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CONSPECTUS: Chemists no longer doubt the importance of
a methodology that could activate and utilize aldehydes in
organic syntheses since many products prepared from them
support our daily life. Tremendous effort has been devoted to
the development of these methods using main-group elements
and transition metals. Thus, many organic chemists have used
an activator—(aldehyde oxygen) interaction, namely, 7'
coordination, whereby a Lewis or Brensted acid activates an
aldehyde. In the field of coordination chemistry, 7>
coordination of aldehydes to transition metals by coordination
of a carbon—oxygen double bond has been well-studied; this
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activation mode, however, is rarely found in transition-metal catalysis. In view of the distinctive reactivity of an 7*-aldehyde
complex, unprecedented reactions via this intermediate are a distinct possibility.

In this Account, we summarize our recent results dealing with nickel(0)-catalyzed transformations of aldehydes via 7>-aldehyde
nickel and oxanickelacycle intermediates. The combination of electron-rich nickel(0) and strong electron-donating N-
heterocyclic carbene (NHC) ligands adequately form 7*-aldehyde complexes in which the aldehyde is highly activated by back-
bonding. With Ni(0)/NHC catalysts, processes involving intramolecular hydroacylation of alkenes and homo/cross-dimerization
of aldehydes (the Tishchenko reaction) have been developed, and both proceed via the simultaneous #° coordination of
aldehydes and other 7 components (alkenes or aldehydes). The results of the mechanistic studies are consistent with a reaction
pathway that proceeds via an oxanickelacycle intermediate generated by the oxidative cyclization with a nickel(0) complex. In
addition, we have used the 7*-aldehyde nickel complex as an effective activator for an organosilane in order to generate a silicate
reactant. These reactions show 100% atom efficiency, generate no wastes, and are conducted under mild conditions.

1. INTRODUCTION

Aldehydes are among the most important carbonyl compounds.
They are frequently used as a key component in organic synthesis
via activation of the formyl group.' A number of methods have
been developed whereby aldehydes are activated via coordina-
tion to typical and transition metals. An 7' coordination of the
formyl oxygen to Lewis acidic metals is accepted as a particularly
important method." The electrophilicity at the formyl carbon is
enhanced via this 7' coordination, which promotes the addition
of a variety of nucleophiles to aldehydes. The oxidative addition
of the C—H bond of a carbonyl group to a metal center is a key
step for some catalytic transformations of aldehydes, and 7'
coordination has often been proposed as the preliminary step.”
The 7* coordination of aldehydes is rarely found in
homogeneous transition-metal catalysis,3_5 however, even
though many examples of 7°-aldehyde complexes have been
reported in the field of coordination chemistry.'*> Both the
formyl oxygen and carbon demonstrate nucleophilic reactivity
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with the contribution of an oxametallacyclopropane resonance
form,*™” which has enhanced interest in the reactivity of 7>
aldehyde complexes.

In order to generate a 77*-aldehyde complex as an intermediate
in transition-metal catalysis, the choice of a catalyst is critical
since strong back-donation from the catalyst metal center to the
n*-aldehyde ligand is essential in stabilizing such an intermediate.
On the basis of this aspect, the combination of an electron-rich
transition metal and a strong electron-donating ligand would be
ideal to generate an 77>-aldehyde intermediate in transition-metal
catalysis. Nickel(0) is a promising candidate since several reports
on the isolation of (17*-aldehyde)Ni(PR;), complexe56 and on
the nickel(0)-catalyzed intermolecular addition of organo-
metallic reagents to aldehydes via n’-aldehyde nickel(0)
intermediates have been reported.3‘”‘_f In addition, aldehydes
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and unsaturated compounds such as alkenes, alkynes, dienes, and
allenes are known to simultaneously coordinate to nickel(0).**
Oxidative cyclization then takes place to provide an oxanickela-
cycle with the formation of C—C, C—Ni, and O—Ni bonds.
Oxanickelacycles have often been proposed as key intermediates
in nickel(0)-catalyzed multicomponent coupling reactions.
These oxanickelacycles possess a f-hydrogen that is derived from
the aldehyde. Thus, we envisioned the development of the
catalytic transformation of aldehydes via f-hydrogen elimination
from the oxanickelacycle intermediates.*®

In this Account, we summarize our recent results dealing with
nickel(0)-catalyzed transformations of aldehydes via 17>-aldehyde
nickel and oxanickelacycle intermediates (Scheme 1). All of these

Scheme 1. Catalytic Transformations of Aldehydes via 7>-
Aldehyde Nickel (or Nickelacyclopropane) and Nickelacycle
Intermediates Described in this Account
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reactions can be carried out with 100% atom efliciency under
conditions that are milder than those for previously developed
catalytic systems using 4d and S5d metals. The results of
mechanistic studies that include stoichiometric reactions and
kinetic studies will be presented as well.

2. INITIAL FINDINGS

In 2004, we reported the stoichiometric reaction of o-
allylbenzaldehyde (1a) with Ni(cod), and PCys to give (17%:1-
CH,=CHCH,C¢H,CHO)Ni(PCys,) followed by the formation
of a dimeric oxanickelacycle complex.* This was the first direct
observation of the oxidative cyclization of 7*-aldehyde and 7’
alkene ligands on Ni(0). Thermolysis of this nickelacycle
complex at 130 °C proceeded to completion for 24 h, giving a
complicated mixture including 2-methylindanone (2a) in 35%
yield. These results convinced us that we could develop a nickel-
catalyzed intramolecular hydroacylation proceeding via an
oxanickelacycle intermediate.

3. NI(0)-CATALYZED INTRAMOLECULAR ALKENE
HYDROACYLATION

There would be obvious merits of developing a novel
hydroacylation system that proceeds via an oxanickelacycle
intermediate. First, unfavorable decarbonylation from an
acylmetal intermediate, which could be %enerated via oxidative
addition of a formyl group to the catalyst,”” can be avoided since
the target Ni system would proceed without the generation of an
acylnickel intermediate.'® Decarbonylation is an inevitable side
reaction in most of the reported catalyst systems with Pd and
Rh,"" which causes a decrease in atom efficiency and deactivation
of the catalyst via a coordination with carbon monoxide. Second,
the nickel-catalyzed synthesis of benzocyclic ketones, the
structural motifs of which appear in the synthetic intermediates
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of numerous biologically active natural products and medicinal
agents, represents a highly environmentally favorable route
(100% atom efficiency, neutral conditions, and no waste). Thus,
we began optimizing the reaction conditions for the nickel(0)-
catalyzed intramolecular hydroacylation; however, despite the
almost total consumption of la when a variety of tertiary
phosphine ligands and N-aryl-substituted N-heterocyclic car-
benes (NHCs) were employed, complicated mixtures including a
slight amount of 2a (~30%) were obtained.* Major problems for
the Ni(0)/N-aryl-NHC systems included an NHC-catalyzed 1,3-
hydride shift followed by the dimerization of aldehydes, giving a
benzyl ester (Scheme 2). Fortunately, these observations gave us

Scheme 2. NHC-Catalyzed Isomerization of 5-Enal to 4-Enal
Followed by Dimerization to Give a Benzyl Ester

cat. NHC cat. Ni(0)/NHC |

P~

H™ S0 H™ ~0

1a

an opportunity to develop the nickel-catalyzed dimerization of
aldehydes—the Tishchenko reaction (vide infra).** Employing
N-alkyl-substituted NHCs was effective in suppressing the 1,3-
hydride shift, and 2a was finally formed in 98% isolated yield in
the presence of 5 mol % Ni(cod),/1,3-di-tert-butylimidazol-2-
ylidene (I'Bu) in mesitylene (130 °C, S h). Under these
conditions, a variety of l-indanone derivatives 2a—d were
prepared in excellent yields (Scheme 3). Furthermore, this

Scheme 3. Ni(0)-Catalyzed Intramolecular Alkene
Hydroacylation”
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“Isolated yields are given. The GC yield of 2g is given in parentheses.
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nickel-catalyzed system could be applied to the synthesis of 1-
tetralone derivatives 2e—h, which were difficult to prepare in the
reported transition-metal-catalyzed alkene hydroacylation with-
out introducing chelation assistance.'” Decarbonylation was not
observed in any of the reactions shown in Scheme 3.
Stoichiometric reactions were conducted in order to gain
deeper insight into the reaction mechanism (Scheme 4). The

Scheme 4. Stoichiometric Reactions with 1a and Proposed
Reaction Pathways
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reaction of 1a with Ni(cod), and I'Bu in toluene at 22 °C gave
(7*n*-CH,=CHCH,C¢H,CHO)Ni(I'Bu) (Cla) quantita-
tively within 5 min, and Cla was isolated in 83% yield. The
dimeric oxanickelacycle C2a’ was obtained in 84% isolated yield
from Cla, probably through dimerization of the monomeric
complex C2a, which was not observed by NMR spectroscopy.
The structure of C2a’ in solution was unambiguously identified
by NMR spectroscopy as a mixture of two isomers, C2a’-syn and
C2a’-anti. The molecular structure of C2a’-anti was unambig-
uously confirmed by X-ray analysis (Figure 1). Thermolysis of
C2a’ at 130 °C for 24 h resulted in the production of 2a in 32%
yield (32% conversion). In addition, in the presence of 2.5 mol %
C2a’, 2a was obtained in 101% yield from both 1a and C2a’ (the
maximal yield of 2a was 105%) within S h. On the basis of these
results, the dimerization of C2a has no significant influence on
the catalytic efficiency under the catalytic reaction conditions.
A plausible reaction mechanism is as follows (Scheme 4).
Coordination of 1 to Ni(0)/I'Bu gives rise to (17°:17>-enal)nickel
complex C1 (step 1), and then oxidative cyclization takes place to
yield the monomeric nickelacycle intermediate C2 (step 2).
Next, f-hydride elimination and reductive elimination occur to
give cyclic ketone 2 with regeneration of the catalyst (step 3).

4. NI(0)-CATALYZED HOMODIMERIZATION OF
ALDEHYDES TO GIVE ESTERS (THE TISHCHENKO
REACTION)

During the course of our study of nickel-catalyzed alkene
hydroacylation, we found that a Ni(0)/NHC complex could
efficiently catalyze the dimerization of aldehydes to give esters.
The synthesis of esters via the dimerization of aldehydes is
known as the Tishchenko reaction."® Because of its high atom-
efficiency and environmentally favorable reaction conditions
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Figure 1. Molecular structure of C2a’-anti (CCDC 892817) with
thermal ellipsoids set at 30% probability. Hydrogen atoms have been
omitted for clarity. Selected bond lengths (A): Ni—O1 1.883(6), Ni—C1
1.918(6), C2—C10 1.883(6). Selected bond angles (deg): C1—Ni—O1
87.6(3), 01*—Ni—C11 103.1(3), C1-Ni—C11 89.6 (4), O1-Ni—O1*
79.7(2).

(neutral and mild), the Tishchenko reaction is among the most
important methods to prepare esters; however, unsolved
challenges remain. For example, there are few catalysts applicable
to the Tishchenko reaction of both aliphatic and aromatic
aldehydes.”*>'* When this work was begun, we noticed a
difference between the reaction mechanisms of the reported
systems and our nickel systems. The reported systems are
classified into two categories on the basis of the reaction
mechanism: (i) Lewis acid-catalyzed reactions via 7'-aldehyde
metal complexes and (ii) late-transition-metal-catalyzed hydro-
acylation of aldehydes via C—H bond activation."**>"* In these
mechanisms, two aldehydes react with the catalyst in a step-by-
step manner. By contrast, the mechanism of the nickel(0)-
catalyzed reaction is supposed to involve two aldehyde molecules
that simultaneously react with the catalyst, ie., the reaction
proceeds via a bis(n*-aldehyde)nickel intermediate, the for-
mation of which was eventually confirmed by NMR analysis
(vide infra)."® Thus, we envisioned that the reactivity of the
bis(17*-aldehyde )nickel intermediate would be quite sensitive to
the environment surrounding the formyl group of the aldehyde.
In fact, the catalyst Ni(0)/1,3-bis(2,6-diisopropylphenyl)-4,S-
dichloroimidazol-2-ylidene (IPrCl) was applied to the Tish-
chenko reaction of various aliphatic (A) and aromatic (B)
aldehydes to give the corresponding esters (AA and BB) in
excellent yields (Scheme S). Again, decarbonylation was not
observed in the presented reactions, while the reported
transition-metal-catalyzed Tishchenko reaction, which took
place via acylmetal intermediates, suffered from decarbon-
ylation."

In the presence of Ni(cod),/IPrCl (20 mol %), the
Tishchenko reaction of B was monitored by NMR spectroscopy
(Scheme 6). At —60 °C, the resonances of the formyl hydrogen
and carbon ligated to nickel(0) were observed at 5y; 4.7 in the 'H
NMR spectrum and &c 109.3 in the *C NMR spectrum,
respectively, which shows that B® coordinates to the nickel(0)
center in the 7* mode. The ratio of the integrations of the formyl
hydrogen and the isopropyl group of IPrCl indicates that two
aldehyde molecules coordinate to the nickel(0) center. The
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Scheme 5. Ni(0)-Catalyzed Tishchenko Reaction
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Isolated yields are shown, unless otherwise noted. “GC yield. “The reaction was run at 80 °C.

Scheme 6. Formation of Bis(#>-B%)Ni(IPrCl) As Confirmed apply in the selective crossed Tishchenko reaction of two
by NMR Analysis different aldehydes (A and B) to prepare a single cross-coupled
o . O HH ester selectively from among the four possible esters: two cross-
J 20 mol% Ni(cod),/IPrCl J coupled products (AB and BA) and two homocoupled products
R™ 'H toluene-ds, —60 °C to 25 °C R™ 0" R (AA and BB)."*%'7 Since the Tishchenko reaction is an ideal
BS B%B®: quant method for ester synthesis, the development of a new catalyst
(R =2-Np) o RH that can discriminate between two different aldehydes has been a
Ftl>//\Ni Ao ?;;ﬁ:ﬁ;ﬁlkogficti;ntge— , glevelopment of a selective crossed
J\ To our delight, we achieved the first selective crossed

60 °C N~ °N to25°C

Tishchenko reaction of aliphatic and aromatic aldehydes using
a Ni(0)/1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene

o« (SIPr) catalyst system.*® In the presence of a catalytic amount

of Ni(cod), and SIPr, the crossed Tishchenko reaction of an

reaction mixture was allowed to warm to 25 °C to quantitatively aliphatic aldehyde A with an equimolar amount of an aromatic
give the corresponding ester. aldehyde B proceeded in a highly selective manner to yield the
cross-coupled ester AB as almost a single product (Scheme 7), as

5. NI(0)-CATALYZED CROSS-DIMERIZATION OF shown by the values of the selectivity, defined as AB/(AB + BA +

AROMATIC AND ALIPHATIC ALDEHYDES TO GIVE

AA + BB). This reaction can be applied to a variety of aliphatic
BENZYL ESTERS (THE CROSSED TISHCHENKO

aldehyde (1°, 2°, and cyc-2°) and aromatic aldehyde combina-

REACTION) tions. In particular, the reaction with naphthaldehyde derivatives
Why has the Tishchenko reaction not been regarded as a (BS and B?) produced excellent selectivity (>0.94). In some cases
common method to prepare esters despite a successful history of using B?, the ligand was changed to 1,3-bis(2,6-

more than 120 years? One answer may involve the versatility of diisopropylphenyl)imidazol-2-ylidene (IPr) or 1,3-bis(2,4,6-
the reaction: before 2010, the reported catalyst was difficult to trimethylphenyl)imidazol-2-ylidene (IMes). A significant de-
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Scheme 7. Ni(0)-Catalyzed Crossed Tishchenko Reaction of Aliphatic Aldehydes (A) with Aromatic Aldehydes (B)
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Isolated yields are given. Reaction conditions in the following order are shown in parentheses: catalyst loading (mol %) /temperature (°C)/time (h).

“Selectivity = AB/(AB + BA + AA + BB). “IPr was used. “IMes was used.

crease in selectivity was observed in the reaction of A* with
benzaldehyde derivatives, while A*B® was obtained selectively.
The reaction of two different aliphatic or two different aromatic
aldehydes was examined; however, it was difficult to prepare a
single cross-coupled ester selectively under the presented
reaction conditions."® It is noteworthy that the aliphatic aldehyde
A tends to become the carboxylic acid part of the ester while the
aromatic aldehyde B becomes the alcohol part.'” The advantage
of this catalyst system is its simplicity in the isolation of the cross-
coupled ester AB. In most cases, AB can be isolated from the
reaction mixture by simple distillation.

Plausible reaction pathways for the production of the four
esters are shown in Scheme 8. This proposal was based on the
following experimental results: (i) the reaction exhibits a zeroth-
order dependence upon both the aliphatic and aromatic
aldehydes and a first-order dependence upon the Ni(0)/SIPr
catalyst; (ii) a primary kinetic isotope effect (KIE) was observed
for the aliphatic aldehyde and a normal secondary KIE for the
aromatic aldehyde; (iii) the formation of the bis(#*-aromatic
aldehyde)nickel(SIPr) complex, C3gg, was observed at —60 °C
by NMR analysis under the crossed Tishchenko conditions; (iv)
the homodimerization reaction of aliphatic aldehydes was much
faster than that of the aromatic aldehydes under Ni(0)/SIPr
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catalysis; and (v) decarbonylation was not observed. On the basis
of these results, we surmised that the reaction proceeds via a
nickelacycle intermediate and that reductive elimination would
be involved in the rate-limiting step. For the predominant
formation of AB over BA, the coordination of an aryl group to
nickel could play a key role, which would stabilize C4,5 and CS 5
compared with C4g, and C55, by forming an #7°-benzylnickel
complex. The effective formation of an 7°-benzylnickel complex
was reported by employing B%,*® which rationalized that the
crossed Tishchenko reaction with B® exhibited a significantly
high degree of selectivity (Scheme 6). We cannot exclude the
possibility that the reaction proceeds via an acylnickel
intermediate, which was proposed as a more favorable pathway
by density functional theory (DFT) calculations using simplified
models.>"

After our report, a highly selective thiolate-catalyzed crossed
Tishchenko reaction of two aromatic aldehydes was reported in
2012 by Connon et al,,'® which also promoted the development
of the crossed Tishchenko reaction. Further studies should
establish a waste-free route to a variety of ester compounds via
the Tishchenko reaction.

DOI: 10.1021/acs.accounts.5b00061
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Scheme 8. Plausible Mechanism for the Ni(0)-Catalyzed Crossed Tishchenko Reaction
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6. NI(0)-CATALYZED SYNTHESIS OF
BENZOXASILOLES

In a communication published in 2004 (see section 2),* we also
reported the seeds of our later work, ie., the electrophilic
addition of Me;SiOTf to (7*-PhCHO)Ni(PCy;), to give (17":17'-
Me;SiOCH(Ph))Ni(PCy,)OTf. This result showed that 7>
aldehyde nickel complexes are sufficiently reactive toward
organosilicon compounds. Thus, we envisioned the generation
of a reactive silicate that could be triggered by the activation of an
aldehyde via back-donation from an electron-rich nickel(0)
complex, and we believed that this could be applied to organic
synthesis. Very recently, this was successfully applied to the
highly efficient syntheses of 3-aryl-, 3-vinyl-, and 3-alkynyl-2,1-
benzoxasiloles (4a—1) from benzaldehydes with aryl-, vinyl-, and
alkynylsilyl groups, respectively, at the ortho position (3a—1)
(Scheme 9).* For the synthesis of 3-aryl-2,1-benzoxasiloles 4a—
h, a 1:1 mixture of Ni(cod), and IPr was effective, while
production of the corresponding vinylbenzoxasiloles (4i—k) was
totally hampered under the same conditions as a result of the
qunatitative formation of (17%:7*-CH,=CHSi(Me),C¢H,CHO)-
Ni(IPr). After optimization of the reaction conditions, 4i—k were
obtained in high yields by employing 2 mol % Ni(cod), and 4
mol % IPr in THF at 60 °C (Scheme 9). In addition, 3-alkynyl-
2,1-benzoxasilole 41 was also obtained in 95% yield under the
same reaction conditions. To the best of our knowledge, this is
the first report of the synthesis of 3-vinyl- and 3-alkynyl-2,1-
benzoxasiloles.

The reaction mechanism remains unclear, but the following
steps would be involved. Coodination of an aldehyde moiety to
Ni(0) gives rise to the formation of an 75’-aldehyde nickel
intermediate. As its resonance form, the contribution of an
oxanickelacycle complex should be considered. This coordina-
tion activates the aldehyde as a nucleophile that continuously
activates the silicon via an intramolecular addition reaction,
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giving a silicate intermediate. Then an intermolecular aryl
transfer takes place to give the product. The following results
support this proposal. First, the stoichiometric reaction of 3b and
(7%-toluene)Ni(IPr) in toluene-dy at —350 °C afforded the
oxanickelacyclopropane complex C6 in 74% yield (Scheme 10a),
where (7°-toluene)Ni(IPr) was prezgared from Ni(cod), and IPr
in the presence of H, in toluene.”™ The formation of C6 was
confirmed by 'H, *C, and ’Si NMR analyses. In the 'H and *C
NMR spectra, the resonances of the carbonyl hydrogen and
carbon were observed at dy; 5.90 and d 86.1, respectively, both
of which are shifted upfield compared with those of 3b (5 9.60
and 6 192.4). In addition, the methyl groups on Si in C6 were
observed as two diastereotopic peaks because of the formation of
a chiral carbon center ligated to the nickel (C6: & 0.52 (s, 3H),
0.46 (s, 3H); 8. —0.1, —0.5. 3b: 8, 0.59 (s, 6H); 5. —1.2). In the
*Si NMR spectrum, the resonance of C6 was observed at —8.8
ppm, which was slightly shifted from the peak at —=7.6 ppm for 3b.
Second, a crossover experiment using 3b and 3f gave four
benzoxasiloles in similar yields: 4b, 4f, and the two crossover
products 4a and 4m (Scheme 10b). An exchange of the aryl
groups between 3b and 3f was not observed during the reaction.
In addition, no aryl exchange reaction between 4b and 4f was
observed when the isolated 4b and 4f were subjected to the
reaction conditions. These results would support the proposal
that an intermolecular aryl transfer process is involved in this
reaction.

We are now conducting detailed mechanistic studies of this
nickel catalysis along with the expansion of the reaction to
asymmetric variants. These results will be reported in the near
future.

7. CONCLUSIONS

We have described recent achievements in the catalytic
transformation of aldehydes via #> coordination to nickel(0).

DOI: 10.1021/acs.accounts.5b00061
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Scheme 9. Ni(0)-Catalyzed Synthesis of Benzoxasiloles
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Scheme 10. (a) Stoichiometric Reaction of 3b with (-
Toluene)Ni(IPr); (b) Crossover Experiment with 3b and 3f
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The choice of a catalyst was a key. The combination of electron-
rich nickel(0) and strong electron-donating NHC ligands was
adequate because the aldehydes are highly activated by the strong
back-bonding from the Ni(0)/NHC catalyst. This activated
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aldehyde moiety in the 7*-aldehyde nickel complex was utilized
as an effective activator for an organosilane in order to generate a
silicate reactant.

By the use of the Ni(0)/NHC catalyst, the intramolecular
hydroacylation of alkenes and the homo/cross-dimerization of
aldehydes were developed for the first time. These reactions
proceed via (n*-aldehyde)(n*-alkene)nickel(0) or bis(77*-
aldehyde)nickel(0) complexes, respectively, which was unam-
biguously confirmed by stoichiometric and kinetic experiments.
Furthermore, the results of the mechanistic studies were
consistent with reaction pathways involving the nickelacycle
complexes.

All of these reactions feature 100% atom efficiency, generate
no wastes, and can be conducted under neutral conditions. Thus,
these reactions would be regarded as environmentally favorable
methods to transform aldehydes. We are hopeful that the
presented reactions will help introduce new strategies for the
catalytic transformation of aldehydes and contribute to further
progress in this field of chemistry.
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