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Nickel-Catalyzed Three-Component Coupling between Aryl
Aldehydes, Norbornenes, and Silanes Leading to Indanols through
Aromatic C—H Bond Activation of Aryl Aldehydes™**

Kenichi Ogata,* Yuka Atsuumi, Daisuke Shimada, and Shin-ichi Fukuzawa*

Transition-metal-catalyzed multi-component reactions that
produce complex molecules from three or more simple
compounds in one operation have become an increasingly
important method for C—C bond formation in organic
syntheses.!! Noteworthy among these is the nickel-catalyzed
reductive three-component coupling between an aldehyde,
alkyne, and silane (or Lewis acid) leading to an allylic
alcohol.”! Although the majority of the reports on nickel-
catalyzed three-component couplings use alkynes, reactions
involving some alkene compounds such as alpha olefins,*! 1,3-
dienes, and allenes® have also been reported.

Our research group has recently reported a reductive
three-component coupling involving aryl aldehydes, methyl-
enecyclopropane, and triisopropylsilane leading to allylic
alcohols through cleavage of the proximal C—C bond in the
methylenecyclopropane ring using the [Ni(cod),]/N-hetero-
cyclic carbene (NHC) catalyst system.l®! This report was the
first example of a nickel-catalyzed reductive three-compo-
nent coupling by C—C bond activation. Herein, we describe an
unprecedented diasteroselective three-component coupling,
using a nickel/NHC catalyst, through aromatic C—H bond
activation of an aryl aldehyde at the ortho position by
combination with norbornene and silane, leading to a
silylated indanol.”’ Although many examples for nickel-
catalyzed reductive three-component couplings using aryl
aldehydes have been reported, there are no examples of the
present transformation through aromatic C—H bond activa-
tion of an aryl aldehyde.”!

First, ligands and silanes were screened in the three-
component reaction of benzaldehyde la, norbornene 2a
(2.0 equiv), and silane 3 (2.0 equiv), as shown in Table 1. In
the presence of a catalyst derived from [Ni(cod),] and NHC
4a, the diastereoselective three-component coupling using
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Table 1: Screening of ligands and silanes.!

[Ni(cod)s] OSiR
ngand
+ R3SiH —» + Hy
RT 15h
5aa
Ph  Ph Cy
Ar=-é© -s@ :
Ar’NvN‘Ar
4c
(racemlc)
o vN@ Q ijﬁ w
Entry Ligand Silane Yield [96]"®
1 4a (iPr);SiH 92 (82)1
2l 4a (iPr);SiH 54
3 4a (tBu)Me,SiH 79
4 4a Et,SiH 69
5 4b (iPr),SiH 28
6 4c (iPr);SiH trace
7 4d (iPr);SiH 5
8 4e (iPr),SiH 9
9 4f (iPr);SiH trace

[a] Reaction conditions: [Ni(cod),] (0.10 mmol), Ta (1.0 mmol), 2a
(2.0 mmol), 3 (2.0 mmol), 4 (0.10 mmol) and THF (3 mL) were
employed. [b] Yield determined by GC analysis. [c] Yield of isolated
product. [d]2a (1.0 mmol). cod = cycloocta-l,5-diene, cy=cyclohexyl,
THF =tetrahydrofuran.

triisopropylsilane proceeded smoothly at room temperature
to afford Saa in high yield through aromatic C—H activation
of benzaldehyde at the ortho position (Table 1, entry 1). The
structure of the compound was confirmed by X-ray analysis of
the desilylated product, which was produced in 88 % yield by
the reaction of 5aa with TBAF (see the Supporting Informa-
tion).”) When 1 equivalent of 2a was used, the reaction
resulted in a lower yield of Saa (Table 1, entry 2). Using other
silanes such as tert-butyldimethylsilane and triethylsilane
resulted in a slightly lower yield than that obtained with
triisopropylsilane (Table 1, entries 3 and 4). In contrast to the
NHC ligand 4a, other saturated NHC ligands, which pos-
sessed 2,4,6-trimethylphenyl (4b) and o-cyclohexyl (4c¢)
groups, were not effective in this reaction (Table 1, entries 5
and 6). With 4b (Table 1, entry 5), another three-component
product that did not involve aromatic C—H bond activation of
benzaldehyde was also produced." The reaction using NHC
ligand 4d, which does not contain phenyl substituents at the 4
and 5 positions, and unsaturated NHC ligands 4e and 4 f also
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resulted in extremely low yields (Table 1, entries 7-9). When
using phosphine ligands such as PPh;, P(nPr);, and PCyj; the
three-component coupling was not observed. On the basis of
this screening of ligands, the highest yield for the formation of
Saa was achieved with NHC ligand 4a.

Next, the complex-catalyzed diasteroselective three-com-
ponent coupling through aromatic C—H bond activation was
examined using various aryl aldehydes as shown in Table 2.
The use of p-substituted aryl aldehydes bearing electron-
donating (methyl and methoxy) or electron-withdrawing
(chloro, fluoro, and ester) substituents also afforded product
5 in good to high yields (Table 2, entries 2-6). In the case of
m-substituted aryl aldehydes such as m-tolualdehyde 1g and
m-fluorobenzaldehyde 1h, the corresponding products 5ga
and Sha were each obtained as a mixture of two regioisomers
(Table 2, entries 7 and 8). The reaction with o-fluorobenz-
aldehyde 1i also proceeded and gave the corresponding
product Sia, albeit in low yield (Table 2, entry 9)." 3.5-
Dimethylphenylaldehyde also participated in this reaction
and gave the corresponding product 5ja as a single product
(Table 2, entry 10). However, upon replacement of the aryl
groups with heteroaromatic groups such as 2-pyridyl and 2-
thiophenyl groups, the corresponding three-component cou-
pling did not proceed. The three-component reaction involv-
ing 2,6-dimethylphenyl aldehyde 1k, for which aromatic C—H
bond activation at the ortho position is not possible, pro-
ceeded and gave compound 6ka [Eq. (1)], which is similar to

[Nicod)]  Me OSi(iPr)s
a
@fL +Ab (lPr3S|HTM 1)
RT,15h Me

6ka (56% yield)

the side product observed in entry 5 of Table 1 (see Ref. [10]).
In contrast, alkyl aldehydes such as cyclohexanecarboxalde-
hyde did not participate in the reaction.!'”!

After demonstrating the scope of substitution patterns of
the aryl aldehydes, we next examined the scope for the
norbornene partner (Scheme 1). The exo,exo- and endo,endo-
5,6-bis(methoxymethyl)-substituted norbornenes 2b and 2¢,
and benzonorbornadiene derivatives 2d and 2e were shown
to successfully undergo the reaction to afford products Sab,
Sac, Sad, and Sae, respectively, with good to high yields.
Norbornadiene 2 f also participated in the reaction and gave
the corresponding product Saf, with retention of the double
bond in the bicyclic ring. In contrast, an unstrained cyclic
alkene such as cyclohexene could not participate in this
reaction.

To obtain insight into the mechanism of the reaction,
reactions with deuterium-labeled silane and aldehydes were
carried out. The reaction between benzaldehyde 1a, norbor-
nene 2a, and [D,]-triisopropylsilane ([D,]-3) catalyzed by
[Ni(cod),]/4a afforded the product Saa [Eq.(2)]. In this

NI(COd)Z] OSi(iPr);

Lb s
iPrj,SiD ———
©)L (PSP @

RT,15h o
[D4]-3 5aa (76% yield)
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Table 2: Nickel-catalyzed three-component coupling between 1a-j, 2a,
and 3.7

[N| (CO 0 o OSi(iPr);
@)\ + (/Pr)3SIH—> @Qb
HF =
3 RT 15h 5
Entry Aldehyde Product Yield
[%][b]
o OSi(iPr)s
1 1a @* 5aa 82
OSi(iPr)
2 1b O)L 5ba 84
Me Me'
o OSi(iPr);
MeO MeO
o OSi(iPr);
49 14 O)LH 5da 51
cl
OSi(iPr)s
5 Te @* Sea 94
F F
o OSi(iPr)s
6  1f ©)L H Sfa @b 73
MeO,C MeO,C
OSi(iPr);
5ga-A Me
7 1g (:I)L OSi(iPr)s 874
5ga-B
Me
OSi(iPr)
ShaA
8 1h \©)L OSi(iPr); 550
S5ha-B
F O F  OSi(tBu)Me;
off 1i ©)L Sia 330
OSi(iPr);
Me
109 1j 77
Me

[a] Reaction conditions: [Ni(cod),] (0.10 mmol), 1 (1.0 mmol), 2a
(2.0 mmol), 3 (2.0 mmol), 4a (1.0 mmol) and THF (3 mL) were
employed. [b] Yield of isolated product. [c] [Ni(cod),] (0.20 mmol), 4a
(0.20 mmol). [d] 5ga-A/5ga-B=67:33 as determined by GC analysis.
[e] 5ha-A/5ha-B=50:50 as determined by GC analysis. [f] (:Bu)Me,SiH
was used in place of (iPr);SiH. [g] Yield determined by 'H NMR
spectroscopy.

reaction, deuterium was not incorporated in the product.
Using [Ds]-benzaldehyde ([Ds]-1a) in the three-component
coupling resulted in the formation of [D,]-5aa [Eq. (3)].
These results indicate that the released hydrogen atoms in the
reaction are derived from Si—H and the o-hydrogen atom of
the aryl aldehyde.
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INi(coa)] QSi(Pr)a
©)‘\ Lbﬁ + (iPr);SiH —» R
RT,15h s R
osi(iP
OSi(iPr); iiPr)s
OMe OMe
OMe OMe
5ab (98%) 5ac (87%)
OSi(iPr)3 (iPr)sSI0 0Si(iPr);
5ad (80%) 5a¢ (73%) Saf (70%)

Scheme 1. Nickel-catalyzed three-component coupling between 1a,

2b-f, and 3. Reaction conditions: [Ni(cod),] (0.10 mmol), 1a

(1.0 mmol), 2 (2.0 mmol), 3 (2.0 mmol), 4a (0.10 mmol), and THF

(3 mL) were employed. Yield of isolated product are in parentheses.

[Nl(cod)z] p OSi(iPr)s

][::IfL +oPrnSW+————a» D]:::I:EZ;[§:7 @3)
THF
D

RT.15h D

D5 3 [D4]-5aa (71% vyield)

A possible pathway for the three-component reaction is
shown in Scheme 2. First, nickelacycle intermediate A is
formed by the reaction of nickel(0) complex with aldehyde 1
and norbornene 2. In this step, the phenyl group of the
aldehyde may prefer to be located far from the methylene
group of the norbornene unit to avoid steric hindrance. This is
followed by o-bond metathesis with silane, which proceeds to
give intermediate B. When reductive elimination from B
occurs, the normal reductive coupling product 6 is formed, as
previously proposed in the reaction with alkynes.”) Alter-
natively, o-bond metathesis (C—H bond activation) can occur
to generate H, and form intermediate D.!®! This C—H bond
activation is probably assisted by the rigid cycloalkane

0
S H Q . . 4 —
R,—())J\ 1 R 4 (lPr)3S|H RSC )

/ H
N — o LI /L';ﬁ
’\|“ (iPr)sSi” H/N\i
A 2 LA L g
OSi(iPr);

Scheme 2. Possible pathway for the three-component couplings.
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structure around the exo position of the norbornane unit,
and the orientation of the metal center close to an aromatic
C—H bond."™ Finally, reductive elimination from D occurs to
afford the silylated indanol derivative S.

As an example of a synthetic application, Saf (which was
produced by the reaction with norbornadiene) was subjected
to oxidative cleavage of the carbon-carbon double bond
[Eq. (4)]. The reaction with catalytic amounts of osmium

OSi(iPr); OSi(iPr);
O' b 1. 0504, NMO, H,0
(4)
2 NalO,
¢Ho
5af 7 (66% yield)

tetraoxide in the presence of N-methylmorpholine N-oxide
(NMO), and subsequent treatment with NalO,, furnished
diquinane compound 7. The stereodefined diquinane com-
pound is an important subunit of a variety of biologically
interesting natural products.™

In summary, we have demonstrated a diastereoselective
three-component coupling reaction between aryl aldehydes,
norbornenes (norobornadiene), and silanes leading to silyl-
ated indanol derivatives using a [Ni(cod),]/N-heterocyclic
carbene catalyst system. This is the first example of a nickel-
catalyzed reductive three-component reaction involving aro-
matic C—H bond activation of aryl aldehydes.

Experimental Section

Representative procedure (Table 2, entry 1): The mixture of [Ni-
(cod),] (28 mg, 0.10 mmol), THF (3 mL), 4a (49 mg, 0.10 mmol) was
cooled to —78°C, and nBuLi (1.67M n-hexane solution, 60 pL,
0.10 mmol) was added dropwise before the cool bath was removed.
After stirring for 10 min, triisopropylsilane 3 (0.41 mL, 2.0 mmol),
benzaldehyde 1a (0.10 mL, 1.0 mmol), and norbornene 2a (188 mg,
2.0 mmol) were added. After stirring for 15 h at RT, the solution was
filtered through small amounts of silica gel using ethyl acetate, and
the solvent was removed using a rotary evaporator. The residue was
purified by silica gel preparative TLC (eluent: n-hexane). Silylated
indanol 5aa (292 mg, 0.82 mmol, 82 %) was obtained as colorless oil.
'"HNMR (CDCl;, 300 MHz): 6 =0.89 (d, J=8.2 Hz, 1H, ethylene),
1.05 (m, 1H, ethylene), 1.1-1.4 (m, 24 H, SiiPr;, ethylene), 1.5-1.6 (m,
2H, methylene), 2.24 (brs, 1H, bridgehead methine), 2.39 (t, /=
7.9Hz, 1H, endo methine), 2.57 (brs, 1H, bridgehead methine),
3.05 (d, J=7.0 Hz, 1H, endo methine), 5.55 (d, J=8.8 Hz, 1H, CH-
0), 7.2-7.3 (m, 3H, Ph), 7.34 ppm (m, 1H, Ph); *C NMR (CDCl,,
75 MHz): 6 =12.8, (s, SiiPr;-CH), 18.3 (s, SiiPr;-CHs;), 28.4, 29.1, 33.6,
36.7, 42.5, 50.6, 53.7 (s, bicycle ring), 77.8 (s, CH-O), 124.2, 126.6,
127.9, 144.7, 146.7 ppm (s, Ph); HRMS (ESI) calcd for C,;H;,0Si
[M+Na]*: 379.2428; found: 379.2430.
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