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1. Introduction

Since the groundbreaking work by Gilman' in the 1950s,
cuprates have become versatile tools in organic synthesis,
more precisely, in 1,4-addition reactions to o./-unsaturated
acceptors,2 as well as in Sn2'- and Sy2-substitutions® which
can be performed with stoichiometric or catalytic amounts
of copper in a stereo- and enantioselective fashion. Thus, it
is surprising that the corresponding C—H bond formation
using copper hydrides, which are enjoying a rich history
dating back to the mid 1800s, stayed highly underdeveloped
until the end of the last century. Modern usage of CuH in
synthesis is well recognized to have begun with “Stryker’s
reagent” in 1988.* In a series of publications, Stryker et al.
described the remarkable tendency of the phosphine-
stabilized hexamer, [(Ph;P)CuH]g, to effect highly regiose-
lective conjugate reductions of various carbonyl derivatives,
including unsaturated ketones, esters and aldehydes. The
mildness of the reaction conditions, functional group com-
patibility, and excellent overall efficiencies were deemed so
impressive that this beautifully crystalline red solid was
quickly propelled to the status of “Reagent of the Year” in
1991.

That this mild hydride source can also be used catalyti-
cally, in particular with inexpensive and environmentally
benign silanes, has shifted the spotlight (insofar as develop-
ment of new methodologies is concerned) toward asymmetric
uses of these net hydrosilylation reactions. Following a
previous review in 2002,° further advances of this fast
growing field were recently highlighted by Oestreich and
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Scheme 1. Preparation of Ligated Copper Hydrides

Ligand (L)

Cu—X + M-H (L)CuH + MX

Cl, OAc H, SiR3 Sn phosphine, NHC

Rendler.® Herein the focus is on more details associated with
developments beginning with the new millennium; for
complete coverage of previous work, the reader is referred
to the reviews mentioned above.

2. Generating Stryker’s Reagent and Alternatives

The most common and frequently used copper hydride
species is the phosphine-stabilized hexamer, [(Ph;P)CuH]s,
the so-called “Stryker’s reagent”.” The early recipe leading
to this commercially available complex® that called for CuCl
plus an equivalent of NaO#-Bu to generate CuOr-Bu is still
used, especially since CuOz-Bu is no longer commercially
available.” To avoid this extremely air-sensitive system,
advances have been made of late such that the precursor
Cu—O0 bond no longer needs to be formed in situ from these
salts. That is, Cu(OAc),*H,O has been found to be an
attractive replacement which streamlines the procedure to
generate CuH.'® Yun and co-workers pointed out that, if
copper(Il) acetate as copper source is used, in contrast to
the CuCl/NaOr-Bu combination, repeated crystallization is
not necessary to obtain Stryker’s reagent in high purity and
yields. Usually, the phosphine is present prior to addition of
a silane to ensure stabilization of the in situ formed CuH
through complexation.'" (Scheme 1).

For generating copper hydride, silanes, which in general
are inexpensive and environmentally friendly, are the most
common source of stoichiometric hydride. A brief summary
of several combinations that produce CuH is shown in Table
1. A more detailed description (with additional references)
and reactivity studies for these “cocktails” are discussed
herein.

Polymethylhydrosiloxane (PMHS)?** is oftentimes listed
as a 29-mer, and as a stoichiometric source of hydride it
can vary widely in nature between vendors. Material from
Lancaster (catalog #L.14561) appears to give reproducible
CuH chemistry, while PMHS from Acros can lead to
different (vastly inferior) results. PMHS is used as received
from the vendor, although it should be handled and stored
under argon in a multiply septumed bottle to maximize
lifetime. Tetramethyldisiloxane (TMDS; Alfa catalog #12934)
is another inexpensive silane that, on occasion, is a superior
source of hydride (vide infra). Also available are Fleming’s
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silane (PhMe,SiH) and phenylsilane (PhSiHj3) that are
occasionally used.

Switching to nonracemic bis-phosphines from triph-
enylphosphine as ligand leads to a chiral copper hydride
species that performs reactions in a diastereo- and enanti-
oselective fashion. Virtually all success realized to date with
asymmetrically ligated CuH has come from a relatively small
subset of either biaryl or ferrocenyl bis-phosphines. Most
notably, selected biaryls of the BIPHEP** and SEGPHOS?**
series deserve special merit not only for their remarkable
discriminatory structural features but also for the turnover
numbers (TONs) now possible as their CuH complexes. The
same is true for certain chelators in the JOSIPHOS?’ series.
The biaryl ligands and the ferrocenyl derivatives shown in
Figure 1 are commercially available both in quantity and in
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enantiomerically pure form. They are stable solids best stored
in a glovebox or equivalent fashion protected from air to
avoid phosphine oxidation.

Nowadays, N-heterocyclic carbenes®® (NHCs) are becom-
ing very popular as an alternative to phosphine ligands. Use
of isolated, air stable copper—carbene complexes,”’ >’ in
particular, has become an attractive alternative. NHCs are
quite distinct from tertiary phosphines both electronically (as
strong o-donors and weak s-acceptors, effecting stronger
interaction with the metal) and structurally (with a likely
linear array between the carbene carbon, copper, and
hydrogen atoms). Usually, the CuH catalyst is prepared from
the starting imidazolium salt 4 by treatment with base and
CuCl, followed by in situ conversion in the presence of a
silane (Scheme 2). In contrast to the corresponding cuprates
for C—C-bond formation, nonracemic carbene based copper
hydride species have not been used in organic synthesis to
date.

A drawback of the systems described so far is the fact
that, except for Stryker’s reagent itself, each of these reactive
species must be generated in situ. This was recently
addressed by Lipshutz and Frieman®® who described a chiral
copper hydride species bearing the SEGPHOS ligand 2b, a
complex which is exceptionally stable and can be easily
stored in solution if kept under argon (Scheme 3). This so-
called “CuH-in-a-Bottle” can be used directly without initial
preparation of copper hydride, making it to a user-friendly,
easy-to-handle alternative source of CuH.

The same group has also developed a heterogeneous
catalyst by immobilizing copper oxides on charcoal together
with DTBM-SEGPHOS 2b as chiral ligand (Scheme 4).3!
This precursor, when treated with PMHS as stoichiometric
hydride source in toluene leading to CuH, works in most
cases as well as the corresponding homogeneous version of
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Table 1. Frequently Used Reagent Combinations for Generating
CuH

copper source additive hydride source  references
CuCl NaOr-Bu H, 12
BusSnH 13
PhSiH; 14
PMHS“ 15
TMDS? 16
(Ph;P)CuF-2EtOH - PhMe,SiH 17
Cu(OAc),-H,O - PMHS* 9, 10
CuCl,+2H,0 - PMHS* 18
[(3,5-xyly]);P],CuNO;  — H, 19
CuOr-Bu — PMHS“ 20
CuF, - PhSiH;/PMHS® 21
a b
Me l\l/le ]\I/[e
PMHS = §—O Sli—O % TMDS = H—Sli—O—?i—H
].II A Me Me

this catalytic system, adding the advantage of simplicity of
workup (just by filtration), recyclability of the catalyst, and
minimization of waste. Therefore, this system is very
attractive from both the ecological and economical points
of view.

With several sources of copper hydride now available, the
focus of current CuH chemistry continues to be on catalytic
asymmetric processes. Thus, both 1,2- and 1,4-additions of
hydride to a variety of electrophilic centers have been

MeO I PAr,
MeO ] PAr,

1a: Ar = Ph [(R)-MeO-BIPHEP]
1b: Ar = 3,5-Me,CgHs [(R)-Xyl-MeO-BIPHEP]

Fe :
<O O @

o PA, 3 [(R.S)-JOSIPHOS]

0 PAr,
g

2a: Ar = Ph [(R)-SEGPHOS]
2b: Ar = 3 5-+-Buy-4-MeOCgH, [(R)-DTBM-SEGPHOS]

Figure 1. Bis-phosphines used for enantioselective copper hydride
reactions.

Scheme 2. Preparation of Copper Hydride—NHC
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Scheme 3. Preparation of “CuH-in-a-Bottle”
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Scheme 4. Preparation of a Heterogeneous CuH Catalyst
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Scheme 6. 1,4-Reduction with Stoichiometric Amounts of
(PhzP)CuH

(PhaP)CuH
toluene, rt

8 9 (64%)

developed, where the level of chiral induction derives from
the innate bias of the ligand—metal complex. These results,
as well as reactions with alkynes and applications of copper
hydride to targets in total synthesis, will be discussed in the
following sections.

3. 1,4-Reductions and Related Reactions

3.1. 1,4-Reduction of Enones, Enoates and
Related Michael Acceptors Mediated or Catalyzed
by Copper Hydride

A very reliable method for the construction of tertiary
centers of chirality is copper-mediated or -catalyzed C—C-
bond formation using a,/3-unsaturated Michael acceptors like
unsaturated carbonyl compounds, sulfones etc.”? These
reactions take advantage of the carbophilic nature of copper,
usually affording the 1,4-addition product exclusively.
Nevertheless, an alternative and equally efficient means relies
on introduction of hydrogen instead of carbon. This can be
accomplished using phosphine-** or NHC-stabilized copper
hydrides (Schemes 5, 6).27~%°

Not long after Stryker’s initial report on stoichiometric
uses of [(PhsP)CuH]g, it was discovered that a catalytic cycle
could be established in which molecular hydrogen serves as
hydride source>? (X = H, Scheme 5). Here, the carbophilic
copper hydride species A reacts with the Michael acceptor
B (in this particular case an enone) to form a zz-complex C.
Delivery of the hydride to the -carbon atom affords the
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Scheme 7. 1,4-Reduction with Catalytic Amounts of
(Ph;P)CuH

N/ \/
9 _Si__si
5 mol % (PhgP)CuH 60" H
TMDS (1.5 equiv.)
toluene, rt, 24h
10
11 (85%)
Y
Ol Ol (@]
2mol % (PhaP)CuH_ oo TBAF, MeOH
J\ TMDS (0.55 equiv) |<5 N t, 30 min
toluene rt, 3h Ph
Ph Ph 14 (82%)
13

enolate D, which undergoes a o-bond metathesis with the
stoichiometric hydride source via transition state E, thus
closing the cycle by regaining the catalytically active copper
hydride species A and releasing species F which will
tautomerize to product G. Although the yields are very good,
a rather high hydrogen pressure (typically 70 bar) is required
to obtain complete conversion, and therefore, over-reduction
products are occasionally formed in varying amounts.

To avoid such undesirable secondary events, an appropriate
method is the use of stoichiometric amounts of Stryker’s
reagent. Such a copper-mediated conjugate reduction was
recently used by Hirama et al. in their total synthesis of the
shellfish poison (+)-pinnatoxin A.** A key step in this
synthesis was the chemoselective reduction of a,-unsatur-
ated ketone 8 with excess Stryker’s reagent forming the
macrocyclic intermediate 9. Although only a moderate yield
was obtained, this reaction showcases the benefits of copper
hydride chemistry in an impressive way: high chemoselec-
tivity, and considerable tolerance to a second double bond
as well as a variety of functional groups (alcohols, acetals,
ethers) and stereogenic centers.

These advantages, well documented by the Stryker group
in their early contributions to the field,* were a driving force
for further improvements. The basis for these new develop-
ments lies in an appreciation for the facility with which
various silyl hydrides undergo transmetalation with copper
enolates.® These hydride sources not only are easier to
handle than hydrogen gas at elevated pressures but also
essentially guarantee that no over-reduction will take place.
Gratifyingly, the high tolerance toward functional groups,
the mildness of the reaction conditions, and especially the
chemoselectivity are not affected. As silanes, the earlier noted
TMDS and PMHS are those most frequently used, allowing
for reduction of o,(-unsaturated ketones with catalytic
amounts of Stryker’s reagent (Scheme 7).'® It is remarkable
that TMDS supplies both of its hydrides and, therefore,
substoichiometric amounts of the silane can be used. It should
be noted, however, that Stryker’s reagent has a limited shelf
life, and unless fresh material is first checked by '"H NMR
for hydride (6 3.50 in C¢Dg), its use as catalyst can be
unfruitful.

Chandler and Phillips used stoichiometric amounts of
Stryker’s reagent and phenylsilane for the synthesis of the
ketone 16, a precursor of the marine natural product (&£)-
trans-kumausyne (Scheme 8).%¢

Inspired by early work on CuH, Buchwald et al. developed
the first enantioselective conjugate reduction®’ using in situ
generation of a bis-phosphine-stabilized chiral CuH species
from CuCl as copper source, NaOz-Bu as base, and (S)-p-
tol-BINAP 23 as chiral ligand (Scheme 9). With this system,
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Scheme 8. 1,4-Reduction with Stoichiometric Amounts of
(Ph3P)CuH and PhSiH;

o] 0
Qﬁ' (PhgP)CuH %
PhSiH
H o, = toluene, rt, 8 h H o, =
15 16 (63%)

Scheme 9. Catalytic Enantioselective 1,4-Reduction of
Enones and Enoates
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PR X" "0oEt 4equiv. PMHS Ph OEt
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17 18 (98%, 91% ee)
0 5 mol % CuCl 0

5 mol % (S)-p-tol-BINAP
5 mol % NaOtBu
1.05 equiv. PMHS
toluene, 0°C
Ph Ph
19 20 (86%, 94% ee)

5 mol % CuClyH,0

5 mol % (S)-p-tol-BINAP Q
20 mol % NaOt-Bu
X 4 equiv. PMHS

4 equiv. i-PrOH

n-Bu
toluene/pentane (1:1)
Y -20°C, 3h 22

X =0:89%, 86% ee
X = NPMP: 64%, 94%ee
PAT a o g@
98

23 [(S)-p-to-BINAP]

O

n-Bu

Scheme 10. Synthesis of Myrmicarin 217 by Catalytic
Enantioselective 1,4-Reduction

Me, 9 Me, R
Me Me
20 mol % Cu(OAC)z.H,0
7\ 20 mol % (S)-BINAP I\
N 6.5 equiv. PMHS N
x 6.5 equiv. t-BuOH £BUOLCL A OMe
’BUOZC\/\/\(OM THF, 23°C, 3 h T
OMe OMe
24 25 (89%, 85% ee)
Me
Me
ol

(+)-Myrmicarin 217 (26)

enones as well as unsaturated esters, lactones, and lactams
undergo smooth 1,4-reduction furnishing the corresponding
saturated systems in very good yields and high ee’s.

Advantage was taken of the method in its application to
the synthesis of tricyclic myrmicarin alkaloids, e.g. myrmi-
carin 217 (Scheme 10).%® Because of the high steric hindrance
at the S3-site in Michael acceptor 24, somewhat higher catalyst
loadings of the in situ formed chiral copper hydride complex
were needed.

One of the key “tricks” to this chemistry is to take
advantage of the tolerance of CuH complexes to alcohols
and water. In fact, several methods rely on the presence of
a bulky alcohol (e.g., --BuOH) to enhance reaction rates;
this can be the difference between considerable success and
borderline total failure. Since the amount of added alcohol
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Scheme 11. CuH-Catalyzed Reduction in the Presence of

Alcohols
o,CuL
N R3SiH
H?'“ slow
ke

fast lt—BuOH

o} OH
R4SiH
‘?17_ —_— IlLL x + CuOtBu ———  LCuH
- R3SiOt-Bu
19_ &LL fast
30 29

L = phosphine, NHC

S|R3

W,l)j + LCuH

Scheme 12. Deuteration Experiment: Effect of Alcohol in
CuH-Catalyzed Reduction

O 20 mol % (PhyP)CuH 2%y O
1 mol % 2b 32% D)
|_© 2equiv. PMHS 16% D+
Ph CqDg, 1.1 equiv. -BuOD Ph
31 32

Scheme 13. Catalytic Enantioselective 1,4-Reductions with
SEGPHOS and JOSIPHOS Ligands

1 mol % CuCl
o cat. 2b o

1 mol % NaOt-Bu
2 equiv. PMHS
toluene, -35°C, 3d

33 S/L =275.000 : 1 34 (88%, 98.5% ee)

Me 3 mol % CuCl

1mol %3
Et - -
02 3 mol % NaO#-Bu

35 2 equiv. PMHS
1.1 equiv. t-BuQH
toluene, -78°C, 18 h

Me
CO,Et
PhMeZSi)\/ 2

36 (98%, >95% ee)

PhMe,Si

is usually on the order of only 1—3 equiyv, it takes relatively
little (volumewise) to accelerate these hydrosilylations. The
role of this additive is usually ascribed to the more rapid
quenching of an intermediate copper enolate, generating a
copper alkoxide which is an ideal precursor to rapid
re-formation of CuH in the presence of excess silane (Scheme
11). Thus, the rate increase is presumably due to bypassing
a slow metathesis step between Cu—O and Si—H bonds that
is otherwise essential for regenerating CuH in the catalytic
cycle (cf. Scheme 5).

This proposed mechanism was supported in studies using
+-BuOD (Scheme 12).*° Asymmetric hydrosilylation of
unsaturated lactone 31 revealed that most of the deuterium
is incorporated at the a-position, while only small amounts
were found at the S-position. Thus, since no exchange occurs
between PMHS and #+-BuOD, it would seem that the rate
enhancement may well be due to more rapid quenching of a
copper enolate by the alcohol than by the silane.*

Improvements in both enantioselectivity and reactivity
toward sterically hindered systems followed these reports
based on BINAP ligands. In a series of publications, Lipshutz
and co-workers found that JOSIPHOS- and SEGPHOS-
derived chiral CuH species lead to higher levels of chiral
induction than those obtained with the corresponding BINAP-
CuH derivatives (Scheme 13).">*' Whereas SEGPHOS (2b)
ligands work best for cyclic enones, JOSIPHOS-type bis-
phosphines (3) give excellent results for acyclic enones.

Deutsch et al.

Scheme 14. Catalytic Enantioselective 1,4-Reduction under
Microwave Conditions

Q 1 mol % Cu(OAC)H,0 Q
0.001 mol % 2b
S/ 2 equiv. PMHS o
ph THF Ph

37 38

30 min, 60°C, mW: 94%, 98.6 % ee
Conventional conditions: 3 h, 0°C, 96%, 99% ee

Scheme 15. Kinetic and Dynamic Kinetic Resolution by

CuH-Catalyzed 1,4-Reduction

O 10 mol % CuCl
10 mol % (S)-p-tol-BINAP

(97.4% ee 56 5% conv.)
O 10 mol % CuCl
10 mol % (8S)-p-tol-BINAP
1.7 equiv. NaOt+Bu
5.0 equiv. +-BuOH
2.2 equiv. PMHS

10 mol % NaOQt+-Bu
toluene, 0°C, then TBAF
19 Ph

1.1 equiv. PMHS
toluene, 0°C, then TBAF

(94%, c:s.trans 937, 93% ee)

Besides increased enantioselectivities, there are other
benefits to using these chiral bis-phosphines in copper
hydride chemistry. As nonligated CuH present in a reaction
medium is not stable and thus likely to decompose, metal to
ligand ratios larger than one can be used to ensure full
complexation of the ligand (Scheme 14). To avoid elongated
reaction times caused by low catalyst loadings, microwave
irradiation can be used. Under these conditions (Scheme 14)
almost no erosion of enantioselectivity was observed.*?

A remarkable extension for the generation of two stereo-
genic centers was reported by Buchwald and co-workers.'®*?
This group used their chiral CuH system for the kinetic
resolution of a,f3-unsaturated lactones,’”® as well as the
kinetic or dynamic kinetic resolution of 2,4-dialkylcyclopent-
2-enones (Scheme 15).4

In the presence of catalytic amounts of NaOz-Bu as base,
an efficient kinetic resolution of racemic enones takes place
to afford the less reactive enantiomer with high ee. For
dynamic kinetic resolution, however, an excess of NaOz-Bu
and -BuOH serves to accelerate racemization of the substrate
to such an extent that the reduction product (e.g., 40) can be
isolated in high yield and enantiomeric excess. The useful-
ness of the method was demonstrated in a short synthesis of
the lignan eupomatilone-3 (43; Scheme 16).'®

An interesting achiral alternative for Stryker’s reagent can
be generated by exchanging the phosphine against an
N-heterocyclic carbene.** The isolable CuCl—carbene com-
plex 44 was treated with a base to generate the corresponding
NHC—CuOt-Bu complex in sifu; this ultimately forms a
reactive copper hydride complex in the presence of PMHS
(Scheme 17).

This system reacts smoothly with cyclic and acyclic enones
furnishing the saturated products in excellent yields. With
its application to the synthesis of the precursor 48 of kainic
acid (Scheme 18), a natural non-proteinogenic amino acid,
carbene complex 44 clearly offers a very useful alternative
to Stryker’s reagent.*’
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Scheme 16. Synthesis of Eupomatilone-3 by Dynamic
Kinetic Resolution

Q
5 mol % CuCly-2 H,0 OMe
5mol % 1a MeO 0 Me
1.2 equiv. NaO#Bu O
+BuCH M
6 equiv. PMHS €0 O
THF/CH,Cl, 1t MeO o

o/

42 (85%, 93% ee)
Me
Me NaHMDS
Mel

Eupomatilone-3 (43)

Scheme 17. 1,4-Reduction with an NHC—Cu Complex

o} 0]
1.0 mol % 44/NaOf-Bu
4 equiv. PMHS

4 equiv. t-BuOH, toluene, rt

Ph Ph
48 46 (90%, dr = 4:1)
0.3 mol % 44/NaOt-Bu
Et O 4 equiv. PMHS Et O
Ph)\/U\OEt 4 equiv. t-BuOH, toluene, 1t Ph)\)I\OEt
17 rac-18 (97%)

IAr

Q%CUCI Ar=
A
Ar

44 [IPrCuCl]

Scheme 18. Synthesis of a Precursor for Kainic Acid Using
NHC—Cu Complex 44

2 mol % 44
10 mol % NaO#Bu
EtO,C™"\ 4 equiv. PMHS Et0,C
toluene, rt, 16 h
o N o7 N
PMB PMB
47 48

cis:trans > 95:5
84% from (2)-47
67% from (E)-47

3.2. Tandem Modifications

Conjugate reductions using in situ formed CuH can be
exploited further when run in the presence of an electrophile,
inducing an inter- or intramolecular trapping of the reduction
product. In initial studies, Lipshutz et al. treated several
enones with catalytic amounts of Stryker’s reagent and a
silane forming the silyl enol ether which, in the presence of
a Lewis acid (e.g., TiCly), reacted with aldehydes to the
corresponding aldol products (Scheme 19).'® If a borane
instead of a silane is used as hydride source, the transmeta-
lation step can lead directly to a Z-boron enolate, thereby
affording syn-aldol products.*® Not long after this, Chiu and
co-workers*’ reported an intramolecular reduction—aldol
addition reaction as a key step in their total synthesis of
lucinone (55), an antispasmodic drug (Scheme 19).*°

It is not surprising that enantioselective conjugate reduc-
tions with L*CuH (L* = chiral ligand) have also been used
in tandem reactions. For example, Yun and Buchwald applied
their (S)-p-tol-BINAP-stabilized CuH system toward a
reduction—alkylation protocol,*® as well as for Pd-catalyzed
cross-coupling reactions (Scheme 20).*’ In the latter case,
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lower amounts of the CuH catalyst must be used, otherwise
no cross-coupling is observed.

Chiral CuH catalysts have also been applied to the tandem
1 4-reduction—aldol reaction.>® Thus, aromatic aldehydes and
ketones (e.g., 62) react with the copper enolate generated
by 1,4-hydride addition to methyl acrylate 63 to afford the
aldol adduct of type 65 with high syn-selectivity and good-
to-excellent ee’s (Scheme 21).°° The chiral ligand of choice
for this transformation is TANIAPHOS (64). Since the
chirality transfer must derive from an asymmetrically ligated
copper enolate, reactions are best carried out in toluene at
low temperature; under these conditions, the aldol reaction
occurs faster than metathesis with the silane (PhSiHj3) so that
formation of the nonalkylated ester or silyl enol ether is
avoided. The implication of a strong preference for formation
of a Z-copper enolate has yet to be rationalized. Related
trapping reactions with dialkyl ketones have also been
reported with modest success.”*

Intramolecular versions leading to newly formed 5- and
6-membered ring lactones (e.g., 67) are smoothly catalyzed
by nonracemically ligated CuH formed in situ using Cu(OAc),/
TMDS in THF or DME. Several biaryl bis-phosphines were
surveyed; e.g., (R)-Xyl-MeO-BIPHEP 1b, and (5)-SEGPHOS
2a giving the best ee’s (Scheme 22).°" As hydride source,
tetramethylsiloxane (TMDS) gave somewhat cleaner reac-
tions relative to PMHS. Related reactions with unsaturated
amides (e.g., 68), in the achiral series using bis(diphe-
nylpsl}osphino)ferrocene (dppf), also show promise (Scheme
22).>°

3.3. 1,4-Reduction of Other Michael Acceptors

The mild reaction conditions and improvements made in
the (enantioselective) conjugate reductions of o.,3-unsaturated
ketones and esters have been a driving force for expanding
this methodology to other Michael acceptors. Thus, Carreira
and Czekelius showed that nitroolefins can be smoothly
reduced to the corresponding saturated nitro compounds in
the presence of functionality such as ethers, free alcohols,
or even pyridine rings (Scheme 23).2%2!->? Surprisingly, the
nitro group itself is not affected by the CuH species. CuF,
can preferably be used instead of very sensitive CuOz-Bu as
precursor to copper hydride. In this case, nitromethane must
be added as an activator, although it is unknown as to how
it interacts with the catalytically active species.

Shortly after the appearance of this study on nitroalkenes,
new procedures for enantioselective reduction of unsaturated
nitriles and dinitriles were published. Several chiral ligands,
in particular BINAP (only working with dinitriles) and
JOSIPHOS, afforded excellent levels of enantioselectivity
(Scheme 24).>3

Carretero et al. and Charette et al. reported that sulfones
with a stereogenic center in the 3-position are available by
CuH-catalyzed asymmetric 1,4-reduction of unsaturated
precursors (Scheme 25).'*>* Carretero’s group used pyridyl-
substituted sulfones as starting material and SEGPHOS or
BINAP ligands. Under these conditions the corresponding
phenyl-substituted sulfones do not react at all.'* This
limitation was overcome by Charette and co-workers by
employing the monooxygenated bis-phosphine DUPHOS
ligand 77. For nonstereoselective reductions, n-BusP can be
used as stabilizing ligand.>* Chiral sulfones of type 75 are
highly useful synthetic intermediates and can be transformed
into a variety of different functionalities (e.g., olefins,
ketones, esters).14
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Scheme 19. Tandem 1,4-Reduction-Aldol Reactions Using Stryker’s Reagent

0, Me BnO._ CHO OH O
Ph = 2 mol % (PhsP)CuH E—O‘S"o 51 BnoO
O 1.25equiv. PMHS / TiCl, -78°C
toluene, rt ’ Ph
49
50 52 (83%)
0.5 equiv. [(PhsP)CuHlg cat. 0sQ,
O =
H H
o toluene, 1 h, rt Eh KsFe(CN)s OH H 0
53 o °
54 Lucione (55)

Scheme 20. Tandem Conjugate Reduction—Alkylation with Chiral Copper Hydride Catalysts

o} 5 mol % CuCl Ph, .'Ph
5 mol % 23 oo
5 mol % NaOtBu
0.53 equiv. Ph,SiH,
toluene, 0°C
56
57
o} 1 mol % CuCl Ph, Ph
1 mol % 23 O’SI‘O
1 mol % NaOt-Bu
0.53 equiv. Ph,SiH,
THF/pentane (1:1)
56 -78°C
57

‘ P(t-Bu),

59

Scheme 21. Tandem 1,4-Reduction-Aldol Reaction with a
Chiral Copper Hydride Catalyst
1 mol % [CuF(PPhg);].2 MeOH OH O

[e]
j\ . 1 mol % 64
PRTH OMe 1 4 equiv. PhSiH, toluene, -78°C P OMe
63

62 Cy,P 65
Q\g@ (98%, syn-anti = 92:8,
syn: 95% ee
Cng 'I:e 3 37 © )
éMe NMe,

64 [(R.S)-TANIAPHOS]

Scheme 22. Tandem Conjugate Reduction—Cyclization
o}

Ph—\ O 5mol % Cu(OAC),H,0
\—4 5 mol % 1b BN
i)o 1equiv. TMDS, THF, t, 24h  Hou,
66 67 (69%, 70% ee)
OFt . 0
0%, 5mol % Cu(OAC),H;0
Q E 5 mol % dppf N’PMP
\/lLN/\/U\ 1equiv. TMDS, THF, it, 24 h
PMP OH GO
68 (96% ee) 69 (68%, ds >16:1)

4. 1,2-Reductions Mediated or Catalyzed by
Copper Hydride

The selective reduction of C=0 or C=N bonds catalyzed
by transition metals is of great interest in organic synthesis.>>
Hydrogenation and hydrosilylation®® of carbonyl groups are
usually catalyzed by transition metals such as Ti,>’ Rh>® or
Ru.*” In 2000 Stryker and co-workers reported that a change
of phosphine ligand, the primary purpose to which is to
stabilize CuH, has a remarkable effect on the chemoselec-
tivity of this reducing agent.'>® By adding dialkylarylphos-
phines to Stryker’s reagent, 1,4-reduction is suppressed;

o]

1.2 equiv. TBAT

2.0 equiv. BnBr s
CH,Cly/toluene (1:1) Ph
t,24 h

58 (62%, 84% de)

o]
5 mol % Pd(OAc), COzEt
10 mol % 59

1.1 equiv. CsF
1.5 equiv. 60
THF, rt, 18 h

/O/COZEt
Br

60

61 (70%, 95% de)

Scheme 23. Asymmetric Conjugate Reduction of a
Nitroolefin

NO 1 mol % Cu Salt NO
| 2 11mol %3 s
0.1 equiv. PMHS

1.2-1.5 equiv. PhSiH,
1.0-1.2 equiv. H,0
MeO toluene, it, 5 h MeO
70 71

CuOtBu: 94% Yield, 90% ee
CuF, + 10% MeNO,:  75% Yield, 86% ee

Scheme 24. Enantioselective Conjugate Reduction of an
Unsaturated Nitrile

3 mol % Cu(OAc),.H,O
J@ 3mol %3 :/CN
4 equiv. PMHS X
Ph 4 equiv. +BuOH PR
72 toluene, 0°C, 12 h

73 (88%, 98% ee)

instead, an allylic alcohol is the predominant product. For
example, treatment of enal 79 with catalytic amounts of
(PhsP)CuH and 1-phenylphospholane in the presence of
hydrogen as stoichiometric reducing agents afforded mainly
the allylic alcohol 80, and only traces of the overreduction
product 81 (Scheme 26). Under these conditions, a variety
of functionalities, e.g., ethers, ester, isolated olefins, and triple
bonds, are tolerated (Scheme 26), demonstrating considerable
potential of this reduction system.®!

Shortly after these studies, Lipshutz and co-workers
improved the procedure by changing the hydride source from
hydrogen to silanes.®” By using Ph,MeSiH as hydride source,
it is possible to reduce aldehydes or ketones and to introduce
the silane as protecting group at the same time (Scheme 27).
If, on the other hand, PMHS was used for generating the
reactive CuH species, the free alcohol could be isolated in
good to excellent yields. When aldehyde 86 and ketone 87
were exposed to the reducing agent at the same time, only
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Scheme 25. Enantioselective 1,4-Reduction of Unsaturated

Sulfones
[ [
N 5 mol % CuCl ~ZN
5 mol % NaOt-Bu

SO, 5 mol % (R)-BINAP S0,

4 equiv. PhSiH3
toluene, i1, 24 h

(o} o)
74 75 (93%, 90% ee)
SOPh 5 mol % CuFH,0 SO;Ph
55 mol % 77

4 equiv. PhSiH;
0.2 equiv. NaOH
benzene, 11,24 h
76 78 (97%, 99% ee)
Me: .,

8|
e
J
Me
77

Scheme 26. Chemo- and Regioselective 1,2-Reductions
Catalyzed by Stryker’s Reagent

5.0 mol % (PhsP)CuH
4.8 mol % PhP(CHy), OH OH
32 mol % ¢-BuOH

H 34 barH; H H

benzene, 18 h, rt

79 80 ) 81

o] 5 mol % (Ph;P)CuH OH
12 mol % Me,PPh
20 mol % t-BuOH
1bar H;,

1 | benzene, 24 h, 1t | |

82 83 (99%)

Scheme 27. 1,2-Reductions with Stryker’s Reagent and

Silanes as Hydride Source
o
MeO

3 mol % (PhsP)CuH
84 85

CHO 0 \F 1]
/©/ 2.5 equiv. silane
MeO toluene, i, 2-3 h
Ph,MeSiH:  92% (X= SiMePhy)

PMHS: 94% (X = H)

3 mol % (PhsP)CuH OH

9y i 2 equiv. PMHS 9y )O\H
+ - - +

CoHyo toluene, rt CoH1e
89 (not observed)

86 (1 equiv) 87 (1equiv) 88 (90%)
the aldehyde was reduced to the alcohol 88, proving the high
chemoselectivity of this reaction (Scheme 27).

Encouraged by the observation that bidentate ligands (e.g.,
dppf and racemic BINAP) significantly enhance the rate of
1,2-reductions,*® the same group explored chiral bis-phos-
phines for their potential in asymmetric hydrosilylations.
Thus, copper hydride in the presence of Roche’s (R)-Xyl-
MeO-BIPHEP 1b reduced ketones to the corresponding
chiral alcohols cleanly with high yields and enantioselec-
tivities (Scheme 28).%

As mentioned earlier, nonligated CuH is unstable and
easily decomposes; therefore, copper to ligand ratios greater
than one can be used without affecting stereoselectivity. In
the case of acetophenone 92, substrate to ligand ratios of
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Scheme 28. Enantioselective 1,2-Reductions in the Presence
of (R)-Xyl-MeO-BIPHEP (1b)

3 mol % CuCl
3 mol % NaQtBu

O 3mol%1b OH
9 equiv. PMHS ~
toluene, -50°C, 1 h /O/\
FsC FaC

90 91 (85 %, 95% ee)

3 mol % CuCl
3 mol % NaOf-Bu
3 mol % 1b
O gequiv. PMHS H

Phk toluene, -50°C, 12-18 h PR
92 93 (98%, 94% ee)

e

Scheme 29. Enantioselective 1,2-Reduction of
Heteroaromatic Ketone 94
3 mol % CuCl
Q 3 mol % NaOt-Bu H
5 0.05 mol % 2b
— | 4 equiv. PMHS
N

S
—
toluene, -50°C, 4 h N

%4 95 (94%, 99% ee)

Mle)

Scheme 30. Reactivity Study with Propiophenone and
Stryker’s Reagent

excess (PhyP)CuH

o Y OH
ZOomoI % 1b No Reaction P:\/!HS :
Ph -50°Ctort, 4d 0°C, overnight Ph

96 97 (>91% conv.)

1,4-Reduction Product
(100%)

100,000:1 were used without loss of enantioselectivity.
Combined with the possibility to reisolate and reuse the
ligand without loss of activity, this finding makes this method
highly attractive.

Although the CuH participating in these reductions must
be ligated at some point by one or two phosphorus atoms,
both sulfur and nitrogen (e.g., as part of a heteroaromatic
array) can form strong bonds to copper(I) and could sequester
the metal, thereby terminating the catalytic cycle. Thus,
heteroaromatic ketones are challenging substrates and give
either no reaction or low yields/enantiomeric excesses under
standard conditions. This limitation was overcome by using
SEGPHOS-type bis-phosphines 2 instead of the BIPHEP
system 1.%* For example, thiazole 94 can be easily reduced
with catalytic amounts of copper in the presence of ligand
2b, yielding alcohol 95 in excellent enantioselectivity
(Scheme 29). No degradation or inhibition of the catalyst
by coordination to heteroatoms in either the substrate or the
product was observed.

Surprisingly, not only the ligand but also the silane used
has an effect on the reactivity of the catalytically active
species and seems to be more than just a hydride donor
(Scheme 30).°° For the reaction of propiophenone 96 with
an excess of Stryker’s reagent and BIPHEP ligand 1b, it was
proposed that the bis-phosphine might form a more reactive
CuH species which should undergo the desired reduction.
Thus, it was surprising that even after four days no reaction
occurred. The integrity of the catalyst was confirmed by
addition of 4,4-dimethylcyclohex-2-enone at 0 °C, which led
to complete conjugate reduction. Moreover, subsequent
addition of PMHS to the reaction mixture at 0 °C induced
the expected hydrosilylation, leading to nearly complete
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Scheme 31. Enantioselective 1,2-Reduction Accelerated by
Oxygen

O 0.05 mol % CuF(PPhs)s-2 MeOH OH
0.05 mol % 99
1.2 equiv. PhSiH,
F toluene, -60°C, 18 h, air F

98 100 (95%, 93% ee)
O t+Bu
MeO PAry B
MeO par, A7 OMe
O t-Bu
99

Scheme 32. Application of an Enantioselective
CuH-Catalyzed 1,2-Reduction

2 mol % CuCl
2 mol % NaOt-Bu
Q 0.1 mol % 2b ?H
F5C 1 equiv. -BUOHPMHS ~ FaC
toluene, -78°C, 8 h
CFs CF,4
101 102 (98%, 91.7% ee)
CF3 //
CF, o
0.0 P
[ HN,
N CF,4
N or Phk
H H 0
N F
O:( P
HN-N CF,
103 104

consumption of the ketone.®® Therefore, further investigations
as to the role of the silane are necessary.

To avoid the sensitive CuCl/NaOz-Bu system, Lipshutz'®
as well as Yun®” showed that again Cu(OAc),*H,0, often
the copper source of choice in 1,4-reductions, can be used
for generating copper hydride. At the same time, Riant et
al. reported that the combination CuF,/BINAP (or BIPHEP
derivative 99) can serve as precatalyst for the hydrosilylation
of prochiral ketones.®® In this case phenylsilane was used
as hydride source and no additional base was necessary. It
is noteworthy that, in contrast to other recipes involving CuH,
not only is this system stable toward oxygen, but the
reduction can even be accelerated by injecting air into the
reaction mixture® (Scheme 31). This effect is not yet well
understood, and further experimentation is needed. Nano-
crystalline copper(Il) oxide can also be used as copper source
for this reduction, although it is not known whether the
reaction is taking place in a heterogeneous or homogeneous
fashion.”®

By reducing a variety of prochiral ketone precursors to
targets of known biological activities, the potential of chirally
ligated CuH has been shown.”' An interesting example of
potential preparative interest is alcohol 102, an intermediate
en route to Merck’s NK-1 receptor antagonist 103, as well
as Schering-Plough’s analogue 104.” A large-scale produc-
tion calls for an asymmetric transfer hydrogenation of 101
using 0.5 mol % of a cis-aminoindanol —ruthenium complex,
affording the product in a reported 91% ee. A similar result
can be obtained with CuH, employing a substrate/ligand ratio
of 1000:1 (Scheme 32).

Very challenging substrates are imines due to the op-
portunity to form strong Cu—N bonds, thus terminating the
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Scheme 33. Representative Enantioselective 1,2-Reduction of
an Imine

o] o]
[l i
- 6 mol % CuCl -
NP2 gl o NaOMe 35Xy
6 mol % 2b z
3 equiv. TMDS
toluene, it, 17 h
FsC FsC
105 106 (94%, 97.3% ee)

Scheme 34. Enantioselective 1,2-Reduction—Protection of
Ketone 107

0.5 mol % CuCl
OMe O 3'mol % NaOt-Bu
0.1 mol % 108

1.2 equiv. TBS-H
MeO toluene, -7°C, 4 h MeO

107 109 (30% (GC), 80% e¢)
¢
o PAr,

o PAr,
1

108 [(S)-DM-SEGPHOS]

OMe OTBS

Ar=§

Scheme 35. 1,2-Reduction Using a NHC—Cu Complex as
Precatalyst
3 mol % 111

9 0.2 equiv. NaOt-Bu OSiEt;
CF, —oequiv.ElsSH CFs
toluene, 80°C, 1 h
Me,N c Me,N
110 d 112 (96%)
@ CuCl
N
\
Cy

111 [{ICy)CuCl]

catalytic cycle. The choice of the substituent attached to
nitrogen is crucial given the influence that E/Z isomerism
can have in product formation. Both problems were solved
using di-(3,5-xylyl)phosphinyl-substituted imines such as
105, which can be reduced at room temperature to the
corresponding amine in excellent yield and enantiomeric
excess (Scheme 33).7°

The CuH-catalyzed enantioselective 1,2-reductions de-
scribed thus far only offer access to free alcohols after
workup to remove polymeric silanes associated with the
product (e.g., from 29-mer PMHS). Since several other
silanes can act as hydride source, it would be desirable to
employ monomeric alkylsilanes, e.g., #-butyldimethylsilane
(TBS-H), thereby leading directly to isolation of the corre-
sponding silyl ether (cf. Scheme 27). This method would be
competitive with conventional two-pot approaches involving
metal hydride reduction followed by silyl halide/triflate
protection. Indeed, the reduction of ketone 107 leads to
protected alcohol 109 in excellent yield and acceptable ee
using a SEGPHOS-type ligand 108 (Scheme 34).”*

In a series of publications, Nolan and co-workers”” showed
that NHC—copper complexes, in situ generated or isolated,
can be used as precatalyst for the hydrosilylation of ketones
(Scheme 35). Under their conditions even tertiary amino
groups, e.g., as found in substrate 110, are tolerated and the
corresponding silyl ether 112 was isolated in excellent yield.
These studies were carried out with achiral catalysts; it would
be interesting to evaluate nonracemic versions of these
carbene precursors as catalysts for enantioselective hydrosi-
lylations of prochiral substrates.
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Scheme 36. Copper-Catalyzed Kinetic Resolution Using Chiral Silane 114

5 mol % CuCl N
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2 eq. DIBAH
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)
. HlSiu,,
,, tBu
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Scheme 37. Formation of a Vinylcuprate by Alkyne
Hydrocupration

(Et0),SiH

r
@ CuOt-Bu hex3- Rle LU @ Cu =
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Ar H
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Scheme 38. Hydrostannylation of an Activated Alkyne
Catalyzed by Stryker’s Reagent
10 mol % [PhsPCuH]g

> CO,Et 1.5 equiv. BuzSnH TBSO COE
TBSO\/ toluene, rt
T H SnBuj
17 118 (83%, E only)

A completely different approach for generating enantio-
merically enriched alcohols was developed by Oestreich and
co-workers.”® Using chiral silane 114 and an achiral
copper—phosphine complex, they were able to perform a
nonenzymatic kinetic resolution of secondary alcohols of type
113 (Scheme 36). The silyl ether 115 formed can be
reductively cleaved to release the alcohol and the silane 114.

5. Hydrocupration and Sy2 -Reduction of Alkynes

Because of the carbophilic nature of the coinage metal
copper, prospects for reactivity of copper hydride toward
triple bonds have also been investigated. Stryker and co-
workers had already found in 1990 that CuH can be used
for reduction of selected alkynes, furnishing alkenes with
high Z-selectivity.”” That these olefins are the result of a
hydrocupration was proven by Sadighi et al., who were able
to isolate vinylcopper compound 116 as a result of the
addition of a NHC-stabilized copper hydride species to hex-
3-yne (Scheme 37).”® A crystal structure of 116 was also
obtained, showing that vinylcopper species may be more
stable than expected, potentially expanding their scope in
organic synthesis.

In a series of publications, Chiu’s group showed that
activated alkynes undergo hydrostannation reactions cata-
lyzed by Stryker’s reagent (Scheme 38).'*7° The high
regioselectivity is explained by a hydrocupration of the
unsaturated ester 117 as initial step followed by a trans-
metalation with tin hydride.® Vinyltin compounds of type
118 are highly useful for Stille cross-coupling reactions.

During studies on the reduction of alkynes, Stryker et al.
found that a terminal propargyl acetate undergoes an SN2'-

(S)-113 (78%, 71% ee) 114 (98%, 96% ee)

Scheme 39. CuH-Catalyzed Sn2'-Reduction of a Propargyl

Oxirane
3 mol % CuCl
o 3 mol % 120 H H
9 mol % NaOt-Bu =X
OH S ——

5 /Q/\ 2 equiv. PMHS e :S—\
£Bu 119 toluene, 1t, 15 h HO OH
then TBAF.3 H,0

121 (86%, ds > 95:5)
0. .0
N y N
Mes’N\?’ﬂ‘Mes NF
CI” TIO™
120 [SIMes.HCI]

122 [IBiox7.HOT]

reduction to the corresponding allene rather than hydrocu-
pration,”” a procedure that was used by Brummond and Lu
for the synthesis of a precursor to (£)-hydroxymethylacyl-
fulvene.®' Stryker also pointed out that this method is
restricted to terminal alkynes. This limitation was recently
overcome by Deutsch, Lipshutz and Krause, who investigated
several copper—carbene complexes as precatalysts for the
anti-stereoselective Sy2'-reduction of propargyl oxiranes
(Scheme 39).%?

Here, an in situ prepared NHC-CuH species affords the
desired a-hydroxyallenes 121, which are versatile building
blocks in synthesis,® in high yields with excellent center-
to-axis chirality transfer. Not only the stereoselectivity but
also the chemoselectivity of this reducing agent is remark-
able; it tolerates a variety of functionalities including double
and triple bonds, alcohols, esters, cyclopropanes, CF; groups,
as well as electron-rich and electron-deficient aromatic rings.
In most cases, the SIMes (120)%* and IBiox7 (122)% carbene
precursors imparted the highest reactivity and selectivity.
Recently, the same researchers expanded the method to
another substrate class by choosing carbonates as leaving
group (Scheme 40).%° For example, propargyl carbonates 123
and 126 can be smoothly converted into allenes 125/127,
respectively, in good yields. In these transformations, the
IBiox12 ligand 124% affords the best results. Gratifyingly,
a high tolerance toward functional groups is again observed.

It is worthy of mention that the key step in these
transformations is not the substitution itself, but regeneration
of the CuH catalyst by reaction of the silane with the initial
copper salt formed in the reduction. Here, the crucial point
relates to the basicitiy of the Cu salt, because only sufficiently
basic copper salts (e.g., alkoxides) undergo a smooth
transmetalation with the hydride source. Hence, other leaving
groups such as acetate or nitrobenzoate (which produce less
basic copper salts) lead to lower levels of conversion and
reduced yields.
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Scheme 40. CuH-Catalyzed Sx2'-Reduction of Propargyl

Carbonates
/@A ~"0Bn

3 mol % CuCl
3 mol % 124
9 mol % NaO¢-Bu

X _oBn 2equv. PMHS
toluene, rt, 40 h

OCO,Me

MeQO 123 125 (95%)
3 mol % CuCl

QC0Me 3 mol % 124 H
S 9 mol % NaOt-Bu O:-
N 2 equiv. PMHS

Me toluene, it, 24 h HO Me
HO

126 127 (70%)

C3RG

124 [IBiox12.HOT{]

6. Conclusion

During the past decade, copper hydride chemistry has
evolved dramatically and can nowadays be considered as
an integral part of modern organic synthesis. Procedures that
rely on mild silanes of general structure R3SiH for maintain-
ing catalytic cycles involved have opened doors to tandem
processes, allowing the construction of several bonds and
stereogenic centers in a single pot procedure. By expanding
the diversity of ligands that stabilize copper hydride, from
phosphines and their oxides to N-heterocyclic carbenes, new
copper hydride systems with unprecedented reactivities have
become available. Because of the nucleophilicity of hydride
on Cu(l), akin to carbon-based systems, many copper-
catalyzed reactions developed in the recent past involving
C—C-bond formation may well be reinvestigated using an
alternative C—H-bond construction. The high chemo-, regio-
and stereoselectivity of catalytic copper hydride chemistry
makes it also a highly attractive reagent for applications to
target-oriented synthesis. With the advent of new biaryl- and
ferrocenyl-based ligands with remarkable innate levels of
stereocontrol, hydrosilylations catalyzed by chiral CuH
complexes have begun to compete with asymmetric hydro-
genation on several levels. Thus, while economics have
always been on the side of basic metals like copper, TONs
and ee’s have begun to compete. Undoubtedly, the last words
on this chapter of organocopper chemistry are far from being
written.
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