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Abstract: This review collates the literature to date
on the development of the Nozaki-Hiyama-Kishi
(NHK) reaction into an important chromium-medi-
ated, carbon-carbon bond forming process. The ini-
tial research employed stoichiometric quantities of
chromium and this was exploited in the key steps of
a range of total syntheses. Thereafter, the NHK reac-
tion was further developed with the discovery of the
catalytic variant. The focus of recent investigations is
on the application of this reaction in asymmetric syn-
thesis. The asymmetric NHK typically employed a
range of salen- and oxazoline-derived chiral ligands
and tethered bis(8-quinolinato)-chromium com-
plexes. To date, good to high enantioselectivities
have been obtained in a variety of NHK-type pro-
cesses, including allylation, crotylation, methallyla-
tion, allenylation, propargylation and vinylation of a
range of aldehydes, with limited examples employing
ketones as substrates. Selected examples of the
asymmetric NHK in total synthesis will also be de-
scribed.
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1 Introduction

The Nozaki-Hiyama-Kishi reaction, first reported in
the late 1970s, has become an important and versatile
carbon-carbon bond forming process, involving the
nucleophilic addition of organochromium(III) re-
agents to carbonyl compounds (Scheme 1).["
Nozaki-Hiyama-Kishi (NHK) reactions combine
many unique and important features: i) pronounced
chemoselectivity of the organochromium(III) reagents
for aldehydes, even in the presence of ketones; ii) a
wide range of substrates including allyl, propargyl, al-
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kenyl, alkynyl, and aryl halides, alkenyl triflates, and
sulfonates and phosphates, are suitable precursors for
the formation of organochromium intermediates; iii)
compatability with an array of functional groups in
both reaction partners; iv) unique stereochemical
characteristics, for example, y-mono-substituted allyl-
chromium reagents in general lead to the correspond-
ing homoallyl alcohols with excellent anti selectivity,
independent of whether the starting halide is (E)- or
(Z)-configurated; v) alkenyl halides react with com-
plete retention of their double bond geometry.
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These features combine to render the NHK reac-
tion particularly well suited for application in total
synthesis. Chromium-induced inter- or intramolecular
carbon-carbon bond formations have been used as
key steps in the synthesis of many complex targets
with examples including epothilone D 1, analogues of
phomactin 2 and halichondrin B 3 (Figure 1).?
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2 Development of a Catalytic
Nozaki-Hiyama-Kishi Reaction

Although displaying such attractive features, the one
main drawback of the early NHK reactions was that
they were performed using stoichiometric amounts of
chromium(II) chloride. Since chromium(II) is a one-
electron donor, a large excess of toxic chromium(II)
salts was required. This difficulty was overcome, and
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halichondrin B

Figure 1.

the synthetic utility of the reaction thus greatly en-
hanced, by Fiirstner’s development of a catalytic
redox process. In this system chromium(II) is recycled
from chromium(III) which allows for reduced quanti-
ties of chromium salts, thereby rendering the reaction
more environmentally benign."!

(@)

In Firstner’s catalytic system [Scheme 2 (a)], the
organic halide 4 reacts with two equivalents of CrCl,
to form the organochromium(III) reagent 5 and one
equivalent of CrX;. The nucleophile then adds to the
aldehyde 6 to from a stable chromium(III) alkoxide
intermediate 7. The high stability of the O—Cr** bond
serves as the thermodynamic sink which drives the
conversion but impedes catalysis. This is overcome by
silylation of 7 by oxophilic chlorotrimethylsilane to
form trimethylsilyl ether 8, which may be readily
cleaved using acid to provide the free alcohol prod-
uct. The chromium(III) salt is released from the or-
ganic product, and is then reduced to chromium(II)
by the stoichiometric reductant managanese, thus re-
generating the active species and completing the cata-
lytic cycle. Commercially available manganese
powder is ideally suited for this purpose as it forms
an efficient redox couple with chromium(III), is inex-
pensive, easy to handle and incapable of reacting di-
rectly with organic compounds.

The catalytic process can be initiated from either
catalytic amounts of chromium(Il) chloride or
chromium(IIT) chloride. Chromium(III) chloride is
preferred as it is cheap, relatively insensitive to
oxygen and moisture and is easy to manipulate. There
have also been reports of Nozaki—-Hiyama—Kishi reac-
tions using tetrakis(dimethylamino)ethylene as an or-
ganic reducing agent, with the use of electrochemical
driving forces also possible.! Miller has developed an
apparatus for carrying out redox-coupled chromium-

o)
R'X
(4 RQJ\H
R'-CrX, 6
~ :
Crxz CI’X3
OCrX,
R" "R?
7
MnCl, Mn
OSiMe, Me;SiX
R" "R?
8
(b)
Ni(0) Ni(l) RCHO SiMe,
OocrcP? OSiMe;
X o Nix N CrCl, Sy N
CrCl, CrCly

Scheme 2.
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manganese reactions on solid-supported substrates
which allows recycling of the stoichiometric reduc-
tant.”) Kurosu reports a different source of Cr salt
using supported CrF,.["]

There had been very few reports of stoichiometric
NHK reactions with aryl halides but this catalytic pro-
cedure was also successfully applied to these reagents.
In addition, alkenyl iodides and alkenyl triflates were
successfully utilised. Efficient reaction of these sub-
strates required doping with NiCl, [Scheme 2 (b)].1*"!

3 Diastereoselectivity in Reactions with
Monosubstituted Allylic Halides

One of the attractive features of the Nozaki-Hiyama-
Kishi reaction is that crotyl bromide and other
v-monosubstituted allylic halides usually react with
aldehydes to form homoallylic alcohols with a high
degree of anti-selectivity (Scheme 3).

R+ fk CrcCl, ?i/\ ) OH
- R H THF R YN Rzl\l/\
R’ R!
anti syn
R" = CHj,, R% = Ph, anti:syn = 100:1
Scheme 3.

This preference for the anti-product is independent
of the double bond configuration of the starting
halide.”! This diastereoselectivity may be explained
by a rapid equilibration of the (E)- and (2)-
allylchromium(III) intermediates 9 and 10, which are
preferentially o-bound to chromium at the primary
allyl position. The (FE)-allylchromium species 6 is
more highly favoured and is thought to add to the al-
dehyde via a Zimmerman-Traxler transition state 11,
in which both the vy-substituent of the allylic system
and the aldehyde substituent prefer equatorial posi-
tions, thus forming the anti-product 12 (Scheme 4).
An exception to this remarkable anti-selectivity arises
with the reaction of y-monosubstituted allylic halides
with very bulky aldehydes, for example -BuCHO,
which may force the transition state to adopt a twist-
boat rather than a chair conformation thus favouring
the syn-product.

Knochel has shown that, in contrast to y-monosub-
stituted allylic halides which add in a stereoconver-
gent fashion to an aldehyde in the presence of CrC,,
v-disubstituted allylic phosphates or chlorides and a
[,y-disubstituted allylic phosphate react in a stereodi-
vergent fashion.’! It is suggested that this difference
in behaviour may be due to a very slow isomerisation

2410 asc.wiley-vch.de
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Scheme 4.

of the intermediate vy-disubstituted allylic chromi-
um(III) species compared to the addition of the alde-
hyde.

4 Catalytic Enantioselective
Nozaki-Hiyama-Kishi Reaction

Considering the unique features which the Nozaki-
Hiyama-Kishi reaction possesses and its undoubted
potential in the synthesis of complex natural products,
the development of an efficient enantioselective ver-
sion to control the absolute stereochemical outcome
for a range of processes was highly desirable
(Scheme 5). However, due to difficulties such as
ligand coordination and specificity combined with the
tendency of chromium(II) to form dimers or clusters
with polydentate ligands, relatively few reports of an
enantioselective variant had been reported.

The first somewhat successful enantioselective ver-
sion relied on over stoichiometric amounts (up to
400%) of chiral ligands. For example, Kishi reported
the application of the chiral bipyridine ligand 13 in
the allylation and alkenylation of benzaldehyde and
obtained enantioselectivities of 28-74% ee.l”’ Kibaya-
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Scheme 5. Nozaki-Hiyama-Kishi processes.

shi’s N-benzoylprolinol ligand 14 gave enantioselec-
tivities of up to 98 % for the reaction of allyl bromide
with a range of aldehydes.!"”)

Ph

Ph
i
N._Ph
b

o)

13 14

S Application of Salen-Derived Ligands in
the Enantioselective Nozaki-Hiyama—Kishi
Reaction

The first effective catalytic enantioselective Nozaki-
Hiyama—Kishi reaction was developed by Cozzi and
co-workers in 1999 using chromium complexes (10
mol %) of the commercially available chiral salen
ligand 15."

i) [Cr(salen 15)] 10 mol%

/\/X
(e}
H X=Cl,Br, |
i) Me;SiCl, r.t.
iy H

Scheme 6.
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The chiral organometallic allyl-Cr(salen 15) was
prepared in situ by the addition of anhydrous CrCl, to
a solution of 15 in THF, followed by addition of allyl
bromide. Subsequent addition of Mn, Me;SiCl and
benzaldehyde at room temperature gave the silylated
homoallylic alcohol 16 in a yield of 15%, with the
main product being the pinacol product (Scheme 6).
Further investigation revealed that formation of this
pinacol side product was minimised by using acetoni-
trile as the solvent. The optimum reaction conditions
were found to be as follows; CrCl, being formed in
situ by the manganese-promoted reduction of CrCls,
preparation of the [Cr(salen)15] complex in acetoni-
trile with the reaction being carried out in the pres-
ence of a base capable of deprotonating the salen
ligand. Interestingly, the nature of the base had a dra-

oTMS OH O
©/\/\
+
O OH
16
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matic influence on the enantioselectivity achieved
(Table 1).

(0]
©)kH
Table 1. Influence of bases on enantioselective addition of

allyl bromide using 15.

Entry Base (20 mol %) Yield [%] ee [%]
1 - 56 21
2 K,CO;, 51 47
3 K,CO, 52 25
4 Et;N 65 65
5 Et;N (10 equivs.) 50 50
6 (2,6-di-t-Bu)Pyr 20 58

(] Reaction carried out at 40°C.

The highest enantioselectivity of 84 % (R) was ob-
tained in the reaction of benzaldehyde with allyl chlo-
ride (Table 2, entry 1). Using the more reactive allyl
iodide (Table 2, entry 3) resulted in racemic product,
most likely due to the reaction of the iodide with Mn,
affording an achiral allylation species. Changing sily-
lating agents was reported to have no influence on
the asymmetric induction of the process.

Table 2. Enantioselective additions of various allyl halides to
benzaldehyde catalysed by [Cr(15)] complex.

i) [Cr(salen 15)] 10 mol %

X
0 - OH
H X =Cl, Br,|l ©M
[ j i) Me,SiCl, r.t.
i) H*
Entry RX Yield [%]  ee [%] (Configuration)
1 A0 67 84 (R)
HQ, 0
2 );\j 65 65 (R)
0
HO, o}
3 LO 70 0
7c
Cl
4 i 62 42 (R)
5 )vm 60 43 (R)
6 %Br 85 70 (nd)

The enantioselective addition of crotyl bromide to
aromatic aldehydes using ligand 15 was subsequently
studied with unexpected results reported (Scheme 7).
Cozzi et al. reported that by changing the amount of
salen ligand 15 it was possible to switch the diastereo-
selection from anti to syn.')

2412 asc.wiley-vch.de
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i) [Cr(salen 15)]

OH
N A~ Br C?)H
W W
: + :
i) Me,SiCl h -
iii) H* syn anti
Scheme 7.
i) [Cr(salen15)]
"¢
OH OH
* A
Ar - . AT F Ar)\/\“‘CI
i) Me;SiCl
© cl
iii) H
Scheme 8.

Using 10 mol % of [Cr(salen)15] gave the homoal-
lylic alcohol in moderate yield (50 %) but with a low
degree of diasterecoselectivity [anti:syn=67:33, anti=
5% ee, syn=T78% ee]. Further research revealed that
enhanced diastereoselection could be obtained by in-
creasing the amount of salen ligand, with the highest
diastereoselection [anti:syn=_83:17] obtained when a
2:1 salen:chromium salt ratio was utilised. In addition
the syn product was obtained with excellent enantio-
meric excess (ee,,, =89 %, ee,,;=36% ). Normally re-
actions of aldehydes with stereogenic allylchromium
reagents afford homoallylic alcohols with an excellent
degree of anti-selectivity. The model proposed to ex-
plain the observed syn-selectivity involves the forma-
tion of an acyclic transition state in which the alde-
hyde is coordinated by the manganese salts or by a
[Cr(salen)15)] complex (Figure 2)."*!

This work was extended to other prochiral sub-
strates, with the chiral chromium complex of 15 cata-
lysing the addition of 1,3-dihalopropenes to a range

Figure 2.
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i) [Cr(

salen 15)Cl] 10 mol %

0 Salen 10 mol % OH
Mn, Me;SiCl, Acetonitrile 7 §
N, Br H :
RO + \
17 iy H* OR
R = TBDMS, Bn

Scheme 9.

of aromatic aldehydes (Scheme 8). The best result
was obtained using p-F-C,H,CHO which gave a syn:
anti ratio of 90:10 and ee,,, of 83 %. The products are
useful synthetic intermediates and were readily con-
verted to their corresponding optically active vinyl ep-
oxides.!"

In a further development of this methodology,
Cozzi et al. successfully reacted functionalised allyl
bromides 17 with benzaldehyde in the presence of
[Cr(salen)15]Cl (10 mol%) and free salen ligand 15
(10 mol %), in moderate yields with good diastereose-
lectivity (up to 83:17 syn) and enantioselectivity (up
to 81%) for the reaction with benzyloxy-substituted
allyl (Scheme 9).I""!

Berkessel modified the previously successful salen
ligand 15 by increasing the separation between the ni-
trogen atoms.'® Dianane-derived ligands 18 which
contain a novel C,-symmetric diamine based on the

< 2P

rigid bicyclo[2.2.1]heptane, were prepared and applied
in a range of NHK additions (Table 3).l"”!

An optimum enantioselectivity of 90% was ob-
served for the allyl bromide/benzaldehyde system at
5°C (Table 3, entry 1). In contrast to ligand 15, the
new modified salen ligand 18 was also able to effect
an enantioselective addition of allyl iodide (Table 3,
entry 1). The related f-methallyl halides (Table 3, en-
tries 4 and 5) reacted as smoothly as the allyl halides
although the enantioselectivities were lower. To dem-

Table 3.
CrCl;(0.1 equiv.), 18 (0.1 equiv.), NEt; (0.2 equiv.) OH
R'CHO + RX )y
1 2
(1equiv) (15equivs)  Mn (3 equivs.), Me,SiCl (1.5 equivs.), THF ROR
Entry Aldehyde Halide or Triflate Product % ee (Yield) Temperature
7 Br of
1 s i 90 (72 5°C
o} | OH
2 NS - 31 (nd r.t.
0 o OH
3 s - 79 (76 r.t.
0 OH
4 S 54 (78 .
o )\/u o (78)
o} OH
5 )\/ /\/K 64 (nd r.t.
Ph)kH Br Bh (nd)
7 Br oH
6 e ; 92 (69 10°C
PMBO/\)J\H PMBO/\/\/\ ( )
0 oTf OH
[a] : .
7 PN Y PMIBO N 75 (59) 15°C
o OH
8lel SN X 61 (54 20°C
PMBO/\)J\H PMBOW (54)

[ Reaction was run in the presence of 0.02 equiv. of NiCl,.
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onstrate the applicability of this methodology to poly-
ketide natural-product synthesis, PMB-protected 3-
hydroxypropanal was coupled with allyl bromide in
an excellent enantioselectivity of 92% (Table 3,
entry 6). Finally, vinyl iodides and triflates were used
as substrates, with 2 mol % of Ni(II) required for effi-
cient coupling. The addition of E-1-iodohex-1-ene to
PMB-protected 3-hydroxypropanal afforded the cor-
responding E-allylic alcohol adduct in 75% ee
(Table 3, entry 7). The vinyl triflate (Table 3, entry 8)
added to this aldehyde with 61% ee being obtained.
These two reactions are among few examples of syn-
thetically useful levels of asymmetric induction being
obtained for catalytic, enantioselective NHK reactions
using vinylic halides and triflate substrates.

6 Application of Oxazoline-Containing
Ligands in the Catalytic Enantioselective
Nozaki-Hiyama-Kishi Reaction

Ligands containing a chiral oxazoline ring have been
applied with considerable success in the catalytic
enantioselective Nozaki-Hiyama—Kishi reaction.

Nakada developed a tridentate C,-symmetric bis-
(oxazolinyl)carbazole ligand 19 and proposed that
this tridentate ligand would provide enhanced enan-
tioselectivities due to stabilisation of the allyl-Cr(III)-
ligand complex owing to the presence of a o-bond
with the carbazole nitrogen and two coordination
bonds to the oxazoline nitrogens, which leaves a
vacant coordination site at which an aldehyde can
bind.["®

It was found that THF was the best solvent, with
no pinacol formation being observed. Yields and
enantioselectivities were reduced significantly using
Et,0, MeCN and DMF.

Table 4. Application of ligand 19 in the NHK reaction.

i) CrCl, (10 mol %)
Mn (2 equivs.)

N
CL\(N NQO
Ph Ph
19

Pyridine, DIPEA, TEA and K,COj; as the base all
resulted in excellent isolated yields without dramatic
changes in enantioselection (Table 4, entries 2, 3, 6
and 8). As has been found previously allyl iodide and
allyl chloride were not satisfactory halides.

In an extension to this work, a similar tridentate
carbazole ligand 20a was prepared in which two

Ph
by
v NS
P

20a

Ph
O

phenyl rings have been placed meta to the oxazoline
rings on the carbazole backbone thus resulting in an
electronically and sterically different environment for
the binding of chromium. This modified ligand pro-
vided superior enantioselectivities in a range of NHK
processes (Table 5).

The reaction of allyl bromide with benzaldehyde
proceded with both excellent yield (93%) and enan-
tioselectivity of 93 (S) at 0°C (Table 5, entry 1).

Allyl chloride provided a similar results (Table 5,
entry 3), but again allyl iodide gave a lower enantiose-

Base(30 mol %) R’ i) R%CHO (1 equiv.)
ligand 19 THF, rt. | TMSCI (2 equivs.) OH
10 mol % cr(iiy A
. R R
i) R'X (2.0 equivs.), r.t. ii) TBAF
ligand 19
Entry Base (equivs.) X ee [%] (Configuration) Yield [%] Temperature [°C] Time [h]
1 . Br 71 (S) 63 rt. 63
2 Pyr (0.2) Br 69 (S) 96 r.t. 12
3 TEA (0.2) Br 71 (S) 96 rt. 12
4 TEA (0.2) Br 61 (S) 62 -10 40
5 TEA (0.2) I 68 () 74 rt. 1
6 DIPEA Br 68 () 92 r.t. 12
7 NaHCO; Br 73 () 74 r.t. 12
Br 71 (S) 93 r.t. 12

2414 asc.wiley-vch.de

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Synth. Catal. 2007, 349, 2407 -2424


http://asc.wiley-vch.de

The Development of the Asymmetric Nozaki-Hiyama-Kishi Reaction

Table 5. Enantioselective NHK using ligand 20a.

Entry R! X R? ee [%] Yield Time
(Con-  [%] [h]
figuration)

1 allyl Br Ph 90 (S) 93 12

20 allyl Br Ph 93 (S) 89 12

3 allyl Cl Ph 89 (S) 95 16

4 allyl 1 Ph 64 (S) 52 12

5 allyl Br p-BrPh 92 (8) 87 12

6 allyl Br PhCH=CH 95 (S) 87 12

7 allyl Br ¢-CiHy, 94 (8) 95 12

8 allyl Cl ¢-CHy, 93 (S) 88 12

9 allyl Br n-CHj, 92 (R) 83 12

10 methallyl Br Ph 46 (S) 77 16

11 methallyl Cl Ph 95 (S) 96 16

12 methallyl Cl PhCH=CH 90 (S) 50 16

13 methallyl Br c¢-CHy 96 (S) 96 16

14 methallyl Cl ¢-CHy, 95 (S) 98 16

15 methallyl Br n-CHy 79 (R) 65 16

16  methallyl Cl n-CiH, 96 (R) 8 16

(] Reaction was carried out at 0°C.

lectivity (Table 5, entry 4). The allylation of other al-
dehydes including saturated and unsaturated aliphatic
aldehydes all resulted in high yields, with excellent
enantioselecitivity (86-95%) (Table5, entries 5-9)
showing the broad applicability of ligand 20a. Addi-
tionally, the Cr-ligand complex 20 was recycled with
the ee being decreased by just 1%. Furthermore, the
reaction was successfully extended to the methallyla-
tion of aldehydes with high yields and excellent enan-
tioselectivities observed (Table 5, entries 10-16).

In 2004, Nakada reported the successful application
of ligands 20a—cin the catalytic asymmetric propargy-

Ph Ph
N
oON H 7 "0

‘\(N N
R RI a:R=j-Pr
b: R =Me
20a-c c: R=+Bu

lation of aldehydes.” Ligands 20c provided the high-
est enantioselectivity of 71 % (R) for the propargyla-
tion of benzaldehyde (Table 6, entry 5). This ligand
was then applied in the propargylation of a range of
aldehydes with an enantioselectivity of 98% (R)
being obtained for ~-BuCHO.

More recently, Nakada has reported the first enan-
tioselective Nozaki—-Hiyama-Kishi allenylation of ter-

minally silylated propargyl halides using ligands 20a-
[21]
c.
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Table 6. Asymmetric NHK propargylation using ligands
20a—c.

i} Cr-20 complex (10 mol %)
Mn (2 equivs.), DIPEA

(30 mol %),  Me,SiCl
o) (2 equivs.), THF, r.t. OH
+ Z =
Ph)J\H B2 ii) TBAF PhM
Entry Ligand Time [h] Yield [%] ee [%]
1 20a 16 94 26 (S)
2 20a 16 78 24 (S)
3 20b 18 80 28 (S)
4 20b 24 74 24 ()
5 20c 60 75 71 (R)

The reaction with ligand 20a took 8 h to complete
and again generated the (R) product with 52% ee
(Table 7, entry 1). The reaction with ligand 20b was
complete after 6 h and generated the (R) product in
90 % yield with 64 % ee (Table 7, entry 2). Interesting-
ly, the reaction using ligand 20¢ led to a lowering and
reversal of enantioselectivity to 29% (S) (Table 7,
entry 3). Screening of solvents and bases showed pro-
pionitrile and DIPEA to give the best results
(Table 7, entries 4-12). Decreasing the reaction tem-
perature to 0°C led to a longer reaction time but an
increase in enantioselection (Table 7, entry 9). The
silyl group of the propargyl halide also affected the
enantioselectivity, with the bulkier TES, TIPS, DMPS
and MDPS groups not enhancing enantioselecitivity
(Table 7, entries 13-16) but the smaller DMS group
affording the highest enantioselectivity of 80%
(Table 7, entry 17).

A range of additives were then screened with the
presence of DMI (1 equiv.) leading to an increase in
both yield (97 %) and enantioselectivity (83%). Ap-
plying the optimal reaction conditions to the allenyla-
tion of a range of aldehydes did not result in en-
hanced enantioselectivities, with the highest ee of
82 % being obtained with p-CIC;H;CHO.

Kishi has carried out extensive studies of this reac-
tion using the oxazoline/sulfonamide ligand 21, with
the development of a catalytic process using ligands
21a and 21b for Ni/Cr-mediated reactions was report-
ed (Scheme 10).*!

The results indicate that the asymmetric reaction
developed in the stoichiometric process is translated

O ; R
| 21a:R=M
&_N a °

NH 21b: R = OMe
0=5=0
N\ [

21
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Table 7. Asymmetric NHK allenylation of benzaldehyde.

i) CrCl, (10 mol %), Mn (2 equivs.)

base (30 mol %), solvent

ligand 20a ¢ 1) ReSICCCH,Br, rt /?\H/
10 mol % Ph
iiily PhCHO, TMSCI (2 equivs.), T
iv) dil. HCI
Entry Ligand Solvent Temperature [°C] Base R;Si Time [h] Yield [%] ee [%] (R)
1 20a THF r.t. DIPEA T™S 8 92 52
2 20b THF r.t. DIPEA T™S 6 90 64
3 20c THF r.t. DIPEA T™MS 12 92 29kl
4 20b DME r.t. DIPEA T™MS 12 72 61
5 20b MeCN r.t. DIPEA T™S 12 74 60
6 20b EtCN r.t. DIPEA T™S 12 83 71
7 20b CH,(Cl, r.t. DIPEA T™S 24 49 57
8 20b DMF r.t. DIPEA T™S 48 56 74
9 20b EtCN 0 DIPEA T™S 16 80 76
10 20b EtCN 0 DIPEA T™MS 16 72 76
11 20b EtCN 0 y-collidine T™MS 16 65 76
12 20b EtCN 0 pyridine T™S 30 64 65
13 20b EtCN 0 DIPEA TES 24 81 74
14 20b EtCN 0 DIPEA TIPS 30 49 66
15 20b EtCN 0 DIPEA DMPS 24 66 73
16 20b EtCN 0 DIPEA MDPS 30 79 73
17 20b EtCN 0 DIPEA DMS 16 81 80
[l (S) product.
RCHO (1 equiv.), iodide(2 equivs.)
21 (10 mol %),
NiCl, (10 mol %),
Mn (2 equivs.),
TMSCI (2 equivs.),
CHO bf-scei go mgl %)), QH
i equivs. Me
Ej/y + L/VMe - ©/\/T\/\
I solvent, r.t.
22 23 24
Catalytic with 21a Catalytic with 21b
EtCN (R:S =5.0:1.0) EtCN (R:S = 6.1:1.0)
THF (R:S = 4.3:1.0) THF (R:S = 4.0:1.0)
Stoichiometric with 21a Stoichiometric with 21b
EtCN (R:S = 5.5:1.0) EtCN (R:S = 6.3:1.0)
Scheme 10.
well into the catalytic asymmetric process. They pro- = OH
pose that the transmetalation takes place at the Cr(II) &b
oxidation state which is formed through the chemical
reduction of a 21 by Mn(0). [Scheme 11 (a)]. In addi-
tion the process contains a catalytic cycle centred on  complex substrates than  previously utilised

the Ni salt which is coupled with the Cr catalytic
cylcle, and thus with the Mn redox cycle [Scheme 11
(b))

The structurally related ligand 27 was applied in
the asymmetric allylation of aldehydes using more
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(Scheme 12).124

The conversions and yields are excellent in all
cases. Most noteworthy is the yield and enantioselec-
tivity obtained using methallyl iodide (91 % and 93 %
respectively) (Table 8, entry 4). As mentioned previ-
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(a)
N 2% 12x SNy
5—Me v oTMS N\ Me
n(l)  Mn(0) = S
Tal R Eal
N | N N | N
PN _Cr R
cl O(THF) 2 cl ‘ O
\VH
25 ™SCI O(THF) R’

THF
/o;\ﬁls/me / O\f/Me

| N /%
Cr & N\(l/N
I.
| O(THR) R®CHO o ‘ o
1
R R“ \7/R
26
(b) Cr(ll)/ligand
complex 25
I-Ni(II»-R’ Li'[I-Ni()-R'CIy-
,
IR LiCl
Ni(0) — Ni(l)l \/
R'Cr(lllyligand
complex 26
cr(lln Cr(I1)
1/2 x 12 x
Mn(0) Mn(Il)
Scheme 11.
i) 27, CrCl,. THF
R? Et;N, Mn, R® OH
2 2, 6-lutidine, TMSCI :
XQ\rR *+ R'CHO NW
. R?" R?
R i) ag. AcOH
27 28 29
28a: X =Br, R?=R%=H 30a: R'=(CH,):Me, R?=R*=H
28b: X = Br, R?= Me, R®=H 30b: 1:(CH »;OTBDPS, R2=R%®=H
28c: X =1, R>=H, R®*= Me 30c: R'=(CH,);OTBDPS, R>=Me, R®=H
30b: R'=(CH,),0TBDPS, R’ = H, R®* = Me
29a: R'= (CH,)Me
29b: R'=(CH,);0TBDPS
Scheme 12.
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Table 8. NHK allylation of 28a—c with 29a, b using ligand 27.

Entry 28a—c  29a,b  30a-d ee [%)] Yield [%]
1 28a 29a 30a 93 93
2 28a 29b 30b 92 90
3 28b 29b 30¢ 94 94
4 28¢ 29b 30d 93 91

ously, iodo-halides are prone to the formation of a
racemic intermediate, resulting in low levels of stereo-
induction.

In an attempt to overcome the widely reported
problem of NHK reactions not proceeding to comple-
tion due to the formation of TMS-enol ethers of alde-
hydes, Kishi proposed replacing the TMSCI with an
alternative dissociating agent. It was found that the
overall efficiency of the process is significantly better
using ZrCp,CL.”" Additionally, they have reported
that the rate of the reaction is dramatically accelerat-
ed in the presence of 3,3'-dimethyl-2,2'-dipyridyl."**

In 2005, Sigman reported the synthesis of a new
ligand class 31 containing an oxazoline ring linked to

>~ o
A
GO
N N
N Boc
Ph—
31

a chiral proline unit by an amide bridge. The ligands
were applied in the NHK allylation of benzaldehyde
with ligand 31 providing the highest yield of 95 % and
enantioselectivity of 92%. This ligand was subse-
quently applied in the allylation of a range of alde-
hydes using both CrCl, (Method A) and Fiirstner’s
catalytic CrCly/Mn system (Method B) (Table 9).*"!

Using both the catalytic CrCl, method (A) and
CrCly/Mn method (B) led to consistent reaction out-
comes with little variation in observed enantioselec-
tivity. Aryl aldehydes proved to be excellent sub-
strates, highlighted by a 94% ee for benzaldehyde
(Table 9, entry2) and a 92% ee for furaldehyde
(Table 9, entries 7 and 8). Poorer ees were observed
for aliphatic aldehydes (Table 9, entries 9 and 10).

To further explore substrate scope methallyl bro-
mide and trans-crotyl bromide were used as substrates
in the allylation of benzaldehyde. The crotylation
yielded an anti:syn ratio of 2.3:1, with both anti and
syn diastereomers having a high enantiomeric excess
of 91% and 95%, respectively. Methallylation pro-
ceeded with an excellent ee of 91 %. These results
highlight the insensitivity of ligand 31 to the nature of
the allylic bromide.
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Table 9. NHK allylation of a range of aldehydes using 31.

i) catalytic CrCl,(A) or
CrCly/Mn(B), 31, Et;N,

o TMSCI, r.t.,, 20 h OH
=+ )]\

B ROH yTeAF RM
Entry R Method Yield [%] ee [%]
1 CH, A 95 92
2 B 89 94
3 4-BrC,H, A 87 91
4 B 73 90
5 4-MeOCH, A 95 89
6 B 98 89
7 2-Furyl A 73 92
8 B 61 92
9 PHCH,CH, A 94 46
10 B 98 48
11 CH,, A 81 89
12 B 64 87

More recently, Sigman has reported the application
of structurally related ligand 32 in the first enantiose-
lective allylation of ketones (Table 10).1%*!

bi
o
N _N
Boc
32

Aryl ketones were found to be excellent substrates
for this transformation, with the naphthyl group re-
sulting in the highest enantioselectivity of 92%
(Table 10, entry 6). The nature and position of the
substituent on the aromatic ring had little effect on
the enantioselective outcome of the reaction
(Table 10, entries 1-6). Methallyl and crotyl bromide
were successfully added to acetophenone with very
good enantioselectivities reported, although the addi-
tion of crotyl bromide resulted in a modest diastereo-
selection (Table 10, entries 8 and 9).

Guiry has reported the application of new triden-
tate bis(oxazoline) ligands 33 in the Nozaki—-Hiyama-—
Kishi allylation and crotylation of aldehydes.”” The li-
gands are structurally similar to Nakada’s ligand 19
but contain an N-phenylaniline unit linking the two
chiral oxazoline rings. The ligands were prepared
using a palladium-catalysed Buchwald-Hartwig aryl
amination which allowed for the preparation of both
symmetric and non-symmetric ligands (33a—j).*"

The ligands were initially applied in the allylation
of benzaldehyde (Table 11).

The reactions proceeded with excellent conversions
after 16 h at room temperature, with no by-products
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Table 10. NHK allylation of a range of ketones using 32.

CrCly(10 mol %), 32
(10 mol %), Et;N(20 mol %),

o) TMSC(4 equivs. Ho, R2R’
1 iy B R (4 equivs.) 1
R "R R Mn(0) (2 equivs.), R \
THF, 0°C, 24 h R

Entry Product

1 ©//\/\ 82 92

Yield [%] ee [%]

73 90
B

94 86

4 ©i</\ 83 87

X
63 91

[@)}

O 95 92
7 ©/C\ 77 93

73 91

HO,
X
HO,
isae
r
HO,
o
HO,
X
HO,
CF,
HO,
“/(/\
HO,
X
O;g/\/&
HO,
X

88 (anti), 70 (syn)

Q\(O 33a:R'=Bn,R?=Bn  33f: R'=tBuR’=B
\ :R'=Bn,R*= :R"=t+BuR*=Bn
N

N /' 33b:R'=iPr,R*=i-Pr 33g:R'=tBu, R?=i-Pr
R' 33¢:R'=Ph,R*=Ph  33n:R'=/PrR?=Ph
\N)‘Rz 33d: R' = +Bu, R? = +-Bu 33i: R" = £Bu, R? = Ph

o) 33e:R'=Ph,R®=Bn  33j:R'=Bn, R*=/-Pr

I

\

33

detected. Of the four symmetric ligands only the dii-
sopropyl-substituted ligand (33b) afforded a signifi-
cant level of enantioselectivity of 69% (Table 11,
entry 2). Interestingly, the highest enantioselectivities
were obtained using the non-symmetric ligands 33f
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and 33g, 87% and 71% respectively (Table 11, en-
tries 6 and 9). Both the extent and sense of the asym-
metric induction is highly dependent on the nature
and combination of the substituents on the oxazoline
rings, with small changes in structure translating into
large variations in enantiodiscrimination.

The optimal ligand 33f was then used in the allyla-
tion of a range of aliphatic and aromatic aldehydes,
with enantioselectivities of 87-91 % reported, the best
aldehyde substrate being the linear aliphatic heptalde-
hyde.

Application in the crotylation of a range of alde-
hydes resulted in syn:anti ratios of up to 80:20 with
para-methoxybenzaldehyde and heptaldehyde afford-
ing excellent enantiomeric excesses of up to 92%.
The tert-butyl/phenyl-substituted ligand 33i afforded
the highest anti:syn selectivity of 88:12 (Table 12,
entry 4). As was observed for the reactions with allyl
bromide, the highest level of enantiodiscrimination
was achieved using the non-symmetric tert-butyl/
benzyl-substituted ligand 33f which afforded 82% ee
(1R, 2R) for anti-2-methyl-1-phenylbut-3-en-1-0l and
90% ee (1R, 28), for the syn diastereomer.

More recently, ligand 33f has been applied in the
methallylation of a range of aldehydes.*!! The methal-
lylation of benzaldehyde using methallyl bromide re-
sulted in an ee of 95 %, In an effort to increase the ef-
ficiency of the reaction TMSCl was replaced by
ZxCp,Cl, as the dissociating agent following Kishi’s
findings. Although the reaction went to completion
and the isolated yield was significantly enhanced the
enantioselectivity dropped to 50%. The reaction
using methallyl chloride resulted in an ee of 99.5%
(Scheme 13). This is the highest enantioselectivity re-
ported to date for this NHK process. The optimum
aliphatic aldehyde was again heptaldehyde, affording
an enantioselectivity of 89 %."!

Guiry and Hargaden have recently extended the
range of oxazoline-containing ligands for the Nozaki-
Hiyama-Kishi transformation by preparing ligand
class 34a-p which incorporate an oxazoline ring
linked by an amide bond to a chiral protected proline
unit.’”! These ligands were tested in the allylation of
benzaldehyde and a selection of the results are given
in Table 13.

Of the Cbz-protected ligands 34a-h, the highest
enantioselectivity of 57% (S) was obtained with com-
plete conversion and high isolated yield using ligand
34f (entry4), derived from (R)-proline and the
phenyl-substituted oxazoline. Diastereomeric ligand
34b led to both a reversal and a lowering of the enan-
tioselectivity to 32% (R). In contrast to the results
obtained with ligand 33, where the dominant element
was the oxazoline chiral centre, it is more difficult to
determine the key controlling factor in this ligand
class. However, the highest enantioselectivities are
those that follow the trend: (R)-proline gives the (§)-
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Table 11. NHK allylation of benzaldehyde using ligands 33a—j.
i) CrCl; (0.1 equiv.), Mn (3 equivs.)

33a - j (0.12 equiv.), DIPEA (0.3 equiv.)
TMSCI, THF/MeCN (7:1), 16 h, r.t.

OH

©)J\H " Br/\/ ©)*V\
iiy 1 M HCI, THF
Entry Ligand R' R? X Yield [%] (Conv.) ee [%] (Configuration)
1 33a Bn Bn Br 75 (79) 10 (R)
2 33b i-Pr i-Pr Br 78 (96) 69 (S)
3 33c Ph Ph Br 60 (99) 44 (S)
4 33d +Bu +Bu Br 63 (88) 11 (S)
5 33¢ Ph Bn Br 78 (98) 3(S)
6 33f t-Bu Bn Br 87 (100) 87 (R)
7 33f t-Bu Bn cl 10 (19) 74 (R)
8 33f t-Bu Bn I 88 (98) 80 (R)
9 33g -Bu i-Pr Br 97 (100) 71 (R)
10 33h i-Pr Ph Br 90 (100) 18 (R)
11 32i t-Bu Ph Br 65 (100) Rac
12 33 Bn i-Pr Br 75 (100) 8 (R)
Table 12. NHK crotylation of benzaldehyde using ligands 33.
Entry Ligand Yield [%] (Conversion) anti:syn ee (%) (Configuration)
anti syn
1 33c 74 (98) 87:13 64 (18, 25) 7 (1S, 2R)
2 33f 77 (94) 77:23 82 (1R, 2R) 90 (1R, 25)
3 33g 79 (100) 77:23 56 (1R, 2R) 66 (1R, 25)
4 33i 80 (88) 88:12 4 (1R, 2R) 48 (1R, 25)
i) CrCl; (0.1 equiv.), Mn (3 equivs.)
0 33f (0.12 equiv.), DIPEA (0.3 equiv.) OH
TMSCI, THF/MeCN (7:1), 16 h, r.t.
H o+ *
Br/\[/ ii) 1M HCI, THF
Yield: 24%
ee: 99.5%
Scheme 13.
j 0 product and (S)-proline gives the (R)-product al-
N O N)KO though the oxazoline substituent does also play a role,
" N/ aR=iPr . M N/ eR=iPr  particularly when it is aromatic.
O "N CBz b: Ph O "N CBz f: Ph
c: t-Bu g: t-Bu
R d: Bn R h: Bn
448 d 246 _ h 7 Application of Tethered
Bis(8-quinolinato)-Chromium Complexes
in the Catalytic Enantioselective
Nozaki-Hiyama-Kishi Reaction
o} o}
| . . . .
N) O NJKO Yamamoto has applied the axially chiral tethered bis-
A H N Rz iPr A H N m:R= iPr (8-quinolinolato) (TBOx) chromium catalyst 35 in the
q (N Boc j Ph (N Boc n: Ph NHK allylation of a range of aldehydes (Table 14).1%"
R |k féBU R :; t'g:: The allylation of benzaldehyde using allyl bromide
" resulted in an enantiomeric excess of 99 % (R), with a
34i-1 34m -p yield of 95 % after 8 h at room temperature (entry 2).
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Table 13. NHK allylation of benzaldehyde using ligands
34a-p.
i) CrCl; (0.1 equiv.), Mn
(3 equivs.), 34a - p (0.12
equiv.), DIPEA (0.3
o equivs.), TMSCI, THF/
MeCN (7:1), 16 h, r.t.

H + Br/\/
i) 1 M HCI, THF

Entry Ligand Conversion (Yield

OH
o

ee [%] (Configura-

[%]) tion)
1 34a 100 (93) 38 (S)
2 34b 100 (91) 32 (R)
3 34e 100 (91) 36 (R)
4 34f 100 (88) 57 (S)
5 34g 100 (87) 30 (R)
6 331 95(87) 44 (R)
7 34p 68 (54) 54 (R)

t-Bu

t-Bu

35

A series of other aromatic aldehydes were tested with
3 mol % catalyst loadings and allylations proceeded in
high yield and with enantiomeric excesses in the
range 95-97% (entries 3-5). Aliphatic aldehydes
were also successful substrates with cyclohexanecar-
boxaldehyde giving an enantiomeric excess of 98 %
(R) with a yield of 90% after 40 h at room tempera-
ture (entry 7). In addition, octanal and tert-butylalde-
hyde gave similarly high levels of enantiomeric ex-
cesses (97 %) (entries 8 and 10).

This chromium complex was tested in the addition
of other allylic bromides to a series of aldehydes
(Table 15). As examples, the crotylation of benzalde-
hyde afforded high diasteroeselectivities of 4.4:1 ratio
favouring the anti-product in 84 % yields with 97 % ee
for both diastereomers, (Table 15, entry 1). Crotyla-
tion of cyclohexanecarboxaldehyde gave an anti:syn
ratio of 6.3:1 and enantioselectivities of 96% and
97%, respectively (entry4). These results are the
highest reported to date in the asymmetric crotylation
of aldehydes using a Cr(II)-based system.

This (TBOx) chromium complex was further ex-
tended to the allenylation of benzaldehyde which was
found to be most successful using one equivalent of
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Table 14. NHK allylation of aldehydes catalysed by chromi-
um complex 35.

i) TBOXCrCls, Mn (3 equivs.)

TESCI, time, r.t.
o DME/MeCN (3:1) OH
)J\ + /\/
R™ H Br ii) 1 M HCI, THF RM
Entry RCHO Loading Time Yield ee[%)]
(mol%) [h] [%] (Configura-
tion)
(0]
1 ©AH 3 18 93  98(R)
O
2 [j% 10 8 95 99 (R)
(0]
3 /@H 3 18 93 95(R)
Cl
O
4 ﬁH 3 24 91 96 (R)
@]
5 0o H 3 18 8  97(R)
\
(0]
6 WH 3 18 89 96 (R)
(0]
7 O’)‘\H 3 40 90  98(R)
O
8 M&H 3 40 89  97(S)
O
9 WH 3 18 81  97(S)
O
10 %H 3 4 68  97(S)

TESCI as the silyl source, resulting in an enantioselec-
tivity of 96% (R), in a yield of 89% after 48h at
room temperature (Table 16).5%

Allenylation of a range of aldehydes under these
optimum conditions led to excellent enantioselectivi-
ties in all cases, with furaldehyde being particularly
successful, where an ee of 97 % and yield of 79 % was
obtained.
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Table 15. TBOxCr(IIT)Cl-catalysed addition of substituted
allylic bromides to aldehydes.

1) [TBOXCr(lI)CI ?H
(3 mol %) Mn, RN
0 TESCI, time, r.t. R
. . Syhn
O+ ReBr DME:MeCN (3:1) X 7
R™ H 2)H*
OH
R)\/\
R anti
Entry RCHO R’ Time Yield antizsyn ee [%]
[h]  [%] anti/
syn
(o]
1 ©)J\H Me 36 84  44:1 9797
(@]
2 @H Me 36 76 551  95/96
(e}
n_ .
3 ©)kH CH. 48 71 84:1 9191
(@]
4 O)kH Me 60 73  63:1  96/97
(0]
5 ©/\)\H Me 36 88  42:1  94/94

Table 16. Asymmetric NHK allenylation of benzaldehyde.

1) [TBOXCr{II)CI (5 mol %)
o Br Mn, SiCl, THF, rt., 48 h OH

Ph/k///

;e
e

TMS 2) TBAF, THF, r.t.

Entry Alkyne SiCl Yield ee [%]
[%] (R)
1 1 equiv. 1 equiv. of TMSCI 77 17
2 1 equiv. 1 equiv. of TESCI 71 96
3 1 equiv. 1.2 equivs. of 74 95
TESCl1
4 1.25 1 equiv. of TESCl 82 96
equivs.
5 1.5 equivs. 1 equiv. of TESCI 91 96
6 1 equiv. 1 equiv of TESCI 89 96
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8 Applications of Catalytic
Nozaki-Hiyama-Kishi Reaction in Total
Synthesis

As previously discussed, the Nozaki-Hiyama-Kishi
reaction display a range of features which have led to
its application in the synthesis of a range of natural
products. The unique features previously outlined
which Nozaki-Hiyama—Kishi reactions demonstrate,
in particular, the pronounced chemoselectivity and re-
markable compatability with an array of functional
groups render the Nozaki-Hiyama-Kishi reaction
well suited for application in the synthesis of natural
products. Although the development of successful
enantioselective NHK reactions is still ongoing, there
have been already been some reports of its applica-
tion in the synthesis of natural products.

Nakada has applied bisisopropyl ligand 20a in the
methallylation of chiral aldehyde 34 to give 36 which
is a key intermediate of calcitriol lactones. Ligand 20a
gave (—) 94% de, with its enantiomer giving 97 % de
(Scheme 14).1"!

at

NHK coupling using
ligand 20a

35 BnO 36
Ph Ph
N
SN N (j
k\§\ /\
20a
Scheme 14.

Ligand 20a was recently applied by Nakada in the
synthesis of the potent HMG-CoA reductase inhibitor
FR901512 36 (Scheme 15). Methallyl chloride 37 was
coupled with aldehyde 38 to afford product 39 in ex-
cellent yield (93%) and an enantioselectivity of
92 % .13

Kishi has used a catalytic enantioselective NHK re-
action in the synthesis of the C-14/C-26 segment of
halichondrins (Figure 1). The first bond formation
was achieved via a catalytic, asymmetric Ni/Cr-medi-
ated coupling reaction between 40 and 41 in the pres-
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NHK coupling using
ligand 20a

OH
OHC s
. Cl/Y
AN AN

38 37 39

36

FR901512
Scheme 15.

ence of 10 mol % of ligand 27. Following debenzoyla-
tion, product 42 was isolated in 80% overall yield
with a 9:1 stereoselectivity (Scheme 16).12

| OMs
~ OTBDPS
41
OH
OBz
. 0O
OTDPS
Ni/Cr coupling using
CHO ligand 27
40 42
o L
¥
N O:§:O
7\ Bn
27
Scheme 16.

9 Conclusion

In the last ten years since Fiirstner developed the first
Nozaki—Hiyama-Kishi reaction catalytic in chromium,
the subsequent enantioselective variant has become a
valuable tool in catalytic asymmetric synthesis. The
salen- and oxazoline-derived ligands which have been
applied have advanced the scope of this reaction in
terms of reactivity and asymmetric induction. Yama-
moto’s recently developed TBOxCr(IIT)Cl complex
has afforded the highest enantioselectivities in a
series of allylation, crotylation and allenylation stud-
ies. However, a ligand which provides the maximum
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reactivity and selectivity in a range of NHK processes
remains elusive. Nevertheless, the future of the enan-
tioselective NHK reaction as an important synthetic
transformation seems assured due to the high reactivi-
ty and impressive enantioselectivities obtained thus
far.
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