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The selectivity is an extremely important characteristic of a chemical reaction. This review deals mainly
with supramolecular and nano-chemical approaches to the problem of selectivity enhancement in
various functionalizations of C-H compounds. Enzyme mimics is a very fruitful method to achieve the

predominant formation of desirable products and isomers. By obstructing the approach of certain C-H

bonds of a substrate to the active catalytic centre we simultaneously increase the relative reactivity of

other fragments. This can be done by creating steric hindrance around the active centre. Spatial
restrictions can be made if we place the catalyst into a nano-cavity. We can achieve discrimination in
reactivity of different C—H bonds if we allow certain fragments to approach closely the active centre. In
order to do this chemists use coordination of the catalyst to some groups of the substrate with the

participation of relatively strong binding (chelate control) or relatively weak forces (molecular

recognition).

1 Introduction

More than 30 years ago the distinguished Russian expert in
chemical kinetics and oxidation reactions Prof. Emanuel’ wrote
in his review “The problems of the selectivity of chemical
reactions”:' “The high selectivity and rate of a chemical reaction
have become the main criteria of the practical usefulness of a
chemical process”. Indeed, non-selective reactions that give rise to
the formation of a variety of undesirable products are unlikely to be
used in chemical practice. The selective conversion of various C-H
compounds'* and especially inert alkanes (which are the “noble
gases of organic chemistry”™™') constitutes a very intriguing goal
of contemporary catalytic chemistry. Usually a reaction gives a few
products and only one of them is a target compound. Oxidation
of alkanes leads to the formation of target products (TP: alkyl
hydroperoxides, alcohols, ketones and carboxylic acids) which are
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in many cases not less (usually even more) reactive than the parent
alkane, RH. It means that when the concentration of the target
product approaches the concentration of the remaining alkane,
the target product will be involved in a substantial over-oxidation
to produce undesirable compounds:

RH —o, Tp ot gyer-oxidation products
1 2

(1.1)

The maximum attained yield of TP can be calculated” using eqn
(1.2):

(1.2)

It can be concluded” that maximum yield of TP at k,/k, = 1 will
be 37%, and only at k,/k, = 0.01 (which is practically improbable
for the case of the alkane oxidation) will the yield attain 95% (see
also a work by Labinger™).

Eqn (1.1) represents the case when we are interested in the
yield of the target product relative to the total yield of all
products including over-oxidation products which are formed at
the second stage of the process. However, the first stage of a
reaction can give more than one product. The products can belong
to different classes of organic compounds, for example, alcohols
and ketones can be formed simultaneously. We shall consider here
only the reactions affording isomeric products of the same class.
Electronic®® and/or steric®* factors govern the formation of the
predominant isomer. For example, the Pd-catalyzed annulation
reaction (eqn (1.3))* of pyrrole 1.1 proceeds at the C2 position
when R is the relatively small toluene-4-sulfonyl (Ts) group. This
route leads to the “expected” isomer 1.2. If Ts is replaced by the
bulky triisopropylsilyl (TIPS) group the annulation reaction forms
the cycle at the C4 position affording product 1.3. Thus, the switch
in selectivity can be attributed to the sterically demanding nature
of the TIPS group that shields the C2 position.
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Itisinteresting that Pd-catalyzed regioselective meso-f-coupling
of bromoporphyrins proceeds through formal direct C—H func-
tionalization of porphyrin at the most hindered B-position.”
For other examples of regioselective reactions (i.e. when the
substitution occurs at a certain position or region of the molecule)
of aromatic compounds, see very recent reviews.**® Martin,
Milstein and their co-workers* reported the selective sp*-C-H
activation of alkyl ketones at the B position. A difference between
2-butanone and 3-pentanone has been found which is due to the
fact that the o hydrogen is less sterically hindered in 2-butanone.
DFT calculations showed that in the case of 2-pentanone, steric
preference for B activation also plays a role.

The “selectivity” is a polysemantic term. We considered above
the positional (regio-) selectivity. An oxidizing species which
attacks the substrate can discriminate between primary, secondary
and tertiary C—H bonds, usually giving preference in the following
order: tert > sec > primary (or 3° > 2° > 1°). In this case, we
deal with bond-selectivity. Various oxidizing systems are able to
replace fert-hydrogens in cis- and trans-isomers of decalin with
retention of configuration when the resting ferz-hydrogen atom
and the entering hydroxyl substituent in the products (cis-decalol-
9 and trans-decalol-9) are situated in the same mutual orientation
as in the parent hydrocarbon.?®* Such reactions are stereoselective.
If a reagent discriminates between two diastereotopic C—H bonds
we can talk about diastereoselective reaction.* Finally, if a reaction
with a C-H compound gives rise to products with a predominance
of one enantiomer we deal with enantioselectivity.’ Reactions
with 100% degree of selectivity are specific ones (regiospecific,
stereospecific efc.). In this review, we shall restrict our discussion
mainly to the problems of regioselectivity in reactions of C—H
compounds.

How could we enhance the regioselectivity, in other words,
how can we obtain in the reaction predominantly one isomer
of a functionalized C-H compound containing the substituent
at a certain (desirable) position? First of all it is necessary
to mention that “traditional” organic chemistry uses mainly
rather non-selective methods for the functionalization of C-H
compounds. Reactions of monosubstituted benzenes under elec-
tronic control often occur with the selectivity ortho = meta =
para. In compounds containing saturated C-H bonds usually
methyl groups are less reactive than methylene groups and tertiary
hydrogen are the most reactive. Eqn (1.3) demonstrates that by
introducing bulky substituents into the substrate molecule and
thus creating steric hindrance we can dramatically change the
regioselectivity. Creating voluminous catalytic reaction centres
which could approach only less sterically hindered fragments of
the substrate seems to be a more universal and productive method
(Fig. 1b). Obviously, we can only functionalize sterically non-
hindered C-H bonds by this method. This review is devoted
predominantly to the regioselectivity enhancement by creating
spatial restrictions around reaction centres. Alternatively, in order

b

Fig. 1 ortho-Substitution is possible in the case of a small reaction centre
(a). Creating the bulky environment around the metal(M)-containing
reaction centre allows us to exclude substitution at the ortho-position of
a monosubstituted benzene (). Using principles of molecular recognition
(MR) it is possible to oxidize only certain C-H bonds in a substrate
containing a functional group (c).

to enhance the selectivity we can allow the C—H bond which we
want to functionalize to approach closely to the reaction centre. It
is possible to hold the C-H close to the reaction centre involving
hydrogen bonds or other weak bonds between special functional
groups in the substrate and the catalyst (molecular recognition,
MR; see Fig. Ic). An excellent Feature Article by Das, Brudvig
and Crabtree* has been devoted mainly to MR and due to
this we shall discuss this field only briefly in Section 2.2. “The
term ‘molecular recognition’ is usually limited to cases where
a number of attractive non-covalent interactions cooperate to
achieve binding of a substrate molecule.”** Cyclodextrins bound to
the catalyst molecule can act as hydrophobic binding sites which fix
the substrate molecule in the correct position.* The reaction centre
oxidizes only closely situated C-H bonds. Molecular recognition
strategy allows us to functionalize remote C—H bonds; however, it
is clear that the MR method with the participation of functional
groups is not applicable to reactions of unsubstituted alkanes.
Employing the ‘chelate effect” we can easily functionalize C-H
bonds that are situated closer to the directing group (often this
is an amino nitrogen atom). Section 2 is devoted to this type of
functionalization of remote and ‘close’ C—H bonds. In both cases,
transformations of hydrocarbon derivatives and not unsubstituted
hydrocarbons are possible. We shall begin with a brief discussion
of functionalization of C—H in molecules which contain functional
‘directing’ groups.

Enzymes “achieve astonishing selectivities and catalytic effi-
ciencies”* using both principles of supramolecular chemistry*-=
mentioned above: a hydrophobic pocket around the reaction
centre and molecular recognition. Section 4 is devoted to selectivity
in enzymatic C-H functionalization. Section 5 describes in detail
examples of chemical methods employing these approaches.

2 Functionalization of C—H bonds in molecules
containing ‘directing groups’

Some functional groups in organic substrates can facilitate the
spatial approach of certain C-H bonds of the substrate to the
catalytic metal-containing reaction centre. Binding interactions
between the substrate and the catalyst, like in enzymatic catalysis,
decrease the activation energy of the reaction.*

2.1 Cyclometallation (chelate control)

Metal ions which are coordinated to certain functional directing
groups DG in a molecule of compound 2.1 easily cleave the
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C-H bond to afford a chelated organometallic derivative 2.2 if
the chelating cycle consists of 5 or 6 members (cyclometalation).>
Both aromatic (2.1a) and sp?*-C-H bonds (2.1b) can be cleaved in
such processes. If the intermediate organometallic compound is
involved further in a reaction with reagent [X], the functionaliza-
tion of 2.1 occurs to produce in a catalytic cycle compound 2.3.
Obviously, the overall process will be regiospecific and compound
2.3 will contain substituent X either at the ortho-position of the
benzene ring or at position 3 (or 4) of the alkane chain (Scheme 1).

X] @E\ DG
o
P (X]

o
0]

2.1a 2.2a 2.3a
1
DG [M] DG X 2 DG
H M] 3 [X]
2.1b 2.2b 2.3b

Scheme 1 Schematic representation of regioselective C—H functionaliza-
tion via cyclometalation.

Ketone functionality can play the role of directing group.
Thus, ruthenium complexes catalyze the coupling reaction of
acetophenone and 1-hexene involving C-H bond activation in
the methyl group of acetophenone and chelate-assisted insertion
in the ortho-C-H bond of the benzene ring (eqn (2.1)).*® The
product ratio strongly depends on the nature of the catalyst:
catalyst RuCl,(PPh;); leads to the formation of only 2.4 whereas
the reaction catalysed by RuH,(CO)(PPh;); affords only 2.5.

e ool

n-CgH13

The regioselective aminopalladation of compound 2.6 gives
chelated product 2.7 which in turn reacts with an arene to give
regioselectively and with retention of stereochemistry the arylated
compound 2.8 (eqn (2.2)).*

D

AN HD H HD H
E\/ [Pd] m FN(SO,Ph), m
NH N IPd ArH N Ar (2.2)
>_O >:O
e SO HaC HaC
26 2.7 2.8

Arylation of benzoic acids at the ortho-position occurs via the
formation of ortho-palladated derivative which reacts with aryl
iodide.’® Analogously, the group -CH,NH, in benzene derivatives
directs the aryl substituent to the ortho-position.> Directing
groups containing a nitrogen atom are often used in coupling
reactions®® and other processes. Regiospecific reversible H/D
exchange 2.9 = 2.10 is promoted by Cu(1) complexes (eqn (2.3)).*

NH/%
H Cu NH D Cltu-NH
f el
NH NH
210

[Dglacetone

_— =
-—

| ~
= o]
N
NH
o]

Daugulis and co-workers® described highly regioselective Pd-
catalyzed arylation of sp*-C-H bonds. In the transformation of
amine 2.11 into 2.13, pyridine played the role of a directing group
and the reaction proceeds via palladacycle 2.12 (eqn (2.4)).

[Pd (jY (lf
NH (2.4)

[Pd] --=NH
H2C ArCHg
212 213

Sanford,®®¢ Dixneuf,* Ackermann,’® Cheng,® Li,% Wu% and
their co-workers used pyridine and similar directing groups in
various regioselective metal-catalyzed C-H functionalizations.
Sames and co-workers® reported an interesting regio- and stere-
oselective transformations of amino acids under the action of
platinum catalysts. Legzdins and co-workers® found that ther-
molysis of the bis(neopentyl) complex Cp*W(NO)(CH,CMe;),
in various substituted benzenes, C4H;X, affords the correspond-
ing Cp*W(NO)(CH,CMe;)(0-C¢H,X) complexes. The ortho-
selectivity is diminishing as the steric demands of the substituents
increase: X = F > OMe >Cl > Br > C=CPh. The ortho-directing
ability of these groups without coordination to the metal centre
is unique. Indeed, the ortho-C-H activation generates the species
in which there are no interactions between the W centres and the
Lewis-basic benzene substituents. It was proposed that the Lewis-
acidic tungsten centres are involved in agostic interactions with
the methylene C—H bonds of the neopentyl ligands.

2.2 Functionalization of remote C—H bonds (molecular
recognition)

A possible method to enhance the regioselectivity is to bring C—
H bonds which we wish to functionalize close to the reaction
centre. Close approach of selected C—H bonds to the active centre
facilitates the reaction. In Section 2.1 we considered the reactions
occurring via cyclometalated intermediates. The driving force of
such processes is the formation of strong 5- or 6-membered cycles.
Obviously, this method does not allow us to introduce into the
reaction C—H bonds which are situated far from a directing group.
The simplest way is to connect a substrate and the active centre
with a chain of covalent bonds. In 1987, Groves and Neumann
reported the epoxidation by PhIO of steroid fragments covalently
linked to iron porphyrin.” In this case only the double bonds of
the side chains were epoxidized, while in the reaction catalyzed by
the non-linked porphyrin the double bonds in the steroid nucleus
were considerably more reactive. Later Grieco and co-workers™
used a similar system in which steroid substrates were covalently
linked to manganese(111) salen active centre. Preferential oxidation
with PhIO of only one of C—H bonds in the steroid was detected.

In recent years, Brudvig, Crabtree and co-workers*»” designed
and thoroughly studied interesting systems for regioselective
oxidation of remote C-H bonds using the MR approach (see
Fig. 1c). The system consists of catalyst 2.14, oxidant Oxone
(peroxomonosulfate) and a substrate containing different types
of C-H bonds (Scheme 2). The active centre of the catalyst
contains two manganese ions and is bound to two MR fragments
R (2.15). The carboxylic groups of these fragments can coordi-
nate via hydrogen bonds to carboxylic bonds of the substrates:
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\o
2.14
,,,H\
hydrogen bonds __A 0
to the substrate Me
COOH group \,1,0"
where R: o
N- [~ e
phenylene
linker \/ e} Me
2.15
Me Me Me
(o]
Me Me Me
2.14, Oxone 2.14, Oxone
- CO,
HOOC Me HOOC Me o] Me
2.17 (major) 2.16 2.18 (minor)
COOH COOH

H frans-2.19 2.14, Oxone trans-2.20 (observed)
H COOH HO . COOH
Me M

e
cis-2.19 cis-2.20 (not detected)

Scheme 2 Oxidation of ibuprofen (2.16) and 4-methylcyclohexane acetic
acid (2.19) by the Brudvig-Crabtree MR system.

anti-inflammatory drug ibuprofen (2.16) or 4-methylcyclohexane
acetic acid (2.19). In accordance with the MR principle (see
Fig. 1¢), the Brudvig—Crabtree system oxidizes predominantly the
CH, group of ibuprofen (which is situated in proximity to the
active centre of catalyst 2.14) to afford regioselective product 2.17
(98.5%) rather than alternative product 2.18 (1.5%). The oxidation
of 4-methylcyclohexane acetic acid (a 5:4 mixture of cis and
trans isomers) gave only a single product, trans-2.20 (>99%). The
amount of cis-2.20 was <1%.

Breslow and co-workers in pioneering works on biomimetic
oxidations of steroid compounds (see recent references™’) used
two methods in order to link a steroid fragment to the catalytic
centre (manganese porphyrinate). In the first strategy, pyridine
recognition fragments were present in the catalyst which due to
this was able to bind the substrate containing also pyridine groups.
Selected C-H bonds from the steroid were in proximity to the
active centre due to coordinating metals such as copper(i1) ions
(Fig. 2a). In the second method, for fixing selected C-H bonds
from the steroid, manganese porphyrin was connected with -
cyclodextrin (CD) which is able to bind hydrophobic species in its
central space (Fig. 2b).

3 linker
.. binding group

CD binding
pocket

porphyrin scaffold
b

Fig. 2 Schematic representation of principles of regioselective steroid
oxidation used in works by Breslow and co-workers.

A derivative of androstane-3,17-diol 2.21 was, under the action
of PhIO and catalyst 2.22, hydroxylated very regioselectively (90%
of the product 2.23) at the 6o position (eqn (2.5)).” Reaction
of steroid derivative 2.24 with PhIO in the presence of catalyst
2.25 afforded derivative 2.26 of androstane tetrol (eqn (2.6)).”* A
similar catalyst has been also synthesized™ in which a manganese-
containing active centre is linked to four hydrophobic cyclophane
binding groups instead of CD fragments. It is important that in
such systems saturated carbons of the substrates are hydroxylated
in the presence of double bonds and secondary carbinol groups,
which are not attacked for geometric reasons.

O 0
e O«/E‘*ONa
Me ONa
e}
NaO }:! i
& .'\/lk
NaO [9) g
H 2.21
PhIO, Cu?*
Me
HO <
HO 223
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PhIO

HSO,CH,CH,NHCO
o}

CONHCH,CH,COzH

2.26
(2.6)

3 Steric hindrance in organometallic C—H activation

In the early eighties we discovered that the reaction of hexachloro-
platinic acid with arenes in aqueous CF;COOH or CH;COOH af-
fords stable 6-aryl complexes of platinum(1v) which can be isolated
in the form of adducts with ammonia after chromatography on
silica gel containing ammonia.?®¢ The reaction can be induced not
only thermally but also by the irradiation at low temperature with
light*®* or y-quanta.®® Prolonged heating of the reaction solution
at 70-97 °C leads to the decomposition of the 6-aryl complex with
the formation of the corresponding biaryl as well as chlorinated
arene. The reaction exhibits a few remarkable peculiarities (eqn
(3.1)). Thus, the thermally induced process affords in the case
of monosubstituted benzenes a mixture of the meta- (m-3.1)
and para-metalated (p-3.1) isomers; the formation of the isomers
is accompanied by the meta—para-isomerization leading to the
statistical distribution meta: para = 2: 1 (Fig. 3, curve at 90 °C).
In contrast, the light-induced process occurs only in the case of
monosubstituted benzenes containing electron-releasing groups
(OH, OCHj;, CH;) and affords solely para-metalated products (for
example, p-3.1, R = OCH;; Fig. 4). The effective activation energy

100 — —1 1.0

Yield, %

o || [ ] o
0 4 8 12 16
time, h

Fig. 3 Accumulation and decomposition with time of complex
[o-tolyl-PtCl,NH;]NH, (3.1, R = CH;; a sum of para and meta isomers)
in the thermal reaction of H,PtClg with toluene in CH;COOH/H,O at
different temperatures. Dashed curves correspond to the relative content
of the para isomer Yp = [p-tolyl-Pt]/([p-tolyl-Pt] + [m-tolyl-Pt]).

50—

40 —

30

Yield, %

20

AN
in CF3COOH/H,0
10

o [ | | |

0 0.5 1.0 15 20
time, h

Fig. 4 Accumulation of complex [p-CH;O0C,H,PtCl,NH;]NH, (p-3.1,
R = OCH,) in the reaction of H,PtCl; with toluene in CH; COOH/H,0O
(90:1) and CF;COOH/H,O (4:1) under light (320-485 nm) irradiation
at 22 °C.

of the product formation in the photo-induced reaction is 5 kcal
mol™ and the activation energy of para—meta isomerization is 25
kcal mol™'. This is the reason why the para-isomer exclusively
formed in the photo-reaction at room temperature is not involved
in simultaneous para—meta isomerization. It is interesting that the
photoinduced reaction also proceeds in methylene chloride as a
solvent.

R

[

R 70-97°C =
~IPY = ‘
NY¥

R

n—
.C| X: C|, H20, NH3
n=12

Clu,, o
Pt]: /Pt
i Il el

X

3.1)
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The substituent in the reaction of arenes with H,PtCl; does
not enter the ortho position of toluene (as well as the o posi-
tion in naphthalene) for steric reasons because the octahedral
PtCl;(H,O) fragment which can attack the arene is very large
(Fig. 5a). Matsumoto and co-authors* found that the thermal
reaction of the pivalamidate-bridged Pt(111) dinuclear complex
HH-[Pt",(NH,),(‘(BuCONH),(NO,),](NO;),-2H,0 (3.2) (HH is
head to head) with phenol proceeds via regio-selective C-H
activation of the ortho position of the phenol molecule (eqn (3.2)).
The ortho-metalated product 3.3 contains a hydrogen bonding
between the phenolic oxygen and the NH; ligand. The authors
assumed that “the steric hindrance is not so critical in the present
reaction with phenol compared to Shul’pin’s reaction”.® The
hydrogen bonding between the oxygen atom and a proton of the
equatorial ammonia ligand can act as an anchor to regioselectively
activate the ortho C—H bond of phenol (Fig. 5b).

/H
(o]

ONO; -|2+ > W3+
0., | NH; 0, -H
o’Pt OH
N

‘ptiNHy
NH NH
L NHe N., \ s (3.2)
ffp\i' 3 s NH3
N7 it
\ NH; NH;
ONO, & ONO;
o]
3.2 ( is :Buj< 33

Fig. 5 Isomer 0-3.1, R = CHj; does not exist due to spatial restrictions
(a). Complex 3.3 exists (b).

The thermal decomposition of isomers of the c-tolyl complex
formed in our reaction with H,PtCl, in the initial period affords
bitolyls which do not contain methyl groups at the ortho positions
(Fig. 6).% It is, however, noteworthy that after some induction
period 2,3’- and 2,4’ isomers are formed, and after 8 h they are the
predominant products. Similarly, the reaction with anisole affords
2,4’-dimethoxybiphenyl after the induction period (Fig. 7).%
Biaryls containing substituents in the ortho position are apparently
produced on interaction of meta and para isomers of the o-
aryl complex with the free arene present in the solution. It is
interesting that the reaction of Na,PtBry with toluene produces
rapidly isomeric bitolyls: 3,3’, 3,4" and 4,4’ (in the ratio 2.5 : 28 : 70),
and ortho-substituted bitolyls have not been detected.®

Concentration, 100¢

time, h

Fig. 6 Formation and decomposition of the o-tolyl complex of plat-
inum(1v) 3.1, R = CHj; (curve 1), its meta—para isomerization (2) and accu-
mulation of isomeric bitolyls with time (the reaction in CF;COOH/H,0
at 90 °C).%e

OCH;
(P14 _rocH+ [PI]@
g1 —08
- 2
§1.0 N — 04 g
1 famoow |
§05 OCH;, - —o2g
c
5O 5
og—1— 1 | | —o

0 2 4 6 8
time, h

Fig. 7 Accumulation of the 6-methoxyphenyl complex of platinum(1v)
(para+meta) and its decomposition (curve /) to produce two isomeric
dimethoxybiphenyls (the reaction in CF;COOH/H,O at 85 °C).*

Our reaction of PtCl> with aromatic compounds is similar
to well-known organometallic electrophilic reactions of arenes
with ions Hg(1r), Tl(111), Pb(1v), Au(iin) and Pd(11).% Palladium(ir)
derivatives which are used in numerous catalytic coupling reactions
of aromatic and unsaturated compounds typically form unstable
o-aryl derivatives. Our platinum(1v) complexes can be considered
as models of both metalation and coupling reactions. G-Aryl
complexes of platinum(1v) are easily obtained via splitting of Aryl—
E bonds where E = H, Hg, B, Sn, Pb, Bi, Sb, in the reaction with
H,PtCl,. These relatively stable complexes (isolated or prepared
in situ) react with free arenes (see above) or olefins (eqn (3.3)).%
In contrast to Pt(1v) chlorides, derivatives of non-transition and
transition metals active in metalation mentioned above including
palladium(1r) have noticeably less sterically large molecules. Due to
this the coupling reactions with platinum are more regioselective.
For example, complexes of Au(i)®* and Pd(m)*™ easily metalate
monosubstituted benzenes at the ortho position. In contrast, the
electrophilic metalation of anisole, toluene and chlorobenzene
by the very bulky (octaethylporhyrinato)rhodium(iir) chloride
molecule occurs exclusively at the para position.®

ArH Ar-Ar
A-E+[PtY] —  A[PtY] e
e (3.3)
X —
E = H, Hg, B, Sn, Pb, efc. %
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In an interesting work, Milstein, Martin and co-workers®
found that complex (PNP)Ir(COE)* (PNP = 2,6-bis(di-tert-
butylphosphinomethyl)pyridine; COE = cyclooctene) 3.4 con-
taining bulky substituents at the reactive centre exhibited in the
reaction with fluorobenzene no preference for the ortho C-H
bond (eqn (3.4)). In contrast, ortho selectivity was observed
with chlorobenzene, bromobenzene and anisole. The authors
assumed that this selectivity is due to the o-C—H activation assisted
by coordination to chlorine, bromine and oxygen atoms (see
Section 2.1).

PBu; g

v

P'BU, (3.4

- 3.5
Cl 4.6:2:1
Br 7:2:1
OCH; 14:1:—

It should be noted that in some cases when bulky substituents in
arene rings are present, the steric influence of substituents on the
regioselectivity can be seen. Thus, in the Pd-catalyzed synthesis of
fluorene derivatives from compounds 3.6 according to eqn (3.5)*
steric factors are more dominant for regiocontrol than electronic
effects. On going from less bulky groups to more voluminous
substituents the 3.7 : 3.8 ratio increases.

R R R
O cl [Pd] c O

R 3.7:3.8

O cl 1.2:1

A CH; 2.8:1 57
CH(CHg);  10:1
N(CHa), 201

Legzdins and co-workers* described very interesting function-
alizations of various hydrocarbons exclusively at their terminal
carbons. For example, thermolysis of complex 3.9 leads to
the formation of the intermediate 3.10 which, in the presence
of a linear alkane, affords n-alkyl derivative 3.11 (eqn (3.6)).
These complexes produce alkyl iodides, 3.11.° The reaction of a
triruthenium complex [Cp*Ru(u-H)];(u;-H), with n-pentane gave
a closo-ruthenacyclopentadiene complex [Cp*Rul,[Cp*Ru(u;-
CMe=CHCH=CH-)](u-H).* Six C-H bonds including that of
one of the methyls are cleaved in this process.

@ n-CgHiz I
W CM. W > W —2. n-CsHy4l
ON' )\\‘ €4 ON" = ON"

3.9 3.10 3.11

(3.6)

Hartwig and co-workers developed a very efficient method for
remarkable regiospecific functionalization of C-H bonds in linear
alkanes.'®* Thus, the reaction of complex 3.12 with n-octane gives
exclusively n-octylboronate ester 3.13 in 72% yield (eqn (3.7)).'*

- n-CgH1g 0
H“‘r \ “Bpin Bpin Bpin: B\
pinB  Bpin 3.13 0

3.12

(3.7)

Metal-catalyzed reactions of carbene and nitrene insertion into
C-H bonds'™¢ can proceed regioselectively if sterically encum-
bered catalysts are used.'®* Thus, Pérez and co-workers found
that complexes Tp*Ag (Tp* is hydrotris(pyrazolyl)borate ligand)
3.14 catalyze insertion of a nitrene unit from PhI=NTs (3.15) into
the C—H bond of the alkane (eqn (3.8)). Catalyst 3.14 (R' = R*> =
H, R* = Mesityl) provided the highest value of the primary site
activation product C-1 (15%). The authors proposed that “this
may be interpreted as a consequence of the steric pressure of the
mesityl substituents, which reduces the size of the catalytic pocket,
disfavoring activation of the more sterically demanding sites”.!"
Dias and co-workers'™™ studied silver scorpionate mediated
insertion of carbenes into C-H bonds and demonstrated that
the carbene insertion into primary C—H bonds increases in the
following order of tris(pyrazolyl)boratosilver(1) catalysts: [MeB(3-
(CF;)Pz);]Ag(C,H,) < [MeB(3-(C,F5)Pz);]Ag(C,H,) < [HB(3,5-
(CF;),Pz);]Ag(C,H,).

PN NHTs
"

NHTs
catalyst 3.14 P

@h;SOEQ C-1 c-2 c-3

NHTs
i

3.15
H\ R’
R Mo | distribution, %
A\ N\)ij RURPR' 1 C1C203
B Nt RO Me H Me | 7 58 35
WORG Me Br Me | 10 59 31
R® - H H Mes ! 15 53 32
3 ]
R 3.14 Br Br Br . 0 70 30
(3.8)
Templeton and co-workers used the platinum scorpi-

onate complex Tp'PtMe,H where Tp” = hydridotris(3,5-
dimethylpyrazolyl)borate (3.16) in activation of C-H bonds in
alkanes.'®° The reaction of 3.16 with n-pentane (eqn (3.9)) gave
Tp'Pt(1-pentyl)(Me)H (3.17). Products of activation of positions
2 and 3 in n-pentane were not detected.

HB ™ HB ™
N e
I N Topt

. _
H

4 Selectivity of biological oxidation

Enzymes (cytochrome P450,"** methane monooxygenase, MMO,
alkane hydroxylase''f) catalyze the selective oxidation of alkanes
and other C-H compounds to the corresponding alcohols.''&* Nor-
mal alkanes are often oxygenated to produce selectively 1-alkanols,
whereas carboxylic acids give products of ® hydroxylation.'i™
However, soluble MMO oxidizes n-heptane to 100% 2-heptanol
and n-pentane to 2-pentanol (73%) and 1-pentanol (27%)."™ Oxi-
dation of some acids by cyctochrome P450 BM3 (CYP102) from
Bacillus megaterium demonstrated a significant preference for
oxidation at the ®-2 methylene.'*® Toluene was oxidized with some
predominance of p-cresol by toluene o-xylene monooxygenase
from Escherichia coli cells.''?

The hydroxylation of substrates occurs in a hydrophobic pocket
around the active site.’**® It has been shown that in the regioselec-
tive oxygenation of a functionalized C—H compound (cineole) in
cytochrome P450cin from Citrobacter braakii, substrate—protein
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hydrogen bonding plays the critical role.”® Urlacher, Pleiss and
co-workers studied anchoring effects in a wide binding pocket
of cytochrome P450 in the oxidation of (-)-o-pinene.”® They
demonstrated that a widely open binding site does not neces-
sarily result in low regioselectivity. A single residue can induce
selectivity by stabilizing the nonpolar substrate in defined binding
conformations.

Different mutants of cyctochrome P450 afford different distri-
bution of hydroxylated regio-isomers. Thus, wild-type P450 BM3
oxidizes saturated fatty acids producing a mixture of ®-1, ®-2 and
-3 hydroxylated products. Some mutants were able to oxidize
lauric acid in addition to these isomers not only at ®-7 position, but
they also gave ®-8 and -9 oxygenated products.’* The oxidation
of linear alkanes by cytochrome P450 is especially interesting for us
here. Arnold and co-workers studied the hydroxylation of n-octane
by cytochrome P450 BM3 mutants.'* It can be seen in Fig. 8 that
mutant 77-9H hydroxylates n-octane not very selectively at the
terminal position. Mutant 53-5H more selectively oxidizes C-H
bonds at position 2. It is noteworthy that both mutants hydroxylate
predominantly position 2 in alkanes which are shorter or longer
than n-octane.

LS
B

Mutant 53-5H

Mutant 77-9H

fodedog 430

Fig.8 Distribution (ratio of a specific alcohol isomer to the total amount
of alcohols,%) of regio-isomers in n-octane oxidation by two mutants of
cytochrome P450 BM3.

5 Creating spatial restrictions around the reaction
centre using bulky substituents

Certain metal complexes can be considered as models of the
cytochrome P450 active centre. Such complexes catalyze the
oxygenation of C-H bonds of various substrates by molecular
oxygen as well as peroxo or oxo compounds. A remarkable
peculiarity of some forms of cytochrome P450 is preferable
hydroxylation of the @ and ®-1 positions of linear alkanes (see
Section 4). To model this unusual regioselectivity is a challenging
goal of homogeneous biomimetic catalysis.

Metalloporphyrins'®* are the closest models of the cytochrome
P450 active centre. Shilov and Shteinman,®® Suslick™ and
Mansuy®** and their co-workers were the first to use sterically

hindered metalloporphyrins in order to increase the relative
amount of the w-oxidized n-alkanes; Collman’s “picket fence”
concept (Fig. 9)'*¢ was employed. For example, in the case of
the n-hexane oxidation with PhIO catalyzed by non-hindered
tetraphenylporphyrinatoiron the normalized (that is, calculated
taking into account the number of hydrogen atoms at each carbon)
regioselectivity parameter C(1): C(2): C(3) was 1:100: 100. How-
ever, catalysis by hindered tetra(o-nitrophenyl)porphyrinatoiron
gave much higher relative concentrations of the ® and -
1 isomers: C(1):C(2):C(3) = 1.0:12.5:3.1.%® In another
example, the moderately hindered (5,10,15,20-tetrakis(2’,4",6’-
trimethoxyphenyl)porphyrinato)manganese(iir) acetate showed
little selectivity toward terminal methyl hydroxylation."* Thus,
the oxidation of n-heptane gave the 1-, 2-, 3-, and 4-
hydroxylated products in yields of 3, 49, 33, and 15%, re-
spectively. The primary selectivity (the ratio of the total
primary alcohol to total secondary alcohols normalized for
the relative number of hydrogen atoms) was only 0.052.
The catalysis by the very sterically hindered (5,10,15,20-
tetrakis(2’,4",6’-triphenylphenyl)porphyrinato)manganese(ii) ac-
etate showed good regioselectivity: yields of isomers were 14,
55, 21, and 10%; primary selectivity was 0.24. It is noteworthy
that t-butyl hydroperoxide (TBHP) showed no primary carbon
selectivity, and reaction product ratios were independent of the
metalloporphyrin catalyst.

Fig. 9 Collman’s “picket fence” concept. Bulky substituents R inhibit
bimolecular reactions, allowing contact between the metal centre and the
linear hydrocarbon only via the terminal CH; group whereas bulky R’
disfavors coordination of the base on the picket fence side.

The oxidation of cycloartanyl acetate (5.1) with TBHP catalyzed
by meso-5,10,15,20-tetramesitylporphyrinate osmium(ir) carbonyl
complex gave the sole product 25-hydroxycycloartanyl acetate
(5.2) in 50% isolated yield.”" In this reaction the oxidant with
voluminous substituents preferentially attacks a sterically less
hindered carbon C-25.

In metalloporphyrin-catalyzed oxidations of hydrocarbons the
steric hindrance around the reactive centre can be created by
using cyclodextrin (CD). The n-hexane hydroxylation with PhIO
catalyzed by the substituted ironporphyrin in water gave 1-, 2-,
and 3-hexanols in 3, 62, and 35% yield, respectively.”® Shilov,
Shteinman and their co-workers showed' that in the presence of
CD the relative amount of primary alcohol dramatically increased:
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(5.1)

26, 50, and 24%. Suslick et al.*¥ created porous solids using various
polyfunctionalized porphyrins with pores which are comparable
with those of zeolites. Unfortunately, no shape selectivity was
observed in studies of catalytic oxidation of n-alkanes. Recently,
Mahy and co-workers'** described the non-covalent insertion of
a cationic iron-porphyrin—estradiol cofactor into an anti-estradiol
antibody using the “Trojan horse” strategy. The authors assumed
that artificial metalloenzymes generated by this valuable method
can act as catalysts for selective alkene epoxidation and alkane
hydroxylation.

In 1998, we discovered that in the presence of a carboxylic
(acetic, oxalic efc.) acid dinuclear manganese(lv) complex 5.3
catalyzes the efficient oxidation of alkanes (as well as other
organic compounds) with peroxides."*** The oxidation of linear
alkanes with H,O, in acetonitrile gave an even distribution of
isomeric alkyl hydroperoxides (which were quantitatively reduced
by PPh; to the corresponding alcohols): the selectivity parameters
C(1):C(2):C(3): C(4) were 1 : 42 :37 : 34 in the case of n-heptane®?
and 1:29:25:24 in the n-octane oxidation. It should be noted
that the calculations were based on the concentrations of only
corresponding alcohols after reduction of the reaction samples
with triphenylphosphine. These concentrations were equal to
the concentration of the isomeric alkyl hydroperoxides (major
products) plus concentration of the alcohol (minor products). It
turned out that the oxidation in aqueous solution gave unusual
distribution of regio-isomers (Fig. 10)."* We assumed that the
oxidation occurs in a hydrophobic cleft'* of an active catalyst
form generated from precatalyst 5.3. n-Heptane exists in water
in the compact “bull’s head conformation” (terminal methyls are
modeled by bull’s horns) and position 4 of the alkane is in the
closest contact with the oxidizing centre.*¢

e e
o oy
(NTPN\ L RAY (N]N\ a3 INP Me
Me-NE--M Mp-=JN~ (PFg)a Me-NE--Mn - Mp--JN” (PFg)s
SN %Q//\N\) CON Y N
(0]
\ 0 /' HO
Me Me Me
5.3 Me" 54

In the oxidation of n-octane catalyzed by complex 5.4 con-
taining a very hindered active centre both by H,0, and TBHP
marked predominance of isomers 2 and 3 over isomer 4 has
been found (Fig. 11)."* Similar isomer distribution has been
obtained in the oxidation of n-octane with TBHP catalyzed by
sterically hindered tetracopper(11) triethanolaminate complex [O
< Cu,{N(CH,CH,0); }4+(BOH),][BF.],: C(1):C(2):C(3):C(4) =
1:65:32:30."8 In the oxidation of methylcyclohexane by this
system, the reactivity of C—H bonds at the position 2 of the
cyclohexane ring relative to the methyl group is about nine

Fig. 10 A: Isomer distribution (alcohols, after reduction with PPh;;
normalized) in the n-heptane oxidation with H,0,/5.3/0oxalic acid in
H,0. B: A schematic representation of the n-heptane oxidation in the
catalyst 5.3 cleft (yellow cavity).'¢

29

Fig. 11 Isomer distribution (alcohols, after reduction with PPh;; nor-
malized) in n-octane oxidation with H,0,/5.4/oxalic acid (A) and
TBHP/5.4/oxalic acid (B) in MeCN.

and three times lower in comparison with the reactivities of
C-H bonds at the positions 3 and 4, respectively, and this
indicates significant steric hindrance. It has been similarly shown
that hydrogen abstraction by photoexcited decatungstate from
methylcyclohexane occurs from positions 1/2/3/4 in the ratio
~0:~0:1.2:1 which results from steric hindrance."*® Mizuno
and co-workers' very recently described efficient stereo- and
regioselective alkane hydroxylation with hydrogen peroxide cat-
alyzed by the bulky divanadium-substituted phosphotungstate
[y-H,PV,W,,0,]*. For example, in the oxidations of cis- and
trans-decalins and trans-1,2-dimethylcyclohexane, stereospecific
oxygenation of tertiary C—H bonds was observed. The reac-
tion with n-hexane gave 1-, 2- and 3-hexanols in a 2:66:26
ratio.
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6 Reactions within constrained inorganic nano pores

If we place metal ions or complexes into constrained environments,
the selectivity of the reaction may be changed in comparison with
the selectivity observed in the cases when homogeneous catalysts
are used.” The simplest example is when the catalyst is anchored
to a concave surface. Thus, changes in the selectivity have been
noticed in the oxidation of 2-methylhexane with H,O, catalyzed by
a maltolato vanadium complex covalently bonded to silica gel and
pyrazine-2-carboxylic acid.’®* Immobilization of anionic iron(11r)
porphyrins into three-dimensionally macroporous layered double
hydroxide led to enhancement of the selectivity relative terminal
methyl groups in the oxidation of n-heptane with PhIO.'* The
authors noted that “the particular structure of the support with
channel and micro-environments can create a suitable structure for
the access of the terminal position of the substrate for this family
of biomimetic catalysts in the case of the selective oxidation in
position C-1 of the linear alkane”. Pombeiro and co-workers'®
studied alkane oxidations with TBHP catalyzed by homogeneous
Mn(salen) complexes as well as by analogous complexes immo-
bilized on a polydimethylsiloxane (PDMS) based membrane. No
products of oxygenation at the terminal CH; groups were detected.
When the immobilized catalyst was used, the hydrogens at the
position 2 in n-heptane and n-octane were more accessible in
view of the presence of the bulky hydrophobic PDMS chains
and thus were preferably oxygenated. In many cases, however,
mesoporous catalysts give rise to the even distribution of isomers
in the oxygenation of linear alkanes and the reactions proceed non-
stereoselectively (see, for example, oxidations with H,O, catalyzed
by Ti-MMM-2'6%)_ 1t is interesting that the oxidation'* with H,O,
catalyzed by montmorillonite K-10 exhibits some stereoselectivity:
predominant formation of the alcohol with cis-orientation of the
methyl groups (the trans/cis ratio is 0.6) is noticed in the case of
oxidation of cis-1,2-dimethylcyclohexane. The oxidation of trans-
1,2-dimethylcyclohexane gave rise to the prevalence of the alcohol
with mutual trans-orientation of methyl groups (the trans/cis
ratio is 1.5). Iron ions in low concentration within the mont-
morillonite interlayer space are apparently responsible for the
catalysis. ¢

Herron and Tolman in their pioneering works on “com-
pletely inorganic mimics of cytochrome P450 and alkane w-
hydroxylases”,'7** demonstrated, that, for example, if Fe on zeolite
ZSM-5 is used as a catalyst, n-octane can be oxidized with H,O,
with unusual regioselectivity: the distribution of the oxygenates
along the chain was 45, 23, 19, and 13%. It was noted that the
substrate selectivity is defined by the simple diameter of the pores.
Thomas, Raja and co-workers'™ used in aerobic oxyfunctional-
ization of linear alkanes microporous aluminophosphates with
narrow pores (AIPO-18 with pore aperture 0.38 nm) and with more
wide pores (AIPO-36: 0.65 x 0.75 nm). Small quantities of metal
ions (Co™) within the pores played the role of catalytically active
centres. Oxyfunctionalization catalyzed by CoAIPO-18 is favored
at the terminal methyl group because only an end-on approach of
the alkane to the active site is allowed. The larger pore dimensions
of AIPO-36 lead to functionalization predominantly at the 3 and 4
positions (Fig. 12). Ciuffi and co-workers'’® found that oxidation
of n-heptane with PhIO catalyzed by cobalt aluminium silicate
complexes prepared by the non-hydrolytic sol-gel route affords
exclusively 2-heptanol.

B3

CoAIPO-18

31

CoAIPO-36

Fig. 12 Distribution of regio-isomers (mol%; the total of alcohols,
ketones, aldehydes and acids at a given position) in aerobic oxidation
of n-octane.

It has been shown by Tatsumi and co-workers' that in
the phenol hydroxylation with H,O, catalyzed by microporous
titanosilicalite TS-1, addition of benzene or cyclohexane en-
hances para-selectivity. The authors assumed that the coexistent
molecules “impose the steric restriction for the transition state
of phenol hydroxylation, resulting in the enhancement of the
shape-selectivity”. We have found'”"® that TS-1 catalyzes oxidation
of n-hexane and n-heptane with H,0, without any solvent
to produce predominantly 3-isomers of alcohols and ketones
(Fig. 13A). The analysis of the products by GC before and after
reduction with PPh; demonstrated that alkyl hydroperoxides are
not formed in this reaction. Addition of 3-hexanol leads to a
substantial improvement of the selectivity (Fig. 13B). n-Octane
gave predominantly 2-oxygenates, however, when 3-hexanol was
added the amount of 2-octanol and 2-octanone became negligible
and 3-oxygenates considerably prevailed. We assumed that the
oxidation proceeds in the narrow channels of TS-1 and n-heptane
adopts a “hairpin conformation”. When acetonitrile was used
as a solvent and some amount of NaOH was added'™ the
reaction mechanism was cardinally changed. Concentrations of
alkyl hydroperoxides formed in this reaction were measured by a
simple method developed by us earlier (for this method, see™¥!™).
Comparison of concentrations of alcohols and ketones obtained
before and after reduction of the reaction samples with PPh;
indicated that alkyl hydroperoxides were the main products. The
oxidation of linear alkanes led to “usual” distribution of isomers.
The reaction proceeds apparently not in narrow channels of the
TS-1 solid but on its surface and hydroxyl radicals are the oxidizing
species in this case.

The material discussed in this review allows us to say in
conclusion after Nobel Laureate Prof. N. N. Semenov: “by
applying the ideas of biochemistry, chemical science may solve the
energy crisis, make industrial production infinitely more efficient,
and provide mankind with wings”.
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Fig. 13 A: Isomer distribution (total of all products: alcohols plus
ketones; normalized) in the n-heptane oxidation with H,O, catalyzed by
TS-1. B: The same, but in the presence of 3-hexanol.
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