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CONSPECTUS

haracterizing reactive organometallic intermediates is

critical for understanding the mechanistic aspects of
metal-mediated organic reactions. Moreover, the isolation
of reactive organometallic intermediates can often result in
the ability to design new synthetic methods. In this Account,
we outline synthetic methods that we developed for a
variety of diverse Zr/Si organo-bimetallic compounds and
Si/N heteroatom—organic compounds through the detailed
study of zirconacydobutene—silacydobutene fused compounds.

Two basic components are involved in this chemistry.
The first is the Si-tethered diyne, which owes its rich reactive
palette to the combination of the Si—Cbond and the (=Ctriple
bond. The second is the low-valent zirconocene spedies Cp,Zr(ll),
which has proven very useful in organic synthesis. The reaction of these two components affords the zirconacydobutene—silacydobutene
fused compound, which is the key reactive Zr/Si organo-bimetallic intermediate discussed here.

We discuss the three types of reactions that have been developed for the zirconacyclobutene—silacyclobutene fused
intermediate. The reaction with nitriles (the C=N triple bond) is introduced in the first section. In this one-pot reaction, up to
four different components can be combined: the Si-tethered diyne can be reacted with three identical nitriles, with differing nitriles,
or with a nitrile and other unsaturated organic substrates such as formamides, isocyanides, acid chlorides, aldehydes,
carbodiimides, and azides. Several unexpected multiring, fused Zr/Si organo-bimetallic intermediates were isolated and
characterized. A wide variety of N-heterocydes, such as 5-azaindole, pyrrole, and pyrroloazepine derivatives, were obtained.
We then discuss the reaction with alkynes (the (=C triple bond). A consecutive skeletal rearrangement, differing from that
observed in the reactions with nitriles, takes place in this reaction. Finally, we discuss the reaction with the (=X substrates (where
X is 0 or N), incuding ketones, aldehydes, and isocyanides. Oxa- and azazirconacycles are formed via a new skeletal
rearrangement.

Our results show that the zirconocene and the Si-tethered diyne cooperate as a “chemical transformer” after treatment with
various substrates, leading to a diverse range of cydlic Zr/Si organo-bimetallic compounds. This mechanism-derived synthesis of
organometallic and organic compounds demonstrates that the investigation of metal-mediated reactions and the isolation of
reactive organometallic intermediates not only contribute to the understanding of complex reactions but can also lead to the
discovery of synthetically useful methods.

1. Introduction

The low-valent Cp,Zr(ll) species, where Cp = 5°-CsHs, has
been proved to be synthetically very useful.'® Several
synthetic methods can readily in situ provide such species,
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including the Negishi regent Cp,ZrBu,,®> the Takahashi
reagent Cp,ZrEt,,* the Rosenthal complexes Cp.Zr(L)-
(7>-Me3SiCCSiMes), (L= THF,>? L = Py*"), and the Cp,ZrCl,/
Mg system.® The 14-electron Cp,Zr(ll) species has a d?
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SCHEME 1. Formation of Zirconacyclobutene—Silacyclobutene
Complexes 2
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configuration with one lone-electron pair and two vacant
valence orbitals. Therefore, it readily coordinates to unsatu-
rated organic substrates and undergoes further reactions
including the oxidative addition as the major to form Cp,Zr(IV)
species. Among many reactions mediated by such a low-
valent Cp,Zr(ll) species, the reaction with alkynes has been
frequently reported and is particularly interesting and
synthetically useful.?—>

The Si-tethered diyne 1 is of rich reaction chemistry
because of the concomitance of the Si—C bond and the
C=C triple bond.”~® In 1995, Takahashi and co-workers
reported an unexpected skeletal rearrangement when the
diyne 1 was treated with low-valent Cp,Zr(ll) species
(Scheme 1).8 This rearrangement led to the formation of a
zirconacyclobutene—silacyclobutene complex 2, whose
structure was unambiguously confirmed by X-ray single
crystal structural analysis. Similarly, Rosenthal and co-work-
ers obtained a spiro-compound when tetraalkynylsilane
(RC=Q),Si was treated with szM(L)(?]Z'M93SiCCSiMe3) M=Ti,
without L, M =Zr, L=THR).?

About a decade ago, we initiated a project to develop
synthetic methods for six-membered metallacyclic com-
pounds, since compared with the large number of five-
membered metallacycles, six-membered metallacycles are
very rare®*'% Thus, we applied the zirconacyclobute-
ne—silacyclobutene complex 2, expecting formation of six-
membered zirconacycles via insertion of unsaturated bonds
such as C—N and C—C triple bonds into 2. However, surpris-
ingly, the expected direct insertion reactions never take
place. Instead, the readily generated complex 2 behaves
always as a “chemical transformer’'' when treated with
various substrates, leading to diversified Zr/Si organo-bime-
tallic compounds. As shown in Scheme 2, at least four
different forms of the complex 2 would be generated in
the reaction process, and these will be discussed later in this
Account. Different types of reactive organometallic
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SCHEME 2. Four Different Forms of 2
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SCHEME 3. Representative Types of 2 Used in Our Lab
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Increased Reactivity

intermediates are isolated and characterized. Based on
understanding of the reaction mechanisms, synthetically
useful methods for a wide variety of N-heterocycles such
as 5-azaindoles and pyrroles have been also successfully
developed.

Zirconacyclobutene—silacyclobutene complex 2 features
two fused 4-membered metallacycles with the concomi-
tance of two Zr—C bonds and two Si—C bonds. Shown in
Scheme 3 are three representative types of 2 used in our lab.
We could prepare and isolate all these compounds in
excellent yields. Hydrolysis of these compounds with water
generally affords their corresponding silacyclobutene
derivatives.

Although the complex 2 is an isolable and stable com-
pound, it is in fact highly reactive and is readily transformed
when a coordinating ligand (substrate) approaches. Upon
the 16e compound 2 being coordinated with a substrate, the
space-demanding nature of the Cp,Zr moiety and the
strained four-membered skeleton will initiate skeletal rear-
rangement to release the high-tension energy. It was found
that the reactivity of 2 was very sensitive toward the bulki-
ness of all components involved. In general, the smaller the
substituents on Si, the higher the reactivity of 2. The steric
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SCHEME 4. Three Classes of Unsaturated Substrates toward 2
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effect of the approaching substrates also remarkably influ-
ences the reaction. Noticeably, this steric effect was success-
fully applied to control the chemo- and regioselectivity of
the reaction.

Summarized in Scheme 4 are three major classes of
substrates which make the complex 2 transform. Three
types of reactions are classified based on these three classes
of substrates and will be discussed in this order.

2. Reaction of Complex 2 with Nitriles (Class I),
Mechanistic Aspects, and Further Synthetic
Applications

2.1. The Reaction (Class I-a,b). Complex 2 was in situ
generated from bis(alkynyl)silane 1 and Cp,ZrBus in toluene
at 50 °C for 3 h.2'2~'* Then 3.5 equiv of nitriles was added
and the reaction mixture was stirred at 50 °C for 1 h.
After quenched with saturated aqueous NaHCOs, normal
workup procedure afforded 5-azaindoles 3 in good yields
(Scheme 5).2~ 1% Changing the substituents on the Si center
from methyl to ethyl obviously decreased the reaction rate
along with the lower yields. Notably, when the Ph,Si-teth-
ered diyne Th was applied in this reaction, only trace
amount of the product was obtained. This finding indicated
that the steric environment around the silicon center has a
strong impact on the efficiency of this coupling reaction. A
wide variety of nitriles, either aliphatic or aromatic with both
electron-withdrawing groups and electron-donating groups,
could be applied in this reaction. Functional groups such as
Br, CF5;, and OMe on the aromatic nitriles and on the bis-
(alkynyl)silane 1 were tolerated in this process. When three
identical nitriles were used in the present zirconocene-
mediated multicomponent intermolecular coupling, the re-
action afforded 5-azaindoles 3 with the same substituents
(R") at positions 2,4,6. Azaindoles are a class of heterocycles

SCHEME5. Formation of 5-Azaindoles from One Si-Tethered Diyne and
Three Identical Nitriles
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of considerable biological and pharmaceutical importance.'”
However, synthesis of azaindoles has remained a chal-
lenge both in academy and in pharmaceutical industry,
since classical methods toward indole analogues do not
work well.

The most interesting point of this one-pot reaction is that
five components are involved and integrated in a perfect
selective manner via an unknown pathway, which tempted
us to investigate what is really going on. Thus, a series of
experiments were carried out to investigate the reaction
mechanism. For example, cross experiments using a 1:1
molar ratio mixture of two different nitriles to react with 2a,
up to six products could be observed. This result indicates
that three molecules of nitriles are incorporated into the
product via a step-by-step manner. No cross-coupled pro-
ducts were obtained when addition of a nitrile toa 1:1 molar
ratio mixture of 2a and 2b, indicating that the coupling
reaction proceeded intramolecularly.

Since it was observed that the steric effect played an
important role in this reaction process, we tried to use bulky
nitriles in this reaction, aiming at observation of reaction
intermediate information."? Interestingly, when i-PrCN was
used, the reaction could be stopped after two molecules of
i-PrCN were incorporated into the reaction intermediate.
When the reaction mixture was hydrolyzed, it gave rise to
multisubstituted pyrroles 4 (Scheme 6). Other nitriles with
appropriate hindrance, such as 2-methylbutyronitrile could
be also applied to stop the reaction in the middle way.'3 The
bulkier 1-cyano-1-phenylcyclopropane was utilized in the
reaction to afford the sole pyrrole 4c. These pyrroles having
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SCHEME 6. Formation of Pyrroles and 5-Azaindoles
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four different substituents are difficult to access by other
methods.'®

The above results indicate that a different reactive orga-
nometallic intermediate should be generated after the reac-
tion with two molecules of i-PrCN or 2-methylbutyronitriles.
Further reaction of this in situ generated intermediate would
provide an opportunity to construct 5-azaindoles by inte-
grating two different nitriles. Thus, as demonstrated in
Scheme 6, a variety of 5-azaindoles 3 assembled from one
Si-tethered diyne, two molecules of i-PrCN, and one mole-
cule of another nitrile can be readily obtained with excellent
chemo- and regioselectivity. A wide range of the second
nitrile (R3CN), for example, aromatic and aliphatic ones,
could be applied.’® In these cases, the reaction generated
the 5-azaindoles 3 with the same substituents (R') at posi-
tions 2,4 and a different substituent (R®) at position 6. This
reaction not only provides a synthetic method for pyrroles
with all different substituents and 5-azaindoles with a differ-
ent substitution pattern but also provides information on the
reaction mechanism.

2.2. Mechanistic Aspects. The isolation and characteriza-
tion of reactive organometallic intermediates are of great
importance for understanding the mechanistic aspects of
metal-mediated organic reactions. In the whole reaction
process of this zirconocene-mediated four-component cou-
pling, the first intermediate is the zirconacyclobutene—
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SCHEME 7. Model of Mechanistic Investigation

Ph H
// Z N
1) CpZrBu ¢ i
Mezsl o >— ] PZrBu; N | /C_<
\ 2) H;0 C

)\ Ph
Cp,ZrCl 3f
C B 2 2

lﬁ Palr =7 v nBuLi

Ph -
——zcp, (LD
Mezsi =
Ph
pa Yrom
Organomatalllc Organometallic
Intermadlate I Intermediate Il

silacyclobutene complex 2, which was isolated and charac-
terized unambiguously by single crystal X-ray structural
analysis.?*'31* The subsequent reaction steps with nitriles
are surprising (Scheme 7). This reaction process involved five
components including the Si-tethered diyne, three i-PrCN
and the zirconocene “Cp,Zr”. Three molecules of i-PrCN were
used; however, only two nitrogen atoms were integrated
into the product 3f. This information implied the cleavage of
one C=N triple bonds of i-PrCN. Further, the “Me,Si” moiety
from the Si-tethered diyne as well as the zirconocene “Cp,Zt”
were not found in 3f. The fate of “Me,Si” and “Cp,Zr
moieties as well as the cleaved nitrogen of nitrile should
give a better understanding for the formation of 3f.

As mentioned above, the reaction process proceeded via
a step-by-step manner. Thus, at least it might be possible to
isolate the two intermediate organometallic compounds,
the one (I) containing two molecules of nitriles and the
one (II) formed from all the five components.

The pure 2a free of LiCl was first successfully isolated.'*
Then, 3.5 mol equiv of i-PrCN was added to a toluene solution
of 2a. After the reaction mixture was stirred at 50 °Cfor 1 h, a
red powder was isolated in 90% yield, which was confirmed
to be a very interesting and totally unexpected intermediate Il
(5a) (Scheme 8).'* X-ray structural analysis of 5a reveals it
adopts a three-ring-fused structure composed of one 6-mem-
bered ring containing silicon and nitrogen, one 5-membered
pyrrole ring, and one 6-membered zirconacyde.

Hydrolysis of this isolated 5a with a certain amount of
H,O0 (1-3 equiv) afforded 3f quantitatively. In addition to 3f,
formation of NHs in the reaction solution was detected using
in situ 'H NMR spectra. Furthermore, the whereabouts of the
Cp>Zr moiety and the SiMe, moiety was determined by
successful isolation of the cyclic zirconasiloxane 6.'*

In order to isolate the intermediate I, we found that the
substituent tolyl on the Si-tethered diyne was better than

"Me,Si + "N

2)H,0
+ "CpoZr" d
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SCHEME 8. Isolation of Intermediate Il (5a) and Its Reaction with Water
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SCHEME 9. Isolation of Intermediate I (7b) and Its Reaction with Water
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phenyl. Thus, as demonstrated in Scheme 9, a green solid 7b
was obtained in 70% isolated yield by the reaction of 2b
with 1.5 equiv of i-PrCN at 50 °C for 1 h.'* The further
reaction of 7b with i-PrCN generated 5b in a quantitative
yield. Complex 7b was composed of one 6-membered Si/N-
containing ring, one 5-membered pyrrole ring, and one
4-membered zirconacycle bearing a reactive quaternary
carbon center. Hydrolysis of 7b with 1-3 equiv of H,O or
D,0O gave the compound 4a and 4a-D, respectively. The
cydlic zirconasiloxane 6 was also obtained.

On the basis of all these results, we proposed possible
mechanisms for the formation of 5-azaindoles (Scheme 10).'#
Two pathways were proposed for the formation of 7 from 2.
Insertion of the C=N triple bonds of two R'CN into the Zr—C'”
and Si—C'® bonds of 2 would afford 8 (pathway a). The
intermediate 8 is thermodynamically unstable and would

SCHEME 10. Proposed Reaction Mechanisms Involving One Si-Teth-
ered Diyne and Three Nitriles
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undergo skeletal rearrangement through 1,2-shift of the
Cp>Zr moiety in the aza-zirconacyclic ring to afford the key
intermediate 7. An alternative mechanism was proposed for
the formation of 7 via a different form (B) of the complex 2
(Pathway b). Insertion of the C=N triple bond of two nitriles
(R'CN) into the Zr—C and Si—C bonds of B would afford the
intermediate 9, which might immediately undergo skeletal
rearrangement to afford 7. Insertion of the C=N triple bond of
the third nitrile (R*CN) into the Zr—C bond in 7 will lead to the
formation of 10.

A proposed hydrolysis process of 10 rationalizing forma-
tion of NHs, 3, and 6 is also shown in Scheme 10."* The
intermediate 11 might be formed via cleavage of the Zr—N
(imine) bond in 10 by the first molecule of water. Further
hydrolysis of 11 with two molecules of water would afford
the diimine 12, along with loss of 6. The cyclic zirconasiloxane
6 was formed through the coupling between the released
Me,SiOH and Cp,ZrOH species. The final product 3 was
generated via the cyclization of the diimine 12, along with
loss of NHs.'®

2.3. Further Synthetic Applications of the Intermediate
7 (Class I-c.d.e)."*?%21, As stated above, the isolation and
characterization of reactive organometallic intermediates
are of great importance for understanding the mechanistic
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SCHEME 11. Insertion of Unsaturated Substrates into the Zr—CBond of 7
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aspects of metal-mediated organic reactions. Even more
importantly, based on deep understanding of the reaction
mechanism, especially on the isolation of the reactive orga-
nometallic intermediates, synthetically useful methods can
be designed. During the above mechanistic study, the inter-
mediate compound 7 is successfully isolated. This com-
pound 7, composed of four components including the
Cp2Zr species, the Si-tethered diyne, and two molecules of
nitriles, features one 4-membered azazirconacycle bearing a
reactive Zr—C bond. We envisioned that, as shown in
Scheme 11, insertion reaction of various substrates into
the Zr—C bond of 7 would generate diversified and other-
wise unavailable organometallic compounds and organic
compounds. The fused 6-membered aza-silacycle moiety is
unique and may also take part in the further reaction.

Summarized in Scheme 12 are representative results
obtained from the reaction of 7 with various substrates.
Each of these reactions provides a selective multicomponent
coupling synthesis of interesting structures, including multir-
ing fused Zr/Si organo-bimetallic compounds and N-hetero-
cycles such as 5-azaindole, pyrrole, pyrroloazepine,
pyrrolo[3,2-d|pyridazine, and pyrrole-2,3-dione derivatives.

The zirconocene-mediated multicomponent coupling re-
action of a silicon-tethered diyne, i-PrCN, and EtCOCI pro-
vided the all-substituted 5-azaindole 3j (Scheme 12a)."
When a formamide Me>NCHO was used instead of EtCOCI
(Scheme 12b),"* surprisingly, 3k was obtained upon hydro-
lysis with saturated aq. NaHCOs. When hydrolyzed with D,O
instead of saturated aq. NaHCOs, again 3k was obtained in a
similar yield. The deuterium-labeled product 3k-D was not
formed. We then used Me;NCDO instead of Me;NCHO;
hydrolysis of the reaction mixture with aq. NaHCOs afforded
the deuterated product 3k-D with D > 98% (Scheme 120q).
These results indicate that the CH or CD moiety of
the carbonyl groups (—CHO or —CDO) in formamides is
incorporated into the product. When an aldehyde
such as heptanal was employed, formation of a new type
of pyrrole 15 was observed as a mixture of two isomers
(Scheme 12d)."#
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The reaction of isocyanides with 7 is dependent on the
steric effect of isocyanides used. When bulky t-BuNC was
used, reactive intermediates 16a and 16b as monoinsertion
products were isolated in 91% and 83% yields, respec-
tively.?® Hydrolysis of 16 gave tetra-substituted 5-azain-
doles 3k—n, which represented a new substitution pattern.
On the basis of these results, zirconocene-mediated one-pot
synthesis of tetra-substituted 5-azaindoles 3k—n was devel-
oped from Si-tethered diynes, nitriles, and one isocyanide
(Scheme 12€).2° In addition to i-PrCN, the scope of nitriles
could be expanded to 2-methylbutyronitrile, CyCN, and
1-phenyl cyclopropanecarbonitrile.

When 2.0 equiv of less-bulky 2,6-Me,PhNC or CyNC was
used, intermediates 17a and 17b as double-insertion pro-
ducts were isolated and structurally characterized. Hydro-
lysis of intermediates 17a afforded pyrroloazepine deriv-
atives 18a and 19a (Scheme 12f).

Similarly, one-pot synthesis of pyrrolo[3,2-d]pyrida-
zine derivatives 20 via the zirconocene-mediated four-
component coupling of one Si-tethered diyne, two nitriles,
and one azide was also developed.”’ When TMSN; was
used, pyrrole-2,3-diones 21 were formed in good vyields
(Scheme 12g).

2.4.Reaction of Complex 2 with Three Different Nitriles
(Class I-f). As shown in Scheme 10, we could propose the
reaction mechanism for the formation of 11 from 7. How-
ever, the story did not end. The process from 2 to 7 was still
mysterious. In fact, we had thought that the right strategy to
obtain the information about the first reaction step might be
the use of a bulky nitrile such as t-BuCN. This strategy would
take advantage of the space-demanding nature of the Cp,Zr
moiety, which might stop further reactions. However, when
1 equiv of t-BuCN was used to react with various complexes
2, the reaction generally afforded a messy mixture. Fortu-
nately, when 2.2 equiv of -BuCN was applied, a clean and
high-yield reaction was realized. The complex 2 again
transformed. As given in Scheme 13, a new type of skeletal
rearrangement took place to yield the intermediate com-
pound 23.2%%3 An X-ray structural analysis of 23b reveals it
adopts an azasilacyclopentadiene—zirconacyclopropene
skeleton, in which only one t-BuCN is coupled with 2 and
another one is coordinated to the zirconium center.?* The
bulky nitrile here initiated the reaction of the 4-membered
zirconacycle in 2 but stopped the further transformation of the
3-membered zirconacyle in 23. The t-BuCN behaved as both
an initiator and a brake handle to control the reaction process.

The isolated intermediates 23 again gave us an opportu-
nity to explore their synthetic value. Compounds 23
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SCHEME 12. Formation of 5-Azaindoles, Pyrroles, Pyrroloazepines, Pyrrolo[3,2-d]pyridazines, and Pyrrole-2,3-diones from One Si-Tethered Diyne,

Two Nitriles, and Carbonyl Compounds, Isocyanide, or Azides
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SCHEME 13. Reaction of Complex 2 with Bulky Nitriles; Formation and
Synthetic Application of Azasilacyclopentadiene—zirconacyclopropene 23
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demonstrated excellent reactivities toward ketones, elemental
sulfur, acid chlorides, and carbodiimides.?* Thus, a variety of Zr/
Si organo-bimetallic compounds and Si/N heterocyclic com-
pounds were obtained. Scheme 13 gave the representative
reaction of 23 with ketones, and elemental sulfur.
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The reaction of 23 with the second nitrile gave the allenyl-
aza-zirconacycle 27 (Scheme 14). The compound 27 featured
a fused 5-membered azasilacycle and a 7-membered allenyl
azazirconacycle.?* Even interestingly, the reaction of 27a with
the third nitrile afforded the three-ring fused intermediate
28a. Hydrolysis of 28a afforded the 5-azaindole derivative 30
bearing three different substituents (R = -Bu, R> =Th, R* = Cy).
This finding prompted us to realize a one-pot synthesis of
5-azaindoles integrated with three different nitriles.?® Listed
in Scheme 15 are representative results of 5-azaindoles
30—t with all three different substituents at positions 2, 4, 6.

3. Reaction of Complex 2 with Alkynes (Class I1)

Compared with the large number of five-membered metal-
lacycles, six-membered metallacycles are very rare.'® Initi-
ally, we applied the zirconacyclobutene—silacyclobutene
complex 2 to react with alkynes and nitriles, expecting
formation of six-membered zirconacycles via direct inser-
tion reaction. However, surprisingly, as discussed above for
the reaction with nitriles, the expected direct insertion reac-
tions never take place. It is true also for their reactions with
alkynes. Complex 2 also behaves as a “chemical trans-

former’ when treated with alkynes (Scheme 16).2°~28
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SCHEME 14. Selective Reaction of the Intermediate Compound 23 with
Two Different Nitriles
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SCHEME 15. One-Pot Selective Synthesis of 5-Azaindoles via Zircono-
cene-Mediated Multicomponent Coupling of Three Different Nitriles
and One Alkyne
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A consecutive skeletal rearrangement, different from those
observed in the reaction with nitriles, takes place in this
reaction.

3.1. Monoalkynes (Class II-g). Insertion of an alkyne into
one of the Zr—C bonds of 2a was expected to generate the
six-membered zirconacycle 30 (Scheme 16). The reaction
did afford 30 selectively in excellent yields under reflux
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conditions.>>%® However, experimental results demon-
strated that 30 was not formed through a direct insertion
pathway. When the reaction of 2a with an alkyne was
monitored at 50 °C, zirconacyclopentadiene 29 was formed.
Results indicate that 29 is Kinetically favored, while 30 is
thermodynamically favored. We assume that two path-
ways might be considered for the formation of 29 from 2
(Scheme 17): the associative path (path a, and the dissocia-
tive path (path b).%°

Unsymmetrical alkynes such as 1-phenyl-1-butyne
would afford 31a and 32a as sole regioisomers. Interest-
ingly, in the case of 1-trimethylsilyl-1-propyne, only com-
pound 31b was formed with perfect regioselectivity.
Trapping 29 using DMAD in the presence of CuCl gave fully
substituted benzene derivatives 33.2”

In a pioneer work by Takahashi and co-workers,®
similar types of compounds 29—-32 were formed starting
from zirconacylopentenes and the Si-tethered diynes.
X-ray structural determination of one complex 2 [R=R'=
Ph, ZrCp, = Zr(5-tBuCsH,),] and one complex 30 [R' =R* =
Et, SiPh,, ZrCp, = Zr(55-tBuCsHy),] was also reported in
this work 22

3.2. Polyalkynylbenzenes (Class lI-g). Following the
method described in section 3.1, we developed an efficient
synthetic method for well-defined benzene-based s-conju-
gated systems containing two or three silacyclobutene units
(Scheme 16d).*® Preliminary optical properties show the
increase of silacyclobutene units brings about an increase
of the extinction coefficient.

3.3. Bis(alkynyl)silanes (Class II-h). During our continued
study on the zirconocene-mediated reaction of Si-tethered
diynes, we realized that the metal-to-diyne ratio also played
a key role in this case.?* 3! When the amount of the Si-
tethered diyne I was increased from 1 to 2 equiv relative to
Cp.>ZrBu,, the 2,5-bis(alkynylsilyl)zirconacyclopentadiene
35 was isolated with high regio- and chemoselectivity
(Scheme 16).223° Both aromatic and aliphatic substituents
on the Si and the terminal alkynyl carbon atoms could be
used. These results clearly showed that the metal-to-diyne
ratio of “Cp,Zr” to Si-tethered diynes determined formation
of either 2 or 35.

Interestingly, when 35 was further heated at elevated
temperatures, it changed completely to the zircona-
cyclohexadiene—silacyclobutene fused compound 36.
Further skeletal rearrangement of 36 via insertion of the
remaining triple bond into the Zr—C bond was not de-
tected even after prolonged reaction time at even higher
temperatures.
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SCHEME 16. Reactions of 2 with Monoalkynes, Poly-ynes, and Bis(alkynyl)silanes
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SCHEME 17. Proposed Reaction Mechanisms from 2 to 29
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4. Reaction of Complex 2 with Ketones,
Aldehydes, and Isocyanides (Class IlI)

In addition to alkynes and nitriles, the C=0 and C=N
unsaturated substrates, such as Ketones, aldehydes, and
isocyanides, were also found to be able to induce the

SCHEME 18. Reaction of Complex 2 with Ketones, Aldehydes, and
Isocyanides
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transformation of 2 via cleavage of its C—C and C—Si bonds
(Scheme 18).2° The five-membered oxazirconacyclopen-
tene 38 was formed as the intermediate when the complex
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2 was treated with ketones or aldehydes.>* The reaction
probably preceded via similar reaction paths as shown in
Scheme 17. Allylic alcohols 39 were isolated in good yields
after hydrolysis of 38. When the complex 2 was treated
with isocyanides, alkynylsilyl amides 40—42 were ob-
tained upon hydrolysis or halogenation of the reaction
mixture with I, or NBS.

5. Summary and Outlook

Our research demonstrates that the combination of the Si-
tethered diynes and the low-valent zirconocene species is a
happy match directed toward organometallic chemistry and
organic synthesis. The combination not only leads to the
formation of the seemingly stable but actually highly trans-
formative zirconacyclobutene—silacyclobutene ring-fused
compounds 2, but also gives rise to a wide variety of unique
Zr/Si-containing organometallic compounds and Si/N het-
ero-organic compounds. Once the complex 2 is excited by
external stimuli, both the shape and the function of the
whole molecule would change and initiate further reaction
processes. Thus, we believe that the complex 2 behaves like
a “chemical transformer”.

It remains difficult to answer unpredictable and surprising
reactivities of the complex 2. Its surprising chemistry is
ascribed to the concomitance of two Zr—C bonds and two
Si—Cbonds in zirconacyclobutene—silacyclobutenes as well
as at least four different resonance skeletons. The chemistry
described here again demonstrates that studies of reactive
organometallic intermediates not only play an important
role in the in-depth understanding of seemingly complicated
reaction mechanisms, but can also lead to discovery of
synthetically useful reactions.
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