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he development of innovative metal catalysis for selective bond formation is an important task in organic chemistry. The

group 13 metal indium is appealing for catalysis because indium-based reagents are minimally toxic, selective, and tolerant
toward various functional groups. Among elements in this group, the most stable oxidation state is typically +3, but in molecules
with larger group 13 atoms, the chemistry of the +1 oxidation state is also important. The use of indium(1ll) compounds in organic
synthesis has been well-established as Lewis acid catalysts including asymmetric versions thereof. In contrast, only sporadic
examples of the use of indium(l) as a stoichiometric reagent have been reported: to the best of our knowledge, our investigations
represent the first synthetic method that uses a catalytic amount of indium(l).

Depending on the nature of the ligand or the counteranion to which it is coordinated, indium(l) can act as both a Lewis acid and
a Lewis base because it has both vacant p orbitals and a lone pair of electrons. This potential ambiphilicity may offer unique
reactivity and unusual selectivity in synthesis and may have significant implications for catalysis, particularly for dual catalytic
processes. We envisioned that indium(l) could be employed as a metallic Lewis base catalyst to activate Lewis acidic boron-based
pronucleophiles for selective bond formation with suitable electrophiles. Alternatively, indium(l) could serve as an ambiphilic
catalyst that activates both reagents at a single center.

In this Account, we describe the development of low-oxidation state indium catalysts for carbon—carbon bond formation between
boron-based pronudeophiles and various electrophiles. We discovered that indium(l) iodide was an excellent catalyst for o-selective
allylations of C(sp?) electrophiles such as ketones and hydrazones. Using a combination of this low-oxidation state indium compound and
a chiral semicorrin ligand, we developed catalytic highly enantioselective allylation, crotylation, and a-chloroallylation reactions of
hydrazones. These transformations proceeded with rare constitutional selectivities and remarkable diastereoselectivities. Furthermore,
indium(l) triflate served as the most effective atalyst for allylations and propargylations of C(sp®) electrophiles such as 0,0-acetals, N,0-
aminals, and ethers, and we applied this methodology to carbohydrate chemistry. In addition, a catalyst system composed of indium(l)
chloride and a chiral silver BINOL-phosphate fadlitated the highly enantioselective allylation and allenylation of N,0-aminals. Overall,
these discoveries demonstrate the versatility, efficency, and sensitivity of low-oxidation state indium catalysts in organic synthesis.

1. Introduction Group 13 occupies a distinguished position in the periodic
Development of innovative metal catalysis for selective table, being adjacent to group 14 with carbon as the
bond formation is an important task in organic chemistry.' element of central importance in organic chemistry. In
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FIGURE 1. Indium(lll) versus indium(l).

general, the oxidation state +lII is the most stable among
group 13 elements; however, going down the group, the
low-oxidation state -+ becomes increasingly relevant.” The
group 13 metal indium is appealing for catalysis because
indium-based compounds have low toxicity, are selective,
and are tolerant toward various functional groups.® Indeed,
indium(lll) reagents are well-established Lewis acids in
synthesis, including asymmetric catalysis.* In contrast, the
chemistry of indium in its low-oxidation state +I is under-
explored; only sporadic examples of its use as a stoichio-
metric reagent have been reported.”> To the best of our
knowledge, at the outset of our investigations a synthetic
method involving the use of a catalyticamount of indium(l)
was unknown. Nevertheless, it has been shown that
indium(l) may act as an acid and as a base because of the
presence of both vacant p orbitals and an electron lone
pair.® This potential ambiphilicity may offer unique reactiv-
ity and unusual selectivity in synthesis, and may have
significant implications for catalysis, especially for dual
catalytic processes.

2. Initial Concept for Unprecedented Indium(l)
Catalysis

2.1. Conventional Indium(lll) versus Unexploited
Indium(l). Group 13 elements, e.g, indium, in their most
stable oxidation state of +IIl are typically strong Lewis acids
because these species possess a vacant low-energy p orbital
(Figure 1). Indeed, indium(lil) is among the most commonly
employed Lewis acids in synthesis, including asymmetric
catalysis.* In sharp contrast, indium(l) has both vacant p
orbitals and an electron lone pair (Figure 1).° Thus, indium(1)
may be considered as both an acid and a base.® Compared
with indium(lll), indium(l) is more electron-rich and is there-
fore a weaker Lewis acid. However, the dual acid—base
character of indium(l), which may be called ambiphilicity,
may offer unique opportunities in synthesis. This intriguing
feature of indium(l) may have significant implications for the
development of dual catalysis.

2.2. Indium(l) as a Metallic Lewis Base or an Ambiphilic
Catalyst? Recently, Power and co-workers have demon-
strated that an electron-rich indium(l) species can act as a
metallic o-donor to form a stoichiometric donor—acceptor
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FIGURE 2. Unprecedented indium(l) catalysis?

TABLE 1. Examination of Various Indium Catalysts for Ketone
Allylation®

(o} indium catalyst OH
Koy * i g
P Me ~ A BPIN e oWy, 400C, 24 Mj\/\
1a 2 (1.5 equiv) 3a
entry indium catalyst (mol %) yield” (%)
1 trace
2 In'l (100) quant
3 In'l 20) 99
2 In° (20) 4
5 In"5(10) 3
6 In'Cl (20) 65
7 In'Br (20) 87
3 In'OTf (20) 39
9 In"(OT#); (20) 16
10 In'l (1) 99

‘Isolated yield of 3a after purification on silica gel (preparative thin-layer
chromatography (PTLC)). 1 M in THF under otherwise identical conditions.

complex with a boron electron-pair acceptor.” On the basis
of this seminal report, we envisioned the development of
innovative catalytic processes, provided (i) a boron-based
compound with a transferable organic moiety is used and
(ii) the indium(l)—boron(lll) interaction is relatively weak. We
anticipated that allylic boron compounds could be suitable
targets. Conceptually, indium(l) may thus be employed as a
metallic Lewis base catalyst to activate Lewis acidic allyl boron
pronucleophiles for bond formation with electrophiles such
as ketones (Figure 2). Alternatively, because it should still
display Lewis acidity, indium(l) may be envisaged as
an ambiphilic catalyst that may activate both reagents
(Figure 2). This scenario would correspond to dual catalytic
activation of two substrates at a single metal center. Impor-
tantly, asymmetric catalysis may be accessible if a chiral
ligand is attached to indium().

3. Catalytic Use of Indium(l) for C—C Bond
Formation with C(sp? Electrophiles

3.1. Allylation and Crotylation of Ketones with Allyl
Boronates: Rare a-Selectivity. Initially, we investigated
catalytic activation of allylic boronates for C—C bond forma-
tion with ketones. We first examined the reaction between
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SCHEME 1. Scope for Ketone Allylation®

0 In'l (5 mol%) OH
lJ\ + B(pin R!

R" “R? A~Bein THF (0.2 M), 40 °C, 24 h Fﬂz\/\
1 2 (1.5 equiv) 3

24 examples: 55% — quant yield

Selected examples of products:
Me OH

Me OH OH
N N OH HN N
HoN N~ OV\ 0
99% yield 55% yield 90% yield 80% yield
/\/B:%ﬁ i ITI i In|I
2:trace yield for3a ! B’O . B’O B’O . In!
AP0 AP=0 AP0 ~n
U BFrKe A B c D
4:39%yieldfor3a !
FIGURE 3. Mechanistic scenarios for indium(l) ca’(alysis.8
SCHEME 2. Mechanistic Control Experiment®
O i In'l (10 mol% Me OH Me OH
. N(B(Pm) ( ) - Lo
Ph” "Me v THF (0.2 M), 40 °C, 21 h Ph™ Ph
Me Me
1a 5 (1.5 equiv) without In'l: NR . 6a syn-7a
""""""""""""""" not observed 96% yield
syn:anti=7:1

acetophenone (1a) and allyl boronate 2 in tetrahydrofuran
(THF) (Table 1).& We employed commercially available
indium(l) iodide as the indium source, which—in the absence
of appropriate ligands—has a relatively low solubility in
organic solvents.

In contrast to the uncatalyzed reaction, the indium(l)-
mediated transformation cleanly afforded the desired homo-
allylic alcohol 3a (Table 1, entry 1 versus entry 2); a similar
result was observed at 20 mol % catalyst loading (entry 3).
Indium(l) may redox-disproportionate to form indium(0) and
indium(lll) in a molar ratio of 2:1.% In the present study,
however, the use of these potential indium catalysts proved
to be ineffective (entries 4 and 5), which supports the idea
that indium(l) is the real catalyst. The best counteranion
among the indium(l) compounds tested was shown to be
iodide (entry 3 versus entries 6—8). Interestingly, indium(l)
triflate was a better catalyst than indium(lll) triflate (entry 8
versus entry 9), although indium(lll) is a stronger Lewis acid
than indium(l). Finally, the catalyst loading could be de-
creased to 1 mol % (entry 10).

The scope proved to be excellent, including various
acyclic or cyclic aromatic and aliphatic ketones as well as a
range of heterocyclic ketones (Scheme 1)8 Importantly,
several functionalities, such as hydroxy, methoxy, amino,
amido, chloro, bromo, and nitro groups, were tolerated.

Next, we investigated the mechanism of this unprece-
dented indium(l) catalysis.? Allyl trifluoroborate 4 was found
to be significantly more reactive in the uncatalyzed ketone
allylation than was 2 (Figure 3). As mentioned in our working
hypothesis, one catalysis pathway may involve activation of
2 with indium(l) as a metallic Lewis base, thereby generating
allyl borate A with enhanced nucleophilicity (Figure 3). Alter-
natively, the iodide-induced formation of allyl borate B may
be imagined (Figure 3). Therefore, we used fluoride anion
sources in the allylation of 1a with 2. However, these metal-
free Lewis bases proved to be only moderately effective,
which may indicate that sole Lewis base activation of 2 is
insufficient for effective C—C bond formation; thus, indium(l)
may simultaneously act as a Lewis acid activator of 1a (dual
activation). On the other hand, sole Lewis acid activation of 2
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with indium(l), to form intermediate C (Figure 3), seems
unlikely considering our poor results with more Lewis acidic
indium(lll). Finally, another mechanism may involve activa-
tion of 2 through transmetalation to generate allyl indium(l)
(D, Figure 3). Therefore, we examined allyl indium reagents
prepared independently under Barbier-type conditions from
allyl halides; however, product 3a was formed only in moder-
ate yields in these cases. NMR experiments with 2 and indium-
() iodide, in the absence of 1a, proved to be inconclusive
regarding the identity of the catalytically active species.
Thus, we carried out an experiment with o-methylallyl
boronate 5, for which a- and y-addition products may be
obtained (Scheme 2).° In contrast to the uncatalyzed
reaction, indium(l) catalysis furnished exclusively the rare

TABLE 2. Hydrazone Allylation: Effect of Methanol on Reactivity'"

(0] Ph OY Ph
n-NH . B In'l (5 mol%) pun- N

Me)J\H “ toluene (0.5 M), rt, 6 h Me N
8a 2 (1.5 equiv) 9a

entry In"l (5 mol %) MeOH yield? (%)

1 + - trace

2 + + (1 equiv) 40

3 + + (5 equiv) 99

4 - + (5 equiv) 25

“Isolated yield of 9a after purification on silica gel (PTLC).

o-adduct 7a; the conventional y-adduct 6a was not de-
tected. These results suggest transmetalation as the most
likely pathway.

At this stage, we had discovered an unprecedented
catalytic activation of allylic boronates with indium(l) and
had applied this method successfully to a general catalytic
ketone allylation and crotylation.®° Next, we aimed to
investigate imines as substrates. Clearly, our goal was to
develop catalytic asymmetric imine allylation and crotylation,
the latter of which required complete o-addition.

3.2. Allylation and Crotylation of Hydrazones: An Intri-
guing Effect of Alcohols on Reactivity and Diastereoselectivity.
We selected N-benzoylhydrazones as imine surrogates because
they are bench-stable and their C—C bond-formed products
(hydrazides) are deavable to release the corresponding free
amines.'® The model reaction dealt with the use of hydrazone
8a and boronate 2 in toluene (Table 2).'" The use of methanol
proved to be crudial in obtaining the homoallylic hydrazide 9a
(Table 2, entry 1 versus entry 2). This phenomenon may be
ascribed to methanol being (i) a better solvent for 8a than is
toluene, (i) an additional Lewis base for 2, or (jii) the required
Bronsted acid for the catalyst turnover. The use of 5 equiv of
methanol in the presence of catalytic indium(l) proved to be
optimal (entry 3); in the absence of indium(l), the yield dropped
substantially (entry 4).

These conditions proved to be applicable to various
hydrazones 8 (Scheme 3)."" The scope includes both alipha-
tic and aromatic aldimines and ketimines; a variety of

SCHEME 3. Scope for Hydrazone Allylation; Ketone Allylation Revisited'"

OY Fh OY Ph
N Bloin) In'l (5 mol%) an-NH
+ pin
R1M\R2 i toluene (0.5 M), MeOH (5 equiv) R1M
rt, 5-30 h R
8 2 (1.5 equiv) 9

21 examples: 75% — quant yield

HN’NHBZ “ HN NHBz
W /K/\ MeOsz
Ph X TIPS Me
99% yield 93% yield 99% yield 89% yield
o In'l (5 mol%) OH
+ B(pi Ph
Ph)J\Me A~BlFin) solvent (1 M), rt Mj\/\
1a 2 (1.5 equiv) 3a
! THF, 24 h: 11% yield !

i toluene, MeOH (5 equiv), 12 h:  95% yield :
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TABLE 3. Hydrazone Crotylation: Effect of Indium(l) on Reactivity and Regioselectivity'?

OY Ph Oy_-Ph Oy_-Ph
NN Bipin) In'l (5 mol%) Hn- A HN’NH
+ a_B(pin + B
Me)J\H f\( toluene (0.5 M), MeOH Me/K/\ Me/\"/\
Me (5 equiv), rt Y Me Me
8a 5 (1.5 equiv) 10a anti-11a
entry In'l (5 mol %) time (h) yield(%) oly anti-11a/syn-11a
1 — 36 36 1:6.7 5.3:1
2 + 6 87 11.5:1 5.3:1

‘Isolated yield of a mixture of 10a and 11a after purification on silica gel (PTLC).

TABLE 4. Hydrazone Crotylation: Effect of Alcohols on Reactivity and
Diastereoselectivity'?

OYPh OY Ph
n-NH B In'l (5 mol%) HN’NH
+ a in H
oh Y/Y P "DCM (0.5 M), ROH (5 equiv) PN
Me 0°C, 12h Me
8b 5 (1.5 equiv) anti-11b
entry ROH (5 equiv) yield? (%) aly anti-11b/syn-11b
1 9 >99:1 13.3:1
2 MeOH 57 >99:1 6.7:1
3 EtOH 86 >99:1 7.3:1
4 'prOH 29 >99:1 32.3:1
5 ‘BUOH 8 >99:1 >99:1
6 PhOH 20 >99:1 5.7:1
7 HOCH,CH,OH 25 >99:1 2:1
8 HFIP 17 >99:1 4.6:1

9Isolated yield of 11b after purification on silica gel (PTLC).

functional groups are tolerated as well. Moreover, ketone
allylation could be significantly improved with this new
solvent system (Scheme 3).""

Next, we examined hydrazone crotylation (Table 3
The initial set of experiments employing hydrazone 8a and
boronate 5 revealed a dramatic effect of indium(l) on reac-
tivity and regioselectivity. Indeed, the uncatalyzed reaction
proceeded only sluggishly, resulting in the predominant
formation of the conventional y-adduct 10a (Table 3, entry 1).
However, catalytic use of indium(l) resulted not only in rate
acceleration but also in the preferred generation of the rare
o-adduct 11a (entry 2). These experiments clearly demon-
strated the impact of indium(l) on the reaction outcome.

In view of a synthetically useful asymmetric crotylation,
we optimized regio- and diastereoselectivities (Table 4).'2 A
quick solvent screening revealed dichloromethane (DCM)
to be a better solvent than toluene. Indeed, the reaction

)‘1 2

between 8b and 5 at 0 °C proceeded with complete a-
selectivity and afforded an improved diastereoselectivity,
despite a very low yield for 11b (Table 4, entry 1). In analogy
to the allylation series,'” we screened various alcohols
(entries 2—8). Regardless of the employed protic additive,
the reaction proceeded a-selectively. Although ethanol was
found to be the best solvent for reactivity (entry 3), the use of
tert-butanol provided complete diastereoselectivity (entry 5).

For the scope of this diastereoselective crotylation, we
selected isopropanol as a protic cosolvent.' Accessible
substrates include aliphatic, aromatic, alkenyl, alkynyl, and
o-ester hydrazones providing both high to complete o-
regioselectivity and anti-diastereoselectivity. These new
conditions proved to be applicable as well to diastereo-
selective ketone crotylation.'?

At this stage, we had uncovered various indium(l)-cata-
lyzed racemic C—C bond formations with allylic boro-
nates.®'"12 NMR-spectroscopic analyses suggested the in
situ generation of reactive allylic indium(l) species via
transmetalation."’ Next, we turned our attention to the
development of asymmetric catalysis.

3.3. First Asymmetric Low-Oxidation State Indium Cat-
alysis: Use of a Chiral Ligand. The crucial importance
of indium(l) ligation for both structural and physical
properties”'® and chemical reactivity'* has been demon-
strated. However, a chiral indium(l) complex and its use for
asymmetric C—C bond formation were unknown when we
started our investigations into asymmetric catalysis. Initial
experiments dealt with a ligand screening for the reaction
employing hydrazone 8b and boronate 2 in the presence
of a catalytic amount of indium(l) (Table 5).'> Chiral bis-
(oxazoline) ligands (S)-12a and (R,S)-12b were found to give
the desired product 9b with promising asymmetric induction;
in DCM at room temperature (rt), (R,S)-12b proved to be more
efficient than (S)-12a (Table 5, entries 1 and 2). Although the
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TABLE 5. Optimization and Control Experiments for Asymmetric Indium(l) Catalysis'®

OY Ph O._Ph
_NH 1 NH
In’l (cat), 12 (cat -
O e foan 12 (ca) H
Ph H conditions, 24 h Ph/\/\
8b 2 (1.5 equiv) (R)-9b
entry In'l (mol %) 12 (mol %) conditions yield® (%) er
1 10 (S)-12a (10) DCM, rt 40 81:19°
2 10 (RS)-12b (10) DCM, rt 65 86:14
3 10 (RS)-12b (10) toluene, rt 36 62:38
4 10 (R,S)-12b (10) toluene—MeOH (16:1), rt 89 96:4
5 5 (RS)-12b (10) toluene—MeOH (16:1), 0 °C quant 98:2
6¢ 5 (S)-12c (5) toluene—MeOH (16:1), 0 °C 90 97:3b
7¢ 5 (RS)-12d (5) toluene—MeOH (16:1), 0 °C 99 98:2
8 5 (RS)-12d (5) toluene—EtOH (16:1), 0 °C 21 98:2
94 5 (RS)-12d (5) toluene—'PrOH (16:1), 0 °C quant 95:5
10°¢ (RS)-12d (5) toluene—MeOH (16:1), 0 °C trace ND
119 5¢ (RS)-12d (5) toluene—MeOH (16:1), 0 °C 25 89:11

9Isolated yield of 9b after purification on silica gel (PTLC). ®Use of (S)-12a or (S)-12¢/(S)-9b was obtained as the major enantiomer. ‘Reaction time: 12 h. “Reaction time:

48 h. ®Use of In"I5 instead of In'l; ND = not determined.

CN CN
0O 0O oj)\ro oj)\/o
| | | | | " |
S/N Ny PR NP O PO =™
Ph Ph Ph Ph h Ph Ph Ph
(S-12a (R.S-12b (S-12¢ (R.S)-12d

enantioselectivity dropped in toluene, high asymmettric in-
duction was restored in toluene—MeOH (16:1; entries 3 and 4).
Further experiments at 0 °C revealed that the use of chiral
semicorrin ligands (S)-12c and (R,S)-12d showed a significant
rate enhancement, while maintaining the exceptional level
of asymmetric induction (entries 5—7). Other alcohols did
not lead to further improvement (entries 8 and 9). The
allylation essentially did not proceed in the absence of
indium(l), and indium(lll) proved to be substantially less
effective (entries 10 and 11).

We consider this unprecedented asymmetric indium(l) cata-
lysis remarkable from several points of view. (i) Contrary to
reported reactions of indium(l) halides with Lewis bases
(ligands),>'* we did not observe redox-disproportionation of
indium(l). (i) We did not detect oxidative insertion of indium(l)
into the reactive C—Cl bond of DCM, as reported for indium(l)—
crown ether complexes.’4 (iii) To the best of our knowledge,
the excellent enantioselectivity obtained for product 9b is to date
the best result for metal-catalyzed asymmetric allylation of
aromatic imine derivatives.’® (iv) These findings reveal the
crudial role of chiral ligands 12a—d in stabilizing the intrinsically
labile indium(l) center and in creating an excellent asymmetric
environment.

Next, we investigated the scope for hydrazones 8
(Table 6)."> Various aromatic or heteroaromatic substrates
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bearing important functionalities, such as free hydroxy, meth-
oxy, tertiary amino, and nitro groups, were allylated in high
yields with excellent enantioselectivity. Aliphatic hydrazones

proved to be less efficient in terms of asymmetric induction.
We then examined catalytic asymmetric crotylation

(Table 7).'® Initial trials with 8a and rac-5 under our reported
racemic conditions,’? in the presence of various chiral ligands,
provided the desired product 11a only with disappointing
selectivities. After extensive experimentation, however, excellent
selectivities for a-adducts 11 could be obtained using various
aromatic or heteroaromatic substrates 8 in the presence of a
catalyst system composed of indium(l) iodide and ligand (RS)-
12d. Characteristic features of this asymmetric indium(l) catalysis
are as follows. (i) The unusual a-selectivity observed with rac5
contrasts with its exclusive y-seledtivity in the absence of a
catalyst'” and under acid catalysis;'® this rare o-selectivity
suggests transmetalation prior to C—C bond formation. (ii) Geo-
metrically pure crotyl reagents are not required, and the use
of boronate rac-5 provided enantiomerically enriched
anti-11, which is remarkable as the preparation of 5 in
enantiomerically enriched form is not trivial.’® (i) Our
catalytic indium(l) procedure provides substantially higher
constitutional and configurational selectivities for product
11a compared with a recently reported stoichiometric
indium(0) method."®
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TABLE 6. Scope for Enantioselective Hydrazone Allylation'®

OYPh OYPh
-NH In'l (56 mol%), (R,S)-12d (5 mol% -NH
N + _~_Blpin) nl ( 6), (R,S) ( b) HN
J Z toluene—-MeOH, 0 °C, 12—48 h A
R™ "H ’ ’ RN
8 2 (1.5 equiv) (R)-9

iV "
PR NN e
99% yield, er=98:2 N
OYPh
HN'NH

I

90% yield, er =98:2

Oy_Ph
Y

X =4-Me: 96% yield, er=97.5:2.5
Ph X = 4-Ph: 98% vyield, er = 98:2
X =4-OMe: 97% vyield, er = 98:2
X =3-OMe: quant yield, er=97.5:2.5
X = 2-OMe:? quant yield, er = 91.5:8.5
X = 4-OH: 95% yield, er=91.5:8.5
X =4-NMe,: 88% yield, er =95.5:4.5
X =4-NO,: 95% yield, er = 92:8

Og-Ph Os_Ph
T e

HN
(/T\/\
0]
97% yield, er = 93.5:6.5

Y

HN,NH
- \
NS

99% yield, er = 97.5:2.5

Oy_-Ph
Y

Ph

_NH .
oV Hy o
N DN Eﬁ/\/\ REN
N~ N/

98% yield, er =92:8

96% yield, er=90:10

87% yield, er = 65:35

9Isolated yield of 9 after purification on silica gel (PTLC). "Reaction temperature: —20 °C.

TABLE 7. Scope for Enantioselective Hydrazone Crotylation'®

0O._Ph 0._Ph Os_Ph
\\l,\l/'_l In'l (10 mol%) . TI/H
N’ «_B(pin) (R,S)-12d (10 mol%)  HN’ HN”
RJ\H ¥ f\{ EtOH or DCM-EtOH R% T RNEA
Me 0°C, 6-45h Mo e
8 rac-5 (1.5 equiv) anti-11 syn-11
entry R a/y  yield® (%) anti-11/syn-11 er (anti-11)
1 Ph >99:1 85 19:1 97:3
2> 4-Me—-CgH, >99:1  quant 8:1 96:4
3 4-MeO—CgH,y  >99:1 86 19:1 96.5:3.5
4 3-MeO—-CgHs >99:1 90 7:1 94555
5¢  4-HO-CgH, >99:1 98 11:1 94:6
6 6-Cl—CgHg4 >99:1 83 17:1 92:8
7° 3-furyl >99:1 98 11:1 96.5:3.5
8 2-thienyl >99:1 quant 15:1 94:6

9Isolated yield of a-adduct 11 after purification on silica gel (PTLC). "Reaction
temperature: —20 °C. “Use of (S)-12c¢: the opposite enantiomer was obtained as
the major enantiomer.

Next, we employed o-chloroallyl boronate rac-13
(Table 8),'° a rarely used yet versatile nucleophile that adds
in the absence of a catalyst with y-selectivity to elec-
trophiles.”® Remarkably, under the present asymmetric

TABLE 8. Enantioselective Hydrazone o-Chloroallylation'®

) (10 mokk) 0._Ph OYPh OY Ph
3 (R,S)-12d (10 mol%) HN,NH . HN,NH . HN,NH
i DCM-EtOH : : :
A~ B(pin) _20(30’ 45;(—)96h R/% R/\il/\ R/\/\
LS cl &l L
rac-13 (1.5 equiv) anti-14 syn-14 15
entry R oy yield? (%) anti-14/syn-14  er (anti-14)
1 Ph 49:1 84 99:1 92:8
2 2-naphthyl 99:1 71 33:1 90.5:9.5
3 2-thienyl >99:1 89 99:1 937

“Isolated yield of a-adduct 14 after purification on silica gel (PTLQ).

indium(l) catalysis, rac-13 displays almost exclusive a-selec-
tivity. Highly functionalized o-adducts 14 were formed in
good yields with exceptionally high anti-diastereoselectiv-
ities and high enantioselectivities.

Our attention then turned to the mechanism of this
catalytic asymmetric C—C bond formation."> Indium(l) io-
dide and the semicorrin ligand (R,S)-12d (ratio = 1:1) were
stirred in toluene—MeOH (16:1) at rt for 1 h. MALDI-TOF
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SCHEME 4. Catalytic Nucleophilic Substitution with an Electrophilic
Allylic Boron Reagent?

X o o X
nucleophilic substitution?
R + B R?
R_z)\OR A catalysis? Fz\/\
C(sp®) electrophilic
electrophile reagent X = OR, NHR, aromatic, aliphatic, H
Lewis acid Lewis base :> Lewis acid and Lewis base
activation activation activation are required

analyses of this mixture revealed the in situ generation of a
metal—ligand complex in a ratio of 1:1. NMR-spectroscopic
analyses of this complex, in order to monitor a plausible
transmetalation, proved to be inconclusive. Nevertheless,
we propose the in situ formation of chiral allylicindium—ate
complexes (from 2, rac-5, and rac-13), which may undergo
C—C bond formation with 8 via a cyclic transition state to
provide 9, anti-11, and anti-14, respectively. This chemistry'>
represents the first example of asymmetric indium(l) catalysis,
which is of fundamental importance.

4. Catalytic Use of Indium(l) for C—C Bond
Formation with C(sp?) Electrophiles

4.1. Allylation and Propargylation of 0,0-Acetals and N,
O-Aminals: A Borono Variant of Hosomi—Sakurai Reac-
tions. Allylic boronates have been employed for uncatalyzed
additions to C(spz) electrophiles, such as aldehydes, to form
homoallylic alcohols.”2° This unique reactivity is ascribed
to internal Lewis base activation (C=0 — B) in a cyclic transition
state. After a seminal report on metal-catalyzed addition of
allylic boronates to aldehydes,?' catalytic additions to ketones
and imines have been developed.®®'" 121522 Acetals, am-
inals, ethers, and carbohydrates are abundant in nature and
play a key role in synthesis. Allylation of these C(sp®)
electrophiles provides the corresponding unsaturated pro-
ducts. Typically, this challenging C—C coupling proceeds via
Lewis acid activation to form a stabilized carbenium ion that
can react with a nucleophilic allylic silane in an acyclic
transition state (Hosomi—Sakurai reaction).?3 Electrophilic
allylic boronates have not been employed in this context,
although they may offer significant advantages, such as
unique reactivity and selectivity. In the quest for new elec-
trophiles compatible with our indium(l) catalysis,®°'" 1215
we envisioned C(sp3) electrophiles in nucleophilic substitu-
tions with boronates, and sought a dual catalyst capable of
activating both reagents (Scheme 4).

Initial experiments employing acetal 16a and boronate 2
with or without indium(l) halides in toluene proved to be
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TABLE 9. Screening of Lewis Acids for Acetal Allylation®*

OMe B(pin) Lewis acid (cat) OMe
+ P
Ph” > OMe Z solvent (1 M), rt, 16h  Ph o
16a 2 (1.1 equiv) 17a
entry Lewis acid (mol %) solvent conversion“ (%)
1 toluene NR

In'i(20) toluene  trace

2

3 In'Br (20) or In'CI (20) toluene NR

4 In'OTf (20) toluene  >99 (95)°
5  In"™(OTf); (20) toluene  ND (12)°
6  Ga"(OTf); or A"™(OTf); or CU'OTf (20) toluene  trace

7 Sc™OTH); (20) toluene 2

8  Cu"(OTh), (20) toluene 5

9  Ag'OTf or Zn"(OT), (20) toluene NR

10 In'OTf (5) toluene >99

11 In'OTf (5) hexane >99

12 In'OTf (5) DCM >95

13 In'OTf (5) THF 20

14  In'OTf (1) toluene ~ >99 (91)°

9Conversion of 16a to 17a determined by 'H NMR spectroscopic analysis of
aliquots of the reaction mixtures. “lsolated yield of homoallyl ether 17a after
purification on silica gel (PTLC); NR = no reaction; ND = not determined (due to
the formation of byproduct).

disappointing (Table 9, entries 1—3).>* These poor results,
likely due to the low solubility of indium(l) halides, prompted
us to examine the more soluble indium(l) triflate;?” to our
delight the reaction proceeded smoothly to provide 17a in
excellent yield (entry 4). Next, we examined other metal
triflates, and to our surprise these stronger Lewis acids were
found to be ineffective (entries 5—9); note that indium(l)
proved to be substantially better than indium(lll) (entry 4
versus entry 5). These results indicated that—in contrast to
classic allylic silanes—a strong Lewis acid, for the activation
of 16a, is not sufficient to promote C—Cbond formation with
2. Rather, the ability to activate both reagents seems to be crucial.
A solvent screening revealed toluene and hexane to be the
best of those examined (entries 10—13). The catalyst load-
ing could be reduced to 1 mol % (entry 14).

Next, we investigated the scope (Scheme 5).24 This trans-
formation proceeded smoothly with acyclic or cyclic aro-
matic, heteroaromatic, and aliphatic acetals 16 and displays
remarkable compatibility with free hydroxy, ether, aromatic
bromo, ester, trifluoromethyl, and carbamoyl groups, as well
as aliphatic bromo and chloro functionalities. Moreover, this
protocol proved to be applicable to the allylation of aminal
18a to furnish homoallylic amide 19a (Scheme 5).26

Next, we turned our attention to the reaction mechanism
by employing various substituted allylic reagents, to see
whether y- or o-adducts 20a or 2l1a are observed
(Table 10).%* As expected, the use of silane 22 provided the
conventional y-adduct 20a. In sharp contrast, the use of
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SCHEME 5. Scope for Acetal Allylation;>* Application to Aminals>®

j.\R:i In'OTf (1-10 mol%) f/\
R + B(pin) > R
3 ~._-bp
re OR Z toluene or hexane, 25-30 °C R2 N
16 2 (1.1 equiv) 14-40 h 17

20 examples: 50—97% yield

Selected examples of products:

OMe (0]

OMe Cl
OMe
PhZK/\ 4\—\7&/\
Br Me N

88% yield 92% yield 57% yield 70% yield
.Bz .Bz
HN I HN
: In'OTf (5 mol%)
P B(pin)
+ P e
Ph” ~OMe toluene (0.4 M), rt, 8 h Ph/K/\
18a 2 (1.1 equiv) 19a
96% yield
TABLE 10. Mechanistic Control Experiments>*
OMe OMe
R! o X In'OTf (5 mol %)
16a + Y\( th Me or Ph & A
R2 RS toluene (1 M), rt, 20 h
______________________ Me
TAequv i without In'OTENR | 20 2ta
SiMe; B(pin) Me. _~_ B(pin) = B(pin)
allylic /Y /\f (\/
reagent Me Me Me
22 5 (E)-23 (223
product 20a (y) 21a (o) 21a (o) 21a (o)
yield” (%) 87 83 11 (61)° 43 (77)¢
ratio E/Z=1.2:1 anti/syn = 1.2:1 anti/syn=1.2:1 anti/syn=1.2:1

9Isolated yield of homoallylic ethers 20a or 21a after purification on silica gel (PTLC). “Conditions: (E)-23 (1.5 equiv), 40 °C, 50 h. “Conditions: (2)-23 (1.5 equiv), rt,

50 h. X=Bor Si; R', R? R*=H or Me.

SCHEME 6. Deuterium Labeling Experiments>*

16a In'OTF (5 mol %) OMe OMe
D +
B(pin) toluene (1 M), rt, 18 h Ph N Ph B
NP , D DD
bb i_without In'OTf: NR deuterio-17a deuterio-17'a
deuterio-2 . Lo
(1.5 equiv) 76% yield (ratio 1:1)

|_> /Y'“I —T

D D
F

boronate5 resulted in the formation of the rare o-adduct 21a.
Both crotyl boronates 23 gave almost an identical result with
respect to regio- and diastereoselectivity compared with 5,
suggesting the same reactive intermediate for all three
boron reagents. The o-selectivity with 5 may indicate

transmetalation, whereas the lower reactivity of 23 may
be explained by slower transmetalation because of the steric
demand at the y-position.

To test the transmetalation hypothesis, boronate deuterio-2
was used (Scheme 6).2* We observed the formation of an
equimolar mixture of regioisomers deuterio-17a and deuterio-
17'a. This result may be ascribed to the transmetalative gen-
eration of the nucleophilic allylic indium(l) species E and F (fast
equilibrium), thereby scrambling the deuterium label. E and F
display similar stability and equal reactivity.

On the basis of the observed reactivity and selectivity
profile, we propose a transmetalative Sy1 mechanism, in
which indium(l) acts as a dual catalyst. () As an acid it
activates the acetal to generate in situ an oxocarbenium
triflate and indium(l) methoxide. (ii) The latter delivers the

Vol. 45, No. 8 = 2012 = 1331-1344 = ACCOUNTS OF CHEMICAL RESEARCH = 1339



Low-Oxidation State In-Catalyzed C—C Bond Formation Schneider and Kobayashi

required base to the allylic boronate to generate in situ an
allylic indium(l) species (transmetalation), which may react
with the oxonium intermediate in an acyclic transition state
(C—C bond formation).

Importantly, this methodology proved to be applicable to
propargylation (Scheme 7).2* Indeed, 16a was converted
regiospecifically with 24 into homopropargyl ether 25a. This
C—C coupling may also be explained with transmetalation
to generate propargyl and allenyl indium(l) species G and H
(fast equilibrium). The more stable allenyl intermediate H
may act as the real nucleophile. This study represents
the first main group metal-catalyzed activation of allylic
boronates for C—C bond formation with C(sp?) electro-
philes.

SCHEME 7. Regiospecific Acetal Propargylation®*

16a 1

In'OTf (5 mol %) OMe OMe
* )\/// + /K/'¢
oPn,. . Toluene(1M),50°C,40h Ph Ph” N
Z 7 BN . . 252 26a
24(1.1equiv) i Without In'OTE:NR ! 60% yield (ratio 99:1)
pZ fast 2N
\_> m _Z Z. 27w

more stable

4.2. Alkyl—-Allyl Cross-Coupling with Ethers and Carbo-
hydrates: A Borane as a Key Reagent. Aliphatic ethers are
appealing substrates in catalytic cross-couplings because
they are readily available compounds. However, catalytic
activation of ethers under mild conditions is challenging
because of the relatively strong C—OR bond and the poor
leaving ability of “OR. On the basis of our earlier studies with
acetals,* we aimed to examine aliphatic ethers.

In initial experiments, under our earlier indium(l)
conditions,?* we employed ether 27a and boronate 2
(Table 11, entry 1).” However, the desired product 28a
was hardly observed, which may be ascribed to the stable
C—OMe bond of 27a. Therefore, we used stronger Lewis acid
cocatalysts in addition to indium(l) triflate; however, all
attempts failed. Thus, we anticipated that a more Lewis
acidic boron compound may result in a facilitated C—B bond
activation. To our delight, when 9-BBN-derived borane 29
was employed in apolar solvents, the desired reaction with
27a proceeded smoothly to provide 28a in full conversion
(entries 2—6). A reaction did not occur in Lewis basic or polar
solvents such as THF or MeCN (entries 7 and 8). Strikingly, the
use of other allyl reagents did not provide any desired
product or afforded very low yields after extended reaction

TABLE 11. Cross-Coupling with an Ether: Screening of Allyl Reagents”

Me

In'OTf (5 mol %)

Me

oMe + X
1.2 equiv

solvent (0.5 M), 25 °C, 10 min

SOhe

27a | without In'OTF: NR ! 28a
entry allyl reagent solvent conversion? (%)
O—y. b
1 A B~o DCM trace
2
2 DCM >99
3 CDCly >99
4 toluene >99
5 B :12 benzene >99
6 P hexane >95
7 29 THF NR
8 MeCN NR
9 DCM >99¢ (86)7

9Conversion of 27a to 28a was determined by "H NMR-spectroscopic analysis of aliquots of the reaction mixtures. “Conversion: 149% after 24 h. “Conditions: In'OTf (1
mol %), DCM (0.5 M), rt, 90 min. “Isolated yield of 28a after purification on silica gel (PTLC). °NR = no reaction; no trace of 28a even after 14 h.A solution of the Crignard

reagent (1 M in ether) was employed. Conversion: <5% after 18 h.
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SCHEME 8. Scope for Cross-CoupIing with Ethers®”

R3
In'OTf (1-5 mol %)
FH\OMe * B@ R1M
R2 P S DCM or toluene (0.5 M) R2
27 29 (1.2-2.0 equiv) —20°Ct040°C, 10 minto 16 h 28

20 examples: 25-98% yield

Selected examples of products:

BN A

98% vyield 80% yield

RO

58% vyield NR

SCHEME 9. C—C Bond Formation with Carbohydrates: Selected

Example®®

O
Bno/\Q,OMe

- DCM (0.25 M) v/
BnO  OBn BnO  OBn
30 (dr=6:1) 31
NR 75% yield, dr=16:1
In'OTf (5 mol %) In'OTf (5 mol %)
25°C, 16 h 25°C, 14 h
.0—/. :‘2
/\/B'O /\/B
2 (1.5 equiv) 29 (2.0 equiv)

times. These results highlight the remarkable reactivity of
borane 29. Metal triflates other than indium(l) were found to
be significantly less efficient or did not afford 28a.

Next, we investigated the scope of this new method
(Scheme 8).%” The cross-coupling proceeded smoothly with
various primary, secondary, and tertiary benzylic, allylic, and
propargylic ethers 27. Importantly, a heteroaromatic moiety
and functionalities such as aromatic bromo or methoxy and
aliphatic chloro groups were tolerated.

Although we cannot definitely exclude the possibility that
the Lewis acidic boron atom of 29 may act as a stoichio-
metric Lewis acid to activate the C—OMe bond of ethers 27,
we propose a transmetalative Sy1 mechanism, in which
indium(l) plays a dual role. This transformation represents
a rare example of (i) a main group metal-catalyzed cross-
coupling and (ii) the use of an allyl borane for C—C bond
formation with C(sp?) electrophiles.

Importantly, our concept of employing borane 29, rather
than boronate 2,?” proved to be applicable to carbohydrate
chemistry, as demonstrated by the conversion 30 — 31
(Scheme 9).28

4.3. First Asymmetric Low-Oxidation State Indium Cat-
alysis Directed by a Chiral Counteranion. Following an

SCHEME 10. Asymmetric Borono Variant of the Hosomi—Sakurai
Reaction?

HN’F’Gl Conventional
—————————————— — > * Hosomi—Sakurai
R™OOR' | o~ Blpin) /K/\ allylation:
rac-18 2 19
Lewis or Bronsted
cat M-X*? acid-catalyzed
) use of
e H @ -PG Asymmetric | | ST
induction? | ‘v-mmTemeeo
J\’/—\ M 32: R = Me or OMe

earlier racemic study (cf. Scheme 5),%% we aimed to examine
an asymmetric version. Initial metal screening for the reac-
tion of N,0-aminal rac-18a with boronate 2 identified
indium(l) as the best catalyst (R = Ph, PG = Bz, R = Me;
Scheme 10).%° On the other hand, the corresponding
Hosomi—Sakurai allylation®* with silicon-based reagents
32 hardly proceeded. The substantially higher reactivity of
2 over 32 under mild conditions constitutes a prerequisite
for asymmetric catalysis. Postulating dual catalytic activa-
tion of rac-18a and 2 to generate iminium ion and allyl
indium(l) intermediates (Scheme 10), we screened potential
indium(l) catalysts bearing chiral counteranions rather than
chiral ligands. In these experiments the combination of
indium(l) chloride and chiral silver BINOL-phosphate (R)-
33a—Ag”® was found to be the most promising chiral catalyst
system for the formation of product (R)-19a (Table 12). Here
again, silanes 32 proved to be dramatically less effective than
boronate 2 in terms of both reactivity and selectivity.

Next, we optimized the reaction conditions.® Screening
of silver BINOL-phosphates identified (R)-33b—Ag as the
best chiral source (Table 12, entries 1-5). Use of an apolar
cosolvent and a slight excess of the chiral silver salt im-
proved the asymmetric induction (entries 6—8). In the ab-
sence of indium(l) chloride, (R)-33b—Ag displayed both low
reactivity and enantioselectivity (entry 10). The use of chiral
Brgnsted acid (R)-33b—H that may be generated in situ
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TABLE 12. Optimization and Control Experiments for Asymmetric
Catalysis?®

1
Bz In'Cl (cat) Bz
'il\i (R)-33-Ag or (R)-33-H (cat) HN
+ . :
Ph” SOMe & B(pin) toluene—cosolvent P N

rac-18a 2 (1.2 equiv) (0.2M),23°C, 12h (R)-19a

entry In'Cl (mol %)

R)-33 (mol %)  cosolvent yield” (%) er’

1¢ 10 (R-33a—Ag (10) 81 88:12
2¢ 10 (R-33b—-Ag(10) 96 94,555
3¢ 10 (R-33c—Ag(10) 90 445:555
4¢ 10 (R-33d—Ag (10) 91 49.5:50.5
5¢ 10 (R-33e—Ag (10) 94 49.5:50.5
6¢ 10 (R-33b—Ag (10)  CPME 96 95.5:4.5
< 10 (R-33b—Ag (13)  CPME 98 98.5:1.5
8cd 5 (R-33b—Ag (6.5) CPME 96 97.5:2.5
9d 5 CPME 1
104 (R-33b—Ag (6.5) CPME 5 57:43
119 (R-33b—H (6.5)  CPME NR®
1294 5 (R-33b—H (6.5)  CPME 88 62.5:37.5

9Isolated yield of 19a after purification on silica gel (PTLC). “Enantiomeric ratio
was determined by chiral high performance Irqurd chromatography (HPLC). “The

chiral catalyst was preformed in toluene at rt. “Reaction time: 18 h. °NR = a
reaction was not detected ("H NMR spectroscopy).

under the present conditions, without or with indium(l)
chloride, did not lead to any reaction (entry 11) or provided
low asymmetric induction (entry 12). Importantly, we con-
firmed that redox-disproportionation of indium(l)? did not

occur in the present catalysis. Thus, the combination of

indium(l) and (R)-33b—Ag was shown to be crucial for the

highly enantioselective formation of (R)-19a. The results of

our control experiments (entries 9—12) suggest the in situ

generation of a chiral low-oxidation state indium species as the

active catalyst.
R (R)-33a-Ag: R = 3,5-(Bu),-CgHg, X = Ag

OO (R)-33b-Ag: R = 3,5-(Bu),-4-MeO-CgH,, X = Ag
0._.0

Sp (R)-33b-H: R = 3,5-(Bu),-4-MeO-CgHp, X = H

0" “OX  (R)-33c-Ag: R = 3,5-(Me),-CgHa, X = Ag
‘ ‘ R

(R)-33d-Ag: R = 2,4,6-(Pr)3-CgHap, X =Ag
(R)-33e-Ag: R = SiPh3, X =Ag

Next, we carried out a mechanistic control experiment
(Table 13).2° We employed the optically enriched aminal (R)-
18a (enantiomericratio (er) > 99.9:0.1) and 2 under standard
conditions using indium(l) chloride combined with racemic
silver phosphate rac-33f—Ag as the catalyst system. This
experiment was carefully analyzed over time by determin-
ing yields and enantiomeric ratios for both the generated
product 19a and the recovered substrate 18a. The isolated
product 19a proved to be racemic at all stages, whereas the
racemization of (R)-18a proceeded relatively slowly. These
results strongly indicate an iminium ion intermediate for this
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TABLE 13. Mechanistic Control Experiment>®

1
_Bz In'Cl (10 mol%) _Bz _Bz
HN rac-33f-Ag (13 mol%) HN I-jﬂ\
: +
““OMe toluene~CPME PhM Ph”* OMe
(R)-18a (0.2 M), 23 °C rac-19a 18a
er=>99.9:0.1
+
B time 19a 18a
N i
AP M) vielda (%) et yielda (%) e
2 (1.2 equiv)
15 1 50:50 95 97525
Me +Bu 60 15 50:50 82 91:9
O 120 28 50:50 67 80:20
Me 0.p0 180 39  50:50 57 68:32
Me 0" ~OAg
O 300 52 50:50 43 565435
Me +Bu 480 80 50:50 16 50:50
rac-33f-Ag 640 93 50:50 5 50:50

‘Isolated yield of rac-19a and 18a after purification on silica gel (PTLC).
bEnantiomeric ratio was determined by chiral HPLC.

TABLE 14. Scope for Enantioselective Aminal Allylation®®

Bz In'Cl (5 mol%) Bz
H}N\ (R)-33b-Ag (6.5 mol%) HN
B T
OMe T A~ Bein) toluene—cosolvent RN
rac-18 2 (1.2 equiv) (0.2M),23°C, 18 h 19
Bz .Bz .
HN™ HN X = OMe: 98% yield, er=97.5:2.5

X X =Me: 98% yield, er = 98:2
X =F: 96% yield, er=97:3

PN
96% yield, er=97.5:2.5 X

X =Me: 99% vyield, er = 98:2
“/\/\ \©/\/\ X = CF3: 94% yield, er=97:3
99% yield, er=97.5:2.5

N B2
SN X Hy X = Me: 96% yield, er = 96.5:3.5
(J/\/\ @A/\ X = F: 98% yield, er= 95:5

98% yield, er =95:5

Bz .Bz
HN” HN
R : HN’BZ
\_S Me X

. 88% yield, er=86:14
99% yield, er=97.5:2.5 96% yield, er = 98:2

reaction (Sy1 pathway). In turn, these data provide proof that
the catalytic asymmetric version (cf. Table 12) proceeds via
the postulated Sy1 mechanism with an iminium ion species
as a key intermediate, thus confirming the critical role of the
chiral counteranion (cf. Scheme 10). Overall, the present C—C
bond-forming method relies on the generation of a chirally
modified electrophile (acyclic transition state) and represents,
therefore, an orthogonal approach compared with our
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SCHEME 11. Enantioselective Aminal Allenylation

In'Cl (10 mol%
HN'CbZ ( )

.Cbz
Y (R)-33b-Ag (13 mol%) HN

HI_\I'CbZ

.

/\/'4 +
PhNF Ph

Ph™ “OMe toluene~CPME
rac-18a' (0.05 M), 23°C, 24 h (R)-34a 35a
+ 71% yield 22% yield
_ ) er=937 er=58.5:41.5
/'/\ B(pin)

24 (1.2 equiv)

related earlier study,'® in which we proposed a chirally
modified nucleophile as a key intermediate (cyclic transition
state).

We then examined the scope for this catalytic asym-
metric transformation (Table 14).>® Under optimized condi-
tions the reactions between substituted aromatic, hetero-
aromatic, and aliphatic aminals rac-18 and 2 proceeded
smoothly to provide the desired products 19 with excellent
asymmetric induction. Overall, we consider these results
remarkable as the levels of asymmetric induction exceed
or equal even those of the corresponding allylations of
unactivated aldimines [C(sp?) centers] with 23° or 32.3"

In addition, we were pleased to find that this chiral
catalyst system was applicable to asymmetric allenylation
(Scheme 11).2° The reaction of aminal rac-18a’ with 24
afforded mainly homoallenyl carbamate (R)-34a with high
asymmetric induction. The minor regioisomer 35a was
separated by chromatography. This regioselectivity is un-
precedented for the use of 24 in asymmetric catalysis.>?

This chemistry features several notable characteristics. (i)
Under mild conditions, boronates proved to be dramatically
more reactive and selective than classic silicon-based re-
agents. (ii) The described transformations represent the first
highly enantioselective Hosomi—Sakurai reactions with C-
(sp®) centers.?3>3133 (jii) This study also constitutes the first
main group metal-catalyzed activation of allyl boronates for
asymmetric C—C bond formation with C(sp®) centers. (iv)
Chiral Brgnsted acid catalysis with or without achiral metal
salts proved to be inefficient. (v) In the context of asymmetric
intermolecular carbon—carbon bond formation, the chemistry
presented herein is a rare example not only of chiral
counteranion-directed metal catalysis*® but also of dynamic
kinetic resolution.>*

5. Summary and Outlook

In this account, we have described the development of
(chiral) low-oxidation state indium catalysts for (asymmetric)
carbon—carbon bond formation between boron-based pronu-
cleophiles and various electrophiles. Indeed, indium(l) iodide

was revealed to be an excellent catalyst for o-selective allyla-
tions of C(sp?) electrophiles such as ketones and hydrazones.
Importantly, catalytic asymmetric allylation, crotylation, and a-
chloroallylation of hydrazones were established employing a
chiral ligand. Furthermore, indium(l) triflate was found to be the
best catalyst for allylation and propargylation of C(sp®) electro-
philes such as O,0-acetals, N,O-aminals, ethers, and carbohy-
drates. In addition, chiral counteranion-directed, catalytic
asymmetric allylation and allenylation of N,O-aminals were
developed. Overall, these discoveries demonstrate that low-
oxidation state indium species are efficient catalysts in synth-
esis, including asymmetric catalysis. It is expected that these
innovative concepts will be transferable (i) to other indium(l)-
catalyzed processes and (i) to other metal catalysts in their low-
oxidation states.
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