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Terpene ligands in the coordination chemistry: synthesis of metal
complexes, stereochemistry, catalytic properties and biological

activity
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ul. Pervomaiskaya 48, 167000 Syktyvkar, Russian Federation

Published data on the synthesis and catalytic properties of metal complexes with chiral ligands containing a terpene moiety
are integrated and systematized. The stereochemical features of transition metal complexes with terpene ligands are
discussed. Structures of stable complexes of this type and the initial chiral ligands are presented. In view of the enormous
structural diversity of the analyzed data, classification is based on the chemical functionality of terpene ligands. The results of
application of terpene ligands in asymmetric transition metal catalysis are considered; the data are classified in terms of the
type of chemical reaction. Data on the biological activity of some metal complexes with terpene ligands are presented.
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1. Introduction

The coordination chemistry of transition metals and bio-
logically active ligands is an actively developing field of
modern chemistry comprising contributions from asymmet-
ric synthesis, metal complex catalysis, biochemistry, medic-
inal chemistry and pharmacology. Extensive information on
new research in this area appears every year.

Endless possibilities for the design of new metal com-
plexes are determined by the diversity of natural bioligands
and semisynthetic derivatives and by the wide range of
metals (almost all transition metals of the Periodic Table
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have been studied). Moreover, there are various types of
compounds involving different types of bonds, including
polymetallic and mixed-ligand complexes.

Nature is a high-class synthetic chemist creating a
variety of chiral substrates with a high degree of stereo-
chemical purity. These compounds are widely demanded by
chemists. Blaser! cited an interesting analysis of abstracts
published by the Chemical Abstracts journal between 1984
and 1986 with the key words ‘enantioselective synthesis with
transition metal catalysts’. It turned out that about two-
thirds of the 329 described ligands were derived from
natural molecules. The number of such ligands grows
exponentially every year. Terpenes, being able to induce
chirality, are not at the bottom of this list.

Terpenoids (isoprenoids) are a unique class of natural
compounds.?~4 They possess a wide range of biological
action in living nature, the number of known compounds of
this class amounts to tens of thousands and their structural
diversity is represented by almost all classes of organic
compounds. Terpenoids can be easily isolated from renew-
able plant raw materials as single stereoisomers. All this
makes them valuable substrates for the synthesis of numer-
ous new chiral derivatives, including ligands for coordina-
tion chemistry.

This review summarizes the key results concerning the
synthesis and studying the structure and properties of metal
complexes containing polyfunctional derivatives of natural
terpenoids as ligands. The geographical area of these studies
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is rather large covering >20 countries. Among the main
research teams who are actively working in this field,
worthy of note are Russian researchers from the A.V.Niko-
laev Institute of Inorganic Chemistry (NIIC SB RAS) and
I.N.Vorozhtsov Novosibirsk Institute of Organic Chemistry
(NIOC SB RAS, Novosibirsk), research teams from Swit-
zerland (von Zelewsky and co-workers.), China (Kwong
and co-workers) and Italy (Chelucci and co-workers) and a
UK research team headed by Prof. Kocovsky.

The synthesis and characterization of transition metal
complexes of terpenes were reported for the first time by
Dunne and McOuillin in 1970.°~7 The authors investigated
the reactions of some monoterpenoids (cis- and trans-
ocimenes, myrcene, linalyl acetate, nerolidyl acetate, limo-
nene, pinene) with sodium tetrachloropalladate. They
detected the formation of stable m-allyl complexes 1-3 and
their analogues which they considered to be precursors of
chemical transformations of the polyenes of interest. The
complexes were isolated in a pure state. The results of these
studies convincingly prove the important role of transition
metal catalysts for isomerization, dimerization and cycliza-
tion of polyenes.

Structures 1-3

2

The scope of this review does not include methods and
details of the synthesis of terpene ligands. This information,
valuable for synthetic chemists and available from most of
the cited original publications, will be the subject of a
separate discussion.

The following abbreviations are used:

AA — ascorbic acid

acac — acetylacetonate,

BQ — 1,4-benzoquinone,

BINAP — 2,2"-bis(diphenylphosphino)-1,1’-binaphthyl,

Boc — tert-butoxycarbonyl,

BSA — N,O-bis(trimethylsilyl)acetamide,

CHP — cumene hydroperoxide,

cod — cycloocta-1,5-diene,

CPC — cyclopalladated complexes

dba — dibenzylideneacetone,

DPPH — 2,2-diphenyl-1-picrylhydrazyl,

de — diastereomeric excess,

ee — enantiomeric excess,

EDA — ethylenediamine.

ICso — half-maximal inhibitory concentration,

LDA — lithium diisopropylamide,

Naph — naphthyl,

nbd — norbornadiene,

OTf — trifluoromethanesulfonate (triflate),

p-cymene — l-isopropyl-4-methylbenzene,

rt — room temperature,

Ts — p-toluenesulfonyl (tosyl)

2. Synthesis of metal complexes with terpene
ligands

2.1. Polydentate terpene ligands based on 1,2-diamines

It is known that ethylenediamine (EDA) derivatives are
successfully used as ligands for the synthesis of metal
chelates, which have a broad range of applicability. The
preparation of terpene derivatives of EDA is described in
several publications.® !¢ Since 2004, pinane and bornane
derivatives of ethylenediamine belonging to the classes of
imines, amines or polyfunctional compounds have been
synthesized at the Institute of Chemistry, Komi Scientific
Centre, Ural Branch of the RAS. Pinane ligands 4—29 were
prepared starting from (—)-a-pinene (or its enantiomer),
which was oxidized to give (+)-2-hydroxypinan-3-one and
(—)-myrtenal. The condensation of these carbonyl deriva-
tives with ethylenediamine afforded the corresponding
mono- [structures 4 (Ref. 14) and 25 (Ref. 15)] and di-
imines [structures 6 (Ref. 14) and 27 (Ref. 15)]. The bifunc-
tional nature of EDA makes it possible to introduce a
certain additional structural moiety into the ligand to
obtain unsymmetrical diimines 9,'* 106 and 11-13.13 The
reduction of the imines to amines doubles the number of
synthesized ligands (see structures 5, 7, 8, 14—-16, 19-24,13
17, 18,16 26, 28 and 29).!° Bornane derivatives of EDA
3033 were obtained from (—)-3-bromocamphor.'%-12 The
cited publications are also of interest for fine organic syn-
thesis. Single stereoisomers of EDA terpene derivatives were
isolated and characterized; the complexing behaviour of
these compounds is considered below.

Ligands 9, 10, 17 and 33 containing a phenolic group
can be classified as salen type N,N,O-tridentate ligands.
They were shown %-'1-12 to behave in different ways under
comparable complexation conditions (Li2PdCly,
MeOH, 1:1 molar ratio). Diimines 9, 10 and 33 form
bicyclic complexes 34—36 in which the starting ligand is

OH OH Structures 4—15

N NH; NH NH,

L HO
—N N— R?

9-13
R' = R2 = H (9), But (10);

R' = H: R2 = Me (11), Br (12);
R' = But, R2 = Me (13)

14,15

R = OH (14), H (15)
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Structures 16— 36

34,35 [R = H (34), But (35)]

coordinated to the palladium cation via the imine nitrogen
atoms and the phenolic hydroxy group. The structures of
complexes 34 and 36 were confirmed by X-ray diffraction:
the central atom has the expected distorted square planar
configuration and the organic ligand forms two chelate
rings. The six-membered ring is planar within 0.07 A,
while the five-membered ring has an envelope conforma-
tion. Unlike diimines, the corresponding diamine ligand 17
forms only one metal ring (37), while the phenolic hydroxy
group is not involved in additional chelation. Several
palladium chelate complexes of this type, compounds 38,
39,11 40,8 41, 42,'% 43 and 44,'° were prepared using terpene
derivatives of EDA.

A peculiar behaviour is inherent in diamine ligands 5, 7,
8 and 28. Complexation with these ligands locks the config-
uration of nitrogen, thus giving rise to two additional chiral
N-donor centres. Detailed analysis of 'H NMR and
I3C NMR spectra of complexes 4549 demonstrated 81!

that chelation is highly stereoselective and affords single
diastereomers.

Ethylenediamine terpene derivatives 5, 7, 8 and 11-24
were studied 13 as chiral ligands in the asymmetric nitro-
aldol condensation. The results of catalytic experiments are
presented below (see Section 3.5). (More information about
polydentate terpene ligands based on 1,2-diamines can be
found in Sections 3.9, 3.12 and 4 of the review.)

2.2. Cyclopalladated terpene ligands

A special group is comprised of cyclopalladated complexes
(CPC) containing an activated metal —carbon bond. Unlike
other organometallic compounds, CPC are synthesized
rather easily and have high thermal, oxidative and hydro-
lytic stability. Quite a few CPC of various types were
prepared and described to date.!” 20 It is known 2!-22 that
chiral palladacycles are used rather actively in asymmetric
synthesis and catalysis. A variety of derivatives of natural
terpenoids have been studied as ligands for the preparation

Cl Cl
PH =~ OH ¢
Lt Pd \ N\ /
VRN O Pd
HHHNH HN *N/ \NHZ
N ﬁ@ <
37 HO 38
CI\ /CI CI\Pd/CI
*N/Pd\NH N/ \N
. S/ 2 \ S/
41 42

OH Ol c
Pd
e

Cl Cl
on BN\
\ SN
NH HN\HH Nﬁ ;'\N e
45 OH 46  OH

W

Structures 37 -49
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of chiral CPC. A popular starting terpenoid is camphor,
which is due, first of all, to its easy availability from
renewable raw material.

In 1983, Constable et al.?* described an attempt to
cyclopalladate D-camphor, resulting in the formation of a
complex with only monodentate ligand coordination. The
first products?* of successful cyclopalladation of D-cam-
phor derivatives are structures 50 and 51, in which metal-
lation involves the terpene moiety, and complex 52,
resulting from classical ortho-palladation into the aromatic
ring of the substituent.?’

Structures 50-52

2%0 A ACO&z
pg—YAC Ph

Pd

N P/

\
P/Ph
(0] O
50 51
;%ﬁ
N— N\
Pd _Cl
A
52

Cyclopalladation of D-camphor derivatives at the
methyl group in position 1 was first performed by our
research team. The results were reported in our publica-
tions.?%27 A study of the selectivity of palladium acetate-
catalyzed cyclopalladation of a-substituted camphor
benzylimines showed that the cyclometallation pathway
appreciably depends on the structural features of the ligand.
Only in the case of unsubstituted camphor benzylimine, was
cyclometallation of the bornane moiety directed towards
the 1-methyl group (structure 53), whereas camphor
a-methylbenzylimine formed ortho-palladated complex 54.
The structure of 53 was confirmed by X-ray diffraction.?”
Binuclear complexes of this type are known to undergo
chloride bridge opening under the action of an additional
ligand to give new mixed-ligand complexes. This approach
was used to prepare coordination compounds 55 and 56.

Structures 53—56

cl_ 2
Pd
\ N/
A pn o
H
53 54
PPh PhsP
CI\ JPhs e
Pd Pd
/ \
N = \—Ph
IR
55 56

The a-phenyl-substituted derivative is cyclopalladated
at the aromatic ring under the same conditions to be
converted to compound 57.28 The outcome of the reaction
depends considerably on the nature of the palladating
agent: cyclometallation takes place with palladium acetate,
while in the case of lithium tetrachloropalladate, complex
58 with monodentate ligand coordination is formed. The
same trend was noted for other related ligands.

Interesting stereochemical results were obtained 2%-2° in
studies of the cyclopalladation of 2,3-camphorquinone
benzylimines. The ortho-palladation of camphorquinone
a-methylbenzylimine affords a mixture of geometric
isomers — trans-N,N-59 and cis-N,N-59.28

Structures 57-59

trans-N,N-59

cis-N,N-59

The cyclopalladation of a-phenylbenzylimine of 2,3-
camphorquinone takes place only in the reaction with
palladium acetate.?® This gives two isomeric binuclear
palladacycles and involves isomerization of the initial
ligand. The formation of complex 60 is accompanied by
structural rearrangement of the imine, while for compound
61, the C=N bond configuration changes. In both cases,
the diastereoselective formation of a new chiral centre takes
place. The structure of CPC 61 was confirmed by X-ray
diffraction. The bornane palladacycle 61 was tested 3* as a
catalyst in asymmetric reactions of carbon-—carbon bond
formation. The hydroarylation of norbornene in the pres-
ence of this catalyst gave the product in a quantitative yield
(90% —97%), but with low asymmetric induction.

In the reaction of bornane benzylimine ligands with
lithium tetrachloropalladate, no cyclopalladation takes
place; instead, complexes 62 and 63 with monodentate
ligand coordination are formed.?® The structure of complex
62 was established by X-ray diffraction. However,
2B-hydroxybornan-3-one benzylimines could not be sub-
jected to cyclopalladation, only complexes 64 and 65 being
isolated in 58% and 64% yields, respectively.?8

The successful results of cyclopalladation of bornane
oximes giving a bond between the palladium atom and a
saturated carbon atom of the terpene ring were reported by
Smolyakova and co-workers.3!-32 The authors obtained the
CPC of D-camphor methoxime and L-fenchone oxime and
methoxime (structures 66 —69); the structures of compounds
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Structures 60— 69
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67 and 68a,b were confirmed by X-ray diffraction. The
carbon centre activation can be used for chemical modifi-
cation of the initial terpenoid.

Among the CPC involving a series of pinane
ligands,?® 3335 note 2a-hydroxypinan-3-one benzylimines
and palladacycles 7072 based on them.?® It was shown
that pinane derivatives are cyclopalladated under milder
conditions than the corresponding bornane ligands. Under
the action of lithium tetrachloropalladate in the presence of
a base, the reaction is directed towards the aromatic ring
and gives CPC 70-72. As in most cases, a complex with
monodentate ligand coordination (e.g., compound 73) was
obtained as a second reaction product.?¢~2%34-36 In some
cases, these complexes are the only reaction products. For
example, 3-benzylamino-2a-hydroxypinane forms only
complex 74 under the reaction conditions, whereas the
presence of an additional methyl group in the benzylic
position favours the formation of palladacycle 75.34

Structures 70-75

o e

70-72

R = Ph (70), H (71), Me (72)

74

2.3 Terpenoid oximes and their polyfunctional derivatives
Polyfunctional oximes based on natural terpenoids are
actively investigated by inter-institutional team comprising
researchers from NIIC SB RAS and NIOC SB RAS and
headed by S.V.Larionov and A.V.Tkachev. The
reviews 37-3% published in 2004 and 2012 summarize their
results on the synthesis, structures and properties of chiral
complexes of transition metals with several groups of hybrid
ligands based on monoterpene hydrocarbons: o-pinene,
3-carene, limonene and caryophyllene (a sesquiterpene).
One of the attractive reactions that can be used to introduce
N-donor groups into a terpene molecule is nitrosochlorina-
tion, that is, the addition of NOCI to the C=C bond. This
synthetic approach enabled the preparation of various
chiral terpene ligands. Among them, three main groups
can be distinguished: monoximes 76-91, bisoximes
92 —107 and macrocyclic derivatives 108 and 109.

The review of Larionov3® published in 2012 considers
32 new ligands and 79 transition metal complexes based on
them. The compounds include Cu'l, Zn!!, Ni!l, Col!, Pd!!
and Pt'' complexes; the structures of 18 compounds were
confirmed by X-ray diffraction. The magnetic properties of
the obtained metal complexes were discussed; this allowed
the authors to draw conclusions about the electronic state of
the coordination centre. The studies along this line are in
progress.39-51

Special mention should be made of a group of chiral
palladium complexes that are of interest for their potential
catalytic activity. The nature of the complexing metal
strongly affects the structure of complexes. Palladium
retains the ability to form a square planar environment
and chelate rings of the same type with all of the studied
ligands, in particular, with a PdAN>Cl, coordination unit for
N,N-donor ligands 79,47 80,*! 85,47 87,3° 88,39 92,52 9553
96,48 101,°3 104,°* 105,°* 106,>3 107 (Ref. 48) and with a
PANSCI, unit for N,S-donor ligands 84,%° 97,52 98,46 102,
103.5% The complexes are diamagnetic, which is indicative of
a low-spin configuration of the d®-metal.

As examples, consider typical mononuclear complexes
110 and 111.47 An important stereochemical feature of
o-amino oxime complexes containing a secondary amino



984 0O.A .Zalevskaya, Ya.A.Gur’eva, A.V.Kutchin Russ. Chem. Rev., 2019, 88 (10) 979—-1012
1 p—
R Ph l‘? Structures 76 —109
‘ \\\S \\N\
N\Rz m\\‘\\ R? / 0\
X —N
\N [\‘j \
| OH OH
76-83 OH 84
R! = R2 = Me (76); ‘ 89,90 91
R! = H: R2 = OH (77); R = R2 = Me (89);
(CH2)3NH> (78), 1= 2 _ Rit (6
0 CH,CO,Na (86), RT=H,R®=Bu'(90)
(79), Q (80), (CH2)2CO,H (87),
(CH2)2CO,Et (88)
w0
CH(Bn)CO,Me (81), \S/(CHZ)" ~s.: NN L
CH.CONa (82), t@< : H\@
CH(Ph)CO2Me (83) Sy [\‘l/ ) \,\‘l ,\“4
|
NONNGE OH OH OH  OH
N NG < 97,98 99-101
&
Sy NT W n=2(97),3(98) = (CH2)2 (99), (CH2)3 (100),
| \
OH OH 7\/©\X (101)
92-96
= (CH2)2 (92), (CH2)3 (93),
CH2 2NH(CHa)2 (94),
X/@\){ @5). (36)
102, 103
X
NTTOONG = 2(102), 3 (103)
“H HY
k %N N /
| L, : :
\\\\N Nms , =
OH H H ’1<<< N
104-107 S
O 0] 0
= (CH2)2 (104), (CH2)3 (105),
108

X/©\X (106), (107)

group is that coordination gives rise to a chiral N-donor
centre and, hence, enables the formation of diasterecomers.
However, in most cases, a single diastereomer can be
isolated in the crystalline state, which is confirmed by
X-ray diffraction data. This is also typical of binuclear
palladium complexes, for example, compound 112.32 This
stereoselective complexation and the presence of a chiral
centre directly bound to the metal enhance the value of
these ligands for their potential application in the asym-
metric transition metal catalysis.

Copper is an important metal in nature, as it is present
in some enzymes. Copper complexes obtained from the
above terpene mono(c-amino oximes) (76.°7 78,°% 81,40
82,44 83,44 86,40 89,5 90,°° 9190), bis(a-amino oximes)
(92,51 96,8 99,52 100,°> 105,%% 1074%) and their sulfur
analogues (84,%° 97,%4 102,5¢ 103°°) are of interest for
bioorganic chemistry. In addition, they participate in
numerous copper-catalyzed reactions (see Section 3). The
composition and structure of copper complexes, unlike
those of palladium compounds, are highly dependent on

Structures 110-112
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the ligand type and preparation conditions. For example, in
the case of bis(a-amino oximes) 92,°' 99,62 100,%% 105
(Ref. 63) and 108, ionic paramagnetic copper complexes
with a CulNy coordination unit are formed [e.g., structure
113 (Ref. 62)].

Structure 113

2+

A new line of research pursued by Novosibirsk scientists
is related to the synthesis of metal complexes based on
terpene ligands 81-83 and 86—88 containing amino acid
moieties.3%40-44.66 Unlike palladium complex 114,3° in the
case of copper(ll) complexes, the amino acid substituent is
involved in the formation of an additional chelate ring, for
example, in structure 115.44

Structure 114, 115

O.__OEt
N Ph
;\KOMe

- \
z l.wNH O
@NQ pette
PdC|2 N uClz

Y Ny

114 OH 115 OH

Palladium complexes based on oximes of (—)-cis-caran-
4-one, (+)-3a- and 3B-hydroxycaran-4-ones, (+ )-cis-ver-
banone, (—)-menthone and (+)-2B-hydroxybornan-3-one
were synthesized, with our participation.®” The oximes were
obtained by direct condensation of terpene ketones with
hydroxylamine hydrochloride; the yields of single stereo-
isomers were 70% —94%. The reactions of these ligands

Structures 116—121

?
é CI\Pd/N
%N/ \C

118

120 121

with lithium tetrachloropalladate in methanol result in the
formation of stable complex compounds of various types:
complexes containing monodentate ligands in the trans-
configuration (116 —119) and chelates (120, 121). The struc-
ture of complex 120 was confirmed by X-ray diffraction. It
is noteworthy that the formation of chelate 120 is accom-
panied by a change in the C=N bond configuration with
respect to that in the initial ligand.

2.4. Terpene-pyridine ligands

Pyridine derivatives are successfully utilized as building
blocks for the design of N-donor ligands. Terpenoids are
used for effective introduction of a chiral moiety into the
molecule. Since 1992, research along this line has been
actively carried out under supervision of Prof. von Zelew-
sky at the Institute of Inorganic Chemistry, University of
Fribourg (Switzerland).®%-%° Among the prepared bipyri-
dine ligands, note compounds 122, 123 and dimer 124
containing a pinane moiety. The introduction of chiral
terpene groups into the bipyridine molecule was accom-
plished via annulation (Kréhnke condensation) using
bicyclic monoterpenes, in particular, B- and o-pinene deriv-
atives (Schemes 1 and 2). This gave 5,6- and 4,5-pinane-
pyridines 122 and 123. Owing to high acidity of the CHa
group of the terpene moiety and proton diastereotopicity,
they can be converted to an endless number of derivatives,
including dimers (e.g., compound 124 in Scheme 3). The
substitution reaction is stereoselective and gives a chiral
bridge and, correspondingly, a single stereoisomer.

Scheme 1
(0]
7N/ o NH4OAc
_ +</ \> + 0= T
N N HOAc
Br— — //
—N
7\
—
\ =
122
Scheme 2

(0]
7 N/ 2 NH
+ % 4OAC
QKN/ N F §z< HOAc
Br  “— [o =

The interest in these tetradentate ligands is due to their
diastereoselective self-assembly taking place during com-
plexation to give a new helical chiral state. A number of
studies ®®~7° report the synthesis of tetradentate ligands
124133, which were called chiragens (from chirality gen-
erators). For example, ligand 124 is 4,5-chiragen[6], where
digit 6 means the number of methylene units in the bridge.
These compounds are composed of terpene bipyridine
moieties linked by a chiral bridge. This bridge can be of
variable length and can contain both aliphatic chains (com-
pounds 125,7! 126 7! and 127 7?) and aromatic rings
(128&,70’71 128b,70’71’74 1292’70‘71 129b,74‘75 130’70,72
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Scheme 3
1) LDA, THF

2) Br(CHz)eBr
—_

LDA is lithium diisopropylamide

131,75 132,7475 1337475). The authors perceive such a
ligand as a chiral basketball basket and a metal ion as a
ball getting into the basket. A unique feature of these
ligands is that the complexation is stereospecific: in partic-
ular, octahedral Ru'! complexes are formed as single enan-
tiomers, most often, with A-configuration. Compound 134,
the structure of which was determined by X-ray diffraction,
can be considered as an example of this type of complexes
with topological chirality.”!

In the subsequent publications of this research team, the
authors developed a strategy for the preparation of chiral
transition metal complexes of the mentioned type with a
predictable topology. According to reviews 7% 77 that sum-
marize the interim results, about two hundred chiragen type
pyridine and polypyridine ligands were synthesized. The
stereochemistry of their complexation with metals, Ru!l,
Cul, Agl, Cd", Zn!l, Fell, Co!' and Ni'l, was studied. The
researchers revealed unique possibilities of stereospecific
coordination of these ligands to give structures with a
predictable configuration and various types of chirality.
For example, trinuclear complex 135 was obtained from
enantiomerically pure chiragen ligands.”? The authors
called these systems metallosupramolecular architectures
capable of stercoselective self-assembly.

As noted above, chiragen type polypyridine ligands may
assume a helical shape upon coordination to metal cations.
In this case, the terpene moiety acts as a stereogenic unit

) Structures 125-134
4,5-Chiragens

X = (CHz)2 (125), (CH2)3 (126),

CHz (127), Q (128a),

125-129a, 130

5,6-Chiragens

129b, 131-133

determining the helix configuration (P or M). Von Zelewsky
and co-workers 73 reported the synthesis and characteriza-
tion of chiragen ligands with a ferrocene bridge (e.g.,
compound 136), which form a double helix upon interaction
with metal cations such as Cu!, Ag! and Zn'". The binuclear
complexes [Cuz(136)2](PF¢)2, [Ag2(136)2](PFs)> and
[Zn>(136)>](PFe)4 were prepared with this ligand. The struc-

135

6+ Structure 135
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Structure 136

N= =N
TN \

tures of the first two mentioned compounds were confirmed
by X-ray diffraction. For all complexes, the same type of
organization was found: two metal atoms were located on
the helix axis, while ferrocene units linked the upper and
lower parts of the structure.

One more study of this research team 7 deals with the
ability of chiragen ligands to chiral self-recognition during
the formation of metal complexes with a definite helicity.
They prepared a series of enantiomerically pure bipyridine
ligands with an aromatic bridge, in particular, single
enantiomers (+)-129b and (—)-129b and their hexanuclear
Cu complexes. High stereoselectivity of complex formation
involving these compounds was noted: for example, upon
the reaction with Cu!, enantiomer (—)-129b formed a
homochiral circularly closed hexanuclear P-helix. When a
racemic mixture of compounds (+)-129b and (—)-129b was
used, a racemic mixture of P- and M-helical forms was
obtained, indicating a 100% chiral self-recognition of enan-
tiomers (Scheme 4). In the case of meso-form 129b, the
stereochemical outcome of the complex formation was
completely different: oligomeric mixed complexes were
generated. The self-assembly patterns of the chiragen metal-
losupramolecular systems identified by the authors make it
possible to compare these systems with biochemical chiral
recognition processes in living nature.

Scheme 4
C +
(+)-129b + (—)-129b —>

—> (M)-[Cus((+)-129b)s](PFs)s + (P)-[Cus(—)-129b](PFs)s

Chiragen type pinane ligands have been reported in two
papers.”>- 7% Quite recently, the synthesis of new bis(biden-
tate) ligands 131 and 133 was described.”> The stereochem-
istry of their complexation with Ag! was studied and
compared with previously obtained data 7+ for ligands 132
and 129b, which differ in the bridge structure. The results of
these studies confirmed that the nature of the bridge (the
length, the type of substitution and the bulk) dictates the
architecture of the whole ensemble. For example, ligand 131
with a biphenyl bridge forms, in solution, single discrete
silver complexes with a circularly closed helix, whereas
ligand 129 with one aromatic ring in the bridge gives a
mixture of two helical polynuclear species. Compound 132
with a more bulky naphthyl bridge forms polymer-organ-
ized helices under these conditions.

Bipyridine ligands 137 and 138 show a specific behav-
iour. When they are complexed with transition metals, a
helical architecture is also formed, with two possible con-
figurations of the coordination unit, A and A, respectively.
Bipyridine pinane ligand (—)-137 was used to study 7° the
diastereoselectivity of formation of tris(diimine) complexes
of a number of transition metals (Fe!!, Rul, Os!!, Zn'!, Cd"!,

Structures 137, 138

~ (K
N  N=
(—)-137

CO2H
(+)-138

Cu'l, Ni'l). It was shown that the nature of the metal
determines the topology of the coordination unit. However,
the diastereoselectivity of this complex formation was very
low. For example, Fe'', Rul and Os!' tris(bipyridine)
complexes were formed as racemic mixtures, which proved
to be separable. A study of the lability of the obtained
optically active complexes in solutions under various con-
ditions demonstrated that A-isomers are thermodynamically
more preferable in all cases, except for Ru!l! and Os!!
compounds.

A series of publications3°~83 describe the coordination
of metals to carboxyterpene bipyridine derivative 138.
Trivalent lanthanides, La, Pr, Nd, Sm, Eu, Gd and Tb,
were chosen as complexing metals. It was found that the
architecture of the resulting complex considerably depends
on the nature of the solvent. The self-assembly of the
complex is diastereoselective: each metal ion has a helical
environment composed of two N,N,O-tridentate ligands.
The helix direction (left- or right-handed) is determined by
the configuration of the terpene moiety of the starting
ligand.

Using terpene-containing pyridine ligands,®# 85 various
chiral metal complexes, including cyclometallated iridium
complexes, were prepared. Aryl-substituted terpenopyri-
dines 139a,b, 140 served as the starting compounds. The
composition and structure of Ir™ complexes considerably
depended on the structural position of the terpene moie-
ty. In the case of 4,5-annulated derivative 139a and its
thiophene analogue 140, tetranuclear complexes were
formed, with a HEXOL type inner core, [Ir(IrCly)s]®™",
surrounded by six chiral bidentate cyclometallated
ligands.®* Pyridine ligand 139b containing a 5,6-terpene

moiety, which provides a more sterically crowded
Structures 139, 140
O O
N= N=
139a 139b
| p 7 N\
N=
140
coordination unit, formed the binuclear complex

[Ir(139b)>(u-Cl)]. In this complex, two cyclometallated
moieties are connected by chloride bridges.®> The lumines-
cent properties of the obtained complexes were studied.
Ligands 141, 142 can be considered as bipyridine ana-
logues, with their structure being locked by an additional
methylene bridge. A group of Novosibirsk researchers 4330
synthesized and studied terpene-containing ligands of this
type and prepared Zn!! and Cd!" complexes based on them.
For both ligands, zinc formed mononulear complexes
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Structures 141, 142

[Zn(141 or 142)Cl,]. Cadmium compounds were chloride-
bridged dimers or coordination polymers [Cd(141 or
142)Cl5),..

Larionov et al.*® described the synthesis of ligand 143, in
which the menthane moiety inducing the chirality was
introduced as a substituent into the phenanthroline ring.
This ligand was utilized to prepare complexes of a number
of trivalent lanthanides (Eu, Gd, Tb, Dy). All mononulear
complexes with phenanthroline ligand 143 obtained by the
authors had the composition [Ln(143),(NOs3);]; the Ln3*
coordination number in these compounds was 10. Hence,
the metal was surrounded by two bidentate N,N-donor
ligands and three bidentate chelating nitrate groups. Study-
ing magnetic and photoluminescent properties of these
complexes showed that the Eu'!! complex has a long photo-
luminescence time (> 1750 ps) and a very high quantum

yield (¢¢ = 0.87), which makes these compounds promising
materials for optoelectronics.

Stereoselective formation of polynuclear metal com-
plexes with a helical structure was studied by Kwong and
co-workers.8¢-8 They prepared a series of tetrapyridine
ligands containing a chiral pinane moiety, in particular,
compound 1448687 and its structural analogues. It was
shown that depending on the nature of the complexing
metal, complexes of different geometry are formed with
these ligands. Rhenium complexes [e.g., compound 145
(Ref. 87)] are binuclear; they form a single helix as a mixture
of two diastereomeric forms (M and P), which were sepa-
rated by crystallization.

Yeung et al.8® described copper complexes with analo-
gous tetrapyridine ligands. Copper(IT) forms a planar com-
plex 146, while copper(I) complex 147 is binuclear and exists
as a double helix with different degrees of diastereoselectiv-
ity (52% —99%), predominantly with M configuration.
Copper(I) complex 148 of the same type is formed by the
pyridinethiazole ligand.®® It should be noted that the
replacement of two pyridine rings by thiazole rings leads
to the opposite stereochemical outcome: double P-helix is
obtained in this case.

Attention is attracted by the diversity of types of ligands
and, therefore, architectures of the resulting metal com-
plexes reported by Chinese researchers.®*~°! The silver

Structures 143-153

151, 152
R = H (151), Me (152)
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coordination polymers 149 and 150 were prepared from
pyridine-pyrazine ligands containing a pinane moiety.’! In
the latter case, stereoregular polymer 150 is formed, since a
silver ion has a chiral tetrahedral environment with a certain
alternation pattern of A- and A-configurations of Agl.

Axially chiral dipyridine ligands 151 and 152 were
studied by the same Chinese research team.?® These ligands
tend to form two conformations (stereodescriptors R and
S), which occur in equilibrium. The reactions with silver(I)
or copper(I) ions lock the configuration. Planar chiral
mononulear complexes [Ag(151)Cl104] (153),
[Ag(152)C104], [Cu(151)I] and [Cu(152)I] were obtained.
In all cases, mixtures of diastereomers were formed in
which S isomer predominated.

Terpene-pyridine ligands are actively used in asymmet-
ric transition metal catalysis (see Section 3). Additional
numerous examples of ligands of this type and metal
complexes based on them are presented below.

3. Terpene ligands in asymmetric transition metal
catalysis

Asymmetric catalysis is a unique tool used to synthesize
products with high enantiomeric purity. Natural com-
pounds, including terpenoids and their semi-synthetic deriv-
atives, are successfully used as chiral components of
catalytic systems. The advances of asymmetric catalysis by
metal complexes are reflected in numerous publications on
this subject; furthermore, review publications appear every
year. The range of studied reactions includes quite a number
of transformations. In this Section, we analyze the results of
studies of terpene-based ligands in the enantioselective
catalysis of various types of reactions. Several international
research groups are actively working along this line. An
extensive review of Kwong et al.°2 summarizes the results of
studies of chiral pyridine ligands (including terpene —pyr-
idine ones) in asymmetric synthesis. Several more studies
also address this subject.?3~%¢

3.1. Cross-coupling reactions

Cross-coupling reactions have a special synthetic value,
because they give new carbon—carbon bonds and form the
basis of organic molecules. A review of Shi er al.°7 summa-
rizes the latest achievements in the enantioselective C—H
activation using the Suzuki and Mizoroki—Heck reactions
as examples and focusing on the structural characteristic of
the chiral ligands, among which terpene compounds were
also present.

Shi et al.®® employed natural amino acid derivatives
containing an additional chiral menthyl block for chiral
induction. In relation to asymmetric palladium-catalyzed
alkylation (Scheme 5), an unusual influence of the structure
of the chiral ligand on the yield and enantiomeric purity of
product 154 was revealed (Table 1). This influence was

Scheme 5
COzR3

- |
NHRZz
(155-158) oSN Bun

Pd(OAc)
9

Ag20, BQ,
154

O O + Bu"B(OH),

BQ s 1,4-benzoquinone, Boc is fert-butoxycarbonyl

THF, 60 °C

Table 1. Effect of ligands on the enantioselectivity of alkylation
(see Scheme 5).%8

Ligand R! R? R3  Yield of 154 (%) ee (%)
155 Pr H H o0 0
156 Pri Boc Me 86 0
157 OH Boc H 65 88
158 Pr C(0)O-(—)-Menth H 91 87

demonstrated for leucine derivatives: in the case of leucine
(155), the reaction did not proceed; with the N-acyl pro-
tected methyl ester (compound 156), the product was
obtained in 86% yield, but as a racemate. Acids 157 and
158 provided good product yields (up to 90%) and high
enantioselectivity [up to 90% enantiomeric excess (ee)]. The
best result was obtained with ligand 158, containing
menthyl (menth) as an additional chiral moiety.

Zawartka er al.® reported the synthesis of imidazoles
with a chiral terpene substituent. These ligands were used to
prepare palladium complexes 159 and 160, which were
tested in Heck type asymmetric cross-coupling (Scheme 6).
Arylation of 2,3-dihydrofuran with phenylboronic acid was
carried out in the absence of bases, but with addition of
copper(IT) salts, which gave rise to a redox pair with
palladium and regeneration of the active catalyst species.
Complexes 159 and 160 showed a moderate activity (the
yield of product 161 was 15%) and low enantioselectivity
(ee <10%).

Scheme 6
0 PhB(OH 159 or 160, Cu(BF4). Ph—_/ 0
+ (OH)2 THF, 60 °C J
161
cl (15%, 10% ee)

R\ ]

BT NN
O N N—Pd=N" 'N"7Q
Cl R
159, 160

R = (—)-bornyl (159), (+)-fenchyl (160)

Caselli er al.'%° synthesized bornane diamine 162 based
on (+)-camphor and ethylenediamine and tested it in the
copper-catalyzed oxidative coupling of naphthols with the
aim to obtain axially chiral disubstituted binaphthyls
163a—e (Scheme 7). The results of this reaction were mod-

Scheme 7

R

o e S
OH CH2Cl2, MeCN, 40 °C OO OH

R

163a—e
[48% —90%,
(6% —65%) ee]

162, Cu(OTf)z

R = H (a), CO2Me (b), CO.Pri (c),
Ac (d), OBn (e);
OTF is trifluoromethanesulfonate (triflate)

Wiy

162 - @\ s
N N
H H
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erate: the product yields were 48% —90% and enantiomeric
purity did not exceed 65%.

N,P-Donor pyridine ligands (+)-164, (+)-165, (—)-166
and (—)-167, synthesized from (—)-B-pinene, (+ )-3-carene,
(+)-2-carene and (—)-a-pinene, respectively, were investi-
gated as chiral ligands in the palladium-catalyzed Heck
reaction (Scheme 8, Table 2).'9! Phenyl triflate reacts with
dihydrofuran to give arylation product 161 with high
enantiomeric purity and virtually without side products.
The mechanism of this reaction, which is accompanied by
double bond migration in the ring, was studied by Brown
and co-workers.'92 It was shown '°! that ligand (+)-164
induces the formation of product (S)-(—)-161 with 59% ee,
while ligand (+)-165 shows higher enantioselectivity
(70% ee). It is noteworthy that the use of quasi-enantiomer
(—)-166 leads to the product with the opposite configura-
tion (R)-(+)-161 (69% ee). Inversion of configuration for
the aryl derivative also takes place in the case of pinanes:
unlike compound (+)-164, ligand (—)-167 gives rise to
(R)-(+)-161 (88% ee).

Scheme 8
% 164—167, Pd(dba), Ph_©
—_— *
\ /] +PhOTf PrLEIN, THF, 70 °C \Q
161

()67 = Ay

Ph,P

dba is dibenzylideneacetone

Table 2. Effect of ligand nature on the enantioselectivity of
Pd-catalyzed arylation of dihydrofuran (see Scheme 8).10!

Ligand Yield of 161 (%) Configuration ee (%)
164 45 S 59
165 — S 70
166 — R 69
167 68 R 88

3.2. Allylic substitution

Palladium-catalyzed asymmetric allylic substitution is a
convenient method for the synthesis of single stercoisomers
with a chiral carbon atom.'93.194  Unlike other catalytic
reactions, this method is applicable to the formation of
various types of bonds (C—C, C—0, C—S, C—N) with the
same catalytic system.

The model reaction chosen in most of the cited publica-
tions was palladium-catalyzed alkylation of racemic 1-ace-
toxy-1,3-diphenylprop-2-ene (168) with dimethyl malonate
(169), which results in the formation of chiral substitution
product 170 (Scheme 9). As a rule, the catalytic complex
was formed in situ. Palladium(11) salts and complexes and
the appropriate chiral ligand served as precursors. Ethyl-
enediamine derivatives were studied by Bottari et al.'% In
order to estimate the contributions of the asymmetric

Scheme 9
OAc . MeOC._CO:Me
PhA\)*\Ph + CHz(COz2Me), —>
168 169 Ph™ ™% "Ph
170

(a) 171-190, [Pd(n3-C3Hs)Cl]2, CH2Cl2, MeCN, BSA, KOAg, rt;
BSA is N,O-bis(trimethylsilyl)acetamide

Table 3. Effect of ligand nature on the enantioselectivity of
Pd-catalyzed allylic substitution (see Scheme 9).

Ligand Yield of 170 (%) Configuration  ee (%) Ref.
171 26 N 55 105
172 84 S 98 105
173 90 R 83 106
174 85 S 78 106
175 84 S 30 107
176 85 R 26 107
177 — R 76 107
178 — N 3 107
179 76 R 48 107
182 2 S 80 108
183 4 R 23 108
184 70 R 81 108
185 80 R 84 108
186 77 S 68 109
187 94 R 89 110
188 93 R 84 111
189 99 R 85 112
190 63 R 53 113

Note. A dash means that the yield is not indicated.

induction of particular chiral blocks, diamine 171 with a
bornane moiety and ligand 172 containing additionally an
axially chiral binaphthyl substituent were synthesized. In
the latter case, it was possible to attain high enantioselec-
tivity of the reaction (up to 98% ee) (Table 3). To confirm
the in situ formation of the active complex, the authors 193
obtained palladium complexes based on ligands 171 and 172
in a pure state.

Pyridine derivatives are used rather efficiently in asym-
metric catalytic reactions of various types.’? Terpene-pyr-
idine ligands 173—190 were studied in allylic substitution
reactions (see Scheme 9 and Table 3). Among the variety of
synthesized molecules, several groups can be distinguished.
Ligands 173-179 and 181-185 are sulfur-containing pyr-
idine derivatives, in particular, thiols. Chelucci et al.'9°
considered pinane thioethers 173 and 174, which exhibited
high catalytic activity in the allylic substitution. These
quasi-enantiomers promote the formation of allylic substi-
tution products of the opposite configuration with high
enantiomeric purity (83% and 78% ee). Using camphor as a
chiral starting compound, thioether derivatives 175-179
were prepared.!®” It was shown that stereoselectivity of the
allylic substitution reaction considerably depends on the
spatial structure of the ligand. For example, in the case of
thioether 177, ee can reach 76%, while for its cis-stereo-
isomer 178, ee is <3%. The authors give no explanation to
this finding. It can also be noted that cis- or frans-position
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Structures 171181

180, 181

Y = PPh; (180), SPh (181)

of hetero substituents in the terpene ring of the ligand is an
important factor. It is likely that trans-orientation of the
hetero donor substituents promotes more efficient chelation
of the metal. In the presence of ligands with this structure
(175-177), a higher enantioselectivity of Pd-catalyzed
allylic substitution is attained (30% —76% ee).

Koning et al.'%® described yet another group of efficient
bornane ligands containing a thiol (182, 183) or thioether
(184, 185) substituent. Compounds 182, 184 and 185 show a
high asymmetric induction (up to 84% ee), but differ
considerably in the catalytic activity. Thiols, which tend to
poison the catalyst, give very low yields of allylic substitu-
tion products (<10%).

Bipyridine and dipyridine ligands 186—189 containing
an annulated terpene moiety were studied for chiral induc-
tion in the asymmetric allylic substitution reactions (see

Structures 182185

Scheme 9). Table 3 presents several most significant results
for this reaction.!0-112

As indicated above, chiragen type ligands (see
Section 2.4) are highly stereoselective chiral inducers. The
first example of application of complexes of this type as
asymmetric catalysts (allylic substitution reactions) was
reported by Kwong er al.!'?> The authors synthesized tetra-
pyridine ligand 189 and the chiral palladium complex with
this ligand, [Pdx(n3-C3Hs)2(189)](SbFe),, which had a heli-
cal binuclear structure. This catalyst and its analogues
showed high enantioselectivity in this process (up to 85%
ee), with the product yield being nearly quantitative.

An unusual P,N,N’-tridentate phosphine ligand 190
containing a menthyl substituent was reported by Minato
et al.''3 This ligand used in the palladium-catalyzed allylic
substitution provided a moderate enantioselectivity (up to
53% ee).

Structures 186—190

187a—c
R = Me (a), Bn (b), Pri (c)

N N~
\

=
NS

190

The above examples of studying terpene-containing
ligands of various types in the asymmetric palladium-
catalyzed allylic substitution demonstrate that good results
can be obtained using various types of ligands, with terpene-
pyridine derivatives appearing most promising.

3.3. Addition to aldehydes and ketones
The reactions of organometallic compounds with aldehydes
give secondary alcohols. It was ascertained that in the
presence of chiral ligands (primarily, N,O-donors), the
reaction is enantioselective and represents a facile and
reliable route to chiral secondary alcohols.

(+)-Camphor-derived terpene amino alcohols 191-195
were investigated !'* for chiral induction in the enantiose-
lective addition of Zn, Mg and Li organic compounds to
aldehydes. The following features were identified. The
addition of n-butyllithium and n-butylmagnesium bromide
to benzaldehyde (Scheme 10) has al low selectivity
(<37% ee) and considerably depends on the nature of the
solvent which forms a complex solvate with the organo-
metallic reagent. The best results (the highest yield of
product 196) were obtained in diethyl ether.

The addition of diethylzinc to benzaldehyde is more
selective (Scheme 11).!'# In particular, when amino alcohol



992 0O.A .Zalevskaya, Ya.A.Gur’eva, A.V.Kutchin Russ. Chem. Rev., 2019, 88 (10) 979—-1012

Scheme 10
R1
|

N
R2
4L,
0] OH

(191-195)
‘ n >
Ph*H +BUM B oorTHE, 78°C Ph)*\Bun

196 [79% —100%,
(6% —37%) ee]

M = Li, MgBr; R' =R2 = Et (191), Bui (192), Bu" (194);
R' = Me, R2 = Ph (193); R' —R2 = (CH2)20(CH>) (195)

Scheme 11
i 6, 191195, 198225 _ ji"
py T ANEL PhMe, —30 °C PH > Et
197

195 is used as the chiral ligand, the enantiomeric excess of
the reaction product of 1-phenylpropan-1-ol (197) can be as
high as 87%, while the yield is 94%.

It should be noted that the nucleophilic addition of
diethylzinc to benzaldehyde in the presence of bornane
B-amino alcohols (see Scheme 11) served as a model reac-
tion for studying the non-linear effects in the dependence of
reaction enantioselectivity on the enantiomeric purity of
chiral ligands. This system was investigated in detail by a
group of Japanese scientists headed by Noyori,!!> 116 while
the first quantitative characterization of these non-linear
effects was reported by Kagan and co-workers.!'7- 118 Black-
mond ' demonstrated how the kinetic behaviour may
promote more extensive use of non-linear effects as a
diagnostic tool to identify active catalytic species and to
establish the reaction mechanism.

The effect of terpene ligands of various types (6,
198 —-225; for the structures, see below) on the enantiose-
lectivity of addition of diethylzinc to benzaldehyde was
investigated (see Scheme 11, Table 4). The most enantiose-
lective reaction was described by Salehi er al.'2° In this case,
ligand 6 (EDA- and 2-hydroxypinan-3-one-derived diimine)

acted as a component of the catalytic system. In the
presence of this compound, (R)-1-phenylpropan-1-ol was
obtained with a high enantiomeric purity (up to 99% ee).
The pyridine ligands synthesized by von Zelewsky and
co-workers 121-122 were tested for chiral induction in the
enantioselective addition of diethylzinc to benzaldehyde.
Pinane-pyridine derivatives 198 —200 showed a high enan-
tioselectivity.!?! In the presence of ligand 199, (R)-1-phenyl-
propan-1-ol was obtained in 98% yield and with 91%
enantiomeric purity. Ligand 198, which differs only in the
C(8) configuration, affords the opposite enantiomer with a
much lower selectivity (28% ee). The influence of the
solvent nature was also ascertained: the replacement of
toluene by more polar tetrahydrofuran inhibits the reaction.

Structures 198 —200

The same catalytic reaction was addressed in the study
of Collomb and von Zelewsky.!?? Bipyridine (201-207) and
monopyridine (208—-214) alcohols were synthesized and
used as chiral ligands. Generally, tridentate ligands
201-207 had higher catalytic activity and enantioselectivity
in this reaction than bidentate analogues 208—-214. The
authors found no obvious relationship between the stereo-
selectivity of the addition reaction and the composition or
spatial arrangement of the groups R! and R? in the ligands.

Bipyridine ligands containing terpene moieties, namely,
menthane (215), bornane (216, 217) or pinane (218) ones,
were also studied !?3 in the addition reaction of diethylzinc
to benzaldehyde in which they showed a higher enantiose-
lectivity (80% to 92% ee).

LeGoanvic et al.'?>* reported the synthesis of a series of
terpene-pyridine ligands: N,O,O-tridentate (219—-222) and
N,O-bidentate ones (223-225). Comparative analysis of
application of these ligands demonstrated that the crucial

Table 4. Effect of ligands on the enantioselectivity of diethylzinc addition to benzaldehyde (see Scheme 11).

Ligand  Yield of 197 (%)  Configuration ee (%) Ref.
191 92 S 78 114
192 36 S 40 114
193 28 S 21 114
194 29 S 20 114
195 94 S 87 114
6 74 R 99 120
198 75 S 28 121
199 98 R 91 121
200 96 R 75 121
201 100 R 73 122
202 100 R 79 122
203 100 R 78 122
204 100 R 52 122
205 99 S 86 122
206 100 S 82 122
207 99 R 47 122
208 91 S 42 122

Ligand Yield of 197 (%) Configuration ee (%) Ref.
209 90 R 68 122
210 91 R 45 122
211 60 R 18 122
212 91 R 64 122
213 95 R 46 122
214 85 R 15 122
215 77 S 85 123
216 86 R 92 123
217 82 R 77 123
218 86 R 79 123
219 81 N 42 124
220 81 S 35 124
221 76 R 95 124
222 78 R 75 124
223 93 S 21 124
224 85 S 95 124
225 81 R 77 124
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Structures 201-218

HO/TRZ
R1

201-207

Ho \ R’
R1

208-214

R' = R2 = Me (201, 208), Ph (202, 209); R" = Ph, R? = Me (203, 210);
R'= Me: R? = Ph (204, 211); R? = Me: R" = 1-Naph (205, 212),
2-Naph (206, 213); R" = Me, R? = 1-Naph (207, 214);

Naph is naphthyl

factor determining the enantioselectivity of addition of
diethylzinc to benzaldehyde is the distance between the
donor sites rather than their number. For example, the
tridentate ligand 221 and its bidentate analogue 224, which
contain a menthol moiety, ensure 95% enantioselectivity. In
the case of more rigid ligands 219, 220 and 223, in which the
donor sites are located in positions 1 and 4 relative to each
other, the enantiomeric excess does not exceed 42%.

Good results were obtained for enantioselective addition
of diethylzinc to various aldehydes. Using pyridine ligands

Structures 219-225

Structures 226 —229

R = Me (226, 228), H (227, 229)

226-229,'25 the
extended.

The best selectivity in this reaction was found for ligand
229 (Scheme 12, Table 5). It is noteworthy that aliphatic

range of applicable substrates was

aldehydes react with diethylzinc less selectively
(54% —61% ee) than aromatic aldehydes (94% ee).
Scheme 12
(H) 226-229 j)\H
R/\H + ZnEt PhMe, 0 °C R * O Et

Table 5. Enantioselectivity of diethylzinc addition to aldehydes in the
presence of ligand 229 (see Scheme 12).!23

Starting aldehyde Yield of the ee (%)
alcohol (%) (see?)
Benzaldehyde 94 92
o-Methoxybenzaldehyde 92 84
p-Methoxybenzaldehyde 90 89
p-Methylbenzaldehyde 91 89
0-Chlorobenzaldehyde 82 83
p-Chlorobenzaldehyde 87 84
3.4-Dimethoxybenzaldehyde 97 89
4-Dimethylaminobenzaldehyde 98 76
1-Naphthaldehyde 92 94
2-Naphthaldehyde 90 83
Cinnamaldehyde 87 76
Dodecanal 83 60
Nonan-1-al 86 54
Cyclohexanecarboxaldehyde 80 61

4 The value for S-enantiomer is indicated.

3.4. Hydrogenation of asymmetric ketones
The catalytic asymmetric reduction of ketones in the pres-
ence of chiral transition metal complexes is an important
route to chiral secondary alcohols with high enantiomeric
purity. There are three key reduction methods:

1) direct high-pressure hydrogenation with molecular
hydrogen,

2) hydrogenation with a hydrogen atom transfer from a
proton donor,

3) hydrosilylation of ketones followed by hydrolysis.

All of the three methods have been used with consid-
erable success, which is reflected in relevant publications.
First of all, mention should be made of classical stud-
ies 126129 performed under supervision of Ryoji Noyori,
Nobel Prize Laureate in Chemistry of 2001 (Japan). The
versatile Noyori catalysts are Ru'' complexes with chiral
diphosphine ligands [e.g., with BINAP — 2,2'-bis(diphenyl-
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phosphino)-1,1’-binaphthyl]. These studies served as the
starting point for the search of new catalytic systems
among chiral transition metal complexes. A review 3¢ dis-
cusses the achievements in the asymmetric reduction of
ketones by various methods in the presence of iron com-
plexes. The relevance of this study is associated with the
goal to replace expensive and toxic ruthenium by other
metals. Chiral iridium complexes were studied rather exten-
sively as catalysts for the asymmetric reduction of
ketones.!3! The search for new chiral ligands for such
complexes, including those based on terpene derivatives, is
in progress.

Homogeneous catalysis is an experimentally simple and
efficient method for the asymmetric reduction of
ketones;'32-135 in this case, 2-propanol can, for example,
act as the proton donor (Scheme 13).

Scheme 13
(0]

I OH  Ru,Rhorlf )O\H ?
_—
R? R2 + )\ L* R? R2 + /\\

Historically, the first terpene ligand used in this reaction
was pyridine derivative 230 described by Zassinovich
et al.'3® in 1981. This ligand serves as the precursor for the
design of chiral Ir- catalyst, and a number of aromatic and
aliphatic ketones were investigated as substrates. However,
the enantioselectivity of this reaction did not exceed 10%.
Bipyridine ligand 231, which was tested in the Rh-catalyzed
reduction of acetophenone, also showed low enantioselec-
tivity.137

_ N _
N N

230

Structures 230, 231

7 N\
.

231

Pinane amino alcohols 232a—d, and diimino- and di-
aminodiols 6, 7, 233 and 234 were tested '3® in the ruthe-
nium-catalyzed asymmetric hydrogen transfer reaction
(Scheme 14, Table 6). The active Ru complex was formed
in situ from precursors. In all cases, high acetophenone

Structures 6, 7, 232-234

OH
NHR

s,
s,
/,
’y,

232a-d

R = H (a), Bn (b),

:

(),
Me (d)

Scheme 14
o OH

H )\ L*, [RuCl>-p-cymene)]> )Oi /‘(L
+ > +
Ph N KOH, 80 °C Ph*
235

p-cymene is 4-isopropyl-1-methylbenzene

Table 6. Effect of ligand nature on the enantioselectivity of Ru-
catalyzed reduction of acetophenone (see Scheme 14).138

Ligand L* Conversion of acetophenone (%) ee (%)?
232a 85 18
232b 83 34
232¢ 77 45
232d 92 29
6 90 10
233 97 18
7 90 13
234 88 7

2 The value for enantiomer (R)-235 is indicated.

conversion was attained, but the enantioselectivity of
formation of 1-phenylethanol (235) was moderate (less
than 45% ee).

Moutet er al.'3° studied polypyridine ligands 122, 123,
129a and 236 in the asymmetric hydrogenation of prochiral
ketones, including acetophenone. The authors compared
three methods: homogeneous hydrogen transfer reaction
and homogeneous and heterogeneous electrocatalytic
hydrogenation in the presence of chiral Rh!'' complexes.
Regarding enantioselectivity, neither variation of the
ligands nor the change in the reduction procedure caused
considerable differences. In all cases, the enantiomeric
excess of the chiral alcohols did not exceed 20%.

Chiral phosphine-oxazoline ligands 237 and 238 were

Structure 236

7 N/ N\
—N NT Q
(S)-236 (R)-236

prepared and tested '* in Ru-catalyzed reduction of a
number of ketones. The catalytic complex was obtained in
advance by the reaction of the appropriate ligand with
[PhsP]sRuCl, in 2-propanol, and then solutions of Ru
complexes 237-Ru and 238-Ru were added to the reaction
mixture. The hydrogen transfer reduction of acetophenone
was chosen as the model reaction (see Scheme 13). A clear
dependence of the yield and enantiomeric purity of the
resulting alcohol on the catalyst concentration was identi-

o) Oy
N\ N

N N\\\‘
PPh, PPh,
237 238

Structures 237, 238
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fied. For example, a decrease in the proportion of complex
237-Ru from 0.1 mol.% to 0.01 mol.% leads to an increase
in ee from 76% to 90%. Note that catalyst 238-Ru was less
selective: ee was 37% at a concentration of 0.1 mol.%.

One more procedure for reduction of unsymmetrical
ketones to chiral secondary alcohols is enantioselective
hydrosilylation followed by hydrolysis of silyl ether 239
(Scheme 15). This reaction was investigated in detail by a
German research team headed by Brunner.!4!-142 The chiral
induction in the rhodium-catalyzed enantioselective hydro-
silylation was accomplished using bipyridine ligands and
several tens of amino- and iminopyridine derivatives con-
taining terpene moieties.

Scheme 15
(6] 240, [Rh(cod)Cl]2

/M + HoSiPhy, ——————>
Ph CCls, 0°C > 1t

H_ OSiHPhy 1oy OH
— & — )\
Ph MeOH  pp«
239 235

(90%, 80% ee)

cod is cycloocta-1,5-diene, Ts is p-toluenesulfonyl (tosyl)

Brunner et al.'%? reported the synthesis of a number of
terpene-pyridine ligands (e.g., compounds 240 and 241a,b),
which incorporated a chiral oxazoline ring, and evaluation
of their stereodifferentiating properties towards hydro-
silylation of acetophenone with diphenylsilane (see
Scheme 15). The best enantioselectivity was obtained for
pinane ligand 240 (up to 80% ee). Menthyl derivatives
241a,b showed virtually no selectivity, nor also with the
use of rhodium(I) complex prepared in advance.

Structures 240, 241

240
=
(o] ~ ‘ ',
g N
PhCH; 241b =

3.5. Nitroaldol condensation

Nitroaldol condensation (Henry reaction) is one of the key
catalytic reactions that give rise to a C—C bond. A
review 43 published by Spanish researchers in 2007 is
devoted to the achievements in the asymmetric catalysis of
this reaction. The reaction of nitroalkanes with aldehydes or
ketones yields B-nitro alcohols. Copper complexes with
N,N-donor chelating ligands were found to be most effi-
cient catalytic systems for this transformation.

Chiral ligands containing a terpene moiety were used for
asymmetric catalysis of the Henry reaction. First of all, note
publications of Blay et al.,'*~ 15! who described bornane
imino- (242, 243) and aminopyridines (244 —246) and their

Structures 242 —246

—N N— —N N—=
242 243

N
H

244
N = |
H N
246

derivatives. Quite a few aldehydes and ketones, in partic-
ular, benzaldehyde, were studied as substrates of this
reaction (Scheme 16). The condensation of benzaldehyde
with nitromethane was conducted in the presence of a
catalytic system formed in situ from the ligand and cop-
per(Il) acetate or triflate. Virtually in all cases, with rare
exceptions, the authors noted high catalytic activity (the
chemical yield of alcohol 247 was in the 80% —99% range)
and enantioselectivity (=75% ee); the best properties were
found for ligand 244.

245

Scheme 16
OH
242246,
~0 Cu(OAc), . NO2
+ MeNO, ———————>
PriEtN, EtOH,
—-50°C

247 [80% —99%,
(75% —98%) ee]

The results of the above studies were summarized in a
review.!*% The authors proposed a stereochemical model of
the transition state of the catalytic site (structure 248) for
the Cu-catalyzed Henry reaction in the presence of imine
242. The first step is the formation of Cu'! chelate and a
chiral ligand. Then, as a result of ligand exchange and the
coordination capacity of complexing metal, the substrate
and the reagent occupy the most favourable positions in the
coordination environment of the metal. The enantiodiffer-
entiation is controlled by the sterically optimal contact
between the substrate and the reagent.

Ethylenediamine 2-hydroxypinan-3-one derivatives were
investigated '3 as ligands in the copper-catalyzed asymmet-
ric aldol condensation of nitromethane with 4-nitrobenzal-

Structure 248
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dehyde (Scheme 17). In order to estimate the effect of
electronic and steric factors on the stereochemical outcome
of the reaction, a series of stereoisomeric ethylenediamine
pinane derivatives (4—7, 9, 17) containing various substitu-
ents in the ligand aromatic ring (see Section 2.1) were
synthesized.

Scheme 17
OH
>0 17, Cu(OAc)2 ~_-NO2
—_—
* MeNOz 5ion, 25°C
02N 02N

249 (89%, 56% ee)

It was found that diamine and copper acetate complexes
formed in situ efficiently catalyze this reaction. The nitro-
aldol condensation proceeds under mild conditions to give
product 249 in a high yield (up to 89%) and with moderate
enantioselectivity. The best result (56% ee) was obtained
with diamine ligand 17 (see Scheme 17).

3.6. Diels — Alder reaction

Cycloaddition reactions, including the Diels— Alder reac-
tion, are activated in the presence of Lewis acids. Nara-
saka 52 analyzed the application of chiral Lewis acids in
this type of asymmetric transformations. As a rule, the
chiral catalyst is generated during the reaction from the
corresponding precursors. There are known examples in
which chirality is induced by terpenoids and their synthetic
derivatives, for example, menthol.'33-154 Thus, in the pres-
ence of menthyloxyaluminium dichloride, the reaction of
2-methylprop-2-enal with cyclopentadiene affords exo-ad-
duct 250 with good enantioselectivity (72% ee) (Scheme 18).

Scheme 18

OAICI; CHO

0,
/,
s,
7

-

_— >
PhCH3, —78°C

D=,

250 (69%, 72% ee)

High stercoselectivity was attained in several hetero-
Diels— Alder reactions catalyzed by the chiral europium(III)
camphorate complex Eu(hfc);.!3%-15¢ For example, cyclo-
addition of benzaldehyde to polyfunctional diene
(Scheme 19) is stereospecific and has a moderate enantiose-
lectivity of formation of six-membered oxo ketones 251
(55% —58% ee).

Scheme 19
OBuU!

Euhfc)s )

— ° —
CDCls, —10°C o~

+ PhCHO

MesSiO Ph

R R
251 (55%—58% ee)
R = Me, H; hfc is camphorate

Asymmetric Diels— Alder reactions were studied by
Togni et al.'37-158% Bis[3-(heptafluorobutyryl)camphora-
toJoxovanadium (252) was employed as the chiral catalyst.
This complex efficiently catalyzes the cycloaddition of
aldehydes to activated dienes (Scheme 20) giving oxopyran
derivative 253. The reaction has high stercoselectivity:
diastereomeric excess (de) is 93% —98% and ee can reach
85%. When the heptafluoropropyl substituent in the ligand
is replaced by a trifluoromethyl or aromatic group, the
cycloaddition is non-selective. With the goal to elucidate the
stereochemistry of this reaction, the authors!'>7 carried out
a detailed study of the structure of complex 252 and its
adducts with the substrate and the reagent using X-ray
diffraction and EPR and NMR spectroscopy. Lanthanide
complexes of this type have found use as chiral NMR shift
reagents.!>?

OMe Scheme 20
+ PhCHO

=1 4
X o~ Ph

PhMe, —78°C
253 (82%, 68% ee)

= 52

Me3SiO

252 =

The behaviour of the terpene ligands in palladium-
catalyzed asymmetric Diels—Alder reactions has been dis-
cussed.!00-161 Using (+)-fenchone, (+)-2-hydroxypinan-3-
one, (—)-menthone, (+)-camphor and (+)-ketopinic acid
as the starting compounds, the authors prepared imino-
phosphines 254 —258 and palladium complexes 259 and 260.

The effect of the composition of the catalytic palladium
complex on the efficiency and stereoselectivity of the reac-
tion of cyclopentadiene with dienophile 261 was studied

Structures 254260

OR
—N PPh Q
—N PPh,
—N PPh2 2
254 255a—c /256
R = H (255a), Me (255b),
Bn (255c)
=N PPh; =N PPh,
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260
X = Cl, SbFg, ClO4, OTf
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(Scheme 21) by Hiroi and Watanable.!®! In the presence of
chloride complexes 259 and 260, cycloaddition does not
take place. However, the replacement of a chloride anion by
another ion gives rise to a high catalyst activity and stereo-
selectivity. For the anion exchange, chloride complexes
formed upon the reaction of PdCIl(MeCN), with imino
phosphine ligands 254—258 in refluxing methanol were
treated with appropriate silver salts AgX (X = SbFs, ClOy4,
TfO). Some most significant results of these reactions are
summarized in Table 7. It was found that in all cases, endo-
adduct 262a is predominantly formed. A considerable
influence of the anionic ligand was elucidated: the highest
activity and stereoselectivity were found for catalytic sys-
tems containing a hexafluoroantimonate anion. However,
the authors!®! gave no explanation to this result. For
comparable high yields of product 262 (89% —99%), the
best enantioselectivity was provided by catalytic systems
based on bornane ligands 254 and 257 (72% and 84% ee,
respectively).

Scheme 21

254258, PdCI(MeCN),
AgX, MeOH, A

\H
L/

(S)-ex0-262b

—>

(S)-endo-262a

Table 7. Effect of ligand nature on the enantioselectivity of Pd-
catalyzed Diels — Alder reaction (see Scheme 21).160!

Ligand Anion (X~) Yield of 262a:262b ee (%)?
262a+262b ratio (configu-
(%) ration)
254 SbFe 89 95:5 72(S)
254 ClO4 75 95:5 55(S)
254 OTf 68 94:6 43 (S)
257 SbF¢ 99 93:7 84 (S)
257 ClO4 95 94:6 58 (S)
257 OTf 75 93:7 37 (S)
256 SbFs 94 87:13 48 (S)
256 ClO4 91 85:15 41 (S)
256 OTf 73 88:12 37(S)

2 The value for endo-isomer.

3.7. Cyclopropanation
A classical method for the preparation of three-membered
carbocycles is the catalytic carbenoid synthesis.10%163 A
challenging synthetic task is the possibility to prepare single
stereoisomers. The stereoselectivity and, in particular, the
effect of the nature of chiral inducing groups on the
enantioselectivity of reactions between alkenes and diazo
compounds were evaluated by studying metal complexes
with terpene ligands of various types.

Copper(I1) acylacetonate complexes based on trifluo-
roacetylcamphor 263 and its derivatives 264, 265a proved
to be highly efficient catalysts for asymmetric cyclopropa-

Structures 263265

R1
o
=
) i R! = Me: R2 = H (263), | (264);
R _0 R2 = H: R' = CH=CH (265a),
(CH2)2Si(OMe),0SiMe; (265b)
263-265 CFs3

nation of styrene (Scheme 22).'4 For example, styrene
reacts with 2-diazodimedone in the presence of a chiral
Cul complex to give enantiomerically pure spirocyclic
product 266. The reactions were conducted using both
homogeneous and heterogeneous catalysis. Heterogeneous
catalyst 265b was prepared by immobilization of the
camphor derivative on a silicate substrate. With the hetero-
geneous catalyst, high enantioselectivity of cyclopropana-
tion is retained (98% ee) and the advantages include simple
catalyst removal and regeneration.

Scheme 22
ye— " 263265, CU(OAC)2
Ph
/ I~ PhH, A = X
O/ ‘ \O O (@)
N2 Ph
266

In most studies discussed below, the reaction of styrene
with ethyl diazoacetate, resulting in a mixture of stereo-
isomeric cyclopropyl esters 267, was chosen as the model
reaction (Scheme 23). Numerous terpene-pyridine ligands
were synthesized and tested in this reaction by Chinese
researchers under supervision of Prof. Kwong.165-174
Table 8 summarizes some most significant results and
examples for comparison of the enantioselectivities of
catalytic systems. The catalysts were metal complexes either
pre-synthesized or formed in situ.

Scheme 23
Ph L* M H COsEt Ph CO,Et
\__ + N2CHCO.;Et —— +
Ph H H H
trans-267 cis-267

Kwong and Lee '¢7 described the synthesis of tripyridine
ligands 268a—d for asymmetric copper-catalyzed cyclopro-
panation of styrene with ethyl diazoacetate (see Scheme 23,
Table 8). The active Cu'! complex was formed in situ. In al
cases, the reaction gave a mixture of trans- and cis-isomeric
cyclopropyl esters 267 in high total yields (88% —98%) and
with high enantioselectivity (up to 94% ee). The authors
studied the dependence of selectivity on the electronic and
steric effects of substituents in the substrate and the reagent.

The cis— trans diastereoselectivity of cyclopropanation is
dictated, first of all, by steric factors. This is indicated, for
example, by the fact that a higher selectivity can be attained
by replacing the ethyl group in ethyl diazoacetate by a
bulkier group.!®” For example, styrene cyclopropanation
with menthyl diazoacetate in the presence of ligand 268c
gives a mixture of isomeric cyclopropyl esters with trans : cis
ratio of 91:9.
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Table 8. Asymmetric cyclopropanation of styrene with ethyl diazoacetate (see Scheme 23).

Ligand Metal Yield of 267 (%) trans : cis ratio ee (trans) (%) ee (cis) (%) Ref.
268a Cul! 87 64:36 75 84 167
268¢ Cul! 96 69:31 90 94 167
268d Cull 97 61:39 72 75 167
268a Rul! 83 65:35 0 0 175
268a Rh!! 68 34:66 49 59 175
269 RO (see®) 73 71:29 10 12 176
270 RO (see®) 71 46:54 8 32 176
271 RO (see?) 78 37:63 52 64 176
269 Cul! 78 72:28 22 20 176
270 Cul! 73 72:25 32 34 176
271 Cull 33 67:33 7 4 176
269 Cu! 73 64:36 20 18 176
270 Cu! 71 67:33 18 16 176
271 Cu! 22 70:30 6 4 176
268a Cull 81 67:33 72 82 169
272 Cult 90 66:34 73 83 169
2 An individual metal complex was prepared and studied.
Structure 268  (see Table 8). For rhodium complexes, the cis-isomer was

The same group of ligands was studied by Chelucci et
al.'7>-176 The authors!7> used pinane ligands 268a—d to
induce chirality in the rhodium(Ill)- and ruthenium(Il)-
catalyzed cyclopropanation of styrene. The reaction enan-
tioselectivity substantially decreases with respect to that
observed for Cu catalysts (see Table 8). Ligands 269—271
synthesized 1’ from (—)-B-pinene, (+)-camphor and
(+)-2-carene, respectively, were converted to Rh!' com-
plexes. These complexes and copper(I and II) complexes
formed in situ were studied in styrene cyclopropanation
(see Scheme 23). All reactions gave mixtures of frans- and
cis-isomers, with the former predominating is most cases.
The enantioselectivity of the reaction did not exceed 64%

Structures 269 -271

270

the major product in some examples.

Kwong and co-workers '° prepared mono- and di-N-
oxides of the corresponding tripyridine ligands (e.g., com-
pounds 272 and 273). Comparison of the performance of
ligand 268a and its oxide 272 (see Table 8) indicates that
the introduction of the N-oxide group does not cause
significant changes in the catalytic activity or catalyst
enantioselectivity towards styrene cyclopropanation.

Structures 272, 273

Lotscher et al.'77 discussed the results of studies of the
enantioselective cyclopropanation of styrene in the presence
of copper(Il) complexes with chiral terpene-containing
bipyridine ligands 274—277. Two versions for conducting
the catalytic cyclopropanation with ethyl diazoacetate were
used. In one version, the active copper complex with chiral
ligands was formed during the reaction and copper(I and I1)
triflates served as the starting copper compounds. In the
second procedure, pre-synthesized copper complexes were
used as the catalytic systems.

In all cases, stereoisomeric cyclopropanes were formed
in high total yields (70% —90%), but with low diastereose-
lectivity. Usually, the reactions gave mixtures of cis- and
trans-isomers in which the trans-isomers slightly predomi-
nated. In some cases, high enantioselectivity was noted. The
best result was attained by using the Cu'' complex with
ligand 274b as the catalyst: the cis. trans ratio was 22:78,
with the enantiomeric purity of these isomers being 90%
and 87%, respectively.
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Structures 274277
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Dipyridine ligands of another type (compounds
278 -280) were obtained by Chelucci et al.'’® and tested in
the copper-catalyzed cyclopropanation of styrene. The
catalytic system was formed in situ from the corresponding
ligand and copper(Il) triflate. Ligands 278 and 279 showed
low enantioselectivity for this reaction (<9% ee). Unex-
pectedly, ligand 280 with additional methyl substituents in
the terpene moiety demonstrated a very high enantioselec-
tivity of formation of disubstituted cyclopropanes (ee was
88% for the rrans-isomer and 74% for the cis-isomer). This
result attests to an unpredictable influence of structural
factors on the stereochemical outcome of the reaction.

Structures 278 —280

Chelucci et al.'7%- 180 reported the synthesis of N,S-donor
ligands 281a—c, 282a,b and investigation of these ligands in
the copper-catalyzed cyclopropanation of styrene. The
introduction of a sulfur atom into the ligand induced a
sharp decrease in the enantioselectivity: ee did not exceed
5%.

Analysis of the published data indicates that copper(IT)
complexes with tripyridine (268) and bipyridine (274)
ligands are the most selective catalysts for asymmetric
cyclopropanation of styrene with ethyl diazoacetate. In the
presence of these catalysts, it is possible to obtain up to 70%
of the trans-isomer of phenylcyclopropyl ester with enantio-
selectivity of at least 72%. In the case of rhodium com-

Structures 281, 282

281a—c
R = H (a), Pr (b), Bu" (c)

282a,b
R = H (a), Ph (b)

plexes, cis-isomers are predominantly formed and the

enantioselectivity decreases.

3.8. Hydrogenation of alkenes

Soluble rhodium complexes with phosphine ligands are
classical catalysts for alkene hydrogenation (Wilkinson’s
catalysts). Terpene derivatives are often used to prepare
chiral analogues of these ligands. For example, neomen-
thyldiphenylphosphine 283 was prepared as a chiral
ligand.!®! The rhodium complex with this ligand showed a
fairly high enantioselectivity (up to 60% ee) in the reduction
of prochiral unsaturated acids.

The studies 82183 describing attempted preparation of
optically active a-amino acids from unsaturated precursors
are of particular interest. Fiorini ez al.'8? utilized rhodium
chelate complexes with chiral aminophosphines, in partic-
ular, those containing a menthyl substituent (e.g., com-
pound 284), to catalyze the asymmetric hydrogenation of
alkenes. The reduction of cinnamic and acrylic acid deriv-
atives proceeds with high enantioselectivity (70% —93% ee).

Kinting et al.'®3 paid primary attention to the synthesis
of catalytic systems representing rhodium complexes with
chiral phosphines 285a —c. The chiral induction was accom-
plished by the menthyl group. The authors studied the
homogeneously and heterogeneously catalyzed hydrogena-
tion of substrates such as 2-acetamidocinnamic acid, 2-acet-
amidoacrylic acid and itaconic acid, which are prochiral
precursors of optically active acids. For the preparation of
the heterogeneous catalyst, the appropriate chiral phos-
phine ligands were immobilized on the silica gel surface. It
was found that immobilized complexes are more stable and
selective than their homogeneous soluble analogues. The
hydrogenation of acetamidocinnamic and itaconic acids

Structures 283 —-285
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catalyzed by these complexes results in high optical yields
(87% and 83%, respectively).

Bunlaksananusorn et al.'% described the synthesis of
several chiral P,N-donor pyridine ligands based on
(+)-camphor and (+ )-nopinone and their iridium(II) com-
plexes. The iridium complexes obtained using two ligands
(286a,b) were tested as catalysts for asymmetric hydrogena-
tion of substituted styrenes 287a,b giving products 288a.b
(Scheme 24, Table 9). Virtually all of these catalytic systems
were highly efficient and highly selective, providing ee
values above 90% for substrate conversion being 100%.

Scheme 24
Ph A _Ph
X h 286a,b, [Ir(cod)Cl]2
50 atm, PhMe, rt

R R

288a,b

287:R = H (a), OMe (b);

0 0
286a = N /’:@,28% = N %E

Ph2P Ph,P

Table 9. Effect of ligand nature on the enantioselectivity of Ir-
catalyzed hydrogenation of substituted styrenes (see Scheme 24).!84

Ligand Starting alkene Conversion (%) ee (%)?
286a 287a 100 95
286a 287b 87 91
286b 287a 100 95
286b 287b 100 95

2The value for enantiomer (R)-288 is indicated.

3.9. Stereoselective polymerization
In recent years, the success of chiral palladium complexes in
the asymmetric catalysis has been shared by coordination
compounds of other metals such as copper, zinc, nickel and
cobalt. Kwon et al.'3~ 187 reported the synthesis of zinc and
copper complexes 289—-292 containing camphor imine
derivatives as N,N-donor ligands. The structures of these
compounds were proved by X-ray diffraction.

The prepared chiral zinc and copper complexes (as their
alkoxy derivatives generated in situ) were studied and were

Structures 289 —292

—N NMe;
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cr  c cr cl
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found to have high catalytic activity in the stereoselective
ring opening polymerization of racemic lactide 293
(Scheme 25). The reaction affords heterotactic polylactide
294 with a narrow polydispersity index (1.26—1.34). In the
presence of copper complex 290a, the resulting polymer has
a higher degree of polymerization (number-average molec-
ular mass of 14000 Da) than the polymer formed in the
presence of zinc complexes (7500 —-8500 Da).

Scheme 25
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3.10. Epoxidation reactions

The asymmetric catalytic oxidation of alkenes to epoxides
or diols under the action of an oxidant (Ox) is a reliable
routine synthetic route to chiral oxygen-containing deriva-
tives (Scheme 26). Exhaustive data on various types of
chiral catalytic systems used in these reactions is presented
in reviews.!88-189 The search for new catalysts is in progress;
terpene ligands were also tested for asymmetric induction in
the epoxidation.

Scheme 26
(0]
R4 R3 R4 R3 R* R3
Cat
. >g< or HO->—<-OH
R1 > <R2 Ox R1 R2 R1 R2

Fung et al. '°° prepared a ruthenium(IV) oxo complex
based on ligand 295. In the Ru-catalyzed asymmetric
epoxidation of styrene and its derivatives, this complex
showed moderate enantioselectivity (35% —38% ee).

Costas and co-workers'°! investigated the catalytic
epoxidation of alkenes in the presence of a salen type
manganese(Il) complex [Salen is N,N’-ethylenebis(salicyl-
imine)] (296) containing a tetradentate terpene-pyridine

Structures 295, 296

295
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Scheme 27

MeCN, 0°C Ph H
297 (80%, 40% ee)

ligand (Scheme 27). The conditions of this reaction were
optimized. The best results were obtained for styrene
oxidation with peracetic acid in acetonitrile at 0 °C: the
yield of epoxide 297 was 80% and ee was 40%. Epoxidation
of a broad range of aromatic and aliphatic alkenes was
performed under these conditions. The highest enantiose-
lectivity (but ee not higher than 43%) was observed for
styrene derivatives.

While considering the mechanism of reactions they
studied, the authors noted an analogy between the action
of these catalysts and classical salen type complexes;'°? in
the authors’ opinion, alkene epoxidation should be
regarded as a concerted process in which the active oxygen
is transported by high-valence MnYO oxo species. This
mechanism is evidenced by the fact that configurations of
the starting cis- and trans-alkenes are retained during
epoxidation. The possibility of alternative mechanisms,
both radical and ionic ones, was not ruled out either.

A series of tridentate pyridine-bis(imidazole) ligands,
including menthyl-containing ligands 298a—c¢, were pre-
pared at the Leibniz Institute for Organic Catalysis
(Rostock, Germany).!?3 These chiral ligands were tested
in the Ru-catalyzed asymmetric epoxidation of styrene
and trans-stilbene (Scheme 28). Ruthenium(Il) complexes
were either prepared in a pure state or generated in situ.
Complex 299 showed the best catalytic performance. For
example, in the presence of this complex, trans-stilbene
epoxide 300 was isolated in 97% yield with enantiomeric
purity of 71%.

Pyridine ethers containing a menthyl (301, 302) or
pinane (303) moiety were introduced into epoxidation of a
number of prochiral alkenes.!®* 195 These chiral ligands
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were used as precursors for rhenium(VII)- (Ref. 194) and
molybdenum(Vvi)-catalyzed reactions.!®> However, these
catalytic systems had very low enantioselectivity
2% —12% ee).

Menthylpyridine ligand 304 and molybdenum(VI) and
vanadium(V) oxo complexes with this ligand were reported
by Bellemin-Laponnaz er al.'®® Catalysts 305 and 306 were
active in asymmetric epoxidation of cyclohexene with enan-
tioselectivity of up to 25%.

As shown above, the Swiss research team headed by
von Zelewsky synthesized a large group of fused polycyclic
terpene-pyridine ligands and studied their unique spatial
structures (see Section 2.4). These ligands are actively used
in asymmetric metal-catalyzed transformations. In particu-
lar, Sala et al.'®7 described the synthesis of N,N,N-donor
ligands 307a,b. The ruthenium(Il) complex prepared from
ligand 307b exhibited an moderate enantioselectivity in
styrene epoxidation (36% ee).

Kwong and co-workers '°8 prepared a pinane ligand
containing six pyridine rings and iron(IT) complex with this
ligand (compound 308). The catalytic activity of this com-
plex was tested in the epoxidation of various alkenes. In
particular, it was shown that epoxidation of styrene pro-
ceeds with a virtually 100% conversion in 3 min, with the
enantioselectivity reaching 42%. After the catalytic cycle,
the iron complex can be regenerated with a minor loss
(~10%).
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3.11. Allylic oxidation

The asymmetric allylic oxidation of cyclic alkenes (Khar-
asch —Sosnovsky reaction) is catalyzed most efficiently by
copper(I) complexes. In the presence of chiral ligands, it is
possible to obtain non-racemic oxidation products —
allylic esters (e.g., compound 309). The oxidation of
cyclohexene with tzert-butyl perbenzoate was chosen as
the model reaction in many of the studies discussed below
(Scheme 29). Terpene ligands that were tested in this
reaction are described in a number of publications.!?? 205

Scheme 29
) . OC(O)Ph
)\\ oyt L% Cu(oTh)
+ - _—
Ph (0] MeCN, rt

309

Kwong and co-workers?%? reported the results of
studying N,O-donor bipyridine ligands 215-218 and
310-313 in the copper-catalyzed allylic oxidation of
alkenes with tert-butyl perbenzoate. The reaction was
carried out at room temperature in acetonitrile using the
appropriate ligands and copper(I) salts as precursors for
the in situ formation of catalytic systems. It was found
that variation of copper(I) salts has a pronounced effect
on both the enantioselectivity of the reaction and the
catalytic activity of the complex. Cyclopentene, cyclo-
hexene, cycloheptene and cyclooctene were used as sub-
strates for oxidation. All of the catalytic systems proved to
be quite efficient towards the allylic oxidation of cyclo-

Structures 310-313
7 N\ 7N\ N\

7 N\

Table 10. Effect of ligand nature on the enantioselectivity of Cu-cata-
lyzed allylic oxidation of cyclohexene (see Scheme 29).

Ligand Yield of 309 (%)  Configuration ee (%)  Ref.
216 57 R 52 202
215 79 R 22 202
217 44 R 31 202
218 47 R 30 202
310 43 S 65 202
314a 75 R 62 199
314b 95 R 61 199
314c 62 R 62 199
314d 63 R 55 199
314e 95 R 58 199
315 95 S 49 201
316 74 N 19 201
317 58 S 55 201
318 98 R 66 201

alkenes. Table 10 presents selected results on the oxida-
tion of cyclohexene under optimized conditions. The high-
est enantioselectivity was provided by bornane ligands 216
and 310 (52% and 65% ee, respectively).

Thiazole ligands 314a—e were also tested in the copper-
catalyzed asymmetric oxidation of cyclohexene.!”® The
enantioselectivity (50% —60% ee) was comparable with
that for bipyridine analogues, which were reported by
Kocovsky and co-workers.200-201

5 Structures 314
N/
I / R'"=Pr,R? = H (a);
N N 7 R' = R2 = Pr" (b), Bu" (c),
5 Bn (d), CH.SiMes (e)
314a-e R’

Kocovsky and co-workers 20! described the synthesis
of bipyridine ligands containing pinane (315), menthane
(316) and carane (317, 318) moieties. The authors studied
the enantioselectivities of various asymmetric reactions
involving these compounds, in particular, copper-cata-
lyzed allylic oxidation of cyclohexene. Copper(I) com-
plexes with these ligands generated in situ showed high
activity (the yields of oxidation product were up to 98%)
and moderate enantioselectivity (up to 66% ee). If one
compares the results obtained under similar conditions,
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Structures 315-318

the catalytic system with menthane ligand 316 would turn
out to be the least selective (19% ee).

In the subsequent studies, these authors expanded the
range of pinane-pyridine ligands they studied. They syn-
thesized derivatives 319a,b containing an additional chiral
centre in the oxazoline ring.?%¢ Testing the ligands in
copper-catalyzed asymmetric allylic oxidation showed
that the enantioselectivity of cyclohexene oxidation in
the presence of ligands of this group did not exceed 60%.

Chellucci et al.?%5 comprehensively studied the effect of
the structure of bipyridine (122, 123) and phenanthroline
(322, 323) ligands containing terpene moieties on the
catalytic activity of copper(I) complexes with these ligands
towards the allylic oxidation of cyclohexene (see
Scheme 29). Unsubstituted phenanthroline (320) and
bipyridine (321), which do not show catalytic activity,
were used for comparison. Unexpectedly, it was found
that ligands 123 and 323 were also catalytically inactive.
Thus, substitution of the pyridine ring in position 6 is a
necessary condition for success: ligands 122 and 322
furnished allylic ester in 79% and 75% yields, respec-
tively; however, the enantioselectivity was not higher than
20% in both cases.

Structures 319-323
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Bolm er al.?°* investigated dipyridine ligands with an
amine bridge containing a menthane (324) or pinane (325,
326) moiety. These ligands had a very low selectivity in the
allylic oxidation of cyclohexene: in the case of compound
326, ee did not exceed 19%.

Structures 324—-326

H H
N N = ‘\ N /‘
‘/N N\‘ _N N
S
© _N Na
325
324 326

3.12. Asymmetric oxidation of sulfides

Asymmetric oxidation of sulfides is actively studied at the
NIOC SB RAS and the Institute of Chemistry (Komi
Science Centre of the Ural Branch of the RAS) with the
goal to obtain enantiomerically pure biologically active
sulfoxides with a chiral S-centre. The reactions are cata-
lyzed by metal complexes in the presence of chiral terpene
ligands. In particular, EDA derivatives 6 and 9 were tested
as the ligands.?°7-20% The oxidation of phenyl phenacyl
sulfide 327 was conducted under various conditions in the
presence of titanium(IV) or vanadium(IV) complexes
formed in situ (Scheme 30). In some cases, satisfactory
results were obtained: the yield of product 328 reached
80% with an enantiomeric purity of 47%.

- ©” 1e

328 [69% —80%, (6% —

Scheme 30

60r9, Ti(OPri),
_—
CHxCl,, 0°C

47%) ee]

A series of terpene derivatives, Schiff bases, were
synthesized to be used as chiral ligands in the asymmetric
oxidation of various sulfides. A series of publica-
tions 219-215 are of interest as examples of efficient multi-
step syntheses. Imines 329 and 330 were prepared using
the monoterpene (—)-myrtenal as the starting com-
pound.?!? Imine 331 was obtained from the sesquiterpe-
noid caryophyllene.?!? Schiff bases 332, 333 and 334a—j
were synthesized from (+)- and (—)-a-pinenes,?!! while
imines 335a—f were derived from (+)-3-carene.?10-215
I'ina et al.?'? described imines 336a,b obtained using
verbenol as the starting compound.

Schiff bases 332 and 333 with terpene and phenol
moieties were investigated as chiral components of vana-
dium-containing catalytic systems in the model asymmet-
ric oxidation of aryl sulfides 337a—c to sulfoxides 338a—c¢
(Scheme 31).210.211.213

The asymmetric oxidation of sulfide 339 served as the
basis for a new synthesis of esomeprazole (340), a clin-
ically important antiulcer drug, which is widely and
successfully used in practical medicine (Scheme 32).215
The reaction is conducted in the presence of vanadyl
complexes and chiral terpene Schiff bases, namely, ligands
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329 330
R3 R' = R® = Bu', R? = H (a);
Rz RI=RE=RE=H ()

,R?=H, R®= Me (c);

R' = R® = Me,CPh, R? = H (d);
R' = R2=H, R3 = NO; (e);

R' = R3 = NO,, R? = H (f);

R' = R2 = H, R® = OMe (g);

R' = OMe, R2 = R3 = H (h);

R' = R® = H, R? = NEt; (i);

R' = Br, R2 = NEt,, R = NO; (j)
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330—-334. The best stereochemical outcome (31% ee) was
obtained with ligand 334b.

Koneva et al.?'5 gave a brief analysis of literature data
on sulfide oxidation. It was noted that the first catalytic
method for enantioselective oxidation of sulfide 339 pro-
posed in 1996 21¢ was based on a modification of the
Kagan method. The application of the classical Kagan
method,?!7 consisting in sulfide oxidation with organic

peroxides in the presence of Ti(OPr')4 and optically active
diethyl tartrate, resulted in the formation of a nearly
racemic sulfoxide 340.21¢ It was found that the introduc-
tion of amines as bases into catalytic systems makes it
possible to reach a high enantiomeric purity for esome-
prazole (~100% ee); however, the product yields did not
exceed 50%. Koneva et al.?!> used modification of the
Bolm method 2'% according to which sulfides are oxidized
with aqueous hydrogen peroxide in the presence of a
catalytic amount of a vanadyl complex with chiral Schiff
bases.

Vanadium-containing oxidative systems containing
ligands 330-332 were applied?'® for converting sulfide
341 to sulfoxide 342, a structural analogue of esomeprazole
(Scheme 33).

OAc
/N + Hx0
S‘{ 2U2
N
H

341

Scheme 33

330-332, VO(acac),
il St Nttt
CHCly, rt

342 [60%—95%, (1% —21%) ee]

All of the above-mentioned studies carried out by
Novosibirsk researchers include thorough optimization
of the conditions for transition metal-catalyzed asymmet-
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ric oxidation of sulfides. In order to elucidate the
influence of steric and electronic factors on the enantiose-
lectivity, the authors evaluated a broad range of semi-
synthetic Schiff bases as chiral ligands, differing in both
the terpene moiety and the nature of substituents in the
aromatic aldimine moiety. No clear patterns were found
for this influence. Most often, the chemical yields of
sulfoxides were rather high: 80% —99%; however, the
enantioselectivity of sulfide oxidation was moderate: the
best result was 37% ee.

4. Biological activity of metal complexes
containing terpene ligands

Metal complexes with diverse chiral ligands are widely
investigated as promising prodrugs. Some reviews 219222
are devoted to the most recent achievements and prospects
for the application of metal complexes as anticancer
agents. However, despite large diversity of the synthesized
terpene-containing ligands and metal complexes based on
them, the biological activity of these compounds has been
scarcely studied.

Since the discovery of the anticancer activity of cispla-
tin,??3 platinum diamine complexes have been actively
studied and already used in cancer therapy. An example
of such agents is oxaliplatin (343), which is a platinum(I1)
oxalate complex containing a 1,2-diaminocyclohexane
ligand. Amr et al.??>* synthesized terpene analogues of
oxaliplatin — complexes 344 and 345 — based on penta-
cyclic triterpenoids (glycerrhetic and ursolic acid deriva-
tives). The cytotoxicity of these complexes was assessed
using the HT-29 colon carcinoma cell line. Under compa-
rable conditions (incubation time of 48 h; concentration
of the test agent of 100 mg ml—1!), the cancer cell death
rate in the presence of these compounds was 44% (for
343), 79% (344) and 86% (345).

The synthesis of platinum (346, 347) and palladium
(348) complexes based on bidentate ligands containing
enantiomerically pure pinene moieties has Dbeen
described.??> Evaluation of the anticancer activity in
L1210 leukemia cells demonstrated that complexes
346 — 348 suppress the cell growth more efficiently than
commercial oxaliplatin (343). The half-maximal inhibitory
concentration ICso (concentration of the agent needed to
kill 50% of cells) was 10.2 umol litre —! for compound 343
and 0.7 and 0.6 pmol litre~! for platinum complexes 346
and 347, respectively.

Novosibirsk researchers,*?43 who have a large inven-
tory of synthesized terpene ligands and metal complexes
of various types at their disposal, assessed the biological
activity of these compounds. Optically active complexes of
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(+)-camphor thiosemicarbazone (349) — [Zn(349)-Cl>],
[Cu(349)CI] and [Pd»(349).Clsy] — were prepared and
tested for cytotoxic activity.*3 The influence of (—)-car-
vone thiosemicarbazone (350) an its Pd complex 351 on
cell viability was assessed in Hep2 adenocarcinoma cells
(laryngeal cancer). The palladium complex exhibited
markedly higher cytotoxicity than the free ligand: after
48 h incubation, the cell death rate reached 60% for
complex 351 and 20% for ligand 350 (at 50 pmol litre —!
concentration).

Kokina et al.*? reported the data on the cytotoxic
activity of ligand 349 and its complexes [Zn(349),Cl>],
[Cu(349)CI] and [Pd2(349), Cl4] against the MCF-7 breast
cancer cell line. For the free ligand, the ICsy value
exceeded 50 pmol litre—!, while for the complexes ICsg
were in the range from 9.8 to 14.0 pmol litre~!'. The
nature of the metal had almost no effect on the cytotoxic
activity of the complexes under these conditions.

Carane-bipyridine ligand 352 and tetranuclear copper(I)
complex [Cuy(352);14] were tested in Hep2 cell line.! It was
additionally shown that complexation enhances the cyto-
toxic effect observed for the free ligand, which results in a

Structures 343 —345
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352

more than twofold decrease in ICsy for [Cu4(352)314]
(ICso = 13.0£ 1.7 umol litre—') in comparison with free
ligand 352 (ICso = 30.5+£0.5 pmol litre—1'). It is notewor-
thy that these cytotoxic agents had a much higher efficiency
than thiosemicarbazone 350 and palladium complex 351
reported by Kokina et al.4?

Fernandes et al.??° studied the cytotoxicity of three
types of polynuclear copper(l) complexes and camphor
derivatives. Linear coordination polymers I and dimers II
were prepared from camphorquinone hydrazones
353-356, while double chain polymers III were derived
from diimines 357 and 358. The comparative influence of
these compounds on the cell viability was assessed in the
HT29 adenocarcinoma cell line. The copper complexes
were not superior in the cytotoxic activity over the
clinically known cisplatin with ICso = 26.3 +1.1 pmol
litre—!. Note the influence of the nature of the halide
present in the molecule. For example, for the chloride
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coordination polymer I (X = Cl), ICso = 56.8 £1.2 pmol
litre !, whereas for the bromide analogue (X = Br), this
value is twice higher (ICsp = 119.9 £1.1 pmol litre—1).
The structural changes in the ligand within complexes of
the same type have virtually no effect on the cytotoxic
activity (e.g., ICso for the group of chloride complexes I
varies from 37 to 57 pmol litre —!).

Copper(1I), iron(I1I) and manganese(III) complexes
(compounds 359-361) based on a salen type ligand
were synthesized from camphoric acid.??” The cytotoxic
activity of these complexes was tested in four cancer cell
lines (HCC1806, MCF7, LS1034, WiDr). All of the
agents were cytotoxic with ICsy <23 pmol litre—'.
The best results were obtained for copper complex 359,
furthermore for all cell lines. For example, in the case of
WiDr cells (colon cancer), the 1Csy value for complex
359 was 1.24 umol litre !, whereas for the chemother-
apeutic agent 5-FU  (5-fluorouracil), ICso is
86.96 umol litre—!.

It is worth noting that Silva Serra et al.??’ drew a
correlation between electrochemical data for metal com-
plexes and the data on cytotoxic activity. An important
aspect of the mechanism of biological activity of metal
complexes is the possibility of redox reactions, which is
due to the ability of the metal to easily change the
oxidation state. This feature of complexes 359—361 was
studied by differential pulse voltammetry. Copper com-
plex 359 has a substantially larger electrochemical gap
than iron (360) and manganese (361) complexes (2.3 V for
Cull; 1.67V for Fe!'l; and 1.62V for Mn!ll). This
accounts for higher stability of the copper complex to
reduction and, hence, higher cytotoxic activity of complex
359. These conclusions are not indisputable; nevertheless,
with a reliable proof on numerous examples, this
approach may be suitable for deriving structure—biolog-
ical activity relationships for metal complexes.

B nt Structures 359-361
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Balancing of the cellular redox metabolism is a prom-
ising approach to the therapy of quite a number of
diseases. Most researchers believe that violation of redox
processes in the body is related, first of all, to intensive
formation of free radical species. The fraction of these
species can be decreased by means of antioxidants. A
relevant task is to search for new biologically active
antioxidants among coordination compounds of transi-
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Structures 362, 363
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Table 11. Antioxidant activity of metal complexes.??®

Compound ICso/ pgml—! ‘ Compound ICso/ pgml—!

AA 136.0 362-Cu 111.0

362-Fe 172.0 363-Fe 190.0

362-Co >1000 363-Co > 1000
363-Cu > 1000

tion metals that contain bioligands or their hybrid
forms. Indian researchers??® reported the synthesis and
antioxidant activity evaluation for Fe!!l, Co!l and Cu'!
complexes containing bidentate ligands — camphor thio-
semicarbazone and semicarbazone (structures 362 and
363). The results are summarized in Table 11 as the ICsg
values corresponding to concentrations (in pg ml—!) of
added compounds providing a 50% inactivation of
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals.
Results comparable with that of the reference compound,
ascorbic acid (AA), were found for iron complexes 362-Fe
and 363-Fe; the replacement of the oxygen atom in the
ligand by sulfur virtually does not affect the activity of
these metal complexes. Cobalt complexes 362-Co and 363-
Co do not exhibit antioxidant behaviour under analogous
conditions.

The above-presented data on the biological activity
of the terpene-containing metal complexes indicate that
this group of compounds deserves more extensive sys-
tematic research. Currently, it is difficult to ascertain
what particular factor has a crucial influence on the
biological activity of metal complexes, either the nature
of the metal or the type of the terpene ligand, because no
descriptions of correctly designed comparative experi-
ments are available.

5. Conclusion

In this review, we tried to integrate, as fully as possible,
systematically arrange and analyze the data published in
the literature on the synthesis and properties of transition
metal complexes with terpene ligands. A large body of
valuable information, which is beyond the scope of this
review, but would undoubtedly be of interest for synthetic
chemists, can be additionally derived from the cited
publications. Among this information are methods of
chemical modification of natural terpenoids and synthesis
of hybrid compounds.

In total, there are more than a thousand synthesized
and described terpene ligands that were used to prepare
metal complexes of various types or were used as precur-
sors in the asymmetric catalysis by metal complexes.

Terpene-pyridine ligands form the most numerous
group. The most interesting results concerning the stereo-
selectivity of complexation and their enantioselective
properties in catalytic reactions were also obtained for
this group of ligands.

The first part of the review devoted to the synthesis of
metal complexes is significantly supplemented by the
information presented in the following parts. Most papers
discussed as examples of using terpene ligands in asym-
metric catalysis present also comprehensive information
on the synthesis of ligands and metal complexes based on
them. Most often, the catalytic properties of these systems
are studied for practical purposes. The range of reactions
is rather extensive. The results indicate that terpene
ligands can show high asymmetric induction. For some
reactions, high enantioselectivity was regularly attained,
for example, for palladium-catalyzed allylic substitution
and C—H-activation/cross-coupling reactions and cop-
per-catalyzed cyclopropanation reactions in the presence
of terpene-pyridine ligands. Ethylenediamine terpene
derivatives are fairly efficient as catalytic ligands and
provide high enantioselectivity of the addition of dieth-
ylzinc to aldehydes, which proves good prospects for these
ligands in asymmetric metal complex catalysis. However,
there are virtually no publications reporting in-depth
studies of the mechanism of stereodifferentiating action
of terpene ligands and its dependence of the metal com-
plex structure. Studies in this area would considerably
contribute to the theoretical grounds of the asymmetric
transition metal catalysis.

Despite the diversity of metal complexes based on
terpene ligands, their potential biological activity has
been little studied. Nevertheless, considering known
examples, it was ascertained that transition metal com-
plexes with terpene ligands are active as anticancer agents
and antioxidants. It is expedient to carry out more system-
atic research in this area in order to elucidate the struc-
ture — property relationships and develop new pharma-
ceutical drugs.

We hope that the presented material would be of interest
for researchers working both in the field of asymmetric
catalysis and in the chemistry of biologically active com-
pounds.
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