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/Abstract: Hydrogen-borrowing catalysis represents a power-
ful method for the alkylation of amine or enolate nucleo-
philes with non-activated alcohols. This approach relies
upon a catalyst that can mediate a strategic series of redox
events, enabling the formation of C—C and C—N bonds and
producing water as the sole by-product. In the majority of
cases these reactions have been employed to target achiral
or racemic products. In contrast, the focus of this Minireview
is upon hydrogen-borrowing-catalysed reactions in which

-

the absolute stereochemical outcome of the process can be
controlled. Asymmetric hydrogen-borrowing catalysis is rap-
idly emerging as a powerful approach for the synthesis of
enantioenriched amine and carbonyl containing products
and examples involving both C—N and C—C bond formation
are presented. A variety of different approaches are dis-
cussed including use of chiral auxiliaries, asymmetric cataly-
sis and enantiospecific processes.

/

Introduction

Alkylation is a fundamental process in organic synthesis and is
typically amongst the first reactions taught to chemistry under-
graduate students.! A wide variety of amine and enolate nu-
cleophiles can be employed, enabling C—N or C—C bond for-
mation with halide or pseudohalide electrophiles (Scheme 1A).
However, in practice, this process suffers from significant draw-
backs. For example, the electrophiles employed are typically
highly toxic and the reactions produce stoichiometric quanti-
ties of waste which must be separated after the reaction.”’
Moreover, the alkylation of amines is often complicated by the
formation of over-alkylated side-products.” In the case of eno-
late alkylation, reactions with primary electrophiles typically
proceed efficiently, but the analogous reactions of secondary
electrophiles are often sluggish and can be hampered by com-
peting elimination processes. Hydrogen-borrowing catalysis
has emerged as a powerful alternative alkylation strategy,
which solves many of these problems (Scheme 1B)."" This ap-
proach relies on a catalyst that oxidizes the alcohol starting
material to the corresponding carbonyl compound, temporarily
storing the hydrogen which is produced. The aldehyde or
ketone then condenses with the nucleophilic partner (usually
an amine or enolate), eliminating water to form an intermedi-
ate which is finally reduced by the stored hydrogen to form
the alkylated product and regenerate the active catalyst. This
reaction produces water as the sole by-product and enables
non-activated alcohols to serve as electrophiles, thereby negat-
ing the requirement for toxic alkyl halide electrophiles. Using
this approach, amines can be reacted without over-alkylation
and secondary alcohols can be employed. However, a key
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A. Classical alkylation of amines and enolates with electrophiles
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Scheme 1. Contrasting classical alkylation of amines and enolates with hy-
drogen-borrowing catalysis.

question still remains, namely, how can absolute stereochemis-
try be controlled in such a reaction? Recently, a number of re-
ports have emerged that address this important challenge and
this is the focus of this Minireview.”

The majority of asymmetric hydrogen-borrowing processes
that have been developed involve reactions between a nucleo-
phile 1 and a racemic secondary alcohol 2 bearing two differ-
ent groups (R' # R?). This process results in the formation of a
chiral product 4 (Scheme 2), the stereochemistry of which is es-
tablished during the step in which hydrogen is returned to
achiral intermediate 3. This provides a unique opportunity to
induce asymmetry by controlling the facial selectivity of the re-
duction step. In practice, two distinct strategies can be envis-
aged to direct such a process: (i) diastereoselective reduction
of an enantiopure substrate, for example, by introduction of a
chiral auxiliary; (i) addition of an external chiral ligand (L¥)
which mediates a catalytic asymmetric reduction. Highly enan-
tioselective hydrogen-borrowing processes which employ both

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 2. General strategies to achieve asymmetric hydrogen-borrowing al-
kylation with secondary alcohols.

of these strategies have been developed and will be discussed
in this Minireview. Additionally, several related processes will
be presented which enable stereochemistry to be controlled at
sites adjacent to the reacting alcohol, for example via dynamic
kinetic asymmetric transformation or enantiospecific alkylation.

Overall, the aim of this Minireview is to present the current
state of the art in transition-metal mediated asymmetric hydro-
gen-borrowing catalysis. The focus is upon processes that form
a new C—C or C—N bond and examples involving asymmetric
transfer hydrogenation or redox shuttles are not covered. A
wide variety of approaches to achieve stereocontrol will be dis-
cussed including the use of chiral auxiliaries, transition-metal
catalysis and enantiospecific processes.

C—N Bond Formation

Amines are hugely important building blocks, with extensive
applications in materials science, natural product synthesis and
in the pharmaceutical industry. Hydrogen-borrowing catalysis
is a well-established method for N-alkylation and is widely em-
ployed for the synthesis of important racemic and achiral
amine containing materials. As an illustrative example of a hy-
drogen-borrowing process which targets an achiral product,
Pfizer have disclosed a kilogram-scale hydrogen-borrowing al-

F
1 X
oH (CP*IrCl], N cl
! F (0.0325 moi%)
H H ﬁ H Ho g
" ML cl PhMe, 110°%C K
Me then HCI Me
4.8 kg scale

A. An example of hydrogen-borrowing amine alkylation
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+ R3-NH 3
HO™ R P R
H
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determining
step
R? . R2
condensation; —H,O
PN 1 R3 ]
o R N R

Scheme 3. A representative example of amine alkylation using hydrogen-
borrowing catalysis and a generic mechanism for C—N bond formation.
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kylation between alcohol 5 and substituted benzylamine 6
(Scheme 3 A).” This process was catalysed by 0.0325 mol% of
[Cp*IrCl,],, producing amine 7 in 76% yield, which could be
converted to the anti-schizophrenic medicine PF-03463275 in a
single step. Mechanistically, this type of reaction proceeds by
metal-mediated oxidation of the alcohol to give the respective
ketone or aldehyde as well as a metal hydride species
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(Scheme 3B). The carbonyl then undergoes condensation and
the resulting imine is reduced by the metal hydride to give the
amine and the regenerated metal catalyst.

In order to carry out an asymmetric amination reaction, the
facial selectivity of the final reduction of the imine (or iminium)
intermediate must be controlled. This section will discuss three
main strategies to induce asymmetry in this chemistry, namely:
(i) Use of chiral substrates; (i) Use of chiral ligands in transition
metal catalysis; and (ii) Use of enzymes. These strategies are
detailed sequentially in the following sub-sections.

Diastereoselective reactions with chiral substrates
Enantiopure amines

Various chiral amine nucleophiles have been used to induce
diastereoselectivity in hydrogen-borrowing alkylation processes
and Ellman’s chiral tert-butanesulfinamide auxiliary has proved
to be particularly effective in this context. This strategy was
pioneered by Dong, Guan, and co-workers in 2014, who em-
ployed a commercially available ruthenium(ll) PNP-type pincer
catalyst (Ru-Macho) to achieve diastereoselective alkylation
with a range of benzylic and aliphatic secondary alcohols
(Scheme 4A).”" A difference in steric bulk between the two
groups flanking the secondary hydroxyl group was required
for good diastereoselectivity—a trend consistent with that ob-
served by Ellman and others in the reduction of sulfinyli-
mines.® Very high diastereoselectivity was achieved for the
majority of alcohol substrates, which is particularly impressive
considering the high reaction temperature (120°C). Notably,
no epimerization of the chiral sulfinimide was observed, ena-
bling the synthesis of the alkylated products in enantiopure
form. Subsequently, Xia, Zhang, and co-workers developed a
related process mediated by iridium catalyst Ir-1
(Scheme 4B).”" A range of secondary alcohols underwent
highly diastereoselective alkylation, including relatively hin-
dered examples such as 1-phenyl-1-propanol. It was also dem-
onstrated that the chiral auxiliary could be cleaved to obtain
the corresponding enantiopure primary amines.

In the same year, Lei, Xiao, Wang, and co-workers made the
surprising discovery that a similar alkylation reaction can be
conducted in the absence of any transition-metal catalyst

A. Ruthenium-catalysed diastereoselective alkylation

PPh, |
H H '

Ru-Macho (1 mol%), ) : 2 |

S\H , % KOH (15mol%) S EH—N—R|U\—CO:

R'”TRZ H,N""Bu PhMe, 120 °C, 6-12 h 1;\R2 PP

Ru-Macho |

upto89%and T 40 i _Ritagho |
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B. Iridium-catalysed diastereoselective alkylation
o : I :
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Scheme 4. Asymmetric hydrogen-borrowing reactions involving Ellman’s
tert-butanesulfinamide auxiliary.
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Scheme 5. Transition-metal-free alkylation controlled by Ellman’s auxiliary.

(Scheme 5).1'% It was shown that by instead adding a small
quantity (15 mol%) of the ketone which would result from al-
cohol oxidation, highly diastereoselective N-alkylation was ob-
served. The method was also used to prepare enantioenriched
deuterium-labelled amines 12 from the corresponding racemic
o-deuterated alcohols. The products were isolated with very
high levels of deuterium incorporation. The authors suggest
that the mechanism of this process is initiated by condensa-
tion of amine 9 with ketone 13. The proposed key step in-
volves Meerwein-Ponndorf-Verley-type reduction of the result-
ing imine 14 by sodium alkoxide 15 via a chelated transition
state TS-1. This hypothesis is supported by the observation
that the reaction progressively stalls when increasing quanti-
ties of 15-crown-5, a crown ether known to sequester Na™, are
added.

Yamaguchi, Fujita and co-workers have reported that enan-
tiopure (R)-a-methylbenzylamine (99.5:0.5e.r) can undergo
double hydrogen-borrowing alkylation with a diol to form pi-
peridine 18 (Scheme 6A)." The product was formed in
96:4d.r. with a slight erosion in enantiopurity (93:7e.r. and
96.5:3.5e.r. for the major and minor diastereomers, respective-
ly). The major diastereomer was suggested to have arisen from
hydride delivery to the less hindered face of intermediate 21;
the small amount of racemization was attributed to benzylic
deprotonation of this intermediate. The benzyl group readily
underwent hydrogenolysis to unveil the secondary amine 20.
This strategy was later employed by Trudell and co-workers as
the key step in a total syntheses of noranabasamine
(Scheme 6B)." Diol 22 was prepared in two steps and then
subjected to Yamaguchi’'s hydrogen-borrowing annulation to-
gether with either 17 or ent-17 to separately give either 23 or
ent-23. These intermediates could be converted to (—)- or
(4+)-noranabasamine in three steps.

Interestingly, enantiopure a-methylbenzylamine derivatives
do not always undergo racemization in hydrogen-borrowing
reactions. Indeed, Williams and co-workers have shown that
(R)-a-methylbenzylamine (17) can undergo hydrogen borrow-
ing with a primary alcohol 24 under ruthenium-catalysed con-
ditions with complete stereochemical integrity (Scheme 7 A).l"*

© 2020 The Authors. Published by Wiley-VCH GmbH
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A. Development of diastereoselective annulation
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Scheme 6. Diastereoselective hydrogen borrowing with a-methylbenzyl-
amine.

A. Ruthenium-catalysed enantiospecific alkylation

[Ru(p-cymene)Cly]» (2.5 mol%),
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Ph o~ * A~ h
OH HoN" "Ph PhMe, reflux, 24 h \/\u/\Ph
24 17 70% and >99:1 e.r. 25
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HN™ "Ph EtsN (10 mol%)
26 ent-17 PhMe, reflux, 24 h 27
82% and >99:1 e.r.
B. Synthesis of cinacalcet CF3
CF3 Mn(CO)sBr H .
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—_—
0); 1-Naph  kH (50 mol%) OO
DME, 100 °C,48h .
28 cinacalcet

50%

Scheme 7. Enantiospecific hydrogen-borrowing reactions with a-methylben-
zylamine derivatives.

A similar reaction with a 1,4-diol also generated the corre-
sponding piperidine 27 without racemization. A similar process
has been reported by Hultzsch and co-workers which utilized a
manganese-catalysed hydrogen-borrowing alkylation as a key
step to prepare the hyperparathyroidism medication, cinacal-
cet, from an enantiopure naphthyl substituted amine
(Scheme 7B)."

Yan, Feringa, and Barta have reported a system for the N-al-
kylation of unprotected amino acids with alcohols using the
Shvo catalyst (Scheme 8).""! The choice of catalyst was essen-
tial—the Shvo catalyst is capable of bifunctional activation of
the alcohol without the need for external base that could
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Scheme 8. Enantiospecific hydrogen-borrowing alkylation of unprotected
amino acids with the Shvo catalyst.

result in racemization of either the starting materials or prod-
ucts. A wide variety of amino acids were successfully N-alkylat-
ed under these conditions with excellent yields. Surprisingly,
even serine which bears a free hydroxyl group was a compe-
tent substrate that gave the desired product in quantitative
yield. For the alkylation of alanine and serine (31d and 31e, re-
spectively), a small amount of racemization was observed, but
in the majority of cases the products were obtained with near
perfect enantiospecificity."®

Cumpstey, Martin-Matute and co-workers have shown that
alcohols and amides which are both derived from carbohy-
drates can be coupled under hydrogen-borrowing conditions
to afford amino sugars such as 34 (Scheme 9).'” Both the
amine and alcohol partners reacted without erosion of stereo-
chemistry to afford the products with complete diastereoselec-
tivity.

\OMe OBn
HO N
BnO,,,
‘OBn .
OB [CPHIrClyl, (3 mol%), MO
32 Cs,C05 (25 mol%),
& — e s T
0 .OMe PhMe, 120 °C, 24 h
H,N 78%
o L other examples reported
BnO' ‘OBn
OBn
33 34

Scheme 9. Hydrogen-borrowing reactions with carbohydrate-derived sub-
strates.

Takacs and co-workers have reported that in the presence of
ruthenium complex Ru-1, enantiopure 1,2-amino alcohols can
undergo dimerization to form cis-2,5-disubstituted piperazines

OH R )

£ e
H (SH
R” “NH, Ru-1 (4 mol%), N Rl Cl
t-BuOK (100 mol%) Ji ]/ ! PhyP ;
o I 70

HoN R PhMe, 110 °C, 24 h R N : Cl_llau—N\J
R=Ph 62% H i cym 2 ‘
HO R=Bn 57% % Ph Rut

Scheme 10. Dimerization of enantiopure 1,2-amino alcohols.
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5 (Scheme 10)."® The products were obtained with complete
diastereo- and enantiocontrol, suggesting that no epimeriza-
tion occurred, although it is possible that the chiral catalyst
may play a role in this transformation.

Enantiopure alcohols

Diastereoselectivity can also be induced by using chiral alcohol
substrates. This strategy was employed by Jacolot, Popowycz
and co-workers to carry out iridium-catalysed aminations of
isohexides (Scheme 11).'" Using conditions adapted from
those reported by Zhao (vide infra), highly diastereoselective
alkylation could be achieved affording bicyclic amines 37. Al-
though a chiral catalyst was used in this process, the diastereo-
selectivity appears to be a result of substrate control. Indeed,
during reaction optimization it was shown that complete dia-
stereoselectivity was also observed using achiral iridium cata-

lysts.

HQ i R-NH, (R=alkyl) RHN i~
=0, Ir-2 (5 mol%), =0 Ir. O i

" P(O)(OP),0H (5 mol%) <] TN LOND ;

H 2Bn  3AMS, PhMe H oBni /

36 120 °C, 24 h 37 i Ph Ph ;

up to 83% and >99:1 d.r. Ir-2 '

Scheme 11. Diastereoselective hydrogen-borrowing amination of isohexides.

Chen and co-workers have reported an intramolecular hy-
drogen-borrowing alkylation of glucose-derived 1,5-hydroxa-
mines (Scheme 12).*” The reaction proceeded in moderate
yields (up to 42 %) but afforded high diastereoselectivity at the
newly formed stereogenic center at C5. The relative stereo-
chemical outcome of this process is somewhat surprising as it
is not consistent with axial addition of iridium hydride to a
half-chair iminium species. The authors propose that the high
temperature of the process (180°C) may enable an alternative
pathway involving a boat-like transition state to become
viable.

OBn /OBn
[Cp*Ir(NHg)s]lo (2 mol%), g
BnO.. Ny neat, 180 °C, 24 h BnO._~N"SR
BnO” HAR up to 42% BnO” >
0OBn OBn
38 39

Scheme 12. Diastereoselective cyclization of multisubstituted amino alco-
hols.

Donohoe and co-workers have reported an iridium-catalysed
synthesis of saturated aza-heterocycles via a hydrogen-borrow-
ing annulation between amines and multi-substituted diols
(Scheme 13).27 This reaction is thought to proceed via a mech-
anism involving two successive hydrogen-borrowing alkyla-
tions, the final step of which would be the reduction of a
cyclic iminium species 42. The diastereoselectivity of this pro-
cess was systematically investigated by introducing a second
substituent at each possible position around the heterocyclic
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NH2(1 5 equiv)

R R® R® [Cp*IrClz]z (1 mol%) , -~y /\
/\/\/\ NaHC03 (2 mol%)
HO 3
PhMe, 110 °C, 16 h R
up to 96% and 89:11 d.r. R 42
40 41
selected examples
Me

Bn. .Me  Bn. Bl
Bn. N ‘ N
N Me
Me' Me' Me
Me' Me
41a 41b 41c 41d
66%, 80:20 d.r. 68%, 72:28 d.r. 62%, 82:18 d.r. 75%, 89:11 d.r.

Scheme 13. A diastereocontrolled hydrogen-borrowing annulation reaction.

core leading to piperidines 41a-d in high yields. For 41a-c
the relative stereochemistry is consistent with axial addition of
iridium hydride to a half-chair bearing an equatorial (or pseu-
doequatorial) substituent.”? For 41d, it was proposed that A">
strain forces the methyl group into a pseudoaxial conformation
leading to the cis-diastereoisomer.

In the same work, the authors also developed a synthesis of
enantioenriched C3-substituted pyrrolidines and piperidines
from enantiopure 1,4- and 1,5-diols (Scheme 14).%" Under typi-
cal conditions employed for the iridium-catalysed amine alkyla-
tion, significant racemization was observed, presumably as a
consequence of deprotonation of cyclic iminium intermediate
44 to the corresponding enamine 45. By carrying out the reac-
tion in water, this undesired racemization pathway could be
almost entirely suppressed enabling the isolation of highly
enantioenriched C3-substituted piperidines and pyrrolidines.

n=0or1

AP Q’w
up to 79% and 94:6 e.r.
@ 1 1 @
Ar/\r\@’R Ar/\l@/R Ar/\@"‘R
n n n
44 45

ent-44

[Cp*IrClyl, (1 mol%)
HO O Y OH + o~ i) A
R! Ar NH; water, 80 °C, 16 h

40 43

Racemisation
pathway:

Scheme 14. An enantiospecific hydrogen-borrowing annulation reaction.

Use of chiral additives and transition-metal catalysts

Asymmetric transition metal catalysis has also been widely
used as a strategy to achieve asymmetric hydrogen borrowing.
The most common of examples involve control of the same
stereocenter at which the new C—N bond is formed. Other ex-
amples involve control of a stereocenter that is remote to the
new C—N bond being formed. These two sub-classifications
will be discussed separately.

Controlling the stereocenter at which the C—N bond is formed

The concept of employing a chiral transition-metal catalyst to
perform asymmetric hydrogen-borrowing alkylation of amines
has been pioneered by Zhao and co-workers, who in 2014 re-
ported a dual-catalytic system that employed a chiral iridium
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catalyst Ir-2 in conjunction with chiral Brgnsted acid 49
(Scheme 15).% These conditions enabled the alkylation of ani-
lines 47 with racemic secondary alcohols 46 in high yields and
excellent enantioselectivities. The use of a chiral Brensted acid
was essential for both yield and enantioselectivity; both the
chirality of the iridium catalyst and phosphoric acid catalyst
were important in the process and high enantioselectivities
were only observed for the matched case—when the acid was
removed entirely, no conversion was observed. Mechanistically,
it was proposed that the iridium complex Ir-2 is first protonat-
ed by the phosphoric acid. The resulting iridium phosphate
undergoes ligand exchange with the alcohol followed by oxi-
dation to generate the corresponding ketone, which in the
presence of the acid catalyst condenses with the aniline. The
resulting protonated iminium species is sufficiently reactive to
be reduced by iridium hydride, generating the enantioenriched
amine product and regenerating the active catalyst.

Ir-2 (5 mol%), _Ar
?\H b AN 49 (10 mol%) HN
RIOR2 ? TIAmOH, 4AMS,  RiTige
46 47 reflux, 24 h

up to 98% and 98.5:1.5 e.r

2,4,6-iPr3CeHy !
OO 0 H

LTl O P
U HNT r\N/S 4 (O g7 !
P ( Lo 0" “OH :
ei e 199 i
1 Ir-2 o 2,4,6-iPr3CgHy !
e St ! 49 :
proposed mechanism
i HX X—h
r ~|r~
A JIr~NSOLAr
HN" “NSOLAr 10 2 ?\H
PR Ph f = RIR?
HN ® 46
8 S
R1TCR? X7 uN AT
_________________________ I HX
i ' R1TR
| § ANH
: @ :l H |
+ 1
Osp? > 4\O’,"\NsozAr

2
Ay T
Ph

N
T
=7
n)
=
Py
Py
]
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Scheme 15. Enantioselective amination of racemic alcohols via cooperative
catalysis by a chiral iridium complex and a chiral phosphoric acid.

The Zhao group subsequently discovered that chiral phos-
phoric acids alone can induce high levels of enantioselectivity
in intramolecular hydrogen-borrowing alkylation reactions
(Scheme 16).%Y An achiral Ir catalyst Ir-3 in conjunction with
chiral phosphoric acid catalyst 51 and could be employed to
prepare a range of substituted tetrahydroquinolines 52 in ex-
cellent yields with enantioselectivities of up to 98.5:1.5e.r.

Tang, Zhou and co-workers have developed an earth-abun-
dant catalyst system employing Ni(OTf), with (S)-binapine to
catalyse an asymmetric hydrogen-borrowing reaction between
racemic benzylic alcohols and benzhydrazides (Scheme 17).2
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OH Ir-3 (5 mol%),
51 (1 mol%) R
R+ = Ar dimethyl carbonate, 2
i 4AMS,80°C, 18 h I
2 50 up to 98% and 98.5:1.5 e.r 52
T = 2,4,6-CysCeH |
: | = ‘ l O ;

i Ir. !

: & — Bl '
E H@ P 0" “OH ;
I 2ee s
: ; 2,4,6-Cy;CgH, !

Scheme 16. Enantioselective synthesis of tetrahydroquinolines via coopera-
tive catalysis by an achiral iridacycle and a chiral phosphoric acid.

Ni(OTf), (5 mol%), O<__Ar
16 (S)-binapine (6 mol%),
Ol 2 _NH
)\ + HoN. k AcOH (2 eqv) HN
AR ” Ar tAmOH, 3A MS, g
110°C, 48 h Ar” TR!
53 54 up to 88% and 98:2 e.r. 55
i ®
|
P
R2 56
labelling experiment
Ni(OTf), (5 mol%), Ox.Ph
o  (Sy-Binapine (6 mol%), N
2 _NH
D><)H + HoN. )L —»ACOH (2 eqv) HN' p
Ph i kn tAmOH, 3A MS, £ 68%D
110°C, 48 h Ph
53a 54a 68%, 98:2 e.r. 55a

Scheme 17. Enantioselective nickel-catalysed N-alkylation of benzhydrazides.

The products could be converted to the free benzylamines by
reduction with Sml, or Raney nickel. Non-asymmetric examples
employing aliphatic alcohols as substrates were also successful,
suggesting that the reaction operates via a “true” hydrogen
pathway, as opposed to an alternate mechanism involving a
n’>-benzylnickel species 56. Deuterium labelling studies using
a-deuterated benzyl alcohol gave results that corroborated a
hydrogen-borrowing pathway; the resulting benzylamine
product only had 68% deuterium incorporation—this deuteri-
um loss is consistent with in situ washout of deuterium via H/
D exchange of a cationic Ni-D intermediate with protons of
acids and alcoholic solvents.

Beller and co-workers have developed a highly enantioselec-
tive hydrogen-borrowing reaction that enables the synthesis
of chiral oxazolidin-2-ones 59 from 1,2-diols and urea
(Scheme 18).%' The process is catalysed by a combination of
commercially available Ru;(CO),, and (R)-(+)-MeO-BIPHEP, and
is thought to proceed via initial nucleophilic substitution of
urea with the less sterically hindered primary hydroxyl group
of the diol. This generates amino alcohol 58 in situ, which then
undergoes a unimolecular asymmetric hydrogen-borrowing al-
kylation. The enantio-determining step is asymmetric reduction
of acyl imine 61, which proceeds in up to 96.5:3.5e.r. This high
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Scheme 18. Enantioselective ruthenium-catalysed synthesis of oxazolidin-2-
ones from urea and racemic diols.

level of enantioselectivity is particularly remarkable given the
high reaction temperatures required for this reaction (150 °C).
Very recently, Zhang, Xia, Zhao and co-workers reported a
highly enantioselective Ir'-bisphosphine-catalysed process in
which racemic epoxides and 1,2-diaminobenzenes were
converted to  enantioenriched  tetrahydroquinoxalines
(Scheme 19).””? That epoxides instead of more conventional al-
cohols were used as the non-nitrogen-containing partner
makes this finding particularly noteworthy. The reaction is initi-
ated by Zn(OTf),-catalysed epoxide opening, which occurs at
primary end of the epoxide to generate a 1,5-amino alcohol
which cyclizes via an enantioselective hydrogen-borrowing al-
kylation. Although numerous aliphatic epoxides reacted effi-
ciently, a preliminary experiment involving an aryl-substituted
epoxide gave nearly racemic product. This result was rational-
ized via an inversion in the regioselectivity of Lewis acid medi-
ated epoxide opening—epoxide opening at the benzylic posi-
tion would be expected to afford racemic product. However,
this problem could be solved by using enantiopure aryl-substi-
tuted epoxides in conjunction with a matched chiral catalyst.

O [I(COD)OMel, (2.5 mol%),

OH
H
LR ZnOTh (10 mol%) N_A_R
: x
.

NH, (RI-BINAP (5.5 mol%)

H

N
@[NJ..WR

H

@E L x

H
@N]
R _ .
H ‘Ar

71; up to 53%
up to 98:2 e.r.

or
(R)-SEGPHOS (5.5 mol%),
NH2  phwme, 90-110 °C,
24-36h [0x]

up to 81% and 98:2 e.r.

— extension to benzylic epoxides ——
NH NH

LN = < 0] NN 2 OH
R + /N I B
Z B o L g J

NH, r H Ar

69 70

Scheme 19. Enantioselective iridium-catalysed synthesis of tetrahydroqui-
noxalines through relay epoxide opening/amination.
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Controlling stereocenters adjacent to the site of C—N bond
formation

The examples discussed thus far have predominantly focused
upon hydrogen-borrowing reactions which control the stereo-
genic center which is formed at the site of C—N bond forma-
tion (i.e., by stereoselective reduction). However, several addi-
tional processes have been developed which enable control
over a stereogenic center located adjacent to the amination
site.

The first such example was reported by Oe and co-workers,
who developed an asymmetric hydrogen-borrowing approach
for the synthesis of [-amino alcohols from 1,2-diols
(Scheme 20A).”¥ This reaction was mediated by [RuCl,(p-
cymene)], in conjunction with a chiral Josiphos ligand, which
resulted in selective amination at the primary site of the diol.
Modest, but promising levels of enantiocontrol were observed
at the newly forged (3-stereogenic center (up to 88.5:11.5e.r.).
Zhao, Zhang and co-workers subsequently reported that intro-
duction of an achiral Brensted acid additive significantly
boosts the enantioselectivity of the process (Scheme 20B).*” A
wide range of 3-amino alcohols and amines could be reacted
in excellent yields and with very high levels of enantioselectivi-
ty (up to 97:3e.r.). Mechanistically, the Zhao group proposed a
pathway involving oxidation of the diol followed by condensa-
tion of the resulting aldehyde with the amine. The resulting
iminium intermediate 77 could rapidly equilibrate with its
enantiomer ent-77 by reversible deprotonation/reprotonation
via the intermediacy of enamine 78. The chiral ruthenium hy-
dride can then selectively reduce ent-77 (rather than 77) lead-

A. Ruthenium-catalysed alkylation

[RuCly(p-cymene)], (2.5 mol%), R%-R%

PhP | ;

OH 74 (6 mol%) ; 2 E :
RLé) L ROR T Rﬁ) VU
H PhMe, 100 °C, 24 h OH . :

OH up to 99% and 74 '
72 73 88.5:11.5e.r. €D et e

B. Iridium-catalysed alkylation
[RuCly(p-cymene)], (5 mol%), ) 5
OH 74 (6 mol%), Riy-R
R%) R2 R? PhCOOH (20 mol%)
N PhMe, 100 °C, 48 h

OH up to 96% and 97:3 e.r. OH
72 73 75
8Y)
[0x] i [Red]
&
o) ONR2R? NR2R3 ®ONR2R3
ng)' — RL‘) L RH/ S Bl
OH OH OH OH
76 77 78 ent-77

resubjection experiment

without PhACOOH:
33%, 85:15 e.r.

[RuCly(p-cymene)], (5 mol%),
74 (6 mol%),

S ()

Ph + ph)\/OH w Ph with PhCOOH:
PhMe. 100 °C. 48 h : 43%, 86:14 e.r.
2 ’ OH 75a

Scheme 20. Ruthenium-catalysed asymmetric amination of racemic 1,2-diols.
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ing to efficient dynamic kinetic asymmetric amination.®” The
authors suggest that benzoic acid accelerates the iminium rac-
emization pathway. Interestingly, in their initial publication, Oe
and co-workers proposed a different mechanism involving
enantio-determining reduction of a keto-amine (e.g. 79). To
rule out this pathway in their acid-catalysed process, Zhao,
Zhang and co-workers synthesized and resubjected amino
ketone 79 to the standard conditions. The product was ob-
tained in significantly lower enantioselectivity (both with and
without benzoic acid), implying that this alternative ketone re-
duction pathway is not operative.

The use of asymmetric hydrogen borrowing to control multi-
ple stereocenters is also mechanistically intriguing—such a
process would doubly stereoconvergent and could funnel up
to four diastereomers towards a single product that is both
diastereomerically and enantiomerically pure. Such a concept
underpins the Zhao group’s work on the asymmetric amina-
tion of alcohols to form o,fB-branched amines (Scheme 21).5"
This reaction is proposed to proceed via a similar pathway to
the analogous reaction of 1,2-diols, but in this case, the chiral
iridium catalyst simultaneously controls the [-stereogenic
center by dynamic asymmetric transformation along with the
facial selectivity of iminium reduction. Very high levels of both
diastereo- and enantioselectivity were observed in this process.
The substrate scope was remarkably broad and a wide variety
of aromatic, aliphatic and alkoxy substituents could successful-
ly be introduced at the B-position (R'/R?).

OH IF2iehnmaiog), NHA™ yp to 81%
5 82 (10 mol%) 3 *
R\Z/i 5 * Ar—NH, R s >98:2dr,
! R PhMe, 4A MS, 110 °C, , and 99:1 e.r.
(ly
[ox] i [Red]
Ir3rH
o} X~ “NHAr NHAr X~ “NHAr
R\Q)L A Rz\)J\ 3= R _~ R3 ES R3
1
R'g4 R'gs R' g6 R'ent-85
' . 2,4,6-PraCeH, !
: 0oL - o '
: gl G Lo g Ol f
L HNTONC P > :
| hn B oPoon B
;PR Ph : 2,4,6PrsCeHp |
! Ir-2 ! H

Scheme 21. Dynamic kinetic asymmetric amination of alcohols via coopera-
tive catalysis.

It is also possible to employ asymmetric hydrogen-borrow-
ing catalysis to control an adjacent axis of chirality. For exam-
ple, Zhang and Wang have reported a highly atropselective
amination of biaryl alcohols 87 (Scheme 22).%? This reaction is
mediated by a chiral iridium(lll) catalyst in conjunction with an
achiral Brgnsted acid. The reaction is proposed to proceed via
iridium-mediated oxidation of the racemic biaryl alcohol to the
corresponding aldehyde 91, which then condenses with the
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Ir-4 (5 mol%),

O NHA
89 (5 mol%) R! ]
PhMe, 4A MS, R O OH

+ Ar—NH,

R? OH
S

87 (racemic)

80°C,60h
up to 88% and 99:1 e.r.

[ox] [Red]
H
O -0 O /NAr O NHAr o ONAr
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R? OH — > R? OH
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Scheme 22. Iridium- and acid-catalysed atropselective amination.

amine to form imine 92. This intermediate can undergo rever-
sible cyclization to from cyclic hemiaminal 93, which is expect-
ed to have a low barrier to biaryl rotation due to the “bridged
biaryl” effect discovered by Bringmann.®® This allows intercon-
version between the enantiomers of the biaryl iminium
(92+ent-92) enabling a dynamic kinetic resolution in which
only one enantiomer undergoes reduction to form 90 with
very high enantioselectivity. It was shown that the biaryl amine
products have a very high barrier to racemization (AG™ =
129.0 kmol™, t,,°=157.6 h at 80 °C).

Use of enzymes

Biocatalysis can offer a useful alternative approach for hydro-
gen-borrowing amination in which each elementary step is
catalysed by an individual enzyme. Such reactions are amena-
ble to low operating temperatures and, in several cases, enzy-
matic catalysis has been conducted with racemic secondary al-
cohols to give enantiopure amines.?¥ As a representative ex-
ample, Turner and co-workers have reported an elegant enzy-
matic process for the asymmetric alkylation of ammonia
(Scheme 23).2% The first step involves a pair of alcohol dehy-
drogenase enzymes (AD), which oxidise the alcohol to the cor-
responding ketone along with concomitant conversion of
NAD* to NADH and H* (two AD enzymes are required, one to
oxidise each enantiomer of the racemic alcohol). The resulting

OH E‘\HZ upgtgossg"/; and
2 >99.5:05e.r.
R13\Rz NAD* R196 R
94
NADH + H* H0
(R)-ADH ﬁ\ AmbH NHs3

i
(S-ADH  R'" °R2

95
Scheme 23. Asymmetric amination of racemic alcohols using enzymes.
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ketone then condenses with ammonia to form an imine, which
is reduced by an amine dehydrogenase (AmDH) to generate
the chiral amine product. This step also converts NADH back
to NAD*, thereby completing the catalytic cycle. This method
can be employed to prepare an assortment of amines with ex-
cellent levels of enantioselectivity. The Turner group and
others have subsequently reported exciting developments in
this field, including streamlining the process to use a single
non-stereoselective AD enzyme,® and expanding the scope to
other amine nucleophiles.?”’ Recently, it has even been shown
that amination is possible in E. coli cells.”¥ As this chemistry
does not involve transition-metal catalysis, a comprehensive
discussion lies outside the scope of this Minireview, but enzy-
matic chemistry can offer a useful alternative to transition-
metal-catalysed methods.

C—C Bond Formation

The formation of carbon-carbon bonds under hydrogen-bor-
rowing conditions is a well-established method that has been
successfully applied to the alkylation of ketones, esters and ni-
triles. As a representative example of a non-stereoselective
process, Ishii and co-workers have shown that various ketones
can undergo a-alkylation with primary alcohols to form alkylat-
ed products 99 in excellent yields (Scheme 24 A).** Mechanisti-
cally, these reactions are analogous to the corresponding
amine alkylation reactions, proceeding via catalyst-promoted
oxidation of the alcohol to the corresponding carbonyl com-
pound along with formation of a transition-metal hydride
(Scheme 24B). The aldehyde or ketone then undergoes a base-
mediated aldol condensation with an enolate, followed by
conjugate reduction of the resulting enone to deliver the satu-
rated product and regenerate the active catalyst. This section
will discuss several strategies for induction of asymmetry in-
cluding carbonyl reduction, enzymatic catalysis, organocataly-

A. An example of hydrogen-borrowing enolate alkylation

o lI(cod)Cll, (1 mol%) o
PPhj (4 mol%)
R1”\I Y HO R3 aiEliolse o B R1JJ\I/\R3
R2 KOH (10 mol%) R2
neat, 100 °C
7 :
2 o8 up to 96% i

B. A generic mechanism for hydrogen-borrowing enolate alkylation

o) ) 2
i @ 3.7
)\ it R3 ~= 37 N\& 1
HO R R R
R base R4
o« o« &M 1
o N Red
[Ox] = [Red]
@
2
j\z aldol condensation o R
=
07 R! R3 R
-H,0 R4

Scheme 24. A representative example of enolate alkylation using hydrogen-
borrowing catalysis and a generic mechanism for C—C bond formation.
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sis and catalytic asymmetric enone reduction. These strategies
are detailed sequentially in the following sections.

Asymmetric carbonyl chemistry

Krische and co-workers have pioneered a powerful new ap-
proach for asymmetric carbonyl addition which relies upon hy-
drogen-borrowing catalysis (Scheme 25). In this chemistry, an
alcohol 100 and a m-unsaturated partner 101 can undergo
redox-neutral coupling, enabling the highly enantioselective
synthesis of homologated alcohol products 102. Mechanistical-
ly, this chemistry is distinct from all other examples presented
thus far—the process is still initiated by transition-metal-medi-
ated oxidation of an alcohol, but the metal hydride which is
produced directly reacts with the m-unsaturated partner, con-
verting it to an organometallic nucleophile 103 in situ. The
enantio-determining step involves recombination of the car-
bonyl and organometallic partners. The process is remarkably
general and has been applied to couplings of alcohols with an
extensive array of m-unsaturated partners (selected examples
are shown in Scheme 25 and include allenes, alkynes, dienes,
styrenes, and a various allylic electrophiles).”” This is a rapidly
developing area of research and has previously been reviewed
elsewhere.”” A full discussion lies outside the remit of this
Minireview, but this chemistry represents an extremely useful
approach for enantioselective redox-neutral synthesis.

Several groups have investigated asymmetric carbonyl re-
duction within the context of hydrogen-borrowing catalysis.

HO H : ) .+ OH
| > -R2
RTRE + Yy HMW
100 101 102
— @ <
eyt asymmetric
[Ox] o carbonyl!
addition
M
R'” "R?
N hydrometallation NOACMD
@ — WP
AN 103

selected examples

/\/‘\—~R2 --R2

R! : R -
Ar H

N AR

R!

Scheme 25. General mechanism and selected examples of redox-neutral car-
bonyl addition chemistry developed by Krische and co-workers.
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This area was pioneered by Nishibayashi and co-workers, who
in 2006, reported a one-pot process for the alkylation of aceto-
phenones (104) with primary alcohols (105) yielding secondary
alcohols (106) in good yields and with excellent enantioselec-
tivities (Scheme 26).“? The first step of the process is a typical
iridium-catalysed hydrogen-borrowing alkylation to generate
achiral ketone 109. In the second step, ruthenium-catalysed
asymmetric transfer hydrogenation of ketone 109 with isopro-
panol as a sacrificial hydride source sets the benzylic stereo-
center generating chiral alcohols 106 in up to 99:1e.r.

[Ir(cod)Cl], (1 mol%),
PPh3 (4 mol%),
KOH (5 mo%)

o P 100°C, 4 h OH up to 79%
Af)J\ HO R then Ru-2 (1 mol%), Al’/\/\R and 99:1 e.r.
NaOiPr (4 mol%),
104 105 JPrOH, 1t, 2 h 106 R -
Q=
T = = _PPhg
[ox1 & | Fe P—Ru ‘
= ! @ Phy |\
iPrOH Q Cl :
' Ru-2 ]
. —H0 o (0] e B s i
0”7 "R
AR [Red] Ar)J\/\R
107 108 109

Scheme 26. Stepwise process involving asymmetric carbonyl reduction.

This method was subsequently developed by Adolfsson and
co-workers.”® The authors reported that a single ruthenium
catalyst can promote both the hydrogen-borrowing alkylation
and asymmetric reduction step (Scheme 27). A combination of
[Ru(p-cymene)Cl,], with chiral ligand 110 gave reduced prod-
ucts 106 at moderate reaction temperatures and with good
levels of enantioselectivity. In this case, an excess of the alco-
hol partner 105 (3 equiv) served as the terminal reductant for
the transfer-hydrogenation step. The authors observed that ad-
dition of substoichiometric amounts of lithium chloride in-
creased the reaction rate as well as the enantioselectivity. The
positive effect of lithium chloride on the catalytic activity of
similar ruthenium-based transfer hydrogenation catalysts had
been established previously and can be rationalized by reac-
tion via transition state TS-2 wherein the lithium ion aids the
hydride transfer by coordination to both the substrate and cat-
alyst."”

[Ru(p-cymene)Cl,], (0.5 mol%),
110 (1.1 mol%), OH

o . 2
LiCl (10 mo% =
Ar)]\ + HO/\R ( o) Ar/\/\R
(R = alkyl) KOtBu (50 mol%),
104 105 DMSO, 40-65°C 106

up to 42% and 94.5:5.5 e.r.

| e i,

3 (0] E (—cl)’ ‘0
%H/\( R /.:JvAr

F pgg Gl |_2/ H™ (CH)R
3 110 : TS-2

Scheme 27. One-pot tandem hydrogen-borrowing alkylation-transfer hydro-
genation procedure employing a single ruthenium catalyst.
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Suzuki and co-workers have reported an interesting hydro-
gen-borrowing alkylation between meso-diol 111 and benzal-
dehydes (Scheme 28)."*' The authors proposed that the abso-
lute stereochemistry is set in the first step, which involves oxi-
dative desymmetrization of diol 111. This is followed by a typi-
cal hydrogen-borrowing pathway involving condensation with
benzaldehyde and diastereoselective enone reduction. The
product 113 was obtained in excellent diastereo- and enantio-
selectivity, but the yield was low (33%) due to poor conversion
in the final reduction step. However, it was discovered that ad-
dition of isopropanol as a sacrificial reductant after 30 minutes
could ensure that complete reduction takes place enabling the
isolation of products 113 in up to 88% yield, still with very
high levels of stereoselectivity.

OH Ir-5 (10 mol%), o without /PrOH:

R O KOH (50 mol%), AT 339 >95:5d.r.
+ J and 96:4 e.r.

H Ar 1,4-dioxane, 4

OH 50°C, 30 min OH with iPrOH:

111 112 3 up to 88%, >95:5 d.r.
and 97:3 e.r.

11
—————————— )
[ox] E_\ [Red] P i
@ -
0

: AN ;
aldol condensation; —H,0O @Eﬁ_\ i HN I NTs
? Ar pd %
OH :
115

Scheme 28. An asymmetric hydrogen-borrowing alkylation involving desym-
metrization of a meso-diol.

Biocatalysis

Several elegant biocatalytic enolate alkylation procedures have
been developed. A detailed discussion of this chemistry is
beyond the remit of this Minireview, but this can be a useful
alternative to transition-metal based approaches. As a repre-
sentative example, Gotor and co-workers have reported a hy-
drogen-borrowing alkylation of a-cyano ketones (116) with pri-
mary alcohols catalysed by the fungus Curvularia lunata
(Scheme 29).”¢ The products were obtained in good to excel-
lent stereoselectivity and useful yields from a preparative syn-
thetic viewpoint. The observation that tetradeuterated pro-
duct 117d was isolated when hexadeuteroethanol was em-

L Curvularia lunata OH

CN ———— : CN

R R-OH, rt. A
116 17 R

selected examples

OH OH OH OH
~_CN ~_CN _CN ~_CN
Ph/\‘/ Ph/\‘/ PMP/Y Ph
Et nPr Et D
 CDs
117a 117b 117¢
69%:; 98:2 d.r. 38%; 99:1 d.r. 58%; 94:6 d.r. 117d
99:1er. 99:1er. 87.5:125eur.

Scheme 29. Biocatalysed asymmetric alkylation of cyanoketones.
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ployed supports the proposed hydrogen-borrowing mecha-
nism for this transformation.

Conjugate addition

Quintard, Rodriguez, and co-workers have pioneered a funda-
mentally different approach to induce enantioselectivity in hy-
drogen-borrowing catalysed reactions. The authors reported a
dual-catalytic process mediated by a combination of an achiral
iron complex along with a chiral proline-derived organocatalyst
(Scheme 30).”" Under these conditions, B-ketoesters 118 could
be reacted with primary allylic alcohols (119) to efficiently gen-
erate chiral alcohols 121 with high levels of diastereo- and
enantioselectivity. This reaction is thought to operate by initial
activation of Knoélker complex Fe-1 with trimethylamine N-
oxide to give catalytically active species Fe-2 along with CO,
and trimethylamine as by-products. This iron complex can oxi-
dise the allylic alcohol 119 to form o,B-unsaturated aldehyde
122 along with iron hydride Fe-3. In a second catalytic cycle
the aminocatalyst 120 condenses with aldehyde 122 to form
iminium 123, followed by asymmetric conjugate addition of
the (-ketoester nucleophile. Hydrolysis of addition product 124
results in aldehyde 125 and regenerates organocatalyst 120.
Finally, facile reduction of the saturated aldehyde by Fe-3
closes the hydrogen-borrowing cycle and delivers the chiral al-
cohol product 121. It was subsequently shown that the enan-
tioselectivity of this reaction can be enhanced by the addition

Fe-1 (6.5 mol%),

Me3NO (8 mol%), le) R“
co R3 OH 120 (13 mol%), 25°C_
R! & R OH
™ R30,C R2
18 119 Cg%o 121; up to 64%,
[ : T™S >90!1[-) d.r.
: T™MS oc® Fe and 95:5e.r.
e o | oc’ Fe-2
E F S § ™S
' -re
: 067
. od o OH
i Fe : i TMS o R*
"""""""""" OC\\.vFe\ z
=~ © od _H RUG2 770
A Fe-3 R%0,C R
R* 122 125
Ph
Ph
H,0
Ph
Ph
OTMS
124
R30,C R?
extension to cyclization
9 B Fe-1 (6.5 mol%), i o
N COR” peNO@mol%), | O R DBU Rt R
..R2 118 120 (13 mol%) R1WOH PhMe ( \~
\..g2 COR ‘R2
/ZfOH Cu(acac), (5 mol%) rt,2h 0% o
R4 119  xylenes, 10 °C, 64 h 121 126 up to 51%

and 96.5:4.5e.r.

Scheme 30. Dual catalytic reaction of allylic alcohols with f3-ketoesters.
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of Cu(acac), as an additional co-catalyst.*® Treatment of the
hydroxyester products (121) with DBU (1,8-diazabicycloundec-
7-ene) resulted in lactonization to generate a range of enan-
tioenriched cyclic derivatives (126).

Quintard, Rodriguez, and co-workers have also reported that
1,3-diketones can be employed as nucleophiles under similar
reaction conditions (Scheme 31). In this case, the intermedi-
ate hydroxyketone intermediates 128 underwent a spontane-
ous C- to O-acyl shift to deliver synthetically useful protected
alcohols 129. A series of examples were prepared in high
yields with excellent levels of enantioselectivity (for example
129a-129b). The authors demonstrated that the reduction of
saturated aldehydes, by iron hydride Fe-3 is much more facile
than the corresponding reaction with unsaturated aldehydes,
suggesting a synergistic link between the two catalytic cycles.

o O Fe-1 (6.5 mol%), o R o R
R R2 Me3NO (8 mol%), : :
5 127 (13 mol%) R’ OH| R (]
R RS R? — R3 2&
OH Cu(acac), (5 mol%) o R® 7O
/=/7 xylenes, 25 °C, 128 129

R4 48-68 h

selected examples

PN i o 0o
E H OTBS

[ 3 129a 129b

i ;

82%; 95:5e.r. 85%; 98:2 e.r.

Scheme 31. Asymmetric functionalization of 1,3-diketones with allylic alco-
hols.

Very recently, Dydio and co-workers reported a related
method in which primary allylic alcohols were again transiently
activated via oxidation with Knélker’s complex (Scheme 32).”
In this case, the o,p-unsaturated aldehyde intermediates were
captured in a highly enantioselective Rh-BINAP-catalysed con-
jugate addition reaction with aryl boronic acids, enabling the
synthesis of y-functionalized alcohols in good yields and excel-
lent enantioselectivities. It was also shown that RuH,(PPh,),
can be used in place of Kndlker's complex and in some cases
gives higher yields and selectivities, whereas Fe-1 tolerates a
wider substrate scope.

Fe-1 (7.5 mol%)
OH MesNO (11.25 mol%) R
ArB(OH), /=f i .
R [Rh(cod)(MeCN),JBF, (2 mol%), AT OH

130 119 (R)-BINAP (3 mol%) 131
K,CO3 (1 eqv)
dioxane: water (9:1), 90°C, 48 h
selected examples

nCsHy

nCzH; nCzH;

131a; 80% 131b; 59% 131c; 53%
96:4e.r. 98:2eur. 93:7eur.

Scheme 32. Bi-catalytic functionalization of allylic alcohols with boronic
acids.
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Selective enone reduction

The most direct method to control absolute stereoselectivity
within hydrogen-borrowing enolate alkylation reactions would
be to control the facial selectivity of the final enone reduction
step. However, remarkably few examples of such asymmetric
processes have been reported. There are two problems which
have limited the development of such asymmetric reactions:
(i) the strongly basic conditions required to promote aldol con-
densation typically lead to racemization at the a-stereogenic
center; (ii) it is essential to control the geometry of the enone
intermediate in order to obtain high levels of enantioselectivi-
ty. However, a handful of asymmetric enolate alkylation pro-
cesses have been developed that overcome these challenges.

This area was pioneered by Williams and co-workers, who in
2007 reported an asymmetric hydrogen-borrowing reaction
between benzyl alcohol and stabilized Wittig ylide 133
(Scheme 33).®" This reaction operates via a similar mechanism

[Ir(cod)Cl], (2.5 mol%),
(S)-BINAP (6 mol%),

PhMe, reflux, 72 h

PhsPs_CO,Et
Ph” > OH ° ﬁ’ :
132 133
58%, 93.5:6.4 e.r.

F,h/\rcozEt
134

ilr)
[Ox] . [Red]
i Ir3rH
CO,Et
"0 Ph/\( 2
135 key step: Wittig olefination 136

Scheme 33. A pioneering example involving a Wittig reaction embedded
within an asymmetric hydrogen-borrowing process.

to a standard hydrogen-borrowing process, except that the
aldol step is replaced by a Wittig olefination. This was key to
the success of the process as it ensured that enone intermedi-
ate 136 was formed as a single E isomer and also enabled the
reaction to proceed in the absence of base, limiting the possi-
bility of racemization of the newly formed a-stereogenic
center in 134. Employing an Ir-BINAP system, 134 was isolated
in 58 % yield with very high enantioselectivity (93.5:6.5e.r.).
Donohoe and co-workers have shown that pentamethyl-
phenyl (Ph*) ketones can be alkylated with a wide variety of
primary or secondary alcohols and diols.*>*® The Ph* group is
pivotal for these transformations—because the aryl group is
orthogonal to the carbonyl, the ortho-methyl groups protect it
from undesired reduction and homodimerization processes.
Moreover, the Ph* group can readily be converted to a wide
range of functional groups (e.g., esters, amines, acids and alco-
hols) by retro-Friedel-Crafts acylation.”? Donohoe and co-
workers recently reported that pentamethylacetophenone 137
can undergo a highly enantioselective hydrogen-borrowing an-
nulation with diols 138 to synthesize enantioenriched substi-
tuted cyclohexanes 139 (Scheme 34).°% It is thought that the
enantiodetermining step involves iridium hydride mediated re-
duction of a cyclic enone intermediate via transition state TS-
3. The cyclic nature of the enone intermediate enforces a
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Scheme 34. [5+41] strategy for the synthesis of substituted acyl-cyclohex-
anes.

single alkene geometry, thereby enabling highly enantioselec-
tive reduction to form acyl-cyclohexane products such as
139a-139b. The Donohoe group had previously shown that
enantiopure y-substituted 1,5-diols react without racemiza-
tion,*>¥ and it was found that by matching or mismatching
the chiral ligand complex diastereomerically enriched products
such as 139c could be synthesized in very high yield and dia-
stereoselectivity.

Donohoe and co-workers subsequently reported that pen-
tamethylacetophenone 137 can also undergo asymmetric hy-
drogen-borrowing alkylation with methyl-substituted secon-
dary alcohols 140 (Scheme 35).**! This process operates via a

Ir(cod)acac (4 mol%),

R)-DTBM-SEGPHOS with R = Et
OH O (R- (5 mol%), QO Me 549, s8:426r.
/i NaOtBu (4 eqv) Ry
R™ Me W with R_ = Bu
140 11o°c 24h 91%, 90:10 e.r.
[Reductlon via]
[Ox]
Ir H / \
Me Ph*
\lr
Condensation
Ry Me TS-4
142 -H0 143

Scheme 35. Asymmetric synthesis of 3-substituted acyclic Ph* ketones.

typical hydrogen-borrowing mechanism and the key step
therefore involves asymmetric reduction of acyclic enones 143.
For high enantioselectivity to be observed, it was essential for
the second alcohol substituent (R) to be significantly larger
than a methyl group—for example, enantioselectivities of
58:42e.r. and 90:10e.r. were obtained for R, =Et and tBu, re-
spectively. It was proposed that when the substituents are ster-
ically well-differentiated, a single geometrical isomer of the
enone intermediate 143 could form, which was essential to
achieve efficient asymmetric induction. The absolute stereo-
chemical outcome of the reduction step was analogous to the
related reduction of cyclic enones discussed above (i.e. via TS-
4).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Conclusion

Transition-metal-catalysed asymmetric hydrogen-borrowing
catalysis is rapidly emerging as a powerful method for the for-

mation of both C—N and C—C bonds. Various strategies have (5]
been developed to achieve such reactions, including asymmet-
ric reduction, dynamic kinetic resolution, enantiospecific reac-
tions and desymmetrization. Metals from across the d-block
can be employed in these reactions, and examples are present- (6]
ed involving catalysis by iridium, ruthenium, rhodium, iron, -
nickel and manganese complexes, including several examples
which also employ organic co-catalysts. These methods enable 8]
efficient access to a wide range of useful enantiopure amine
and carbonyl containing materials. The field of asymmetric hy-
drogen-borrowing catalysis is currently in a phase of rapid de-
velopment and the possibility for further advances and appli-
cations of these processes is very exciting. [9]
[10]
Acknowledgements
[11]
O.H. is grateful to the EPSRC Centre for Doctoral Training in
Synthesis for Biology and Medicine (EP/L015838/1) for a stu-
dentship, generously supported by AstraZeneca, Diamond (12]
Light Source, Defence Science and Technology Laboratory, [13]
Evotec, GlaxoSmithKline, Janssen, Novartis, Pfizer, Syngenta,
Takeda, UCB and Vertex. T.K. thanks the Clarendon Fund for a
scholarship. R.J.A is also grateful to University College, Oxford ﬂ:}
for a Junior Research Fellowship.
[16]
. . [17]
Conflict of interest
[18]
The authors declare no conflict of interest. (1]
Keywords: amines - asymmetric - enantioselective - enolates - 020]
hydrogen borrowing
[21]
[11 M.B. Smith, J. March, March’s Advanced Organic Chemistry, 7th ed.,
Wiley, New York, 2001. [22]
[2] Z. Sobol, M. E. Engel, E. Rubitski, W. W. Ku, J. Aubrecht, R.H. Schiestl,
Mutat. Res. 2007, 633, 80-94.
[3] a) G. Solomons, C. Fryhle, Organic Chemistry, Wiley, New York, 2000; [23]
b) A. Trowbridge, S. M. Walton, M. J. Gaunt, Chem. Rev. 2020, 120, 2613 -
2692. [24]
[4] For representative reviews of hydrogen-borrowing catalysis, see: a) G. E.
Dobereiner, R. H. Crabtree, Chem. Rev. 2010, 110, 681-703; b) S. Béhn, [25]
S. Imm, L. Neubert, M. Zhang, H. Neumann, M. Beller, ChemCatChem
2011, 3, 1853-1864; ¢) S. Pan, T. Shibata, ACS Catal. 2013, 3, 704-712;
d) C. Gunanathan, D. Milstein, Science 2013, 341, 1229712; e) Y. Obora, [26]
ACS Catal. 2014, 4, 3972-3981; f) Q. Yang, Q. Wang, Z. Yu, Chem. Soc.
Rev. 2015, 44, 2305-2329; g) A. Nandakumar, S. P. Midya, V. G. Landge, [27]
E. Balaraman, Angew. Chem. Int. Ed. 2015, 54, 11022-11034; Angew.
Chem. 2015, 127, 11174-11186; h) J. Leonard, A.J. Blacker, S.P. Mars-
den, M. F. Jones, K.R. Mulholland, R. Newton, Org. Process Res. Dev. [28]
2015, 719, 1400-1410; i) A. Corma, J. Navas, M.J. Sabater, Chem. Rev. [29]
2018, 718, 1410-1459; j) M. Holmes, L. A. Schwartz, M. J. Krische, Chem. [30]
Rev. 2018, 118, 6026-6052; k) D. Gabriéls, W.Y. Hernandez, B. Sels,
P. V. D. Voort, A. Verberckmoes, Catal. Sci. Technol. 2015, 5, 3876-3902; [31]
1) B. G. Reed-Berendt, K. Polidano, L. C. Morrill, Org. Biomol. Chem. 2019,
17, 1595-1607; m)T. Irrgang, R. Kempe, Chem. Rev. 2019, 119, 2524 [32]
2549; n) M. H.S. A. Hamid, P. A. Slatford, J. M.J. Williams, Adv. Synth.
Chem. Eur. J. 2020, 26, 12912 - 12926 www.chemeurj.org 12925

Catal. 2007, 349, 1555-1575; 0) G. Guillena, D. J. Ramén, M. Yus, Angew.
Chem. Int. Ed. 2007, 46, 2358-2364; Angew. Chem. 2007, 119, 2410-
2416; p)T.D. Nixon, M.K. Whittlesey, J. M.J. Williams, Dalton Trans.
2009, 753-762; q) G. Guillena, D.J. Ramén, M. Yus, Chem. Rev. 2010,
110, 1611 -1641; r) G. Chelucci, Coord. Chem. Rev. 2017, 331, 1-36.

For reviews and highlights which discuss asymmetric hydrogen-borrow-
ing catalysis, see: a) A. Quintard, J. Rodriguez, Chem. Commun. 2016,
52, 10456 -10473; b) D. Hollmann, ChemSusChem 2014, 7, 2411-2413;
c) M. Roudier, T. Constantieux, J. Rodriguez, A. Quintard, Chimia 2016,
70, 97-101; d) A. Quintard, J. Rodriguez, ChemSusChem 2016, 9, 28-30.
M. A. Berliner, S. P. A. Dubant, T. Makowski, K. Ng, B. Sitter, C. Wager, Y.
Zhang, Org. Process Res. Dev. 2011, 15, 1052-1062.

N.J. Oldenhuis, V.M. Dong, Z. Guan, J. Am. Chem. Soc. 2014, 136,
12548 -12551.

a) M. T. Robak, M. A. Herbage, J. A. Ellman, Chem. Rev. 2010, 110, 3600 -
3740; b) J. Tanuwidjaja, H. M. Peltier, J. A. Ellman, J. Org. Chem. 2007, 72,
626-629; ) J. T. Colyer, N. G. Andersen, J. S. Tedrow, T. S. Soukup, M. M.
Faul, J. Org. Chem. 2006, 71, 6859-6862; d) G. Chelucci, S. Baldino, S.
Chessa, G.A. Pinna, F. Soccolini, Tetrahedron: Asymmetry 2006, 17,
3163-3169.

X. Xi, Y. Li, G. Wang, G. Xu, L. Shang, Y. Zhang, L. Xia, Org. Biomol. Chem.
2019, 17, 7651-7654.

M. Xiao, X. Yue, R. Xu, W. Tang, D. Xue, C. Li, M. Lei, J. Xiao, C. Wang,
Angew. Chem. Int. Ed. 2019, 58, 10528-10536; Angew. Chem. 2019, 131,
10638 - 10646.

a) K. Fujita, T. Fujii, R. Yamaguchi, Org. Lett. 2004, 6, 3525-3528; b) K.
Fujita, T. Fujii, A. Komatsubara, Y. Enoki, R. Yamaguchi, Heterocycles
2007, 74, 791.

L. Miao, S. C. DiMaggio, H. Shu, M. L. Trudell, Org. Lett. 2009, 11, 1579-
1582.

M. H.S. A. Hamid, C. L. Allen, G. W. Lamb, A.C. Maxwell, H. C. Maytum,
A.J. A. Watson, J. M.J. Williams, J. Am. Chem. Soc. 2009, 131, 1766 -
1774.

L. Homberg, A. Roller, K. C. Hultzsch, Org. Lett. 2019, 21, 3142-3147.

T. Yan, B. L. Feringa, K. Barta, Sci. Adv. 2017, 3, eaa06494.

For a related study, see: W. Ma, X. Zhang, J. Fan, Y. Liu, W. Tang, D. Xue,
C. Li, J. Xiao, C. Wang, J. Am. Chem. Soc. 2019, 141, 13506-13515.

I. Cumpstey, S. Agrawal, K. E. Borbas, B. Martin-Matute, Chem. Commun.
2011, 47, 7827 -7829.

K. O. Marichey, J. M. Takacs, ACS Catal. 2016, 6, 2205-2210.

M. Jacolot, S. Moebs-Sanchez, F. Popowycz, J. Org. Chem. 2018, 83,
9456 -9463. See also: S. Imm, S. Bdhn, M. Zhang, L. Neubert, H. Neu-
mann, F. Klasovsky, J. Pfeffer, T. Haas, M. Beller, Angew. Chem. Int. Ed.
2011, 50, 7599-7603; Angew. Chem. 2011, 123, 7741-7745.

K. Zhao, G. Zhou, H. Nie, W. Chen, Org. Biomol. Chem. 2016, 14, 9466 -
9471.

A. E. R. Chamberlain, K. J. Paterson, R.J. Armstrong, H. C. Twin, T. J. Do-
nohoe, Chem. Commun. 2020, 56, 3563 —3566.

K. Mitsudo, J. Yamamoto, T. Akagi, A. Yamashita, M. Haisa, K. Yoshioka,
H. Mandai, K. Ueoka, C. Hempel, J. Yoshida, S. Suga, Beilstein J. Org.
Chem. 2018, 14, 1192-1202.

Y. Zhang, C.-S. Lim, D. S. B. Sim, H.-J. Pan, Y. Zhao, Angew. Chem. Int. Ed.
2014, 53, 1399-1403; Angew. Chem. 2014, 126, 1423 -1427.

C.S. Lim, T. T. Quach, Y. Zhao, Angew. Chem. Int. Ed. 2017, 56, 7176 -
7180; Angew. Chem. 2017, 129, 7282 -7286.

P. Yang, C. Zhang, Y. Ma, C. Zhang, A. Li, B. Tang, J. S. Zhou, Angew.
Chem. Int. Ed. 2017, 56, 14702-14706; Angew. Chem. 2017, 129, 14894 -
14898.

M. Pefa-Lépez, H. Neumann, M. Beller, Angew. Chem. Int. Ed. 2016, 55,
7826-7830; Angew. Chem. 2016, 128, 7957 -7961.

G. Xu, G. Yang, Y. Wang, P-L. Shao, J. N. N. Yau, B. Liu, Y. Zhao, Y. Sun, X.
Xie, S. Wang, Y. Zhang, L. Xia, Y. Zhao, Angew. Chem. Int. Ed. 2019, 58,
14082 -14088; Angew. Chem. 2019, 131, 14220-14226.

A. Eka Putra, Y. Oe, T. Ohta, Eur. J. Org. Chem. 2013, 6146-6151.

L-C. Yang, Y.-N. Wang, Y. Zhang, Y. Zhao, ACS Catal. 2017, 7, 93-97.

For a computational study, see: S. Tribedi, C. M. Hadad, R.B. Sunoj,
Chem. Sci. 2018, 9, 6126-6133.

Z-Q. Rong, Y. Zhang, R. H. B. Chua, H.-J. Pan, Y. Zhao, J. Am. Chem. Soc.
2015, 137, 4944 -4947.

J. Zhang, J. Wang, Angew. Chem. Int. Ed. 2018, 57, 465-469; Angew.
Chem. 2018, 130, 474-478.

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1016/j.mrgentox.2007.05.004
https://doi.org/10.1016/j.mrgentox.2007.05.004
https://doi.org/10.1016/j.mrgentox.2007.05.004
https://doi.org/10.1021/acs.chemrev.9b00462
https://doi.org/10.1021/acs.chemrev.9b00462
https://doi.org/10.1021/acs.chemrev.9b00462
https://doi.org/10.1021/cr900202j
https://doi.org/10.1021/cr900202j
https://doi.org/10.1021/cr900202j
https://doi.org/10.1002/cctc.201100255
https://doi.org/10.1002/cctc.201100255
https://doi.org/10.1002/cctc.201100255
https://doi.org/10.1002/cctc.201100255
https://doi.org/10.1021/cs400066q
https://doi.org/10.1021/cs400066q
https://doi.org/10.1021/cs400066q
https://doi.org/10.1126/science.1229712
https://doi.org/10.1021/cs501269d
https://doi.org/10.1021/cs501269d
https://doi.org/10.1021/cs501269d
https://doi.org/10.1039/C4CS00496E
https://doi.org/10.1039/C4CS00496E
https://doi.org/10.1039/C4CS00496E
https://doi.org/10.1039/C4CS00496E
https://doi.org/10.1002/anie.201503247
https://doi.org/10.1002/anie.201503247
https://doi.org/10.1002/anie.201503247
https://doi.org/10.1002/ange.201503247
https://doi.org/10.1002/ange.201503247
https://doi.org/10.1002/ange.201503247
https://doi.org/10.1002/ange.201503247
https://doi.org/10.1021/acs.oprd.5b00199
https://doi.org/10.1021/acs.oprd.5b00199
https://doi.org/10.1021/acs.oprd.5b00199
https://doi.org/10.1021/acs.oprd.5b00199
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.8b00213
https://doi.org/10.1021/acs.chemrev.8b00213
https://doi.org/10.1021/acs.chemrev.8b00213
https://doi.org/10.1021/acs.chemrev.8b00213
https://doi.org/10.1039/C5CY00359H
https://doi.org/10.1039/C5CY00359H
https://doi.org/10.1039/C5CY00359H
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1021/acs.chemrev.8b00306
https://doi.org/10.1021/acs.chemrev.8b00306
https://doi.org/10.1021/acs.chemrev.8b00306
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/anie.200603794
https://doi.org/10.1002/anie.200603794
https://doi.org/10.1002/anie.200603794
https://doi.org/10.1002/anie.200603794
https://doi.org/10.1002/ange.200603794
https://doi.org/10.1002/ange.200603794
https://doi.org/10.1002/ange.200603794
https://doi.org/10.1039/B813383B
https://doi.org/10.1039/B813383B
https://doi.org/10.1039/B813383B
https://doi.org/10.1039/B813383B
https://doi.org/10.1021/cr9002159
https://doi.org/10.1021/cr9002159
https://doi.org/10.1021/cr9002159
https://doi.org/10.1021/cr9002159
https://doi.org/10.1016/j.ccr.2016.10.002
https://doi.org/10.1016/j.ccr.2016.10.002
https://doi.org/10.1016/j.ccr.2016.10.002
https://doi.org/10.1039/C6CC03486A
https://doi.org/10.1039/C6CC03486A
https://doi.org/10.1039/C6CC03486A
https://doi.org/10.1039/C6CC03486A
https://doi.org/10.1002/cssc.201402320
https://doi.org/10.1002/cssc.201402320
https://doi.org/10.1002/cssc.201402320
https://doi.org/10.1002/cssc.201501460
https://doi.org/10.1002/cssc.201501460
https://doi.org/10.1002/cssc.201501460
https://doi.org/10.1021/op200174k
https://doi.org/10.1021/op200174k
https://doi.org/10.1021/op200174k
https://doi.org/10.1021/ja5058482
https://doi.org/10.1021/ja5058482
https://doi.org/10.1021/ja5058482
https://doi.org/10.1021/ja5058482
https://doi.org/10.1021/cr900382t
https://doi.org/10.1021/cr900382t
https://doi.org/10.1021/cr900382t
https://doi.org/10.1021/jo0616512
https://doi.org/10.1021/jo0616512
https://doi.org/10.1021/jo0616512
https://doi.org/10.1021/jo0616512
https://doi.org/10.1021/jo0609834
https://doi.org/10.1021/jo0609834
https://doi.org/10.1021/jo0609834
https://doi.org/10.1016/j.tetasy.2006.11.026
https://doi.org/10.1016/j.tetasy.2006.11.026
https://doi.org/10.1016/j.tetasy.2006.11.026
https://doi.org/10.1016/j.tetasy.2006.11.026
https://doi.org/10.1039/C9OB01417A
https://doi.org/10.1039/C9OB01417A
https://doi.org/10.1039/C9OB01417A
https://doi.org/10.1039/C9OB01417A
https://doi.org/10.1002/anie.201905870
https://doi.org/10.1002/anie.201905870
https://doi.org/10.1002/anie.201905870
https://doi.org/10.1002/ange.201905870
https://doi.org/10.1002/ange.201905870
https://doi.org/10.1002/ange.201905870
https://doi.org/10.1002/ange.201905870
https://doi.org/10.1021/ol048619j
https://doi.org/10.1021/ol048619j
https://doi.org/10.1021/ol048619j
https://doi.org/10.3987/COM-07-S(W)65
https://doi.org/10.3987/COM-07-S(W)65
https://doi.org/10.1021/ol9002288
https://doi.org/10.1021/ol9002288
https://doi.org/10.1021/ol9002288
https://doi.org/10.1021/ja807323a
https://doi.org/10.1021/ja807323a
https://doi.org/10.1021/ja807323a
https://doi.org/10.1021/acs.orglett.9b00832
https://doi.org/10.1021/acs.orglett.9b00832
https://doi.org/10.1021/acs.orglett.9b00832
https://doi.org/10.1126/sciadv.aao6494
https://doi.org/10.1021/jacs.9b05221
https://doi.org/10.1021/jacs.9b05221
https://doi.org/10.1021/jacs.9b05221
https://doi.org/10.1039/c1cc12800k
https://doi.org/10.1039/c1cc12800k
https://doi.org/10.1039/c1cc12800k
https://doi.org/10.1039/c1cc12800k
https://doi.org/10.1021/acscatal.6b00175
https://doi.org/10.1021/acscatal.6b00175
https://doi.org/10.1021/acscatal.6b00175
https://doi.org/10.1021/acs.joc.8b01162
https://doi.org/10.1021/acs.joc.8b01162
https://doi.org/10.1021/acs.joc.8b01162
https://doi.org/10.1021/acs.joc.8b01162
https://doi.org/10.1002/anie.201103199
https://doi.org/10.1002/anie.201103199
https://doi.org/10.1002/anie.201103199
https://doi.org/10.1002/anie.201103199
https://doi.org/10.1002/ange.201103199
https://doi.org/10.1002/ange.201103199
https://doi.org/10.1002/ange.201103199
https://doi.org/10.1039/C6OB01864E
https://doi.org/10.1039/C6OB01864E
https://doi.org/10.1039/C6OB01864E
https://doi.org/10.1039/D0CC00903B
https://doi.org/10.1039/D0CC00903B
https://doi.org/10.1039/D0CC00903B
https://doi.org/10.3762/bjoc.14.100
https://doi.org/10.3762/bjoc.14.100
https://doi.org/10.3762/bjoc.14.100
https://doi.org/10.3762/bjoc.14.100
https://doi.org/10.1002/anie.201307789
https://doi.org/10.1002/anie.201307789
https://doi.org/10.1002/anie.201307789
https://doi.org/10.1002/anie.201307789
https://doi.org/10.1002/ange.201307789
https://doi.org/10.1002/ange.201307789
https://doi.org/10.1002/ange.201307789
https://doi.org/10.1002/anie.201703704
https://doi.org/10.1002/anie.201703704
https://doi.org/10.1002/anie.201703704
https://doi.org/10.1002/ange.201703704
https://doi.org/10.1002/ange.201703704
https://doi.org/10.1002/ange.201703704
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/ange.201708949
https://doi.org/10.1002/ange.201708949
https://doi.org/10.1002/ange.201708949
https://doi.org/10.1002/anie.201906199
https://doi.org/10.1002/anie.201906199
https://doi.org/10.1002/anie.201906199
https://doi.org/10.1002/anie.201906199
https://doi.org/10.1002/ange.201906199
https://doi.org/10.1002/ange.201906199
https://doi.org/10.1002/ange.201906199
https://doi.org/10.1002/ejoc.201300692
https://doi.org/10.1002/ejoc.201300692
https://doi.org/10.1002/ejoc.201300692
https://doi.org/10.1021/acscatal.6b02959
https://doi.org/10.1021/acscatal.6b02959
https://doi.org/10.1021/acscatal.6b02959
https://doi.org/10.1039/C8SC01433G
https://doi.org/10.1039/C8SC01433G
https://doi.org/10.1039/C8SC01433G
https://doi.org/10.1021/jacs.5b02212
https://doi.org/10.1021/jacs.5b02212
https://doi.org/10.1021/jacs.5b02212
https://doi.org/10.1021/jacs.5b02212
https://doi.org/10.1002/anie.201711126
https://doi.org/10.1002/anie.201711126
https://doi.org/10.1002/anie.201711126
https://doi.org/10.1002/ange.201711126
https://doi.org/10.1002/ange.201711126
https://doi.org/10.1002/ange.201711126
https://doi.org/10.1002/ange.201711126
http://www.chemeurj.org

Chemistry—A European Journal

Minireview

Chemistry
Europe

doi.org/10.1002/chem.202001253 Socetes Puiehing

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

G. Bringmann, M. Breuning, R.-M. Pfeifer, W. A. Schenk, K. Kamikawa, M.
Uemura, J. Organomet. Chem. 2002, 661, 31-47.

For representative examples, see: a) V. Resch, W. M. F. Fabian, W. Kroutil,
Adv. Synth. Catal. 2010, 352, 993-997; b) K. Tauber, M. Fuchs, J. H. Sat-
tler, J. Pitzer, D. Pressnitz, D. Koszelewski, K. Faber, J. Pfeffer, T. Haas, W.
Kroutil, Chem. Eur. J. 2013, 19, 4030-4035; c) F-F. Chen, Y.-Y. Liu, G.-W.
Zheng, J.-H. Xu, ChemCatChem 2015, 7, 3838-3841; d) W. Bohmer, T.
Knaus, F. G. Mutti, ChemCatChem 2018, 10, 731-735.

F. G. Mutti, T. Knaus, N. S. Scrutton, M. Breuer, N. J. Turner, Science 2015,
349, 1525-1529.

M. P. Thompson, N. J. Turner, ChemCatChem 2017, 9, 3833 -3836.

S. L. Montgomery, J. Mangas-Sanchez, M. P. Thompson, G. A. Aleku, B.
Dominguez, N. J. Turner, Angew. Chem. Int. Ed. 2017, 56, 10491 -10494;
Angew. Chem. 2017, 129, 10627 - 10630.

J. A. Houwman, T. Knaus, M. Costa, F. G. Mutti, Green Chem. 2019, 21,
3846 -3857.

K. Taguchi, H. Nakagawa, T. Hirabayashi, S. Sakaguchi, Y. Ishii, J. Am.
Chem. Soc. 2004, 126, 72-73.

For selected examples, see: a) S. B. Han, I. S. Kim, H. Han, M. J. Krische, J.
Am. Chem. Soc. 2009, 131, 6916-6917; b)J. Moran, A. Preetz, R. A.
Mesch, M.J. Krische, Nat. Chem. 2011, 3, 287-290; ¢)T. Liang, K.D.
Nguyen, W. Zhang, M. J. Krische, J. Am. Chem. Soc. 2015, 137, 3161-
3164; d) K. D. Nguyen, D. Herkommer, M. J. Krische, J. Am. Chem. Soc.
2016, 138, 14210-14213; e) K. D. Nguyen, D. Herkommer, M. J. Krische,
J. Am. Chem. Soc. 2016, 138, 5238-5241; f) G. Wang, J. Franke, C. Q.
Ngo, M. J. Krische, J. Am. Chem. Soc. 2015, 137, 7915-7920; g) J. Feng,
V. J. Garza, M. J. Krische, J. Am. Chem. Soc. 2014, 136, 8911-8914; h) I. S.
Kim, M.-Y. Ngai, M. J. Krische, J. Am. Chem. Soc. 2008, 130, 6340-6341.
For reviews, see: a) K. D. Nguyen, B. Y. Park, T. Luong, H. Sato, V. J. Garza,
M. J. Krische, Science 2016, 354, aah5133; b) J. M. Ketcham, I. Shin, T.P.
Montgomery, M. J. Krische, Angew. Chem. Int. Ed. 2014, 53, 9142-9150;
Angew. Chem. 2014, 126, 9294-9302; ¢) S. W. Kim, W. Zhang, M. J. Kri-
sche, Acc. Chem. Res. 2017, 50, 2371-2380. See also reference [4j].

G. Onodera, Y. Nishibayashi, S. Uemura, Angew. Chem. Int. Ed. 2006, 45,
3819-3822; Angew. Chem. 2006, 118, 3903 - 3906.

0. 0. Kovalenko, H. Lundberg, D. Hubner, H. Adolfsson, Eur. J. Org.
Chem. 2014, 6639-6642.

J. Wettergren, E. Buitrago, P. Ryberg, H. Adolfsson, Chem. Eur. J. 2009,
15, 5709-5718.

T. Suzuki, Y. Ishizaka, K. Ghozati, D.-Y. Zhou, K. Asano, H. Sasai, Synthesis
2013, 45, 2134-2136.

[46] a)J.R. Dehli, V. Gotor, Tetrahedron: Asymmetry 2001, 12, 1485-1492;
b) V. Gotor, J. R. Dehli, F. Rebolledo, J. Chem. Soc. Perkin Trans. 1 2000,
307-309; c)J.R. Dehli, V. Gotor, Tetrahedron: Asymmetry 2000, 171,
3693 -3700.

[47] A. Quintard, T. Constantieux, J. Rodriguez, Angew. Chem. Int. Ed. 2013,
52, 12883-12887; Angew. Chem. 2013, 125, 13121-13125.

[48] A. Quintard, M. Roudier, J. Rodriguez, Synthesis 2018, 50, 785-792.

[49] a) M. Roudier, T. Constantieux, A. Quintard, J. Rodriguez, Org. Lett. 2014,
16, 2802-2805; b) M. Roudier, T. Constantieux, A. Quintard, J. Rodri-
guez, ACS Catal. 2016, 6, 5236 -5244.

[50] D. Lichosyt, Y. Zhang, K. Hurej, P. Dydio, Nat. Catal. 2019, 2, 114-122.

[51] D.J. Shermer, P. A. Slatford, D.D. Edney, J. M. J. Williams, Tetrahedron:
Asymmetry 2007, 18, 2845-2848.

[52] a)J.R. Frost, C. B. Cheong, W. M. Akhtar, D. F. J. Caputo, N. G. Stevenson,
T.J. Donohoe, J. Am. Chem. Soc. 2015, 137, 15664-15667; b) W. M.
Akhtar, C.B. Cheong, J. R. Frost, K. E. Christensen, N. G. Stevenson, T.J.
Donohoe, J. Am. Chem. Soc. 2017, 139, 2577 -2580; c) W. M. Akhtar, R. J.
Armstrong, J. R. Frost, N. G. Stevenson, T. J. Donohoe, J. Am. Chem. Soc.
2018, 740, 11916-11920; d)R.J. Armstrong, W. M. Akhtar, J. R. Frost,
K. E. Christensen, N. G. Stevenson, T.J. Donohoe, Tetrahedron 2019, 75,
130680; e) L. B. Smith, R. J. Armstrong, D. Matheau-Raven, T. J. Donohoe,
J. Am. Chem. Soc. 2020, 142, 2514-2523.

[53] For related work from other groups, see: a) P. Chakraborty, M. K. Gang-
war, B. Emayavaramban, E. Manoury, R. Poli, B. Sundararaju, ChemSu-
sChem 2019, 12, 3463-3467; b) A. Kaithal, L.-L. Gracia, C. Camp, E. A.
Quaderelli, W. Leitner, J. Am. Chem. Soc. 2019, 141, 17487-17492; c) A.
Jana, K. Das, A. Kundu, P.R. Thorve, D. Adhikari, B. Maji, ACS Catal.
2020, 70, 2615-2626; d) L. Bettoni, S. Gaillard, J.-L. Renaud, Org. Lett.
2020, 22, 2064 -2069.

[54] R.J. Armstrong, W. M. Akhtar, T. A. Young, F. Duarte, T.J. Donohoe,
Angew. Chem. Int. Ed. 2019, 58, 12558 -12562; Angew. Chem. 2019, 131,
12688 -12692.

[55] D.M.J. Cheang, R.J. Armstrong, W. M. Akhtar, T.J. Donohoe, Chem.
Commun. 2020, 56, 3543 -3546.

Manuscript received: March 12, 2020
Revised manuscript received: April 3, 2020

Accepted manuscript online: April 16, 2020
Version of record online: September 11, 2020

Chem. Eur. J. 2020, 26, 12912 - 12926 www.chemeurj.org 12926 © 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1016/S0022-328X(02)01804-1
https://doi.org/10.1016/S0022-328X(02)01804-1
https://doi.org/10.1016/S0022-328X(02)01804-1
https://doi.org/10.1002/adsc.200900891
https://doi.org/10.1002/adsc.200900891
https://doi.org/10.1002/adsc.200900891
https://doi.org/10.1002/chem.201202666
https://doi.org/10.1002/chem.201202666
https://doi.org/10.1002/chem.201202666
https://doi.org/10.1002/cctc.201500785
https://doi.org/10.1002/cctc.201500785
https://doi.org/10.1002/cctc.201500785
https://doi.org/10.1002/cctc.201701366
https://doi.org/10.1002/cctc.201701366
https://doi.org/10.1002/cctc.201701366
https://doi.org/10.1126/science.aac9283
https://doi.org/10.1126/science.aac9283
https://doi.org/10.1126/science.aac9283
https://doi.org/10.1126/science.aac9283
https://doi.org/10.1002/cctc.201701092
https://doi.org/10.1002/cctc.201701092
https://doi.org/10.1002/cctc.201701092
https://doi.org/10.1002/anie.201705848
https://doi.org/10.1002/anie.201705848
https://doi.org/10.1002/anie.201705848
https://doi.org/10.1002/ange.201705848
https://doi.org/10.1002/ange.201705848
https://doi.org/10.1002/ange.201705848
https://doi.org/10.1039/C9GC01059A
https://doi.org/10.1039/C9GC01059A
https://doi.org/10.1039/C9GC01059A
https://doi.org/10.1039/C9GC01059A
https://doi.org/10.1021/ja037552c
https://doi.org/10.1021/ja037552c
https://doi.org/10.1021/ja037552c
https://doi.org/10.1021/ja037552c
https://doi.org/10.1021/ja902437k
https://doi.org/10.1021/ja902437k
https://doi.org/10.1021/ja902437k
https://doi.org/10.1021/ja902437k
https://doi.org/10.1038/nchem.1001
https://doi.org/10.1038/nchem.1001
https://doi.org/10.1038/nchem.1001
https://doi.org/10.1021/jacs.5b00747
https://doi.org/10.1021/jacs.5b00747
https://doi.org/10.1021/jacs.5b00747
https://doi.org/10.1021/jacs.6b09333
https://doi.org/10.1021/jacs.6b09333
https://doi.org/10.1021/jacs.6b09333
https://doi.org/10.1021/jacs.6b09333
https://doi.org/10.1021/jacs.6b02279
https://doi.org/10.1021/jacs.6b02279
https://doi.org/10.1021/jacs.6b02279
https://doi.org/10.1021/jacs.5b04404
https://doi.org/10.1021/jacs.5b04404
https://doi.org/10.1021/jacs.5b04404
https://doi.org/10.1021/ja504625m
https://doi.org/10.1021/ja504625m
https://doi.org/10.1021/ja504625m
https://doi.org/10.1021/ja802001b
https://doi.org/10.1021/ja802001b
https://doi.org/10.1021/ja802001b
https://doi.org/10.1126/science.aah5133
https://doi.org/10.1002/anie.201403873
https://doi.org/10.1002/anie.201403873
https://doi.org/10.1002/anie.201403873
https://doi.org/10.1002/ange.201403873
https://doi.org/10.1002/ange.201403873
https://doi.org/10.1002/ange.201403873
https://doi.org/10.1021/acs.accounts.7b00308
https://doi.org/10.1021/acs.accounts.7b00308
https://doi.org/10.1021/acs.accounts.7b00308
https://doi.org/10.1002/anie.200600677
https://doi.org/10.1002/anie.200600677
https://doi.org/10.1002/anie.200600677
https://doi.org/10.1002/anie.200600677
https://doi.org/10.1002/ange.200600677
https://doi.org/10.1002/ange.200600677
https://doi.org/10.1002/ange.200600677
https://doi.org/10.1002/ejoc.201403032
https://doi.org/10.1002/ejoc.201403032
https://doi.org/10.1002/ejoc.201403032
https://doi.org/10.1002/ejoc.201403032
https://doi.org/10.1002/chem.200802496
https://doi.org/10.1002/chem.200802496
https://doi.org/10.1002/chem.200802496
https://doi.org/10.1002/chem.200802496
https://doi.org/10.1016/S0957-4166(01)00269-5
https://doi.org/10.1016/S0957-4166(01)00269-5
https://doi.org/10.1016/S0957-4166(01)00269-5
https://doi.org/10.1039/a909721j
https://doi.org/10.1039/a909721j
https://doi.org/10.1039/a909721j
https://doi.org/10.1039/a909721j
https://doi.org/10.1016/S0957-4166(00)00348-7
https://doi.org/10.1016/S0957-4166(00)00348-7
https://doi.org/10.1016/S0957-4166(00)00348-7
https://doi.org/10.1016/S0957-4166(00)00348-7
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/ange.201307295
https://doi.org/10.1002/ange.201307295
https://doi.org/10.1002/ange.201307295
https://doi.org/10.1021/ol500821c
https://doi.org/10.1021/ol500821c
https://doi.org/10.1021/ol500821c
https://doi.org/10.1021/ol500821c
https://doi.org/10.1021/acscatal.6b01102
https://doi.org/10.1021/acscatal.6b01102
https://doi.org/10.1021/acscatal.6b01102
https://doi.org/10.1038/s41929-018-0207-1
https://doi.org/10.1038/s41929-018-0207-1
https://doi.org/10.1038/s41929-018-0207-1
https://doi.org/10.1016/j.tetasy.2007.11.019
https://doi.org/10.1016/j.tetasy.2007.11.019
https://doi.org/10.1016/j.tetasy.2007.11.019
https://doi.org/10.1016/j.tetasy.2007.11.019
https://doi.org/10.1021/jacs.5b11196
https://doi.org/10.1021/jacs.5b11196
https://doi.org/10.1021/jacs.5b11196
https://doi.org/10.1021/jacs.6b12840
https://doi.org/10.1021/jacs.6b12840
https://doi.org/10.1021/jacs.6b12840
https://doi.org/10.1021/jacs.8b07776
https://doi.org/10.1021/jacs.8b07776
https://doi.org/10.1021/jacs.8b07776
https://doi.org/10.1021/jacs.8b07776
https://doi.org/10.1016/j.tet.2019.130680
https://doi.org/10.1016/j.tet.2019.130680
https://doi.org/10.1021/jacs.9b12296
https://doi.org/10.1021/jacs.9b12296
https://doi.org/10.1021/jacs.9b12296
https://doi.org/10.1002/cssc.201900990
https://doi.org/10.1002/cssc.201900990
https://doi.org/10.1002/cssc.201900990
https://doi.org/10.1002/cssc.201900990
https://doi.org/10.1021/jacs.9b08832
https://doi.org/10.1021/jacs.9b08832
https://doi.org/10.1021/jacs.9b08832
https://doi.org/10.1021/acscatal.9b05567
https://doi.org/10.1021/acscatal.9b05567
https://doi.org/10.1021/acscatal.9b05567
https://doi.org/10.1021/acscatal.9b05567
https://doi.org/10.1021/acs.orglett.0c00549
https://doi.org/10.1021/acs.orglett.0c00549
https://doi.org/10.1021/acs.orglett.0c00549
https://doi.org/10.1021/acs.orglett.0c00549
https://doi.org/10.1002/anie.201907514
https://doi.org/10.1002/anie.201907514
https://doi.org/10.1002/anie.201907514
https://doi.org/10.1002/ange.201907514
https://doi.org/10.1002/ange.201907514
https://doi.org/10.1002/ange.201907514
https://doi.org/10.1002/ange.201907514
https://doi.org/10.1039/D0CC00767F
https://doi.org/10.1039/D0CC00767F
https://doi.org/10.1039/D0CC00767F
https://doi.org/10.1039/D0CC00767F
http://www.chemeurj.org

