

1,4-Di-tert-butyl-5-(hex-5-enyl)cyclohexa-1,3-diene (3c), collorless liquid
!H-NMR (400 MHz; CDCls) § 1.05 (s, 9H), 1.09 (s, 9H), 1.15-1.59 (m, 8H), 2.07

Bu
(m, 1H), 2.32 (d, J=14.9 Hz, 2H), 4.92 (dt, J=10.2, 1.7 Hz, 1H), 4.98 (dt, J=15.4,
1.7 Hz, 1H), 5.63 (s, 2H), 5.79 (m, 1H); 13C-NMR(lOO MHz, CDCl3) 6 27.0 (CHy),
X
N 4~ 28,0 (CHy), 28.2 (CH2), 28.5 (CHs), 29.1 (CHz), 29.6 (CH3), 33.2 (CH), 33.8
u

(CH>), 35.0 (C), 35.6 (C), 114.2 (CHy), 115.4 (CH), 115.5 (CH), 139.1 (CH),
143.5 (C), 150.1 (C); IR (neat, cm') 2964, 2871, 1736, 1465, 1363, 1062, 885; GC-MS (EI) m/z (el
intensity) 274 (8) [M]*, 175 (6), 83 (1), 79 (1), 57 (100); HRMS(EI)m/z calcd for CzoHzs [M]*
274.2661, found 274.2653.

1,4-Di-tert-butyl-5-(dec-9-enyl)cyclohexa-1,3-diene (3d), collorless liquid
'H-NMR (400 MHz, CDCls) 6 1.05 (s, 9H), 1.09 (s, 9H), 1.18-1.36 (m, 14H), 1.52

Bu
(m, 2H), 2.06 (m, 1H), 2.32 (d, J=15.1, 2H), 4.93 (dt, J=10.1, 1.4 Hz, 1H), 4.99 (dt,
J =156, 1.4 Hz, 1H), 5.69 (s, 2H), 5.81 (m, 1H); *C-NMR(100 MHz, CDCls) o
8 X 275 (CH,), 28.1 (CH,), 28.2 (CH2), 28.4 (CHs), 28.9 (CHy), 29.1 (CHy), 29.4

Bu

(CH2), 29.5 (CH3), 29.6 (CH3), 29.7 (CH), 33.2 (CH3), 33.8 (CH3), 35.0 (C), 35.6
(C), 114.1 (CHy), 115.3 (CH), 115.5 (CH), 139.2 (CH), 143.6 (C), 150.3 (C); IR (neat, cm’%) 3056,
1818, 1769, 1642, 1363, 1062, 885; GC-MS (EI) m/z (rel intensity) 330 (8) [M]*, 190 (1), 135 (1),
79 (1), 57 (100); HRMS(EI) m/z calcd for CasHa [M]*330.3289, found 330.3294.

1,4-Di-tert-butyl-5-(dodec-11-enyl)cyclohexa-1,3-diene (3e), collorless liquid
'H-NMR (400 MHz, CDCls) 5 0.98 (s, 9H), 1.19-1.49 (m, 18H), 1.18-1.36 (d,

'Bu
J=15.2, 2H), 1.32 (s, 9H), 1.94-2.03 (m, 3H), 4.85 (dt, J = 10.3, 1.4 Hz, 1H), 4.92
(dt, J=15.6, 1.4 Hz, 1H), 5.61 (s, 1H), 5.62 (s, 1H), 5.73 (m, 1H); ¥C-NMR (100
t 103 MHz, CDCls) 6 27.6 (CHy), 28.1 (CH2), 28.2 (CHy), 28.5 (CH3), 28.9 (CHy), 29.2
Bu

(CH2), 29.5 (CHz), 29.60 (CH3), 29.63 (CH2), 29.7 (CHy), 29.8 (CHs), 33.2 (CH),
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33.8 (CH>), 35.0 (C), 35.6 (C), 114.0 (CH.), 115.3 (CH), 115.5 (CH), 139.2 (CH), 143.4 (C), 150.2
(C):GC-MS (EN)m/z (rel intensity) 358 (8) [M]*, 190 (1), 175 (6), 91 (3), 57 (100); HRMS (EI) m/z
calcd for CasHas [M]*358.3602, found 358.3617.

1.,4-Bis(trimethylsilyl)-5-(oct-7-enyl)cyclohexa-1,3-diene (3f), collorless liquid
SiMej IH-NMR (400 MHz, CDCls) § 0.00 (s, 9H), 0.03 (s, 9H), 1.11-1.32 (m, 10H),
1.95-2.25 (m, 2H), 1.95-2.27 (d, J = 15.3 Hz, 2H), 2.07 (s, 1H), 4.89 (dt, J = 15.3
N Hz, 1H), 5.73 (m, 2H), 6.11 (s, 2H); *C-NMR (100 MHz, CDCls) § -2.7 (CH3),
SiMes -1.5 (CHs3), 27.3 (CHy), 27.6 (CH>), 28.7 (CH>), 28.9 (CHy), 29.0 (CH.), 29.4
(CHy), 32.8 (CH), 33.6 (CH,), 113.9 (CH,), 130.8 (CH), 131.5 (CH), 138.2 (CH),
139.0 (C), 145.4 (C); IR (neat, cm™) 3075, 1640, 1602, 1440, 1247, 1169, 1071, 992; GC-MS (EI)
m/z (rel intensity) 334 (3) [M]*, 260 (1), 223 (2), 187 (1), 135 (47), 73 (100), 41 (3);HRMS(El)m/z

calcd for CxoH3sSiz [M]*334.2512, found 334.2524

Methyl 2-(2,5-di-tert-butylcyclohexa-2,4-dienyl)acetate (6); collorless liquid
- IH-NMR(400 MHz, CDCl3) § 0.96 (s, 9H), 1.03 (s, 9H), 2.04 (m, 2H),
2.25-2.50 (m, 2H), 2.73 (m, 1H), 3.53 (s, 3H) 5.65(s, 2H); **C-NMR (100
MHz, CDCls3) 6 28.3 (CH), 29.2 (CH2), 29.3 (CHz3), 29.5 (CHzs), 33.3 (CH>),
OMe 34.9 (C), 35.6 (C), 51.3 (CH3), 115.6 (CH), 117.0 (C), 143.8 (C), 147.3 (C),
173.6 (C); IR (neat, cm™) 2961, 2823, 1738, 1644, 1465, 1362, 1090, 885;
GC-MS (El) m/z (rel intensity) 264 (2) [M]*, 190 (16), 175 (100), 79 (1), 57 (55); HRMS (EI) m/z
calcd for C17H250, [M]*264.2089, found 264.2089

'Bu

6-(2,5-Di-tert-butylcyclohexa-2,4-dienyl)hexan-2-one (7), collorless liquid
'H-NMR(400 MHz, CDCls) 6 0.97 (s, 9H), 1.01 (s, 9H), 1.22-1.47 (m, 6H), 1.98

'Bu
o (M 1H), 204 (s, 3H), 222 (m, 2H), 2.33 (t, I=7.6 Hz, 2H), 562 (5, 2H); BC-NMR
(100 MHz, CDCls) 6 23.9 (CH2), 27.0 (CH3), 27.9 (CH3), 28.1 (CH,), 28.4 (CHa),
o 4 " 295 (CHs), 29.8 (CHs), 33.0 (CH), 34.9 (C), 35.6 (C), 43.7 (CH,), 1155 (CH),
u

115.6 (CH), 143.5 (C), 149.9 (C), 209.3 (C); IR (neat, cm™) 3052, 1718, 1462,
1359, 1264, 834; GC-MS (El) m/z (rel intensity) 290 (9) [M]*, 191 (1), 177 (9), 99(2), 79 (2), 57
(100); HRMS (EI) m/z calcd for C2oH340 [M]*290.2610 found 290.2613
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Chapter 3

NbCls-catalyzed Three-component [2+2+2] Cycloaddition Reaction of
Terminal Alkynes, Internal Alkynes, and Alkenes to
1,3,4,5-Tetrasubstituted 1,3-Cyclohexadienes

Rl

cat.
R-= + R>=-R® + R Y NbCI,OME)
R? R*

R3
yield up to >99%

| T

R2 R*
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3-1. Introduction

Transition-metal-catalyzed [2 + 2 + 2] cycloaddition of unsaturated compounds has been
extensively studied for the formation of various aromatic and unsaturated cyclic compounds.® In
general, this protocol is selectively accomplished by intramolecular reactions using diynes and
dienes as substrates. Chemo- and stereocontrolled intermolecular [2 + 2 + 2] cycloadditions, in
particular from three different substrates, are, therefore, highly desirable and a challenging target. To
date, several examples of chemoselective transition-metal-catalyzed or -mediated alkyne
cyclotrimerizations from three different alkynes, leading to multisubstituted aromatic compounds,
have been reported (Scheme 3-1).2%

Takahashi (ref. 2)

RI—=——R? RE R!
R3——R* ~ R RS—=——R® R® R®
CpyZr _
R 2 CuCl RS R3
R3 R%
CpZZr---”
Rl — 1 Rl
+ 3 1 2
R3-C=N Ne N Rr=—pr2 R~ | R
CpyZr T ——
»1;[R1 NICL(PPhg); Ly~ ge
R

Scheme 3-1. Chemoselective intermolecular reaction of internal alkynes and nitriles by
zirconacyclopentenes

1,3-Cyclohexadienes are an important class of compounds and are widely used in organic and
polymer chemistry.*®> Among the various synthetic methods for the synthesis of 1,3-cyclohexadienes
reported so far,® transition-metal-catalyzed [2 + 2 + 2] cycloaddition from easily accessible
unsaturated compounds, such as simple alkynes and alkenes, is the most favorable. However, in
contrast to the case of cycloaddition by alkyne trimerization, only a limited amount of work on the
synthesis of 1,3-cyclohexadienes by intermolecular cycloaddition of alkynes and alkenes has been
reported because of the difficulty in controlling the chemo- and regioselectivity.”®
NbCl3(DME) is a thermally stable low-valent early transition-metal complex,which has been used as
a reagent in the reactions of alkynes with several electrophiles.®*? My group recently reported that
NbCl3(DME) serves as an efficient catalyst for intermolecular cycloaddition of two molecules of
terminal alkynes and one alkene or o,m-diene molecule to afford
1,4,5-trisubstituted-1,3-cyclohexadienes. ™
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3-2. Result and Discussion
The reaction of trimethylsilylacetylene (1a), 5-decyne (2a), and styrene (3a) was chosen as a
model reaction and was carried out under various conditions (Table 3-1).

Table 3-1 NbClz(DME)-Catalyzed [2 + 2 + 2]-Cycloaddition of 1a, 2a, and 3a?

MesSi—= + "Bu—=——"Bu + Ph"X caabst
1a 2a 3a Solvent
60 °C

SiMe3 SiMe; SiMe;

+ +
"BU Ph Ph SiMe3
"Bu SiMey SiMey
4a 5a 6a
Yield (%)

Entry Catalyst Solvent EY 5a° 6ad
1 NbCl3(DME) 1,2-Dichloroethane 99 (97) trace n.d.e
2f NbCl3(DME) 1,2-Dichloroethane 62 5 trace
39 NbCl3(DME) 1,2-Dichloroethane 56 trace trace
4n NbCl3(DME) 1,2-Dichloroethane 72 9 12
5 NbCl3(DME) 1,4-Dichlorobutane 82 5 8
6 NbCl3(DME) Toluene 77 trace 10
7 NbCl3(DME) Dioxane 58 trace trace
8 NbCl3(DME) THF 3 n.d.® n.d.®
9 NbCl3(DME) DME n.d.® n.d.® n.d.®
10 TaCl3(DME) 1,2-Dichloroethane nd.® nd.c© n.d.c©
1 NDbCls 1,2-Dichloroethane trace 13 6
12 Cp2NbCl; 1,2-Dichloroethane nd.® nd.® n.d.©

(a) Reaction conditions: 1a (2 mmol), 2a (1 mmol), 3a (4 mmol), and catalyst (0.2 mmol) in solvent (1
mL) at 60 °C for 16 h. (b) Determined by GC based on 2a used. The number in parentheses shows
isolated yield. (c) Determined by GC based on la used. Compound 5a was exclusively obtained as
1,4,5-adduct. (d) Determined by GC based on la used. Compound 6a was exclusively obtained as
1,4,5-adduct. (e) Not detected by GC. (f) Reaction was performed using NbCl;(DME) (0.2 mmol), 1a (1

mmol), 2a (1 mmol), and 3a (1 mmol). (g) Reaction was performed using NbCl;(DME) (0.2 mmol), 1a (2
mmol), 2a (2 mmol), and 3a (2 mmol). (h) Reaction was performed using NbCl;(DME) (0.2 mmol), 1a (4

mmol), 2a (2 mmol) and 3a (2 mmol). (i) The reaction was performed at 80 °C.
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For exanmple, 1a (2 mmol) was allowed to react with 2a (1 mmol) and 3a (4 mmol) under the
influence of NbCI3(DME) (0.2 mmol) in 1,2-dichloroethane (1 mL) at 60 °C for 16 h.
1-Trimethylsilyl-3,4-n-dibutyl-5-phenyl-1,3-cyclohexadiene (4a) was obtained in quantitative yield
with excellent chemo- and regioselectivity (Table 3-1, entry 1). It is noteworthy that the reaction led
exclusively to intermolecular three-component cross-cycloaddition products from three different
substrates, in preference to the cyclotrimerization of terminal alkynes (leading to 6a)!! and
cross-cycloaddition reactions of terminal alkynes with alkenes (leading to 5a).”813

The substrates ratio markedly influenced the selectivity and yield of the desired product 4a. On
screening the reaction, | found that the optimized reaction ratio of la:2a:3a is 2:1:4 (entry 1).
Nevertheless, even if 1a, 2a, and 3a were allowed to react in a stoichiometric ratio (1a:2a:3a=1:1:1),
the yield of the desired 1,3-cyclohexadiene was still acceptable (62%) (entry 2). In addition,
chemoselective (entry 3) and high yield formation (entry 4) of 4a was achieved by tuning the ratio of
the substrates (1a:2a:3a) with smaller amounts (10 mol %) of NbCls catalyst. With regard to the
solvent, 4a was obtained in high yields when halogenated solvents such as 1,2-dichloroethane and
1,4-dichlorobutane were used (entries 1-5). However, toluene and dioxane were tolerated as solvents
(entries 6 and 7). The catalyst precursor significantly influenced the reaction activity: the low-valent
Nb(ll) complex, NbCI3(DME), is highly efficient (entry 1). When the Ta(lll) analogue,
TaCl3(DME), was used as a catalyst, all the substrates were evidently converted in the course of the
reaction, but only an intractable mixture of oligomeric products was obtained under these conditions
(entry 10). Other Nb(1V), Nb(V), and V(I111) complexes, such as NbCls and Cp.NDbCl;, were totally
ineffective as catalysts for the cycloaddition reactions (entries 11 and 12).

Under the optimized conditions shown in Table 3-1, entry 1, the reactions of various terminal
alkynes (1), internal alkynes (2), and 1-alkenes (3) were investigated (Table 3-1). The chemo- and
regioselectivities of the adducts were significantly influenced by the bulkiness of the substituents on
the terminal alkynes (1) used in the reaction. Thus, reactions using trialkylsilylacetylenes, such as
trimethylsilylacetylene (1a), triethylsilylacetylene (1b), and dimethylphenylsilylacetylene (1c),
provide the corresponding 1,3,4,5-tetrasubstituted-1,3-cyclohexadiene derivatives (4a-c) in excellent
yield, as the sole product, and with excellent chemo- and regioselectivity (entries 1-3).
tert-Butylacetylene was also a good substrate for the formation of three-component cycloaddition
products in high yield, along with the formation of 5d (12%) and 6d (4%) as by-product. The
regioselectivity for the 1,3,4,5-adduct (4d) was good but not completely selective (71%) (entry 4).
The use of less bulky terminal alkynes such as phenylacetylene and 1-octyne did not give the desired
three-component coupling products, but alkyne cyclotrimerization products were obtained in

considerable yields (entries 5 and 6).
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Table 3-2. NbCl3(DME)-Catalyzed Reactions of Various Terminal Alkynes 1, Internal Alkynes 2,
and Alkenes 3 Leading to Tetrasubstituted 1,3-Cyclohexadienes 42

Rl
cat NbCl3(DME
R= + RZ-=—R? + R SOME)
1 ) 1,2-dichloroethane R2 R3
60 °C 2
R
4
Yield (%) of 4
1 SiMe; 2 SiEt; SiMe,Ph By
"Bu i Ph "Bu i Ph i "B i Ph
"Bu "Bu nBu "Bu
4a 4b 4d
97°¢ 85¢ 83°¢ g9gdef 7190
5 Ph 6 nHex SiMes SiMe;
"Bu i Ph "Bu i Ph : Ph,(Me) Ph
"Bu "Bu "Pr Me,(Ph)
de af 4h,(4h")
564fhe 409 2541 799 99¢ 91°(4h:(4h")=1:1)
9 SiMe, 10 SiMe; SiMes
"Bu i "Hex "Bu i "Oct /QH/G\
"Bu "Bu nBU
4i 4
92¢i 720k g7¢

(@) Reaction conditions: 1 (2 mmol), 2 (1 mmol), 3 (4 mmol), and NbCIls(DME) (0.2 mmol) in
1,2-dichloroethane (1 mL) at 60 °C, 16 h. (b) Isolated yields unless otherwise noted. (c) Compound 4 was
obtained exclusively as the 1,3,4,5-adducts. (d) Regioisomers (entries 4-6) of 4 were identified by GC and
GC-MS, and the vyields were determined by GC. The structures of the major regioisomers
(1,3,4,5-addducts) are shown in the table. The products were isolated as a mixture of 4-6 due to difficulty
in completely separating them. () The major regioisomer (1,3,4,5-adduct) of 4d was isolated in 63%
yield. (f) In addition to the product 4d, 5d (12%) and 6d (4%) were formed. (g) Regioselectivity (%) of
the 1,3,4,5-adducts in the total regioisomers of 4. The regiochemistry of the other isomers was not
determined. (h) In addition to the product 4e, 6e (18%) was formed. (i) In addition to the product 4f, 5f
(8%) and 6f (59%) were formed. (j) In addition to the product 4i, 5i (8%) and 6i (12%) were formed. (k)
In addition to the product 4j, 6i (13%) was formed. (I) In addition to the product 4k, 5k (8%) and 6k

(10%) were formed.
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Similarly, 4-octyne and 1-phenyl-1-propyne were allowed to react with 1a and 3a, affording the
corresponding 1,3,4,5-tetrasubstituted-1,3-cyclohexadiene derivatives (4g and 4h) in excellent yields
with excellent chemo- and regioselectivity (entries 7 and 8). In addition, the reaction tolerated the
use of unactivated simple alkenes, such as 1-octene and 1-decene, giving the desired
three-component cycloaddition adducts in high yields with high regioselectivity (entries 9 and 10). It
is noteworthy that the reactions of a,o-dienes with 1a and 2a took place exclusively at one side,
affording 5-w-alkenyl-1,3,4,5-tetrasubstituted-1,3-cyclohexadienes in high yield with high
regioselectivity (entry 11).

In addition, we found that 3,4,5-trisubstituted 1,3-cyclohexadienes have been synthesized by
desilylation** from the 1,3,4,5-tetrasubstituted 1,3-cyclohexadienes obtained in this study. Thus,
addition of KF (2 mmol) and THF (1 mL) to a reaction mixture prepared under the reaction
conditions shown in Table 3-1, entry 1, gave 3,4-di-n-butyl-5-phenyl-1,3-cyclohexadiene (7) in good
isolated yields (74% with R' = SiMes and 88% with R! = SiEts; eq 1). This one-pot and high-yield
synthesis provides an efficient and versatile protocol for the synthesis of various 3,4,5-trisubstituted
1,3-cyclohexadienes.

cat. NbCl3(DME)

_ n =n X
R— + "Bu Bu + Ph" % 1.2-dichloroethane
1 2a 3a 60°C, 16 h
(1)
R R isolated yield
_KF 2mmo)_ Q SiMes | 74%
THF (1 mL) n -
"By Bu
oh o Ph  SiEt, 88%
"Bu "Bu
4 7

Although it is not possible to confirma detailed reaction mechanism at this stage, the present
three-componentcycloaddition of 1la, 2a, and 3a is thought to proceed by the following pathway
(Scheme 3-2). The reaction initiates oxidative cyclometalation of the terminal alkyne (1a) and
terminal alkene (3a); coordination of the internal alkyne (2a) to the Nb center gives a
niobacyclopentene intermediate (A). Bulky substituents such as a trimethylsilyl group would lead to
preferential formation of A rather than the sterically congested form A".*® Subsequently, divergent
migratory insertion of the coordinated internal alkyne 2a into theNb-vinyl bond or the Nb-alkyl bond
occurs to form B and B/, respectively.?>® Insertion into the less-hindered Nb-vinyl bonds would be
favored, affording the niobacyclic intermediate B.Y” B then exclusively produces the
three-component coupling product 1,3,4,5-tetrasubstituted 1,3-cyclohexadiene 4a.

-27.



n-Bu = Bu-n
la+2a+3a N'b

"NbCl3" ——

n-Bu————~2Bu-n
3

N~

N

g\—J/Ph >s Me SiUPh

o

MesSi A favored A' disfavored
n-Bu_ Np_ Ph Nb. Bu-n
— / B ,
n-BUQ Me3Si Bu-n 4a
B SiMe3 B' Ph

Scheme 3-2. A plausible reaction mechanism

3-3. Conclusion
In conclusion, | have found a new highly active catalytic system for chemo- and regioselective [2
+ 2 + 2] intermolecular cycloaddition reactions of terminal alkynes, internal alkynes, and alkenes to

1,3,4,5-tetrasubstituted-1,3-cyclohexadiene derivatives.

3-4. Experimental Section
General

GLC analysis was performed with a flame ionization detector using a 0.22 mm x 25 m capillary
column (BP-5). *H and *C NMR were measured at 400 and 100 MHz, respectively, in CDCls with
MeSi as the internal standard. The products were characterized by 'H NMR, **C NMR, HMQC and
HMBC.

A typical reaction procedure for the preparation of 3a (entry 1, Table 1):

A mixture of trimethylsilylacetylene (1a) (196 mg, 2 mmol), 5-decyne (2a) (138 mg, 1 mmol),
styrene (3a) (417 mg, 4 mmol), NbCls(DME) (58 mg, 0.2 mmol), and 1,2-dichloroethane (1 mL)
was stirred for 16 h at 60 °C under Ar. The yields of the products were estimated from the peak areas
based on the internal standard technique using GC and 4a was obtained in quantitative yield. The
products 3a was isolated by silica gel column chromatography (n-hexane as eluent) in 97% vyield
(330 mg) as colorless liquid.

Preperation of 7 from 1a,2a and 3a

A mixture of trimethylsilylacetylene (1a) (196 mg, 2 mmol), 5-decyne (2a) (138 mg, 1 mmol),
styrene (3a) (417 mg, 4 mmol), NbCls(DME) (58 mg, 0.2 mmol), and 1,2-dichloroethane (1 mL)
was stirred for 16 h at 60 “C under Ar. Subsequently, KF (116 mg, 2 mmol) and THF (1 mL) were

added to the reaction mixtures and reacted it for 48 h at 60 °C under Ar. The products 7 was isolated
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by silica gel column chromatography (n-hexane as eluent) in 74% yield (203 mg) as colorless liquid.
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Charactarization of the compounds

(3,4-Dibutyl-5-phenylcyclohexa-1,3-dienyl)trimethylsilane (4a); colorless liquid

IH-NMR (400 MHz, CDCls) & 0.00 (s, 9H), 0.96-1.10 (m, 6H),
1.37-1.62 (m, 4H), 2.24-2.49 (m, 8H), 2.50-2.70 (d, 2H), 3.42, (d,
1H), 6.25 (s, 1H), 7.26-7.34 (m, 5H); 3C-NMR (100 MHz, CDCls)
0.0 (Si(CHs)s), 16.8 (CH3), 16.9 (CHs), 25.68 (CHo), 25.71 (CHy),
33.8 (CHy), 34.1 (CHy), 34.71 (CHy), 34.73 (CHy), 37.4 (CHy),
44.6 (CH), 128.7 (CH), 130.6 (CH), 130.7 (CH), 134.2 (C), 136.1
(C), 138.3 (C), 139.1 (CH) 146.1 (C); IR (neat, cm™) 3061, 2815,
1934, 1741, 1601, 1031, 980; GC-MS (EI) m/z (relative intensity) 340 (12) [M*], 283 (5), 267 (6),
210 (1), 75 (4), 73 (100), 57(6), 28 (1); HRMS (EI) m/z calcd for CasHssSi [M]* 340.2586, found

340.2580.
C Class H HMQC HMBC Correlated
H

1 0.00 CHs 0.00 0.25 0.00 1

2 16.79 CHs 0.96-1.00 1.14

3 16.89 CHs 1.06-1.10 1.24

4 25.68 CH: 1.37-1.62 1.54 1.06 2

5 25.71 CH: 1.37-1.62 1.66 1.06 3

6 33.82 CH: 2.24 2.29 1.56,6.14 5,18

7 34.06 CH: 2.24 2.29 1.48,3.36 4,11

8 34.71 CH: 2.35-2.49 2.47

9 34.73 CH: 2.35-2.49 2.47

10 37.35 CH: 2.50,2.70 2.50,2.72 3.34,6.14 11,18
11 44.57 CH 3.42 3.39 2.39,2.42,2.65,7.15 7,10,13
12 128.67 CH 7.26-7.34 6.87 7.15 13
13 130.57 CH 7.26-7.34 6.94 3.37,7.19 11,12,13
14 130.67 CH 7.26-7.34 6.94 7.19 14
15 134.22 C X X 2.25,2.34,3.37 8,11
16 136.08 C X X 0.00,3.39 1,11
17 138.29 C X X 2.44,2.58,6.14 10,18
18 139.09 CH 6.25 5.92 2.22,2.43,2.64 6,10
19 146.13 C X X 2.46,2.65,3.37,7.20 10,11,14
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(3.4-Dibutyl-5-phenylcyclohexa-1,3-dienyltriethylsilane (4b): colorless liquid
SiEtg 'H-NMR (400 MHz, CDCls) 6 0.85-0.89 (t, 9H), 0.99-1.64 (m, 20H), 2.31-2.53
(m, 4H), 2.68 (d, 1H), 3.45 (d, 2H), 6.25 (s, 1H), 7.27-7.36 (m, 5H); 3C NMR
p (100 MHz, CDCIs) 6 2.3 (CH2), 7.1 (CHs), 14.0 (CHz), 14.1 (CHs), 22.9 (CH),
By 23.0 (CH2), 31.0 (CHy), 31.4 (CHy), 31.98 (CHy), 32.01 (CH), 35.4 (CHy), 41.7
(CHy), 125.9 (CH), 127.8 (CH), 128.1 (CH), 130.5 (C), 131.7 (C), 135.2 (C), 138.1 (C), 143.2 (C);
IR (neat, cm™) 3061, 2955, 1937, 1798, 1569, 1073, 1008; GC-MS (EI) m/z (relative intensity) 382
(2) [M*], 325 (3), 226 (10), 155 (2), 115 (100), 57(6); HRMS (El) m/z calcd for CasHasSi [M]*

382.3056, found 382.5055.

"Bu

(3,4-Dibutyl-5-phenylcyclohexa-1,3-dienyl)dimethyl(phenyl)silane (4c); colorless liquid
IH-NMR (400 MHz, CDCls) 6 0.07 (s, 3H), 0.00 (s, 3H), 0.64-0.68 (t, J=6.6 Hz,
3H), 0.75-0.78 (t, J=7.1 Hz, 3H), 1.05-1.49 (m, 12H), 2.18-2.37 (m, 2H),
3.12-3.14 (d, 1H), 6.02 (s, 1H), 6.92-7.06 (m, 10H); 3C-NMR (100 MHz,
"Bu Ny Ph cDCly) ¢ -3.83 (CH3), -3.70 (CHs), 14.0 (CH3), 14.1 (CH3), 22.9 (CH2), 23.0
(CH,), 31.0 (CHy), 31.4 (CH>), 31.97 (CH>), 31.98 (CH,), 35.0 (CH,), 41.7
(CH), 126.0 (CH), 127.6 (CH), 128.0 (CH), 128.1 (CH), 128.5 (CH), 130.9 (C), 131.8 (C), 133.9
(CH),135.8 (C), 138.4 (CH), 138.7 (C), 143.0 (C); IR (neat, cm'%) 3066, 2927, 1950, 1571, 1492,
1246, 981, 808; GC-MS (EI) m/z (relative intensity) 402 (8) [M*], 385 (6), 343 (11), 266 (9), 167 (5),
135(100), 57(5); HRMS (E1) m/z calcd for CosH3sSi [M]* 402.2743, found 402.2770.

SiMe,Ph

1-(5-tert-Butyl-2,3-dibutylcyclohexa-2,4-dienyl)benzene (4d): colorless liquid
'H-NMR (400 MHz, CDCls) §0.74 (s, 9H), 0.87-1.08 (m, 6H), 1.23-1.40 (m,
4H), 1.60 (m, 4H), 2.43-2.51 (m, 4H), 2.54, (d, 2H), 3.29 (d, 1H), 5.58 (s, 1H),
7.08-7.15 (m, 5H); ®C-NMR (100 MHz, CDCls) 6 2.3 (CHy), 7.1 (CH3), 14.0
"Bu Ph(CH3), 14.1 (CHs), 22.9 (CH2), 23.0 (CH,), 31.0 (CH>), 31.4 (CH>), 31.98 (CH2),
B 32.01 (CH), 35.4 (CHy), 41.7 (CHy), 125.9 (CH), 127.8 (CH), 128.1 (CH), 130.5
(C), 131.7 (C), 135.2 (C), 138.1 (C), 143.2 (C); IR (neat, cm™*) 3081, 2966, 1938, 1859, 1802, 1656,
1600, 1377, 1031, 852; GC-MS (EI) m/z (relative intensity) 324 (19) [M*], 267 (15), 211 (30), 155
(19), 79 (2), 77 (2)57 (100); HRMS (EI) m/z calcd for Ca4Hzs [M]* 324.2817, found 324.2802.;0ther
isomers : GC-MS (El) m/z (relative intensity) 324 (6) [M™], 267 (21), 211 (22), 155 (14), 91 (10), 77
(1)57 (100), 324 (32) [M™], 267 (47), 211 (20), 155 (19), 79 (3), 77 (4)57 (100), 324 (21) [M], 267
(16), 211 (26), 155 (17), 79 (2), 77 (2)57 (100).; HRMS (EI) m/z calcd for Ca4Hss [M]" 324.2817,
found 324.2848, 324.2807, 324.2850

By

-31.



1-(2,3-Dibutyl-5-phenylcyclohexa-2,4-dienyl)benzene (4€): colorless liquid
Ph 'H-NMR (400 MHz, CDCls) § 0.61-2.91 (m, 20H), 3.74 (d, 1H), 6.50 (s, 1H),
6.98-7.08 (m, 10H); ®C-NMR (100 MHz, CDCls) 6 14.0 (CHs), 14.1 (CHa),
22.4 (CHy), 22.7 (CHy), 30.0 (CHy), 31.1 (CHy), 31.8 (CHy), 32.2 (CHy), 38.0
"Bu "B Ph (CH2), 41.7 (CH), 125.0 (CH), 126.2 (CH), 126.5 (CH), 127.6 (CH), 128.1 (CH),
128.3 (CH), 128.6 (CH), 129.3 (CH), 130.2 (C), 134.9 (C), 140.7 (C), 142.5 (C);
IR (neat, cm™) 3058, 2857, 1943, 1881, 1793, 1644, 1492, 1377, 1377, 852; GC-MS (EI) m/z
(relative intensity) 344 (100) [M*], 287 (51), 211 (8), 192 (1), 155 (14), 79 (2), 77 (4), 57 (2),
29(10); HRMS (EI) m/z calcd for CasHsz [M]* 344.2504, found 324.2505, GC-MS (EI) m/z (relative
intensity) 344 (63) [M*], 300 (100), 211 (13), 192 (6), 155 (24), 149 (55), 79 (4), 57 (13), 29(15);
HRMS (EI) m/z calcd for CasHs2 [M]* 344.2504, found 324.2498.; Other isomers: GC-MS (EI) m/z
(relative intensity) 344 (100) [M*], 301 (32), 211 (8), 192 (3), 155 (14), 91 (56), 79 (2), 57 (24),
29(12);HRMS (EI) m/z calcd for CasHs2 [M]* 344.2504, found 324.2505.

1-(2,3-Dibutyl-5-hexylcyclohexa-2,4-dienyl)benzene (4f): colorless liquid
!H-NMR (400 MHz, CDCls) §0.84-0.99 (m, 9H), 1.15-2.58 (m, 24H), 3.35 (s,
1H), 7.19-7.24 (m, 5H); C-NMR (100 MHz, CDCls) ¢ 14.1 (3CHs), 22.7-37.7
(12CHy), 43.0 (CH), 127.8-128.1 (3CH), 129.9 (CH), 134.7 (C), 139.7 (C),
"Bu Ph 1436 (C), 144.4 (C); IR (neat, cm™) 2935, 1658, 1602, 1460, 1377, 1103, 823;
"B C-MS (EI) m/z (relative intensity) 352 (2) [M], 295 (4), 239 (5), 155 (5), 117
(31), 91 (100), 85 (2), 79 (2), 77 (6); HRMS (EI) m/z calcd for CasHao [M]* 352.3130, found
352.3132.; Other isomers.: GC-MS (EI) m/z (relative intensity) 352 (48) [M*], 295 (100), 239 (24),
155 (55), 117 (8), 91 (66), 85 (45), 79 (8), 77 (4) ;HRMS (EI) m/z calcd for CosHao [M]" 352.3130,
found 352.356.

"Hex

Trimethyl(5-phenyl-3,4-dipropylcyclohexa-1,3-dienyl)silane (4qg): colorless liquid
SiMes 'H-NMR (400 MHz, CDClIs) § 0.00 (s, 9H), 0.99-1.02 (t, 3H), 1.09-1.12 (t, 3H),
1.46-1.67 (m, 4H), 2.23-2.50 (m, 4H), 2.67-2.74 (d, 2H), 3.43 (d, 1H), 6.25 (s,
Py o 1H), 7.26-7.35 (m, 5H); *¥C-NMR (100 MHz, CDCls) 6 0.1 (Si(CHs)3), 17.08
npy (CHa3), 17.12 (CHa), 25.5 (CHy), 25.7 (CH2), 36.1 (CHz2), 36.5 (CH>), 37.7 (CH>),
44.6 (CH), 128.7 (CH), 130.6 (CH), 130.7 (CH), 134.3 (C), 136.1 (C), 138.3 (C),
139.1 (CH) 146.2 (C); IR (neat, cm'') 3061, 2815, 1937, 1794, 1662, 1600, 982; GC-MS (EI) m/z
(relative intensity) 312 (13) [M*], 269 (5), 239 (6), 162 (6), 77 (1), 73 (100), 43(6); HRMS (EI) m/z
calcd for C1H3,Si [M]* 312.2273, found 312.2277.
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Trimethyl(4-methyl-3,5-diphenylcyclohexa-1,3-dienyl)silane (4h): colorless liquid

SiMe;  'H-NMR (400 MHz, CDCl3) 6 0.00 (s, 9H), 1.74 (s, 3H), 2.49-2.58 (d, 2H),
3.44-3.47 (d, 1H), 6.31 (s, 1H), 7.16-7.45 (m, 10H); C-NMR (100 MHz,
CDCl3) 6 -2.9 (Si(CH3)3), 19.08 (CHs), 35.0 (CHy), 44.8 (CH), 125.9-128.7
(6CH), 133.5 (C), 134.0 (C), 135.8 (C), 135.9 (C), 141.7 (C), 142.8 (C); IR (neat,
cml) 3080, 2953, 2811, 1940, 1867, 1798, 1734, 1572, 1491, 1450, 1247, 835;
GC-MS (El) m/z (relative intensity) 318 (25) [M*], 303 (4), 245 (25), 241 (2), 165 (5), 77 (2),
73(100); HRMS (EI) m/z calcd for CooH26Si [M]* 318.1804, found 318.1796.

Ph
Me

Trimethyl(3-methyl-4,5-diphenylcyclohexa-1,3-dienyl)silane (4h): colorless liquid
IH NMR (400 MHz, CDCls) 6 0.00 (s, 9H), 1.94 (s, 3H), 2.78-2.92 (d, 2H),

SiM63
3.44-3.47 (d, 1H), 6.38 (s, 1H), 7.16-7.45 (m, 10H); *C NMR (100 MHz, CDCl3)
5 -2.7 (Si(CHa)3), 19.6 (CHs),34.0 (CHz), 4.2 (CH), 125.9-128.7 (6CH), 133.6
Me 1 P (©), 134.8 (C), 135.8 (C), 137.3 (CH), 142.0 (C), 143.2 (C): IR (neat, cm) 3080,

2953, 2811, 1940, 1867, 1798, 1734, 1572, 1491, 1450, 1247, 835; GC-MS (El)
m/z (relative intensity) 318 (19) [M*], 303 (9), 245 (16), 241 (1), 165 (4), 77 (2), 73(100); HRMS
(E1) m/z calcd for C22H26Si [M]* 318.1804, found 318.1796.

(3.4-Dibutyl-5-hexylcyclohexa-1,3-dienyDtrimethylsilane (4i): colorless liquid
SiMes 'H-NMR (400 MHz, CDCls) 6 0.13 (s, 9H), 0.79-0.87 (m, 9H), 1.02-1.42-1 (m,
18H), 1.64-2.30 (m, 7H), 5.95 (s, 1H); ¥C-NMR (100 MHz, CDCl3) ¢ -1.4
"By nHex  (SI(CHz)3), 15.06 (CHs), 15.08 (CHs), 15.1 (CHa), 23.7 (CHy), 24.1 (CHy),
"Bu 28.6 (CHy), 29.7 (CHy), 29.9 (CHy), 30.5 (CHy), 31.6 (CH,), 31.7 (CHy), 32.3
(CH2), 32.9 (CHy), 33.0 (CH>), 33.6 (CH>), 36.8 (CH>), 129.7 (C), 134.0 (C), 137.0 (CH), 140.1 (C);
IR (neat, cm™) 2955, 2857, 1669, 1465, 1246, 1071, 835; GC-MS (EI) m/z (relative intensity) 348
(6) [M™], 269 (5), 333 (1), 275 (4), 263 (3), 219 (1), 135 (2), 85 (2), 73 (100), 57 (4), 43(5); HRMS

(EI) m/z calcd for C23HasSi [M]* 348.3212, found 348.3243

(3,4-Dibutyl-5-octylcyclohexa-1,3-dienyl)trimethylsilane (4j): colorless liquid

SiMe, 'H-NMR (400 MHz, CDCls) 6 0.00 (s, 9H), 0.79-0.87 (m, 9H), 1.19-1.47 (m,
22H), 1.67-2.29 (m, 7H), 5.92 (s, 1H); *C-NMR (100 MHz, CDCls) ¢ -1.3
(Si(CHa)3), 15.08 (CHs3), 15.09 (CHs3), 15.10 (CH3), 23.66 (CH2), 23.7 (CH>),
24.0 (CHy), 28.6 (CHy), 29.6 (CH>), 29.9 (CH>), 30.3 (CH2), 30.6 (CHy), 30.8
(CH2), 31.7 (CH>), 32.2 (CH>), 32.9 (CH), 33.0 (CH), 35.3 (CH>), 36.7 (CH),

"Bu "Oct
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129.7 (C), 134.0 (C), 137.0 (CH), 140.2 (C); IR (neat, cmt) 2955, 2858, 1571, 1465, 1378, 1246,
1072; GC-MS (E1) m/z (relative intensity) 376 (5)[M"], 361 (1), 303 (4), 263 (3), 135 (1), 73 (100),
57(5); HRMS (E1) m/z calcd for CasHasSi [M]* 376.2525, found 376.3531.

(3,4-Dibutyl-5-(oct-7-enyl)cyclohexa-1,3-dienyl)trimethylsilane (4k): colorless liquid
'H-NMR (400 MHz, CDCls) ¢ 0.00 (s, 9H), 0.85 (m, 6H), 1.14-1.38 (m,

SiMe3
18H), 1.68-2.25 (m, 9H), 4.86 (dt, J=10.2, 1.7 Hz, 1H), 4.92 (dt, J=15.7, 1.7
Hz, 1H), 5.74 (it, J=12.2, 5.2 Hz, 1H); 5.95 (s, 1H); *C-NMR (100 MHz,
"Bu ] 6 > CDCls) 6 -1.3 (Si(CHa)s), 15.10 (CHs), 15.11 (CHs), 23.7 (CHy), 24.0 (CH?),
Bu

28.6 (CH2), 29.6 (CHy), 29.85 (CHy), 29.89 (CH>), 30.1 (CHy), 30.7 (CHy),
31.7 (CH2), 32.2 (CH), 33.0 (CH2), 33.5 (CH2), 34.8 (CH2), 36.7 (CH), 115.1 (CH2), 129.7 (C),
132.4 (C), 134.0 (C), 137.0 (CH), 140.2 (CH); IR (neat, cm™)3076, 2855, 1929, 1819, 1641, 1570,
1464, 1377, 1246, 1071, 835; GC-MS (El) m/z (relative intensity) 375 (5) [M*], 300 (2), 278 (17), 73
(100), 57 (2), 44 (17), 18(27); HRMS (E1) m/z calcd for CasHasSi [M]* 374.3369, found 374.3403

1-(2,5-Bis(trimethylsilyl)cyclohexa-2,4-dienyl)benzene 5a: colorless liquid
IH-NMR (400 MHz, CDCl3) & -0.39 (s, 9H),-0.19 (s, 9H), 2.13 (d, J = 16.2 Hz, 1H),

SiMe3
232 (d, J = 16.5, 3 Hz, 1H), 3.23 (d, J = 9.2, 2 Hz,1H), 5.84 (d, 1H), 6.20 (d, 1H),
6.84-7.02 (m, 5H); *C-NMR (100 MHz, CDCl3) & -2.6 (Si(CH3)3), -1.7 (Si(CHa)s),
L PR 33,5 (CHy), 41.0 (CH), 127.7 (CH), 127.9 (CH), 128.3 (CH), 133.6 (CH), 134.9 (CH),
IMe3

136.1 (C), 143.1 (C), 146.0, (C), IR (neat, cmt) 2954, 2896, 1946, 1681, 1600, 1491,
1403, 1268, 1069, 1031, 998; GC-MS (EI) m/z (relative intensity) 300 (7) [M"], 285 (3), 226 (26),
135 (10), 73 (100), 58 (3), 45 (14), 12(1); HRMS (EI) m/z calcd for C1sH2sSiz [M]* 300.1730, found
300.1728

5-Hexyl-1,4-bis(trimethylsilyl)cyclohexa-1,3-diene (5i): colorless liquid
SiMe; 'H-NMR (400 MHz, CDCls) § -2.15(s, 9H),-1.31 (s, 9H), 0.76-0.80 (t, J = 6.9 Hz,
3H), 1.16-1.45 (m, 10H), 2.05-2.27 (m, 3H), 6.08 (s, 2H), *C-NMR (100 MHz,
nHex CDCls) 6 -2.5 (Si(CHa)s), -1.3 (Si(CHs)s), 14.1 (CHs), 22.7 (CHy), 27.5 (CH2), 27.9
SiMe; (CH2), 29.2 (CHy), 29.4 (CHy), 31.9 (CHy), 33.0 (CHy), 131.0 (CH), 131.7
(CH),138.4 (C), 145.6 (C), IR (neat, cm™)2954, 2851, 1608, 1461, 1236, 1071, 831; GC-MS (EIl)
m/z (relative intensity) 308 (4) [M*], 235 (2), 219 (32), 135 (55), 75 (4), 73 (100), 59 (7); HRMS

(E1) m/z caled for C1gH36Siz [M]* 308.2356, found 308.2386

-34.



1.4-Bis(trimethylsilyl)-5-octylcyclohexa-1,3-diene (5j): colorless liquid

SiMe; 'H-NMR (400 MHz, CDCIz) § 0.00 (s, 9H), 0.03 (s, 9H), 0.79-0.83 (t, J = 6.6 Hz,
3H), 0.06-1.19 (m, 14H), 2.07-2.29 (m, 3H), 6.11 (s, 2H), **C-NMR (100 MHz,
"ot CDCls) 6 -2.5 (Si(CHz3)3), -1.3 (Si(CHz3)3), 14.1 (CHs), 22.7 (CHy), 27.5 (CHy), 27.9
SiMe, (CH2), 29.3 (CHy), 29.33 (CHy), 29.6 (CHy), 29.8 (CH>), 31.9 (CH>), 33.0 (CHa),
131.0 (CH), 131.6 (CH),138.4 (C), 145.5 (C), IR (neat, cm)2929, 2855, 1601, 1439,
1244, 1078, 843; GC-MS (El) m/z (relative intensity) 336 (4) [M*], 321 (2), 263 (1), 223 (2), 75 (4),

73 (100), 45 (7), 18(2); HRMS (EI) m/z calcd for C2oHa0Siz [M]* 336.2669, found 336.2660

1-(2,3-Dibutylcyclohexa-2,4-dienyl)benzene (7): colorless liquid
H NMR (400 MHz, CDCls) ¢ 0.38-0.42 (t, J = 6.9 Hz, 3H), 0.47-0.51 (s, J =
”Bu/©\Ph 7.1 Hz,3H), 0.82-1.16 (m, 8H), 1.66-1.86 (m, 4H), 2.21 (s, 2H), 2.87 (d, 1H),
5.02 (s, 1H), 5.44 (s, 1H), 6.71-6.78 (m, 5H), 3C NMR (100 MHz, CDCls) &
14.0 (CHa3), 14.1 (CHa), 22.89 (CHy), 22.91 (CH,), 31.1 (CH,), 31.3 (CH,), 31.7
(CH,), 32.0 (CHy), 32.5 (CHy), 41.8 (CH), 121.4 (CH), 126.1 (CH), 128.0 (CH), 128.1 (CH), 128.9
(C), 131.1 (C), 133.8 (C), 143.8 (C), IR (neat, cm™)3026, 2872, 1944, 1668, 1492, 1072, 837;

GC-MS (El) m/z (relative intensity) 268 (24) [M*], 211 (50), 155 (100), 91 (43), 79(5), 77 (6), 57
(46), 29 (11); HRMS (EI) m/z calcd for CaoHas [M]* 336.2191, found 268.2205

"Bu
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Chapter 4

Active Low-valent Niobium Catalysts from NbCls and Hydrosilanes
for Selective Intermolecular Cycloadditions

Bu
R
Catcat' NbC|5 tBU
tBu—== + RN (TMS),SiH
"Low-valent Nb"
Bu ‘Bu
L
‘Bu Bu
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4-1. Introduction

Low-valent early transition-metal-mediated or -catalyzed organic transformations are intriguing,
owing to the inherent ability of these metals to act as reductants for the activation of unsaturated
compounds.? To date, reactions with Ti(I1),2 Zr(ll),® Ta(lll),* and Nb(II1)® have been intensively
studied. In general, these low-valent metals are prepared by reduction, using harsh reducing agents
such as elemental metals (Na, Li, Zn), alkyllithiums, Grignard reagents, or LiAIH4 (Scheme 4-1).%°
In general, low-valent Ti(ll) and Zr(ll) species are thermally unstable, and their preparation and
utilization need to be performed at low temperature, hampering their practicality for use in catalytic
reactions. Therefore, the development of a method for the generation of thermally stable and
catalytically active low-valent early transition metals using stable, safe, and nontoxic reducing

agents under mild conditions is highly desirable.

Low-valent species

Ti(OPN4CP2ZICl  poductant | TOPR), CpoZr"
TaC|5 NbCI5 [TaCI3] [NbC|3]

Reductant = 'PrMgCl,"BuLi, C,HgAICI,, Zn etc.

Scheme 4-1. Preparaion of low-valent early transition metal compounds

In 1987, Pedersen reported the preparation of NbCl3(DME), a thermally stable low-valent early
transition-metal complex, by the treatment of NbCls with BusSnH in DME.® This complex is
currently commercially available and has been utilized as both a reagent and a catalyst in organic
transformation reactions.” My group recently reported the NbCly(DME)-catalyzed [2 + 2 + 2]
cycloaddition reaction between alkynes and alkenes, leading to 1,3-cyclohexadienes.®

In addition, Mashima recently reported a catalytic system consisting of TaCls with
3,6-bis(trimethylsilyl)-1,4-cyclohexadiene (BTCD), or its methyl derivative, in the presence of

ethylene led to the ethylene trimerization product (Scheme 4-2).°

Mashima (ref. 9)

cat. TaC|5

/©/Si|\/|63
Me3Si

Reducing agent
_— M

Scheme 4-2. Generation of low-valent Ta(III) from the reaction of TaCls with BTCD
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4-2. Result and Disucussion

Table 4-1. NbCls/Hydrosilane Catalyzed Reaction of tert-Butylacetylene (1) and 1-Decene (2a)

under Various conditions?

‘Bu ‘Bu
Catalyst
Hydrosilane X
Bu—= * oOct” X + Bug
1,2-dichloroethane Oct “ gy
1 2a 40°C, 3h By
3a 4a
Yield (%)°
Entry Catalyst Hydrosilane 3a (Selectivity) 4a
1 NbCls (TMS);SiH 90 [88] n.d.
2 NbCls none n.d. e
3f NbCl3(DME) none 61 (91:9) 14
4 TaCls (TMS)sSiH n.d.d 54
5 NbCls PMHS 74 8
6 NbCls EtsSiH 57 (88:12) 7
7 NbCls (EtO)sSiH 70 (53:47) 18
8 NbCls PhMeSiH> 60 trace
9 NbCls PhSiH; 58 4
10 NbCls (MeSiH)0 84 trace
11 NbCls (MeSiH)2NH 56 (77:23) trace
129 NbCls (TMS)sSiH 73 n.d.d
13" NbCls (TMS)sSiH 90 n.d.d
141 NbCls (TMS)sSiH 53 n.d.d
15! NbCls (TMS)sSiH n.d.d n.d.d

(a) Reaction conditions: 1 (2 mmol), 2a (2 mmol), 1,2-dichloroethane (1 mL), NbCls (0.2 mmol, 10
mol % based on 1), and hydrosilane (0.2 mmol) at 40 °C for 3 h. (b) GC yields except the values in the
square brackets. (c) The regioselectivity of 1,4,5-adducts was >99% unless otherwise noted. The numbers
in the parentheses show the regioselectivity ratio (%) (1,4,5-adducts:1,3,5-adducts) determined by GC. (d)
Not detected by GC. (¢) Small amount (<5%) of amixture of intractable products including 4a was
detected by GC. f Data from ref 8a. (g) 1 (2 mmol) and 2a (1 mmol) were used. (h) Reaction conditions:
1 (4 mmol), 2a (4 mmol), 1,2-dichloroethane (1 mL), NbCls (0.1 mmol, 2.5 mol % based on 1), and
(TMS)sSiH (0.1 mmol) at 40 °C for 24 h. (i) Benzene (1 mL) was used as solvent. (j)

1,2-Dimethoxyethane (1 mL) was used as solvent.
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To investigate the efficacy of the present niobium catalyst system, the reaction between
tert-butylacetylene (1) and 1-decene (2a) was chosen as a model reaction and performed under
various conditions (Table 4-1).

For example, an active catalyst system, consisting of the salt free reduction of NbCls (0.2 mmol,
10 mol %) with tris(trimethylsilyl)silane ((TMS)3sSiH) (0.2 mmol, 10 mol %), in the presence of
tert-butylacetylene (1) (2 mmol), 1-decene (2a) (2 mmol), and 1,2-dichloroethane (1 mL) at 40 °C
for 3 h, produced 1,4-di-tert-butyl-5-octyl-1,3-cyclohexadiene (3a) exclusively in 90% yield with
excellent chemo- and regioselectivity (Table 4-1, entry 1). The reaction led exclusively to 3a, in
preference to the formation of any tri-tert-butylbenzenes (4a), which are produced by the
cyclotrimerization of alkynes® (1) (entry 1). It is noteworthy that when the reaction was performed
in the absence of the hydrosilane, that is, with NbCls solely, no 3a formation was observed (entry 2),
indicating that hydrosilane is a prerequisite for generating active catalyst. Furthermore, the reaction
using the present catalytic system outperformed the conventionally used low-valent Nb complex,
NbCI3(DME), in this transformation (entry 3). When the Ta analogue, TaCls, was used combined
with (TMS)sSiH under these conditions, 3a was not obtained at all, but 4a was preferentially
obtained in 54% yield (entry 4). Screening hydrosilanes showed that those bearing bulky substituents,
such as (TMS)sSiH gave the best yields of 3a. However, besides (TMS)sSiH, a variety of
hydrosilanes such as polymethylhydrosiloxane (PMHS), EtsSiH, (EtO)sSiH, PhMeSiH2, PhSiHs,
(Me2SiH)20, and (Me,SiH),NH were also good reducing agents for NbCls (entries 5-11). The best
yield for 3a was obtained when the reaction between 1 and 2a was carried out at a 1:1 ratio.
However, even when 1 and 2a were reacted in a stoichiometric ratio (namely, 1:2a = 2:1), the yield
for 3a was still good (entry 12). The reaction is remarkably effective at low catalyst loading (2.5
mol %), giving 3a in excellent yield (entry 13). The reaction is affected by the solvent employed;
halogenated solvents, such as 1,2-dichloroethane, resulted in 3a in high yield (entry 1). Benzene
could also be employed as solvent in this reaction (entry 14). However, the use of
1,2-dimethoxyethane (DME) resulted in a decrease in catalytic activity, since the DME can
coordinate to the Nb metal and form stable and catalytically inert, low-valent niobium species (vide
infra) (entry 15).

Under the optimized reaction conditions, as shown in Table 4-1, entry 1, the reaction of 1 with
various alkenes (2) was examined (Table 4-2). Reactions using l-alkenes (2b-2d) gave the
corresponding 1,3-cyclohexadienes (3b-3d) in 88-93% vyield, with excellent chemo and
regioselectivity. Similarly, 5-methyl-1-hexene (2e), allylbenzene (2f), 4-phenyl-1-butene (2g), and
norbornene (2h) were allowed to react with 1, affording the corresponding 1,3-cyclohexadiene
derivatives (3e-h) in good yield (entries 4-7).

Here, to achieve the cross-cycloaddition of alkyne and alkene, bulky tert-butyl acetylene (1) is
indispensable. Thus, the use of less bulky acetylenes such as 1-hexyne and cyclohexylacetylene
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exclusively lead to the alkyne cyclotrimerization products.®

Table 4-2. NbCls/(TMS)sSiH Catalyzed Reaction of 1 with Alkenes 22

‘Bu t
. NbCl Bu
Bu—= * RN (TMS);SH + tBU@
1,2-dichloroethane Rl 7 Bu
‘Bu
3

1 2 40°C, 3 h
4a
Yield (%)

Entry 2 (RY 3 (Selectivity®) 4a
1 "Bu (2b) 88 (3b) n.d.
2 "Hex (2¢) 93 (3c) n.d.©
3 "Dec (2d) 89 (3d) n.d.c
4 (CH3)CHCH2CH2(2e) 77 (3e) n.d.c
5 Bn (2f) 639 (3f) 10
6 PhCH, CH2(2g) 49 (3g) n.d.c
7 norbornene (2h) 99¢ (3h) nd.°©

(a) Reaction conditions: 1 (2 mmol), 2 (2 mmol), 1,2-dichloroethane (1 mL), and NbCls (0.2 mmol, 10
mol % based on 1 and (TMS);SiH (0.2 mmol) at 40 °C for 3 h. (b) The regioselectivity of 1,4,5-adducts
was >99% unless otherwise noted. (¢) Not detected by GC. (d) A regioisomer mixture of 1,4,5- and

1,3,5-adducts in an 88:12 ratio. (€) exo,exo-Isomer was obtained exclusively.!!

In sharp contrast to the existing NbCl3(DME)-catalyzed reaction, the present NbCls/(TMS)3SiH
catalyst system successfully achieved the cycloaddition reaction between 1 and cyclopentene (5) (eq
1). Thus, when the NbCIs/(TMS)sSiH catalyst system was used for the reaction, the desired
cycloaddition product, 4,7-di-tert-butyl-2,3,3a,7a-tetrahydro-1H-indene (6),*? was obtained in 92%
yield, along with a small amount of 4a (5%). However, NbCls(DME) showed almost inert catalytic
activity for the formation of 6, and preferentially formed 4a in 37% yield.

To further explore the synthetic scope and to obtain further information regarding the reactivity of
this new catalyst system, the reaction of 1 with several o,m-dienes (7a-7c) was examined (Table 4-3).
The selectivity between the monocycloaddition product 8 and the dicycloaddition product 9 was
controlled by the substrate ratio (1:7). Thus, when a reaction between 1 (2 mmol) and 7 (4 mmol)
was performed, only a single alkene within the o,m-diene is subjected to reaction with 1, and the
corresponding 5-w-alkenyl-1,3-cyclohexadiene (8) is obtained, exclusively (entries 1-3). An almost
similar catalytic activity and selectivity are observed for NbCls/(TMS)sSiH (entries 1 and 2) and
NbCls(DME) (entry 3). However, it is noteworthy that for the reaction of 1 (2 mmol) and 7 (0.5
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mmol) using the NbCls/(TMS)sSiH catalyst system both alkene sides of the o,m-diene react, leading

Catalyst (10 mol%)
Bu—= + @ -
1,2-dichloroethane (1 mL)

40°C, 3h
2 mmol 4 mmol

1
Bu Bu @

/ 1

+ K}‘Bu
BuT N

Catalyst ‘Bug 4a

NbCl5/(TMS),SiH 92% 5%

NbCl(DME) 2% 37%

to dicycloaddition products (9a-c), exclusively, in high yield (entries 4-6). No 9 was obtained at all
using NbCl3(DME) as catalyst. Instead, 8 formed in low yield (11%), along with the alkyne
trimerization product 4a (27%) (entry 7).

Table 4-3. Nb-Catalyzed Reaction of (1) with a,o-Dienes (7)2

‘Bu ‘Bu ‘Bu

By 4 /\H/\ Catalyst (10 mol%) . O O
n 1,2-dichloroethane N
1 7 40°C, 3h gy By | By
8 9
7 Yield (%)
Entry Catalyst n 1:7 (mmol) 8 (Selectivity)® 9

1 NbCls/(TMS)sSiH 4 2:4 77(8a) n.d.
2 NbCls/(TMS)sSiH 6 2:4 90(8b) n.d.c
34 NbCl3(DME) 6 2:4 81(8b)® nd.c
4 NbCls/(TMS)3SiH 4 2:0.5 trace 91(9a)
5 NbClIs/(TMS)sSiH 6 2:05 trace 79(9b)
6 NbClIs/(TMS)sSiH 8 2:05 trace 66(9c)
7f NbCl3(DME) 4 2:0.5 11(8a)¢ nd.c

(@) Reaction conditions: 1 (2 mmol), 7 (0.5-4 mmol), 1,2-dichloroethane (1 mL), NbCls (0.2 mmol, 10
mol % based on 1), and (MesSi)sSiH (0.2 mmol) at 40 °C for 3 h. (b) The regioselectivity of 1,4,5-adducts
was >99% unless otherwise noted. (c) Not detected by GC. (d) Data from ref 8b. (e) A regioisomer
mixture of 1,4,5- and 1,3,5-adducts in a 92:8 ratio. (f) In addition to the product 8a, 4a (27%) was

formed. (g) A regioisomer mixture of 1,4,5- and 1,3,5-adducts in a 95:5 ratio.
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NbCls (0.7 mmol) 1 (0.7 mmol) DME (0.7 mmol)
+ -

(TMS);3SiH (0.7 mmol) 1,2-dichloroethane (1 mL) rt,1lh

40°C, 3 h
Ph—=——Me
0 H,O
or
0.5 mmol [NR] D,0 (DH  H(D)
- B e —
60 °C, 16 h Ph Al Me Ph  Me
11
GC Yield 58%
(>99% D)
AN
—
©
2 2
. S 255.6 ppm— MRl — 236.7 ppm
o / \
A PA  Me
[A]
T T I T T T T T T T T T [
250 200

Scheme 4-3. Generation of low-valent Nb from NbCls/(TMS)sSiH

The low-valent niobium species appears critical to obtain efficient catalytic activity for the present
transformation.>® Indeed, no cycloaddition reaction between alkyne with alkene took place using
NbCls (Nb(V)) catalyst alone. On the other hand, it is reported that the low-valent niobium complex
NbCl3(DME) reacts with internal alkynes to form an Nb-alkyne complex, as confirmed by
hydrolysis to give the cis-alkene.®’™ 74 To obtain structural information regarding the catalytically
active low-valent Nb species generated from NbCls and (TMS)sSiH, we initially carried out a
complexation reaction between a mixture of NbCls/(TMS)sSiH and 1-phenyl-1-propyne (10), under
the conditions reported for the above-mentioned preparation of the Nb-alkyne complex from
NbCI3(DME).5" However, no Nb-alkyne species was verified by hydrolysis of the reaction mixture,
and 10 was evidently converted during the reaction course to give an intractable mixture of
oligomeric products. This implies that the Nb species generated between NbCls and (TMS)3SiH are
too reactive for the analysis of any Nb-alkyne species in a stable form. Indeed, all attempts to isolate
or fully characterize the active Nb species have been unsuccessful. However, experimental
confirmation for the formation of the low-valent Nb-alkyne complexes has been achieved by adding
both 1 (1 equiv) and 1,2-dimethoxyethane (DME) (1 equiv) to a reaction mixture of
NbCls/(TMS)3SiH and internal alkyne (Scheme 4-3). Thus, 1 (0.7 mmol) and 1,2- dichloroethane (1
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mL) was added to a mixture of NbCls (0.7 mmol) and (TMS)3SiH (0.7 mmol). The reaction mixture
was stirred at 40 °C for 3 h. Subsequently, DME (0.7 mmol) and 10 (0.5 mmol) were added, and the
mixture was stirred at 60 °C for 16 h. Thereafter, the formation of an Nb-alkyne complex was
verified by hydrolysis or deuteriolysis of the reaction mixture, affording cis-1-phenyl-1-propene (11)
in substantial yield (>99% D incorporated after deuteriolysis). In the C{*H} NMR spectrum for the
reaction mixture of NbCls/(TMS)sSiH/DME-10, after the addition of benzene-ds at 20 °C, alkyne
carbon peaks assignable to the low-valent Nb-alkyne complex [A] appear at 236.7 and 255.6 ppm,
which agrees with the reported values for the (DME)NbCls-10 complex (237.5 and 256.2 ppm) P,
Therefore, the addition of DME to the present highly catalytic active low-valent niobium species
would actually lower the activity, resulting in a stable low-valent Nb(Ill) species, as found for
NbCl3(DME).%7

Although it is not possible to confirm a detailed reaction mechanism, NbCls could be reduced by
(TMS)3SiH to form A (and (TMS)sSiCl); presumably low-valent Nb species are generated, on the
basis of the experimental data.*®

On the basis of these experiments, we propose the reaction mechanism shown in Scheme 4-4. In
this reaction pathway, the initial step is the generation of the low-valent niobium species from NbCls,
in which (TMS)sSiH acts as a reducing agent. Subsquently, the reaction may then proceed via
oxidative cyclometalation of the two terminal alkyne molecules (1) to give a niobacyclopentadiene
intermediate. The subsequent reaction with an alkene would exclusively produce the desired

cycloaddition product (3).813

NbCls
tBU — (Megs|)3s|H
s (Me3Si);SiCl
- [Nb] By—=—=
Bu 1
tBu_ [Nb] _tgy
AWE
o INblBy
/
t RITN
Bu 2

Scheme 4-4. A plausible reaction mechanism
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4-3. Conclusion

In summary, | have developed an approach for generating low-valent Nb(lll) species, via a
salt-free reduction method from NbCls/hydrosilane. These species are active catalysts for the
selective [2 + 2 + 2] cycloaddition reactions of terminal alkynes and alkenes, to give
1,3-cyclohexadiene derivatives in high yield. The catalyst system shows remarkable reactivity and
selectivity toward the dicycloadditions of a,m-dienes, as well as the cycloaddition of cyclopentene,
with 1, which could not be achieved using the conventional NbCl3(DME) catalyst system.

4-4. Experimental Section
General

GLC analysis was performed with a flame ionization detector using a 0.22 mm x 25 m capillary
column (BP-5). H, 3C, and #Si NMR were measured at 400, 100, and 78.7 MHz, respectively,
in CDCl3 with Me,Si as the internal standard. The products were characterized by 'HNMR, 3C
NMR, HMQC and HMBC.

Typical Reaction Procedure for the Preparation of 3a (entry 1, Table 4-1).

A mixture of tert-butylacetylene (1a) (164 mg, 2 mmol), 1-decene (2a) (281 mg, 2 mmol), NbCls
(54 mg, 0.2 mmol), tris(trimethylsilyl)silane (50 mg, 0.2 mmol), and 1,2-dichloroethane (1 mL) was
stirred for 3 h at 40 °C under Ar. The yields of the products were estimated from the peak areas,
based on the internal standard technique using GC, and 3a was obtained in 90% yield. The product
3a was isolated by silica gel column chromatography (n-hexane as eluent) in 88% yield (268 mg) a
colorless liquid.

Synthesis of 6 from 1a and 5 Using the NbCls/(TMS)3SiH Catalyst System (eq 1).

A mixture of tert-butylacetylene (1) (164 mg, 2 mmol), cyclopentene (5) (272 mg, 4 mmol),
NbCls (54 mg, 0.2 mmol), tris(trimethylsilyl)silane (50 mg, 0.2 mmol), and 1,2-dichloroethane (1
mL) was stirred for 3 h at 40 °C under Ar. The product 6 was isolated by silica gel column
chromatography (n-hexane as eluent) in 92% yield (214 mg) as a colorless liquid.

Typical Reaction Procedure for the Preparation of 8a (Table 4-3, entry 1).

A mixture of tert-butylacetylene (1) (164 mg, 2 mmol), 1,7-octadiene (7a) (441mg, 4mmol),
NbCls (54 mg, 0.2 mmol), tris(trimethylsilyl)silane (50 mg, 0.2 mmol), and 1,2-dichloroethane (1
mL) was stirred for 3 h at 40 °C under Ar. The product 8a was isolated by silica gel column
chromatography (n-hexane as eluent) in 77% yield (211 mg) as a colorless liquid.

Typical Reaction Procedure for the Preparation of 9a (Table 4-3, entry 4).
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A mixture of tert-butylacetylene (1) (164 mg, 2 mmol), 1,7-octadiene (7a) (55 mg, 0.5 mmol),
NbCls (54mg, 0.2mmol), tris(trimethylsilyl)silane (50 mg, 0.2 mmol), and 1,2-dichloroethane (1 mL)
was stirred for 3 h at 40 °C under Ar. The product 9a was isolated by silica gel column
chromatography (n-hexane as eluent) in 91% yield (199 mg) as a colorless liquid.

Reaction of NbCls/(TMS);SiH with 10 (Scheme 4-3).

A solution of NbCls (189 mg, 0.7 mmol), (TMS)sSiH (174 mg, 0.7 mmol), and tert-butylacetylene
(1) (57 mg, 0.7 mmol) in 1,2-dichloroethane (1 mL) was stirred for 3 h at 40 °C under Ar.
Subsequently, 1,2-dimethoxyethane (DME) (63 mg, 0.7 mmol) was added to the reaction mixture
and stirred for 1 h at room temperature under Ar. Then, 1-phenyl-1-propyne (10) (58 mg, 0.5 mmol)
was added to the reaction mixture and stirred for 16 h at 60 °C under Ar. The yields of the products
were estimated from the peak areas based on the internal standard technique using GC, and 11 was
obtained in 58% vyield. In the “C{*H} NMR spectrum for the reaction mixture of
NbClIs/(TMS)3SiH/DME-10 in benzene-ds at 20 °C, alkyne carbon peaks assignable to the
low-valent Nb-alkyne complex [A] appeared at 236.7 and 255.6 ppm, which agrees with the reported
values for the NbCl3(DME)-10 complex (237.5 and 256.2 ppm).

Charactarization of the compounds

1,4-Di-tert-butyl-5-decylcyclohexa-1,3-diene (3d): colorless liquid
'H-NMR (400 MHz, CDClIg) 6 0.80 (t, J = 5.7 Hz, 3H), 0.97 (s, 9H), 1.06-1.25 (m,

Bu
18H), 1.32 (s, 9H), 2.01-.27 (m, 2H), 2.23, (d, J = 15Hz 1H), 5.61 (s, 2H); *C NMR
(100MHz, CDCIs) 6 14.1 (CHs), 22.7 (CHy), 27.6 (CHy), 28.2 (CH,), 28.3 (CHy),
t "Dec 85 (CH3), 29.4 (CHy), 29.6 (CH3), 29.65 (CH,), 29.68 (CH2), 29.7 (CH), 29.8
Bu

(CHy), 31.9 (CHy), 33.3 (CH), 35.0 (C), 35.6 (C), 115.4 (CH), 115.6 (CH) 143.6 (C),
150.2 (C) ; IR (neat, cm™) 3065, 2924, 1647, 1597, 1465, 1359, 835; GC-MS (EI) m/z (relative
intensity) 332 (6) [M*], 277 (11), 221 (3), 191 (3), 137 (2), 91 (3), 79 (2), 57 (100), 41 (8); HRMS
(E1) m/z calcd forCa4Has [M]* 332.3443, found 332.3450.

1,4-Di-tert-butyl-5-isopentylcyclohexa-1,3-diene (3e): colorless liquid

'H-NMR (400 MHz, CDCls) 6 0.63-0.67 (m, 6H), 0.86 (s, 9H), 0.90 (s, 9H),

1.16-1.36 (m, 4H), 1.83-1.90 (m, 1H), 2.10, 2.14 (m, 3H), 5.50 (s, 2H); *C-

NMR (100 MHz, CDCls3) ¢ 23.0 (CHs), 25.9 (CH2), 28.3 (CH2), 28.4 (CHy),

28.5 (CH), 29.6 (CH3), 33.9 (CH), 35.0 (C), 35.6 (C), 37.2 (CHy), 115.3 (CH),
'Bu 115.6 (CH), 143.7 (C), 150.2 (C); IR (neat, cm™) 3055, 2955, 1645, 1597, 1466,

1367, 1265, 837; GC-MS (El) m/z (relative intensity) 262 (14) [M*], 247 (2), 191 (2), 135 (2), 79 (2),

Bu

.48.



57(100), 43(4). HRMS (E1)m/z calcd for CreHss [M]* 262.2661, found 262.2663.

1-(2-(2,5-Di-tert-butylcyclohexa-2,4-dienyl)ethyl)benzene (3q): colorless liquid
'H-NMR(400 MHz, CDCls) 6 0.97 (s, 9H), 1.03 (s, 9H), 1.79-1.86 (m, 2H),
2.08-2.41 (m, 2H), 2.34 (d, J = 15.2 Hz, 1H), 2.62 (t, J = 7.1 Hz, 2H), 5.62 (s,
2H), 7.05-7.19 (m, 5H); *C-NMR (100 MHz, CDCl3) ¢ 28.1 (CH,), 28.6 (CH3),
Ph 29.5 (CHa), 30.4 (CHy), 32.8 (CH), 34.0 (CH>), 35.0 (C), 35.6 (C), 115.8 (2CH),
'Bu 125.6 (CH), 128.2 (CH), 128.4 (CH), 142.6 (C), 143.4 (C), 149.6 (C); IR (cm™)
3018, 2964, 2041, 1602, 1463, 1367, 1217, 1029, 929, 725; GC-MS (EIl) m/z (relative intensity) 296
(13) [M]*, 192 (2), 135 (2), 105 (7), 91 (12), 77(2), 57(100), 41(12). Anal. Calcd for CyoHsz: C,

89.12; H, 10.88. Found: C, 88.84; H, 10.94.

Bu

4,7-Di-tert-butyl-2,3,3a,7a-tetrahydro-1H-indene (6): colorless liquid
'H-NMR (400 MHz, CDCls) ¢ 1.05 (s, 18H), 1.24-1.86 (m, 6H), 2.51-2.56. (m, 2H),

t
it 5.63 (s, 2H); *C-NMR (100 MHz, CDCl3) 6 22.5 (CHy), 30.3 (CH3), 33.5 (CH>), 35.6
(C), 42.8 (CH), 116.1 (CH), 147.1 (C); IR (cm™) 3057, 2951, 1463, 1360, 1248, 1198,
oy 851; GC-MS (EI) m/z (relative intensity) 232 (19) [M*], 217 (18), 175 (17), 119 (15),
79 (3), 57 (100), 41 (17). HRMS (EI) m/z calcd for Ci7H2s [M]" 232.2191, found
232.2200

1,4-Bis(2,5-di-tert-butylcyclohexa-2,4-dienyl)butane 9a: white solid, mp 65-67 °C
'H-NMR (400 MHz, CDCls) 6 0.85 (s, 18H), 0.89 (s,18H), 1.10-1.19 (m, 8H),
1.84-2.12 (m, 6H), 5.49 (s, 4H); °C-NMR (100 MHz, CDCls) 6 28.3 (CH>),
O O 28.5 (CHs3), 29.6 (CH3), 31.6 (CHy), 33.0 (CH), 33.51 (CHJy), 35.0 (C), 35.6 (C),
4 115.45 (CH), 115.53 (CH), 143.5 (C), 150.5 (C); IR (KBr, neat, cm™) 3057,
2964, 1645, 1463, 1360, 1265, 833; GC-MS (El) m/z (relative intensity) 438
(5) [M], 382 (4), 248 (2), 218 (2), 192 (30), 79 (2), 57 (100), 41(22). HRMS (EI) m/z calcd for
CaoHss [M]* 438.4226, found 438.4222.

Bu Bu

1,6-Bis(2,5-di-tert-butylcyclohexa-2,4-dienyl)hexane (9b): white solid, mp 76-78 °C
!H-NMR (400 MHz, CDCl3) 6 0.91 (s, 18H), 0.95 (s, 18H), 1.11-1.20 (m, 8H),
1.30-1.42 (m, 4H), 1.90-2.20 (m, 6H), 5.55 (s, 4H); *C-NMR (100 MHz,
O O CDCl3) 6 27.6 (CHy), 28.1 (CH2), 28.2 (CHy, 28.5 (CH3), 29.6 (CH3), 31.6
6 (CHy), 33.3 (CH), 35.0 (C), 35.6 (C), 115.4 (CH), 115.6 (CH), 143.5 (C), 150.2
(C); IR (KBr, neat, cm™) 3053, 2964, 1647, 1597, 1463, 1359, 1265, 1198, 837;
GC-MS (EI) m/z (relative intensity) 466 (5) [M*], 353 (1), 207 (1), 175 (4), 131 (1), 91 (2), 57 (100),
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41 (6). HRMS (EI) m/z calcd for C34H58 [M]* 466.4539, found 466.4529.

1,8-Bis(2,5-di-tert-butylcyclohexa-2,4-dienyl)octane (9¢): white solid, mp 85-88 °C
'H-NMR (400 MHz, CDCls) 6 0.91 (s, 18H), 0.96 (s, 18H), 1.11-1.49 (m, 16H),
1.90-2.20 (m, 6H), 5.55 (s, 4H); 3C NMR (100 MHz, CDCls) § 27.6 (CH,),
O O 28.1 (CHy), 28.2 (CHy), 28.5 (CH3), 29.6 (CH3), 29.8 (CHy), 31.6 (CHy), 33.2
8 (CH), 35.0 (C), 35.6 (C), 115.3 (CH), 115.5 (CH), 143.6 (C), 150.2 (C); IR
(KBr, neat, cm™) 2964, 2853, 2368, 1473, 1359, 1265, 1195, 835; GC-MS (El)
m/z (relative intensity) 494 (4) [M]*, 437 (1), 381 (2), 191 (1), 175 (4), 91 (2), 57 (100), 41 (5).
HRMS (EI) m/z calcd for CasHs2 [M]* 494.4852, found 494.4874
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Chapter 5

Strategy for the Synthesis of Pyrimidine Derivatives: NbCls-mediated
Cycloaddition of Alkynes and Nitriles

Ar N_ R!
. s v a oo NbCl i
Rl-=—R? + Ar—C= N
60 °C N OR?
R = Alkyl, Aryl Ar
R2= Alkyl, H
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5-1. Introduction

Pyrimidine derivatives are one of the most important class of azaheterocyclic compounds.®
Pyrimidine derivatives are key structures in many natural products and biologically active substances,
including minoxidil, thiamine, meridianin D, and pyrimethamine (Scheme 5-1).! In addition, some
pyrimidines are used in polymer and supramolecular chemistry.??® These compounds have therefore
attracted much attention from synthetic chemists for use in efficient syntheses.*°

Since Brugnatelli synthesized pyrimidines,*® many synthetic organic chemists have studied
preparations of pyrimidine derivatives. Many of the reported reactions are synthetic methods that do
not use transition metals, such as condensations of N—C—N fragments and ketones, condensations of
formamidine acetate with ketones,*® and reactions of N-vinylamides with nitriles (Scheme 5-2).%
Various other synthetic methods for the synthesis of pyrimidine derivatives have been reported, such
as transition-metal-mediated or -catalyzed condensation reactions of amidines with propargylic
alcohols®® and three-component coupling reactions of functionalized enamines, triethyl orthoformate,
and potassium aryltrifluoroborates with pyrimidine chlorides.>

Intermolecular cycloaddition of one alkyne molecule and two nitrile molecules is one of the
simplest and atom-economical methods for preparing pyrimidine derivatives. Previously, Martinez,
Hanack, and co-workers reported the reaction of alkynes and nitriles to give trisubstituted pyrimidine

derivatives by using a strong acid such as CF3SOzH .*"

n *

N ch
NH,
O thiamine
minoxidil
meridianin D pyrimethamine

Scheme 5-1. Biologically active compounds
Movassaghi (ref 4¢)

o Ph T,0, 2-CIPyr Nt

R wes—= e

Ph N Ph N~ "SMe
H

Scheme 5-2. The direct condensation pf cyanic acids with N-vinyl/aryl amides
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Alternatively, transition-metal-mediated/-catalyzed [2+2+2] intermolecular cycloaddition of
alkynes and nitiriles is one of the most efficient, simple, and atom-economical methods for preparing
pyrimidine derivatives. However, such a cycloaddition reaction exclusively afforded pyridines, not
pyrimidines (Scheme 5-3, previous work).°

Recently, we reported that low-valent Nb catalysts (NbCl3(DME)” and NbCls/hydrosilane
system®) are useful for cycloaddition reactions of terminal alkynes, internal alkynes, and alkenes to

give 1,3-cyclohexadienes.®

Rl
R? R?
Previous works fj
M] RN DAr
[M]=Fe, Co, Ru,
Rl——R? + Ar—C=N —] Rh, Ni, Ti, Zr/Ni

Rl
RZ
This work N™ S
)I\ =
NbCls Ar” N7 DAr
Scheme 5-3. Transition-metal-catalyzed or -mediated reactions of alkynes and nitriles

5-2. Result and Discussion

Initially 1 select 4-octyne (1a) and benzonitrile (2a) as model substrates and carried out
intermolecular cycloaddition reactions using various transition-metal catalysts (Table 5-1). For
example, 1a (1 mmol) was reacted with 2a (2 mmol) in the presence of NbCls (0.2 mmol) in
1,2-dichloroethane (1 mL) at 60 °C for 22 h. 2,4-Diphenyl-5,6-n-dipropylpyrimidine (3a) was
obtained in 10% yield with excellent chemoselectivity (Table 5-1, entry 1). When 2 mL of 2a was
used instead of 1,2- dichloroethane, 3a was obtained in 21% yield (entry 2).

To optimize the reaction, 1 compared NbCls with different metal salts (NbFs, TaCls, ZrCls, AlCls,
FeCls, and CeCls) (entries 3—8). The catalyst precursor significantly influenced the reaction activity.
The best results for the model cycloaddition reaction were observed in the presence of an NbCls
catalyst. I tried to increase the yield of 3a. In one of many attempts, I tried a stoichiometric reaction;
this gave 3a in 50% yield (entry 9). | succeeded in obtaining 3a in 86% yield by adding NbCls (0.2
mmol) to the reaction mixture six times every 2 h (entry 10, Scheme 5-4). Surprisingly,
1,2,3,4,5,6-hexapropylbenzene from cyclotrimerization of 4-octyne was not formed in the present
reaction.’ Here, low-valent Nb compounds such as NbCls(DME)’®did not afford 3a at all under
these conditions.
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Table 5-1. Optimization of Model Reaction. @

"Pr
N
"pf—=—=—"pr + + Ph—C=N Lewis acid )Nl\)jpr
la 2a 60 °C, 22 h Ph” N7 Ph
3a
Entry Lewis acid (amt (equiv)) Yield of 3a (%)°
1° NbCls (0.2) 0
2 NbCls (0.2) ’1
3 NbFs (0.2) 1o
4 TaCls (0.2) o
5 ZrCl4(0.2) trace
6 AICI3(0.2) 1
! FeCls(0.2) race
8 CeCl3(0.2) e
9 NbCls (0.2) 50
10° NbCls (0.2) 86 (79)

(a) Reaction conditions: 1a (1 mmol), 2a (2 mL) and Lewis acid (amount based on 1a) at 60 °C for 22 h
under Ar (entries 2-8). (b) GC vyields except for the value in the parentheses. (c) Reaction conditions: 1la
(2 mmol), 2a (2 mmol), and NbCls (0.2 mmol) in 1,2-dichloroethane (1 mL) at 60 °C for 22 h under Ar.
(d) Not detected by GC. (e) The reaction was performed by adding NbCls (0.2 mmol) in six portions
every 2 h over 22 h ((0.2 mmol/2 h)g).

NbCls (0.2 mmol)/2 h)y Ph\,//N oPr
N

"Pr—==-"Pr + Ph-C=N
60°C, 22 h )
1 mmol 2mL Pr
la 2a Ph
3a
100
< 80 r 4
% 60 |
T 40
S 20 |
0

0 1 2 3 4 5 6

number of additions (Y)
(0.2 mmol/2 h)

Scheme 5-4 Effect of number of additions
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Table 5-2. Scope of Reaction of Alkynes 1 with Aryl Nitriles 22

Rl
2
NbCls NTXR
Rl—R2 + A—-CEN — PP
1 2 60°C, 22 h Ar” N7 DAr
3
Entry Yield of 3 (%)"
1 pr 2 Et 3 "Bu
N)\/Enpr Nl)jEt N)YBU
| |
ph)\N/ Ph Ph)\N/ Ph Ph)\N/ Ph
3a 3b 3c
79 12 82
4  Ph 5  Et Me
)\/Eph N)\/[Me N)\/[Et
| | |
N Ph)\N/ Ph Ph)\ ~>ph
3d 3e 3e
n.d.c 75(3e:3e'=61:39)
6 ipr Me 7 Ph
N)jMe N)\/['Pr N)\/[Me
| | |
Ph)\N/ Ph Ph)\N/ Ph Ph)\ “>ph
3f 3f 3g
75(3f:3f'=61:39) 76
8 "Oct 9 Ph 10 Cy
Pl 9 U
| L
Ph)\N/ Ph Ph)\N Ph Ph)\N/ Ph
3h 3i 3]
74(>95)¢ 50 57
11 npr 12 npr
N7 P NS
IN/ /@/kN/
3k . 3l .
57 39

(a) Reaction conditions: see optimized conditions (Table 5-1, entry 10). (b) Isolated yields. (c) Not
detected by GC. (d) The values in parentheses show the selectivity (%) of 2,4,6-substituted adducts.

Under the optimized reaction conditions, i.e., Table 5-1, entry 10, we investigated the scope of the

reaction using various alkynes and nitriles (Table 5-2). For example, the internal alkynes 4-octyne
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(1a), 3-hexyne (1b), and 5-decyne (1c) participated in the reaction and the corresponding pyrimidine
derivatives (3a—C) were obtained in 72-82% isolated yields with excellent chemo and
regioselectivities (entries 1-3). However, the reaction with diphenylacetylene (1d) did not afford any
of the corresponding pyrimidine (3d; entry 4). The regioselectivities of the desired pyrimidines from
the reactions of unsymmetrical alkynes (1e—g) and 2a were influenced by electronic effects on the
unsymmetrical internal alkynes (entries 5—7). For instance, 2-pentyne (1e) and 4-methyl-2-pentyne
(1f) gave the corresponding products in good yields as a mixture of regioisomers (3e,f and 3e’,f");
these pyrimidines were characterized by *H and *C-NMR spectroscopy, and the resonances were
assigned using 2D-HMQC and HMBC. However, when 1-phenyl-1-propyne (1g) was used, 3g was
obtained in 76% yield with >99% regioselectivity. The reactions of trimethylsilylacetylene and ethyl
propiolate did not afford the products 3.

I next examined the scope of the reaction with terminal alkynes. The reaction was successful using
terminal alkynes with n-octyl, phenyl, and cyclohexyl groups. The terminal alkynes 1-decyne (1h),
phenylacetylene (1i), and cyclohexylacetylene (1j) gave the corresponding desired products (3h—j)
in 50-74% vyields with >95% regioselectivity and excellent chemoselectivity (entries 8—10). In
addition, 4-methylbenzonitrile (2b) and 4-fluorobenzonitrile (2c) were also employed in the reaction,
affording the corresponding products (entries 11 and 12). The reaction of an aliphatic nitrile such as
octanonitrile or trimethylsilyl cyanide proved to be sluggish under these conditions.

On the basis of these experiments, I propose the reaction mechanism shown in Scheme 5-5. The
reaction initiates NbCls-assisted reaction of nitrile to form N-benzylidenebenzamidine (A).
Subsequent cycloaddition of A with phenylacetylene (1i) on the benzylidene carbon results in the

formation of 2,4,6-triphenylpyrimidine (3i).

Ph

S, e
(

ClyNb, \ A
1 /®
c‘/ NTP
Ph” A

cf

( Ph Ph
Cl,Nb.
4 &N)j -NbClg Nl)j
/-\
Ph)\\N @Ph Ph)\N/ Ph

Scheme 5-5. Plausible mechanism for the reaction of phnylacetylene (1i) and benzonitrile (2a)

The results in Table 5-1 show that NbCls gives the best yields of 3a. This is a result of differences
in affinity toward the nitriles. Acetonitrile has been used as a probe molecule to observe Lewis
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acidities in various IL (ionic liquids)—metal chloride pairs via FT-IR analysis.’’ | attempted to
observe differences in Lewis acidities using **C-NMR spectroscopy (Scheme 5-6). The difference
between the Lewis acidity of NbCls and that of AICI; was confirmed experimentally by adding
NbCls (0.7 mmol) to benzonitrile (1 mL). The reaction mixture was stirred at 60 °C for 10 h. In the
BC{*H}-NMR spectrum of the NbCls—CN reaction mixture after the addition of benzene-ds at 20 °C,
nitrile carbon peaks appeared at 174.7 and 178.1 ppm. However, when AICI; was used as the Lewis
acid instead of NbCls, similar peaks were not observed. Therefore, NbCls has effectual affinity®*

toward nitriles.

o~ <

— [[e)

I <

= =
‘\“‘\“‘\“‘\“‘\“‘\P‘PM‘
180 178 176 174 172 170

Scheme 5-6. *C{*H}-NMR spectrum of the NbCls—CN

5-3. Conclusion

In summary, | have proposed a practical, general, and efficient method for the synthesis of
polysubstituted pyrimidine derivatives. These synthetic methods are the first examples of
transition-metal-mediated cycloaddition reactions of one alkyne molecule and two nitrile molecules

to obtaine pyrimidines with excellent chemoselectivities and high regioselectivities.

5-4. Experimetal Section
General

GLC analysis was performed with a flame ionization detector using a 0.22 mm x 25 m capillary
column (BP-5). *H and *C NMR were measured at 400 and 100 MHz, respectively, in CDCls with
MeSi as the internal standard. The products were characterized by *H-NMR, **C-NMR, HMQC and
HMBC.

Typical Reaction Procedure for the Preparation of 3a (Entry 10, Table 5-1)
To a mixture of 4-octyne (1a) (110 mg, 1 mmol), benzonitrile (2) (2 mL), NbCls (324mg, 1.2
mmol) was added in six batches (each 0.2 mmol), one every 2 h, and stirred for 22 h at 60°C under
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Ar. The yields of products were estimated from the peak areas based on internal standard technique
using GC and 3a was obtained in 86% yield. After being quenched with 10% NaOHaq (50 mL), the
organic layer was extracted with diisopropyl ether (30 mL). The solvent was evaporated under
vacuum. The product 3a was isolated by silicagel column chromatography (n-hexane : EtOAC =7 :
3) in 79% vyield (250 mg) as brown oil

Charactarization of the compounds
2.4-Diphenyl-5,6-dipropylpyrimidine (3a) : brown oil

npr H-NMR (400 MHz, CDCl3) 6 0.84 (t, J = 7.3 Hz, 3H), 1.09 (t, J = 7.3 Hz, 3H),
NN npr 1.43-1.49 (m, 2H), 1.92-1.98 (m, 2H), 2.64 (t, J = 7.6 Hz, 2H), 2.86 (t, J = 8.0 Hz,
)l\ 2
Ph N Ph

2H), 7.42-8.51 (m, 10H) ; 3C-NMR (100 MHz, CDCls) 6 14.2 (CHs), 14.3 (CH3),

21.1 (CHy), 22.0 (CH,), 30.3 (CH2), 36.6 (CH>), 128.1 (CH), 128.2 (CH), 128.3
(CH), 128.5 (CH), 128.6 (C), 128.7 (CH), 130.0 (CH), 138.3 (C), 140.0 (C), 161.0 (C), 166.0 (C),
169.5 (C) ; IR (neat, cm™) 2930, 2872, 1541, 1396, 1377, 698 : GC-MS (EI) m/z (relative intensity)
316 (45) [M]*, 287 (100), 273 (13), 244 (2), 155 (1), 79 (3), 77 (8), 43 (1) ; HRMS (EI) m/z calcd for
Ca2H24N, [M]* 316.1939, found 316.1928.

4,5-Diethyl-2,6-diphenylpyrimidine (3b) : yellow solid, mp 94-95 °C
'H-NMR (400 MHz, CDCl3) 6 1.01 (t, J = 7.3 Hz, 3H), 1.37 (t, J = 7.3 Hz, 3H),

Et 2.62 (q, J = 7.2 Hz, 2H), 2.85 (q, J = 7.3, 2H), 7.35-8.43 (m, 10H); *C-NMR
i o (100 MHz, CDCls) 6 12.8 (CH3), 14.6 (CHs), 21.0 (CH2), 27.6 (CH,), 128.1 (CH),
~

Ph”™ "N” "Ph 128.2 (CH), 128.3 (CH), 128.5 (CH), 128.6 (C), 129.6 (CH), 130.0 (CH), 138.2
(C), 139.6 (C), 161.1 (C), 165.7 (C), 170.3 (C) ; IR (neat, cm™) 2972, 1539, 1394, 1024, 700 ;
GC-MS (El) m/z (relative intensity) 288 (35) [M]", 273 (4), 259 (4), 167 (1), 79 (1), 77 (5) ; HRMS
(EI) m/z calcd for C2oHz0N2 [M]*288.1626, found 288.1623.

4,5-dibutyl-2,6-diphenylpyrimidine (3c) : brown liquid

"By IH-NMR (400 MHz, CDCls) 5 0.72 (t, J = 7.3 Hz, 3H), 0.93 (t, J = 7.3 Hz, 3H),
\ )\/[nsu 1.16-1.21 (m, 2H), 1.30-1.38 (m, 2H), 1.40-1.47 (m, 2H), 1.77-1.85 (m, 2H), 2.58
PP (t, J = 8.0 Hz, 2H), 2.81 (t, J = 7.6 Hz, 2H), 7.33-8.41 (m, 10H) ;*C-NMR (100
Ph™ "N" "Ph MHz, CDCls) 6 13.6 (CHs), 14.1 (CHs), 22.7 (CH2), 22.8 (CHz), 27.5 (CH_), 30.9
(CHa), 32.6 (CH2), 34.3 (CH2), 128.0 (CH), 128.1 (CH), 128.3 (CH), 128.4 (CH), 1285 (C), 128.6
(CH), 129.9 (CH), 138.2 (C), 139.7 (C), 161.0 (C), 165.9 (C), 169.6 (C) ; IR (neat,cm®) 2956, 1541,
1396, 1211, 691 ; GC-MS (EI) m/z (relative intensity) 344 (12) [M]*, 301 (100), 259 (73), 224 (3),

153 (1), 79 (1), 77 (7) ; HRMS (EI) m/z calcd for CoHasNo [M]* 344.2252, found 344.2263.
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4-Ethyl-5-methyl-2,6-diphenylpyrimidine (3e), (5-Ethyl-4-methyl-2,6-diphenylpyrimidine (3e")) :
brown solid, mp 86-88 °C

Et,(Me) IH-NMR (400 MHz, CDCl3) § 1.04 (t, J = 7.3 Hz, 3H), 1.18 (s, 3H), 1.34 (t,

NN M (E) I =76 Hz, 3H), 2.24 (s, 3H), 258 (q, I = 7.9 Hz, 2H), 2.79 (4, I = 7.5 Hz,

) P ) 2H), 7.32-8.45 (m, 20H) ; 3C-NMR (100 MHz, CDCls) § 11.9 (CH3), 14.1
Ph” N~ P

(CHa), 14.9 (CHj3), 21.6 (CHy), 22.4 (CH3), 28.6 (CHy), 116.1 (CH), 123.3
(C), 128.0 (CH), 128.15 (CH), 128.2 (CH), 128.30 (CH), 128.33 (CH), 128.56 (CH), 128.59 (CH),
128.7 (CH), 129.3 (CH), 129.9 (CH), 130.0 (CH), 130.1 (C), 138.0 (C), 138.2 (C), 139.2 (C), 1394
(C), 161.11 (C), 161.14 (C), 165.0 (C), 165.5 (C), 166.4 (C), 170.6 (C) ; IR (neat,cm™) 2961, 2938,
1541, 1395, 700 ; GC-MS (El) m/z (relative intensity) 274 (30) [M]+, 258 (2), 245 (2), 154 (1), 91
(1), 77 (4) ; HRMS (EI) m/z calcd for C1gH1sN2 [M]+ 274.1470, found 274.1473, GC-MS (EI) m/z
(relative intensity) 274(48) [M]*, 258 (9), 207 (5), 154 (1), 91 (2), 77 (4) ; HRMS (EI) m/z calcd for
Ci9H1sN2 [M]* 274.1470, found 274.1468.

4-1sopropyl-5-methyl-2,6-diphenylpyrimidine (3f), (5-Isopropyl-4-methyl-2,6-diphenylpyrimidine
(3f") : yellow solid, mp 63-65 °C

'H-NMR (400 MHz, CDCl3) 6 1.28 (d, J = 6.9 Hz, 6H), 1.38 (d, J = 6.9 Hz, 6H), 2.33 (s, 3H), 2.75
(s, 3H), 3.28-3.41(m, 2H), 7.42-8.56 (m, 20H) ; ¥C-NMR (100 MHz, CDCls) 6 14.6 (CH3), 21.2
(CHs3), 21.3 (CH3), 24.4 (CH3), 28.3 (CH), 31.7 (CH), 128.0 (CH), 128.1 (2CH), 128.2 (CH), 128.3
(CH), 128.4 (CH), 128.5 (CH), 128.6 (CH), 129.2 (2CH), 129.90 (CH), 130.0 (CH), 133.6 (C), 137.8
(C), 138.0 (C), 138.4 (C), 139.5 (C), 140.4 (C), 160.6 (C), 161.0 (C), 165.4 (C), 166.1 (C), 166.2 (C),
173.9 (C) ; IR (neat,cm™) 2963, 2928, 1539, 1395, 696 ; GC-MS (EI) m/z (relative intensity) 288
(39) [M]+, 273 (21), 259 (19), 245 (3), 91 (2), 77 (5) ; HRMS (EI) m/z calcd for CaoH2oN2 [M]+
288.1626, found 288.1632, GC-MS (EI) m/z (relative intensity) 288 (57) [M]+, 274 (8), 258 (10),
129 (19), 79 (2), 77 (8) ; HRMS (EI) m/z calcd for C20H20N2 [M]+ 288.1626, found 288.1617.

Class H HMQC HMBC Correlated H
1 | 147 | CHs 2.33 2.38
2 | 21.3 | CHs | 1.37-1.39 1.51 1.36, 3.38 2,3
3 | 317 CH 3.28-3.41 3.30 1.36 2
4 | 1225 C X 2.40, 3.40 1,3
5 |129.9 C X 2.40, 8.53 1,7
6 | 133.6 C X X 1.36, 3.38 2,3
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C Class H HMQC HMBC Correlated H
1 21.2 | CHs 1.27-1.29 1.40 1.33, 3.38 1,3
2 24.4 | CHs 2.75 2.73
3 28.3 | CH 3.28-3.41 3.28 1.35 1
4 | 1225 | C X X 3.40 3
5 | 1299 | C X 3.37, 8.42 3,7
6 | 1336 | C X X 1.35, 2.80 1,2

5-Methyl-2,4,6-triphenylpyrimidine (3g) : yellow solid, mp 172-173 °C
'H-NMR (400 MHz, CDCls) 6 2.25 (s, 3H), 7.33-8.48 (m, 15H) ; *C-NMR (100

Ph
N7 Me MHz, CDCls) 6 17.7 (CHgs), 123.1 (CH), 128.1 (CH), 128.2 (CH), 128.3 (CH),
)l\ =
Ph N Ph

129.0 (C), 129.2 (CH), 130.1 (CH), 137.8 (C), 139.1 (C), 161.4 (C), 166.8 (C) ;

IR (neat,cm™) 3057, 2360, 1533, 1391, 692 ; GC-MS (El) m/z (relative intensity)
322 (8) [M]*, 216 (6), 140 (18), 115 (27), 77 (5) ; HRMS (El) m/z calcd for C23H1gN2 [M]* 322.1470,
found 322.1468.

4-Octyl-2,6-diphenylpyrimidine (3h) : brown liquid
nOct 'H-NMR (400 MHz, CDCls) § 0.87 (t, J = 7.5 Hz, 3H), 1.28-1.87 (m, 12H), 2.84

(t, J = 7.8 Hz, 2H), 7.40-7.51 (m, 7H), 8.18-8.20 (m, 2H), 8.48-8.62 (m, 2H) ;
NTX
)l\ Z
Ph N

B3C-NMR (100 MHz, CDCls) § 14.1 (CHg), 22.7 (CHy), 28.9 (CH2), 29.2 (CH>),

Ph 294 (CHy), 29.5 (CHy), 31.9 (CHy), 38.2 (CHy, 113.3 (CH), 127.2 (CH),

128.4(CH), 128.7 (CH), 128.8 (CH), 130.4 (CH), 130.5 (CH), 137.4 (C), 138.3 (C), 163.6 (C), 164.2

(C), 171.7 (C) ; IR (neat,cm™) 2955, 2855, 1572, 1373, 694 ; GC-MS (El) m/z (relative intensity)

344 (2) [M]*, 315 (4), 259 (14), 246 (100), 79 (3), 77 (5) ; HRMS (El) m/z calcd for CasH2sN2 [M]*
344.2252, found 344.2253.

4-Cyclohexyl-2,6-diphenylpyrimidine (3j) : orange solid, mp 63-65 °C
'H-NMR (400 MHz, CDCl3) 6 1.25-2.07 (m, 10H), 2.75-2.81 (m, 1H), 7.43-7.51

Cy
N (m, 7H), 8.19-8.21 (m, 2H), 8.61-8.63 (m, 2H) ; *C-NMR (100 MHz, CDCls) &
X Py 26.1 (CHo), 26.3 (CHy), 32.2 (CHy), 46.3 (CH), 111.9 (CH), 116.1 (CH), 127.2
Ph” N

(CH), 128.4 (CH), 128.8 (CH), 130.3 (CH), 130.5 (CH), 137.6 (C), 138.4 (C),
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163.8 (C), 164.0 (C), 175.4 (C) ; IR (neat, cm™) 2926, 2851, 1531, 752, 684 ; GC-MS (El) m/z
(relative intensity) 314 (18) [M]*, 259 (100), 177 (4), 135 (4), 104 (15), 77 (10) ; HRMS (EI) m/z
calcd for CoH2oN2 [M]* 314.1783, found 314.1774.

4,5-Dipropyl-2,6-dip-tolylpyrimidine (3k) : colorless liquid
!H-NMR (400 MHz, CDCls) 6 0.75 (t, J = 7.3 Hz, 3H), 0.98 (t,

"Pr
npr J = 7.3 Hz, 3H), 1.34-1.41 (m, 2H), 1.81-1.88 (m, 2H), 2.27 (s,

N
| _ 3H), 2.31 (s, 3H), 2.54 (t, J = 8.0 Hz, 2H), 2.74 (t, J = 7.8 Hz,
O)\ N 2H), 7.12-8.30 (m, 8H) ; BC-NMR (100 MHz, CDCls) § 14.2

Me (2CHs), 21.2 (CHs), 21.4 (CHs), 21.9 (CHy), 23.8 (CHy), 30.0
(CH>), 36.5 (CH2), 127.9 (C), 128.0 (CH), 128.6 (CH), 128.8 (CH), 129.0 (CH), 135.6 (C), 137.0
(C), 138.2 (C), 139.8 (C), 160.9 (C), 165.8 (C), 169.2 (C) ; IR (neat, cm™) 2961, 2872, 1537, 1395,
808 ; GC-MS (EI) m/z (relative intensity) 344 (53) [M*], 329 (37), 315 (88), 301 (59), 143 (13), 79
(3), 77(4) ; HGMS (EI) m/z calcd for CoaH2sN2 [M]* 344.2252, found 344.2243.

2,4-Bis(4-fluorophenyl)-5,6-dipropylpyrimidine (31) : white solid, mp 68-69 °C
IH-NMR (400 MHz, CDCl3) 6 0.87 (t, J = 7.3 Hz, 3H), 1.09 (t, J =

n
\ P\r npr 7.6 Hz, 3H), 1.45-1.47 (m, 2H), 1.91-1.95 (m, 2H), 2.64 (t, J = 8.0

- Hz, 2H), 2.86 (t, J = 7.6 Hz, 2H), 7.09-8.50 (m, 8H) ; *C-NMR
@N (100 MHz, CDCl3) 6 14.2 (2CHs), 21.9 (CHy), 23.8 (CHz), 29.9
F F (CHy), 36.5 (CH2), 115.1 (CH), 115.3 (CH), 128.4 (C), 130.1 (d, J

= 8.6 Hz, CH), 130.5 (d, J = 8.6 Hz, CH), 134.2 (C), 135.7 (C), 160.1 (C), 162.9 (d, J = 247 Hz, C),
164.3 (d, J = 247 Hz, C), 164.9 (CF), 165.6 (C), 169.7 (C) ; IR (neat, cm™) 2963, 2874, 1541, 1227,
848 ; (El) m/z (relative intensity) 352 (8) [M]*, 323 (100), 309 (3), 149 (4), 133 (24), 79 (3), 77 (2) ;
HGMS (EI) m/z calcd for C22H22N2F2 [M]*352.1751, found 352.1742.
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Chapter 6

Low-Valent Niobium-Catalyzed Intermolecular [2+2+2] Cycloaddition
of tert-Butylacetylene and Arylnitriles to Form 2,3,6-Trisubstituted
Pyridine Derivatives

cat. NbC|5
Zn
cat.pp,Si(OMe), NN

13 examples
up to 89% yield

via.
R-CZN
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6-1. Introduction

Pyridine derivatives are an important class of azaheterocyclic compounds and including natural
products, biologically active substances,® functional materials? and ligands.> By way of example,
niacin and vitamin Be are both well-known pyridine derivatives. Neutral pyridine-based pillaring
ligands are also employed in the construction of metal—organic frameworks (MOFs), since they can
be fully exchanged with different pyridine-based ligands to enable “stepwise” MOF synthesis™
Among the methods available for the synthesis of pyridines, the transition-metal-catalyzed
cycloaddition reaction of alkynes with nitriles is of particular importance, since this methodology is
capable of introducing various substituent groups onto the pyridine ring (scheme 6-1).>"'! Many of
the reported cycloaddition reactions have been intramolecular reactions using o,w-diynes or
cyanoalkynes. For instance, Takeuchi and co-workers reported that pyridines could be formed from

the Ir-catalyzed [2 + 2 + 2] cycloaddition of a,m-diynes with nitriles.®

(On + R3-C=N

R2 * R3-C£N - \
R4
Intermoleculr cycloaddition < Rl—

Intermoleculr cycloaddltlon
or
Intramoleculr cycloaddition

Rl—

Scheme 6-1. Transition-metal mediated cycloaddition of alkynes with nitriles to pyridines

Alternatively, the transition-metal-catalyzed intermolecular [2 + 2 + 2] cross-cycloaddition
reaction between two alkyne molecules and one nitrile is one of the simplest and most atom
economical methods for preparing pyridines. However, little work has been reported in this field
because of the difficulty in controlling the chemo- and regioselectivity of the reaction. Wakatsuki
and Yamazaki reported that a Co-catalyzed reaction was the first example of the synthesis of
pyridines via the [2 + 2 + 2] intermolecular cycloaddition reactions of alkynes with nitriles.5 These
intra- and intermolecular cycloaddition reactions typically employ late transition metals as catalysts,
such as Co,° Rh,” Ir 2 Ni,° Ru® and Fe.l

The synthesis of pyridines in this manner has not yet been achieved using early transition metals
as catalysts. Some stoichiometric reactions employing early transition metals have, however, been
reported (Scheme 6-2), such as the synthesis of pyridines from two alkynes, a nitrile and Ti(O'Pr),,*2
the Zr/Ni-mediated cyclotrimerization of alkynes and nitriles to give pentasubstituted pyridines®® and
the preparation of tetrasubstituted pyridines from the reaction of Ta-alkyne complexes with

alkynenitriles.* In addition, My research group has reported the NbCls-mediated intermolecular
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cycloaddition reaction of alkynes with benzonitriles.!® This reaction did not produce pyridines,
though, and instead gave pyrimidines when using a stoichiometric amount of NbCls (Scheme 6-3,

“Previous work™).

Sato (ref.12)

R—==—C(O)NEt, R2 C(O)NEt,
+
: — ' — RL
o~ RZ— _ (i) TolSO,—C=N Z>N
;'éOMPr)C“l (Pro),Ti, 2 |
e RT (i) H* N H
Takahashi (ref.13)
Rl — Rl Rl
+ 3
R3-C=N N pe— o RN
Cpo2Zr ---|| CpaZr{ _—— |
R]_ N|C|2(PPh3)2 R2 NS R3
Rl R2

Takai (ref.14)

(i) < N
(i) TaCls,Zn,DME C=N _~_CsHiy
n e | |
CoHyy——=—=""CsHy; — — , |
(ii) THF, Pyridine (iv) NaOH, H,0 N

N™ "CsHyy

Scheme 6-2. Stoichiometric reaction of alkynes with nitriles to pyridines

1
R? Rl— R
NN Stoichiometric Catalytic Z\N
LA - A
RN OR2 NbClg Low-valent Nb R2
Rl

2_~=
_ Alkyne / Nitrile  R“"C=N" Alkyne / Nitrile F
Previouswork 1 mmol /2 mL 1 mmol / 3 mmol This work

Scheme 6-3. Transition-metal-catalyzed [2+2+2] cycloaddition of alkynes with nitriles

Recently, My group reported that the NoCls(DME)®® is a useful catalyst for the selective synthesis
of 1,3-cyclohexadienes from the reaction of alkynes with alkenes.!’ | additionally determined that
the NbCls/hydrosilane system serves as an efficient low-valent Nb catalyst for the selective

cycloaddition of alkynes and alkenes to form 1,3-cyclohexadienes.’

-69.



6-2. Result and Discussion

Table 6-1. NbCls/Zn/Ph,Si(OMe), Catalyzed Reaction of tert-Butylacetylene (1a) with

Benzonitrile (2a) under Various Conditions®

catalyst (20 mol %) Bu Bu
Zn (1.2 equiv)
) additive (60 mol %) Z N Z
Bu—== + Ph-CN | + T 'Bu
Toluene A By X
1a 2a 80°C, 16 h . Ph
: Bu
3a 4a
Yield (%)°

Entry Catalyst Additive 3a 4a

1¢ NbCl3(DME) none 11(95) 36
2°¢ NbCls none n.d.¢ n.d.?

3 NbCls none 26(77) 41

4 NbCls PhSiMe; 33(88) 43

5 NbCls PhSi(OMe)3 70(97) 17

6 NbCls MeSi(OMe)3 72(98) 18

7 NbCls Ph,Si(OMe); 82[74[(98) 10
8¢ NbCls Ph,Si(OMe); 64(98) 27
g¢ NbCls Ph,Si(OMe); 38(96) 15
10f NbCls Ph,Si(OMe); 27(96) 7
11 NbCl3(DME) Ph,Si(OMe); 47(71) 15
12 TaCls PhzSi(OMe); trace 8
13 ZrCly PhzSi(OMe); n.d.¢ n.d.?

(a) Reaction conditions: 1a (1 mmol), 2a (3 mmol), catalyst (0.2 mmol), Zn (1.2 mmol) and additive (0.6
mmol) in toluene (2 mL) at 80 °C for 16 h under Ar. (b) Yields were determined by GC on the basis of
the quantity of la used. All are GC yields except the value in the square brackets. The numbers in
parentheses show the selectivity (%) of the 2,3,6-substituted adduct of 3a. (c) Without Zn. (d) 1a (1
mmol) and 2a (0.5 mmol) were used. (e) Zn (0.2 mmol) was used. (f) NbCls (0.1 mmol), Zn (1.1 mmol),
Ph,Si(OMe); (0.3 mmol) were used. (g) Not detected by GC.

Initially, tert-butylacetylene (1a) and benzonitrile (2a) were used as model substrates for the
optimization of the cycloaddition reaction conditions, with the results presented in Table 6-1. |
investigated various low-valent niobium species. When 1a (1 mmol) was reacted with 2a (3 mmol)
in the presence of NbCl3(DME) (0.2 mmol) in toluene (2 mL) at 80 °C for 16 h, the reaction
produced trisubstituted pyridine (3a) in 11% yield as well as 4a in 36% yield (entry 1). Previously, |
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reported that NbCls is an effective agent for the activation of nitriles.®® | therefore applied NbCls to
this reaction; however, the result was that neither 3a nor 4a'® were observed in the products (entry 2).
When low-valent Nb species were instead generated by NbCls in conjunction with Zn,'° 3a was
given in 26% yield with good regioselectivity (entry 3). The data related to subsequent screening of
silane compounds as additives are shown in entries 4—7 and reveal that alkoxysilanes are effective
for this reaction. Between the two alkoxysilanes tested, Ph,Si(OMe), demonstrated the most
pronounced influence on reactivity, producing 3a in the best yield with excellent regioselectivity.
However, other additives (AgSbFs, 1,1-bis(diphenyldiphosphino)methane), and
biacetyl-bis-(phenylimine)) exhibited no activity in the formation of pyridine derivatives. On the
basis of the results of these experiments, the presence of alkoxy substituents on the silyl group is
useful for the cycloaddition of alkynes and nitriles (entry 4 vs entry 5). Interestingly, even when la
and 2a were allowed to react in a stoichiometric molar ratio (1a:2a = 2:1), the yield of the product
was still acceptable at 64% (entry 8). As the catalyst precursor for this reaction, the Nb(V) complex
NbCls appears to be highly efficient. While NbCI3(DME) was used as catalyst under these
conditions, 3a was obtained in moderate yield (entry 11). When early transtion-metal analogues,
TaCls and ZrCls, were used as the catalyst, even though la was evidently converted during the
course of the reaction, almost none of the desired pyridine was observed (entries 12 and 13).

Using the optimized conditions shown in Table 6-1, entry 7, the reactions of various nitriles (2)
were examined (Table 6-2). 1a was reacted with various benzonitriles with substituents on the
benzene ring (2a—2g) under the optimized conditions (entries 1—7). The benzonitrile derivatives
4-tolunitrile (2b), 4-chlorobenzonitrile (2c), 4-(trifluoromethyl)benzonitrile (2d), 4-cyanobenzoate
(2e) and 3-tolunitrile (2f) participated in the reaction, and the corresponding 2,3,6-trisubstituted
pyridines (3b—3f) were obtained in 51—82% yields with high chemoselectivities and excellent
regioselectivities. When 2-tolunitrile (2g) was applied to this reaction, the desired pyridines (3g)
were obtained in 48% yield with excellent regioselectivity, although substituted benzenes from the
cyclotrimerization of 1a were also obtained in 23% yield.

I next investigated the scope of the reaction using various benzylnitriles (entries 8—12).
Phenylacetonitrile (2h) and its derivatives 4-methylphenylacetonitrile (2i),
4-chlorophenylacetonitrile (2j), 4-methoxyphenylacetonitrile (2k) and 3,4-dichlorophenylacetonitrile
(21) all underwent reaction, and the corresponding pyridines (3h—3I) were obtained in 66—89%
yields. The reaction of 3-phenylpropanenitrile (2m) with l1la afforded the corresponding
2,3,6-trisubstituted pyridine in 71% vyield with 98% regioselectivity (entry 13). The reaction was
sluggish with aliphatic nitriles such as octanenitrile, trimethylsilyl cyanide, and ethyl cyanoformate
and did not produce desired pyridines under these conditions. The use of tert-butylacetylene (1a)
was a suitable substrate in the present reaction. However, when triethylsilylacetylene (1b) was used
in the reaction, it underwent conversion to a moderate extent, and a negligible amount of the
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Table 6-2. NbCls/Zn/Ph,Si(OMe), Catalyzed Reactions of Acetylenes (1) and Nitriles (2)
Leading to 2,3,6-Trisubstituted Pyridines?
cat. NbClg (20 mo 1%)

1 R
Zn (1.2 equiv) R
Ph,Si(OMe), (60 mol % =
R . mecy CTESIOMe) 6) & GRl
Toluene NS R2 RITX
Rl
3 4

1 2 80°C, 16 h
Yield (%)
Entry 1(RY 2(R? 30 4
RZ\ ~CN
| =
1 '‘Bu (1a) H (2a) 74 (3a) 10 (4a)
2 (1a) 4-Me (2b) 74 (3b) 15 (4a)
3 (1a) 4-Cl (2c) 82 (3c) 15 (4a)
4 (1a) 4-CF3 (2d) 51 (3d) 11 (4a)
5 (1a) 4-CO;Me (2e) 53 (3¢) 11 (4a)
6 (1a) 3-Me (2f) 71 (3f) 12 (4a)
7 (1a) 2-Me (29) 48 (39) 23 (4a)
R2
I\ X7 CN
=
8 (1a) H (2h) 87 (3h) 8 (4a)
9 (1a) 4-Me (2i) 85 (3i) 7 (4a)
10 (1a) 4-Cl (2)) 89 (3)) 8 (4a)
11 (1a) 4-OMe (2K) 66 (3Kk) trace
12 (1a) 3,4-dichloro (2I) 75 (31) 15 (4a)
13 (1a) Ph/\/CN 71 (3m) 9 (4a)
(2m)
14 TES? (1b) (2a) trace trace
15 Ph (1c) (2a) trace 39 (4b)

(a) Reaction conditions: See optimized conditions (Table 6-1, entry 7). (b) 2,3,6-Trisubstituted
pyridines were all obtained with >96% regioselectivity. (c)Yields were determined by GC on the
basis of the quantity of 1 used. (d) TES = triethylsilyl.
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formation of the desired pyridine was detected (entry 14). The reaction with methyl propiolate did
not give any corresponding product. The reaction of certain terminal alkynes with 2a was observed
to preferentially result in cyclotrimerization of the alkyne rather than cross-cyclotrimerization of the
alkyne and nitrile. As an example, when phenylacetylene (1c) was used in the reaction, trace amount
of the desired pyridine derivative was detected, whereas 4c was obtained in 39% vyield (entry 15). In
case of the reaction of dynes or internal alkynes with 2a, alkynes were converted, but any products
were not obtained.

Ph—C=N —=—'Bu
tBu \\ \\
) (M] [MI—N
\
Bu
‘Bu
A A’

Scheme 6-4. Transition-metal intermediate in the reaction of 1a with 2a

In general, the results detailed above are notable since they demonstrate the preparation of
pyridine derivatives via reactions involving catalysis by a low-valent early transition metal.

The synthesis of pyridines via the transition-metal-catalyzed cycloaddition reactions of alkynes
with nitriles, as demonstrated in this work, may proceed via two possible transition metal
intermediates (Scheme 6-4).2°

NbCls (0.5 mmol) tPh‘C-:\N = Bu
Zn (1.0 mmol) Bu \ '
05 TmO' Ph,Si(OMe), (1.5 mmol) v [Nl  INb]-
\
Toluene (8 mL) I ~ Ph
2a rt,3h Bu
1.5 mmol "’ By
A A'
(D)H  H(D)
Hg? tBuU‘Bu (D)H-p H(D) 0 H(D)
D,0 + )—(// M
— Ph 'Bu Ph 'Bu
5 6 7
19% n.d. n.d.
(77% D)

Scheme 6-5. Examination of the formation of niobacyclic intermediates

These two intermediates are shown in Scheme 6-4. Depending on the path, the key intermediate in

the reaction is either niobacyclopentadiene (A) or aza-niobacyclopentadiene (A'). To determine
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which of these two intermediates is the most plausible, | carried out experiments to evaluate the
formation of either compound (Scheme 6-5). | first examined the stoichiometric reaction of 1a with
2a under optimized condition (Scheme 6-5). The reaction mixture was stirred at room temperature
for 3 h, after which it was quenched with either H>O or D,O to hydrolyze or deuteriolyze whichever
key intermediate had formed (A or A’). The results of GC analysis of the products showed that the
diene (5) derived from the niobacyclopentadiene complex (A)!® was obtained in 19% (77% D
incorporated after deuteriolysis) yield, while the aza-diene (6) or hydrolysis product (7) derived from
A’ was not observed.

1a NbCls (0.5 mmol)
0.5 mmol Zn (1.0 mmol)
' Ph,Si(OMe), (1.5 mmol) A 3a
_—
24 Toluene (3 mL) l 80°C. 16 h 16%
1.5 mmol ) rt.3h

Scheme 6-6. Reaction of 1a and 2a via the formation of A

After the in situ formation of this niobacyclopentadiene complex, the reaction mixture was stirred
at 80 °C for 16 h (i.e., standard conditions), and the corresponding pyridine derivative (3a) was
obtained in 16% yield (Scheme 6-6).

Furthermore, to get more insights of reaction mechanism, | performed intermolecular competition
experiments between differently substituted phenylacetoniriles (Scheme 6-7, 6-8, and 6-9). On the
basis of these competition experiments, substantial electronic effect on aryl ring relevant to the

coordination of Nb center was not observed.

Bu
CN
< > Z\
1.5 | N
= Jamo cat. NbClg (0.2 mmol) 1 t
Conv. 55% Zn (1.2 mmol) Bu 3p Bu
Ph,Si(OMe), (0.6 mmol) 26% _
By— + . :—tBu
Toluene (2 mL) '‘Bu By N
1 mmol CN 80 OCl 16 h
la der A =~ "N 4a
under Ar - | A
1.5 mmol
2i ‘Bu
Conv. 54% 3
29%

Scheme 6-7. Reaction of 1a, 2h, and 2i under the optimized condition
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1.5 mmol cat. NbClg (0.2 mmol)
Conv. 45% Zn (1.2 mmol)

Ph,Si(OMe), (0.6 mmol)

Bu
Toluene (2 mL)

1 mmol cl CN 80°C, 16 h
la under Ar

1.5 mmol
2j
Conv. 70%

O

1.5 mmol
2i cat NbCls (0.2 mmol)
Conv. 51% Zn (1.2 mmol)

Ph,Si(OMe), (0.6 mmol)
By—= +

Toluene (2 mL)

1 mmol CN 80°C, 16 h
1a CIAQ—/ under Ar
1.5 mmol

2]
Conv. 71%

Scheme 6-9. Reaction of 1a, 2i, and 2j under the optimized condition

3

14%

11%

On the basis of these results, my proposed reaction mechanism is shown in Scheme 6-10. In this

reaction pathway, the initial step is the generation of the low-valent Nb species from NbCls, in which

Zn'® acts as a reducing agent. It should be noted that this active low-valent Nb species might also be

stabilized by the alkoxysilane, and generated chloro(methoxy)diphenylsilane.?! Subsequently, the

oxidative cycloaddition of two alkyne molecules to low-valent [Nb] takes place and forms the

niobacyclopentadiene intermediate (A).® Migratory insertion of the nitrile into A produces the

aza-niobaheptatriene intermediate (B), and B forms the corresponding pyridine derivative (3) via C.

All attempts to isolate or fully characterize the 5-membered niobacyclic intermediates (A) and their

corresponding 7-membered niobacyclic intermediates (B) have been unsuccessful because of the

unstability of these niobium species.
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NbCls
Zn
Ph,Si(OMe),

Ph,SiCI(OMe)

[Nb]
Zn low-valent Nb \

Scheme 6-10. A plausible reaction mechanism

6-3. Conclusion

In summary, | have developed a low-valent niobium catalyzed [2 + 2 + 2] intermolecular
cycloaddition reaction between terminal alkynes and nitriles to produce 2,3,6-trisubstituted pyridine
derivatives. This catalytic system is the first example of the synthesis of pyridines from the reaction

of alkynes with nitriles using an early transition metal.

6-4. Experimental Section
General Methods

GLC analysis was performed with a flame ionization detector using a 0.22 mm x 25 m capillary
column (BP-5). *H and *3C NMR were measured at 400 and 100 MHz, respectively, in CDCls with
MeSi as the internal standard. The products were characterized by *H NMR, **C NMR, HMQC and
HMBC.

Typical Reaction Procedure for the Preparation of 3a (Entry 7, Table 6-1)

A mixture of tert-butylacetylene (1a) (82 mg, 1 mmol), benzonitrile (2a) (309 mg, 3 mmol),
NbCls (54 mg, 0.2 mmol), Zn (78 mg, 1.2 mmol), PhzSi(OMe), (146 mg, 0.6 mmol) and toluene (2
mL) was stirred for 16 h at 80 °C under Ar. The yields of the products were estimated from the peak

areas on the basis of the internal standard technique using GC, and 3a was obtained in 82% yield.
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The products 3a were isolated by silica gel column chromatography (n-hexane:EtOAc = 100:0 to
50:1 as eluent) in 74% yield 99 mg) as yellow liquid.

Typical Reaction Procedure for the Preparation of 5 (Scheme 6-5)

A mixture of tert-butylacetylene (1a) (49 mg, 0.5 mmol), benzonitrile (2a) (154 mg, 1.5 mmol),
NbCls (135 mg, 0.5 mmol), Zn (65 mg, 1.0 mmol), Ph2Si(OMe), (365 mg, 1.5 mmol) and toluene (3
mL) was stirred for 3 h at room tempreture under Ar. Thereafter, the formation of
Nb-cyclopentadiene complex (A) was verified by hydrolysis or deuteriolysis of the reaction mixture
affording 5. The yields of the products were estimated from the peak areas on the basis of the

internal standard technique using GC, and 5 was obtained in 19% yield.

Typical Reaction Procedure for the Preparation of 3a (Scheme 6-6)

A mixture of tert-butylacetylene (1a) (49 mg, 0.5 mmol), benzonitrile (2a) (154 mg, 1.5 mmol),
NbCls (135 mg, 0.5 mmol), Zn (65 mg, 1.0 mmol), Ph,Si(OMe), (365 mg, 1.5 mmol) and toluene (3
mL) was stirred for 3 h at room tempreture under Ar. Subsequently, the reaction mixture was stirred
at 80 °C for 16 h. The yields of the products were estimated from the peak areas on the basis of the

internal standard technique using GC, and 3a was obtained in 16% yield.
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Charactarization of the compounds

3,6-Di-tert-butyl-2-phenylpyridine (3a): yellow liquid
H-NMR (400 MHz, CDCls3) 6 1.36 (s, 9H), 1.43 (s, 9H), 7.27-8.09 (m, 7H); *C- NMR (100 MHz,
L CDCls) ¢ 30.4 (CH3), 30.8 (CH3), 35.0 (C), 37.8 (C), 114.2 (CH), 114.24 (CH),

13 127.0 (2CH), 128.4 (2CH), 128.5 (CH), 140.6 (C), 155.4 (C), 160.4 (C), 168.8
52 >N

sle ] 7 (C); IR (neat, cm™) 2962, 2868, 1597, 1301; GC-MS (EI) m/z (relative
9
12)E© intensity) 267 (62) [M*], 252 (100), 211 (19), 154 (2), 79 (1), 77 (4), 57(57);

3
2
® HRMS (EI) m/z calcd for C1gH2sN [M]* 267.1987, found 267.1975.

N

C Class H HMQC HMBC Correlated H

1 304 CHs 1.43 1.81 1.43 1
2 30.8 CHs 1.36 1.76 1.51 2
3 35.0 C 1.44 2
4 37.8 C 1.51 1
5 114.2 CH 7.24 7.14 7.53 6
6 114.3 CH 7.27 7.32 7.26 5
7 127.0 CH 8.09 7.90 7.34 8
8 128.4 CH 7.24-8.09 7.24 8.06 7
9 128.5 CH 7.24-8.09 7.24 7.45 9
10 140.6 C 7.24 9
11 155.4 C 8.06 7
12 160.4 C 1.44 2
13 168.8 C 1,52 1

‘Bu ‘Bu

)y © Xy O

Observed by HMBC
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3,6-Di-tert-butyl-2-p-tolylpyridine (3b): yellow liquid
'H-NMR (400 MHz, CDCl3) § 1.26 (s, 9H), 1.34 (s, 9H), 2.29 (s, 3H),

‘Bu

N 7.10-7.89 (m, 6H); *C-NMR (100 MHz, CDCl3) § 21.2 (CHs), 30.4 (CH3),

< 30.8 (CHs), 34.9 (C), 37.8 (C), 113.9 (CH), 114.0 (CH), 126.9 (2CH), 129.2

o (2CH), 137.8 (C), 138.2 (C), 155.5 (C), 160.3 (C), 168.7 (C); IR (neat, cm™)
u

2962, 2868, 1597, 1477, 1394; GC-MS (EI) m/z(relative intensity) 281 (61)
[M*], 266 (100), 225 (20), 191 (1), 167 (2), 91 (4), 77 (2), 57(2); HRMS (EI) m/z calcd for CzoHz7N
[M]*281.2144, found 281.2137.

3,6-Di-tert-butyl-2-(4-chlorophenyl)pyridine (3c): yellow liquid

- IH-NMR (400 MHz, CDCls) & 0.95 (s, 9H), 1.01 (s, 9H), 6.84-7.62 (m, 6H);
N 13C-NMR (100 MHz, CDCls) & 30.4 (CH3), 30.8 (CHs), 35.0 (C), 37.8(C),
) 114.0 (CH), 1145 (CH), 128.2 (2CH), 128.6 (2CH), 134.4 (C), 139.0 (C),

154.2 (C), 160.7 (C), 169.0 (C); IR (neat, cm™) 2976, 2872, 1598, 1496;
Cl  GC-MS (EI) m/z (relative intensity) 301 (54) [M*], 286 (100), 245 (18), 111
(1), 77 (3), 57(4); HRMS (EI) m/z calcd for CioHo4CIN [M]* 301.1597, found 301.1593.

By

3,6-Di-tert-butyl-2-(4-(trifluoromethyl) phenyl) pyridine (3d): yellow liquid
'H-NMR (400 MHz, CDCls) 6 1.28 (s, 9H), 1.34 (s, 9H), 7.25-8.11 (s, 6H);

By
13C-NMR (100 MHz, CDCls) & 30.3 (CHs), 30.8 (CHs), 35.0 (C), 37.8 (C),
=
N 114.6 (CH), 116.1 (CH), 124.0 (C), 125.42 (2CH), 127.2 (2CH), 130.2 (C),
x
143.9 (C), 154.0 (C), 160.9 (C), 169.2 (C); “°F-NMR (400 MHz, CDCls) & =
Bu

~62.4 (s, CF3); IR (neat, cm%)2968, 2872, 1620, 1411; GC-MS (EI) m/z
(relative intensity) 335 (48) [M*], 334 (47), 320 (100), 305 (12), 279 (14),
222 (1), 77 (1), 57 (3); HRMS (EI) m/z calcd for CaoHz4FsN [M]* 335.1861, found 335.1868.

CF;

Methyl 4-(3,6-di-tert-butylpyridin-2-yl)benzoate (3e): yellow liquid
'H-NMR (400 MHz, CDClg) 6 1.25 (s, 9H), 1.32 (s, 9H), 3.8 (s, 3H),

‘Bu
_ 7.21 (s, 1H), 7.49 (s, 1H), 8.07 (m, 4H); ¥C-NMR (100 MHz, CDCls) §
N
“ | 30.3 (CH3), 30.8 (CHs), 34.9 (C), 37.7 (C), 114.7 (CH), 114.9 (CH),
. 126.7 (2CH), 129.7 (C), 129.8 (2CH), 144.6(C), 154.1 (C), 160.6 (C),
Bu

CO,Me 166.9 (C), 169.0 (C); IR (neat, cm™) 2978, 2870, 1730, 1394, 1112;

GC-MS (EI) m/z (relative intensity) 325 (52) [M*], 310 (100), 269 (18),

267(3), 190 (5), 79(1), 77 (2), 57 (3); HRMS (EI) m/z calcd for C21H2sNO2 [M]" 325.2042, found
325.2029.

-79.



3,6-Di-tert-butyl-2-m-tolylpyridine (3f): yellow liquid
H-NMR (400 MHz, CDCls) 6 1.25 (s, 9H), 1.34 (s, 9H), 2.33 (s, 3H),

‘Bu

_ 7.07-7.77 (m, 6H); C-NMR (100 MHz, CDCl3) 6 21.6 (CH3), 30.4 (CH3),
N

U 30.8 (CHa), 34.9 (C), 37.8 (C), 114.0 (CH), 114.4 (CH), 124.2 (CH), 127.7

t (CH), 128.4 (CH), 129.1 (CH), 138.0 (C), 140.6 (C), 155.7 (C), 160.3 (C),

Bu

168.7 (C); IR (neat, cm ) 2963, 2868, 1597, 1249; GC— MS (El) m/z (relative
intensity) 281 (64) [M*], 266 (100), 225 (17), 210 (6), 169 (1), 91 (4), 77 (1), 57(1); HRMS (EI) m/z
calcd for CooHzrN [M]* 281.2144, found 281.2137.

3,6-Di-tert-butyl-2-o-tolylpyridine (3q): yellow liquid
!H-NMR (400 MHz, CDCls) 6 1.26 (s, 9H), 1.32 (s, 9H), 2.35 (s, 3H), 7.12-7.37

Bu

PN (m, 6H); 13C -NMR (100 MHz, CDCls) 6 20.8 (CH3), 30.4 (CH3), 30.8 (CHs), 34.9

S (C), 37.8 (C), 113.3 (CH), 118.1 (CH), 125.7 (CH), 127.8 (CH), 129.8 (CH), 130.9

o (CH), 136.4 (C), 141.5 (C), 158.4 (C), 159.9 (C), 168.2 (C); IR (neat, cm%) 2964,
u

2904, 1701, 1595, 1404; GC-MS (EI) m/z (relative intensity) 281 (92) [M*], 266
(99), 225 (18), 210 (5), 169 (2), 91 (6), 77 (2), 57(3); HRMS (El) m/z calcd for CaHzN [M]*
281.2143, found 281.2137.

3,6-Di-tert-butyl-2-benzylpyridin (3h): yellow liquid;
'H-NMR (400 MHz, CDCls) 6 1.24 (s, 9H), 1.36 (s, 9H), 4.10 (s, 2H),

‘Bu
P 6.88—7.33 (m, 7H); *¥*C-NMR (100 MHz, CDCl3) 6 30.3 (CH3), 30.7 (CHa),
N
U 34.7 (C), 37.5 (C), 45.0 (CHy), 113.0 (CH), 116.7 (CH), 125.9 (2CH), 128.2
t (2CH), 129.1 (CH), 140.5(C), 159.0 (C), 160.1 (C), 168.5 (C); IR (neat, cm™)
Bu

2965, 2868, 1685, 1598, 1558; GC-MS (EI) mvz (relative intensity) 281 (80)
[M*], 266 (100), 225 (19), 168 (2), 91 (11), 79 (2), 77 (3), 57(2); HRMS (EI) m/z calcd for CooHz7N
[M]* 281.2144, found 281.2144.

3,6-Di-tert-butyl-pyridyl-2-(p-tolyl) methane (3i): yellow liquid
'H-NMR (400 MHz, CDCls) 6 1.16 (s, 9H), 1.28 (s, 9H), 2.23 (s, 3H), 3.98

Bu
P (s, 2H), 6.80—7.16 (m, 6H); *C-NMR (100 MHz, CDCls) 6 21.0 (CH3), 30.3
N
“~ I (CHs), 30.7 (CHs3), 34.7 (C), 37.5 (C), 44.6 (CHy), 112.9 (CH), 116.6 (CH),
. 128.93 (2CH), 128.94 (2CH), 135.3 (C), 137.4.5(C), 159.3 (C), 160.0 (C),
Bu

168.4 (C); IR (neat, cm™) 2972, 2906, 1706, 1598, 1404, 1361; GC—-MS
(EI) m/z (relative intensity) 295 (100) [M*], 280 (46), 266 (3), 166 (2), 77 (2), 57(5); HRMS (El)
m/z calcd for C21H29N [M]* 295.2300, found 295.2297.
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3,6-Di-tert-butyl-pyridyl-2-(4-(chloro)phenyl)methane (3j): yellow liquid
'H-NMR (400 MHz, CDCls) 6 1.16 (s, 9H), 1.28 (s, 9H), 2.23 (s, 3H), 3.98

Bu
_ cl (s, 2H), 6.80-7.16 (m, 6H); 3C-NMR (100 MHz, CDCl3 ¢ 30.3 (CHs),
N
“ [ 30.7 (CH3), 34.7 (C), 37.5 (C), 44.6 (CH>), 112.9 (CH), 116.6 (CH), 128.93
t (2CH), 128.94 (2CH), 135.3 (C), 137.4.5(C), 159.3 (C), 160.0 (C), 168.4
Bu

(C); IR (neat, cm™) 2972, 2906, 1706, 1598, 1404, 1361; GC-MS (EI) m/z
(relative intensity) 315 (58) [M*], 300 (100), 243 (2), 125 (5), 91 (4), 79 (1), 77 (2), 57(4); HRMS
(EITOF) m/z calcd for CooH26CIN [M]* 315.1754, found 315.1751.

3,6-Di-tert-butyl-pyridyl-2-(4-(methoxy)phenyl)methane (3k): yellow liquid
IH-NMR (400 MHz, CDCls) & 1.20 (s, 9H), 1.30 (s, 9H), 3.65 (s, 3H),

'‘Bu
OMe 399 (s,2H), 6.72— 7.18 (m, 6H); **C-NMR (100 MHz, CDCl3) ¢ 30.3
7
« |N (CHs), 30.6 (CHs), 34.7 (C), 37.4 (C), 43.8 (CHy), 55.1 (CHa), 113.6
(CH), 116.7 (CH), 127.8 (2CH), 130.0 (2CH), 132.3 (C), 134.5 (C),
Bu

157.9 (C), 159.4, 168.1 (C); IR (neat, cm™?) 2970, 2904, 1598, 1361,
1176; GC-MS (EI) m/z (relative intensity) 311 (100) [M+], 297 (56), 281 (1), 253 (19), 194 (1), 148
(1), 92 (2), 77 (2); HRMS (EI) m/z calcd for C1HaoNO, [M]* 311.2249, found 311.2256.

3,6-Di-tert-butyl-pyridyl-2-(3,4-(dichloro)phenyl)methane (31) : yellow liquid
'H-NMR (400 MHz, CDCl3) 6 1.18 (s, 9H), 1.27 (s, 9H), 3.94 (s, 2H),

‘Bu Cl

N cl 6.81-7.40 (m, 5H); *C-NMR (100 MHz, CDCls) 6 30.3 (CH3), 30.7 (CHa),

] 34.8 (C), 37.5 (C), 43.9 (CHy), 113.4 (CH), 116.7 (CH), 127.8 (CH), 128.6

5 (CH), 130.0 (CH), 131.1 (C), 131.9 (C), 140.6 (C), 157.6 (C), 160.5 (C),
u

168.8 (C); IR (neat, cm'Y) 2966, 2868, 1598, 1548, 1471, 1215; GC-MS
(E1) m/z (relative intensity) 349 (49) [M*], 334 (100), 2314 (1), 307 (84), 292 (14), 204 (1), 158 (7),
144 (2), 77 (2), 91 (4), 57(1); HRMS (EI) m/z calcd for CaoH2s®SCIF’CIN [M]* 351.1335, found
351.1136; HRMS (EI) m/z calcd for CaoHasCLN [M]* 349.1364, found 349.1342.

3,6-Di-tert-butyl-2-phenethylpyridine (3m) : yellow liquid
'H-NMR (400 MHz, CDCls) 6 1.17 (s, 9H), 1.31 (s, 9H), 3.00 (s, 4H),

'Bu
g 6.73-7.19 (m, 7H); C-NMR (100 MHz, CDCl3) & 30.3 (CHs), 30.7 (CHs),
N
| 34.7 (C), 35.8 (CH2), 37.8 (C), 40.0 (CH2), 112.9 (CH), 116.9 (CH), 125.6
o 2 (2CH), 128.1 (2CH), 128.5 (CH), 134.5 (C), 142.1 (C), 149.2 (C), 168.1 (C): IR
u

(neat, cm™) 2962, 2904, 1598, 1409, 1361; GC-MS (El) m/z (relative
intensity) 295 (100) [M], 238 (5), 218 (37), 191 (13), 105 (2), 77 (2), 57(3); HRMS (EI) m/z calcd
for C21H29N [M]* 295.2300, found 295.2306.
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Chapter 7
General Conclusion

In this thesis, | have developed the use of low-valent niobium catalyst for intermolecular [2 + 2 +
2] cycloaddition reactions.

1,3-Cyclohexadiene derivatives are an important class of cyclic conjugated diene compounds in
Diels-Alder reaction and polymerization reaction. Therefore, development of an efficient synthetic
methodology of 1,3-cyclohexadienes is very important. Transition-metal-catalyzed intermolecular
cycloaddition by the reaction of two molecules of alkyne and one molecule of alkene is one of the
simplest and atom-economical methods for preparing 1,3-cyclohexadiene derivatives. However, this
methodology mainly leads to the cyclotrimerization of alkynes in preference to the desired
cross-cyclotrimerization between alkynes and alkenes.

In Chapters 2-4, | have developed a low-valent Nb catalyzed [2 + 2 + 2] intermolecular cross
cycloaddition of alkynes and alkenes, which resulted in substituted-1,3-cyclohexadienes as products.

In Chapter 2, | have developed a new protocol for highly chemo- and regioselective reaction of
cross cycloaddition of terminal alkynes and a,m-dienes, leading to 5-w-alkenyl-1,3-cyclohexadienes
in high to excellent yields. In addition, | found that the 1,3-cyclohexadienes having w-alkenyl
substitutent can be easily converted to the w-acetyl group. In this reaction, oxidative cycloaddition of
two molecules of terminal alkyne towerd to low-vlent Nb(lll) center gives niobacyclopentadiene
intermediate. Subsquently, niobacyclopentadiene intermediate reacts with o,o-dienes to give
5-w-alkenyl-1,3-cyclohexadienes.

In Chapter 3, three-component intermolecular [2 + 2 + 2] cyloaddition of terminal alkynes,
internal alkynes, and 1-alkenes was achieved by using NbCl3(DME) catalyst. In addition, | found
that  3,4,5-trisubstituted-1,3-cyclohexadienes have been prepared by desilylation from
trialkylsilyl-substituted-1,3-cyclohexadienes. Here, oxidative cycloaddition of one terminal alkyne
and one terminal alkene to the low-valent Nb ceter initiates the reaction to give niobacyclopentene
intermediate. Subsquently, internal alkyne inserts into niobacyclopentene intermediate to form
niobacycloheptadiene intermediate. Then, tetrasubstituted-1,3-cyclohexadiene derivatives were
obtained by reductive elimination of Nb species.

In Chapter 4, | found that novel low-valent niobium was generated by using of NbCls and
hydrosilanes as reducing agents. | also demonstrate that the low-valent niobium shows high catalytic
activity of the synthesis of 1,3-cyclohexadienes from terminal alkynes and alkenes.

Pyridines and pyrimidines are an important class of N-heterocyclic compounds. These
compounds are key structure in many natural products, biologically active substances, functional

materials, and ligands. Among the methods available for the synthsis of these compounds, the
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transition-metal-catalyzed cycloaddition reaction of alkynes and nitriles is of particular importance.

In Chapters 5 and 6, | found that newly N-heterocyclic compounds were obtaind by the reaction
of akynes and nitriles in the presence of Nb complexes.

In Chapter 5, | have developed a pratical, general, and efficient method for the synthesis of poly
substituted pyrimidine derivatives. In this study, | found that pyrimidine derivatives were obtained
by reaction of two molecules of nitrile and one molecule of alkyne in the presence of NbCls complex.
Here, benzonitrile is activated by NbCls to form N-benzylidenebenzamidine. Subsequent
cycloaddition of N-benzylidenebenzamidine with phenylacetylene on the benzylidene carbon results
in the formation of 2,4,6-triphenylpyrimidine. The synthetic method is the first example of synthsis
of pyrimidines by transition-metal-mediated cycloaddition of alkynes and nitrirles.

In Chapter 6, | reported NbCls / Zn / Ph,Si(OMe); catalyzed [2 + 2 + 2] cycloaddition of two
molecules of tert-butylacetylene and one molecule of nitrile, leading to pyridine derivatives. On the
basis of investigation of reaction mechanism, cycloaddition of alkynes and nitriles proceeded via
niobacyclopentadiene intermediate. The present synthetic method is the first example of synthesis of
pyridines by early-transition-metal-catalyzed cycloaddition of alkynes and nitrirles.

I wish that the reported reactions in this thesis will indicate that low-valent niobium complexes
found to be effectively utilized for catalysts in organic and industrial chemistry. | wish that the
Nb-catalyzed reactions will open the way to an interesting new domain of organic transformation in
near future.
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