Pure & Appl.Chem., Vol.53, pp.2419-2434, 0033-4545/81/122419-16$02.00/0
Printed in Great Britain. Pergamon Press Ltd

©1981 IUPAC

CONTROL IN TRANSITION METAL CATALYZED ORGANIC SYNTHESIS

Paul Heimbach and Hartmut Schenkluhn

Institut flr Organische Chemie, Universit&dt Essen - GHS
D 4300 Essen 1, PO-Box 103 764

and

Karl Wisseroth
Ammoniak-Labor, BASF, D 6700 Ludwigshafen

Abstract - Transition metal catalyzed Organic Synthesis is an important
strategy in synthetic chemistry. The wanted control in the reaction path-
ways to the target molecules in Organic Chemistry is normally achieved by
functional group addition in the educts, followed by functional group in-
terchange in the products. The more efficient way in Catalysis is to intro-«
duce the wanted order parameters into the process itself. Three strategies
for the developement of given catalytic systems are presented: (I) ti-
tration of the whole catalytic system, (II) system enlargement and (III)
replacement of atoms in a given system. For the last two strategies four
rules based on the inner structure of the Periodic System of Elements are

proposed. A general model for "catalyst condition" supports these proposals.

Organic Chemistry of today tends more and more to "synthetic engineering", Simple, efficient

synthetic methods of general application are required. The expansion of synthetic strategies

in organic synthesis by the use of transition metals as modifiers made accessible new synthe-

tic pathways (stoichiometric and catalytic) of general interest (Ref. 1). But by introducing

transition metal complexes into synthesis one is faced with the fact that multiple competing

reaction pathways have to be controlled, Slight changes of the preparative conditions can

SCHEME 1

have a dramatic effect on the resulting selec-
tivity. This is especially true for catalytic

systems. By starting e.g. from the educt buta-

L BIOMIMETIC CHEMISTRY ] diene and even the same metal "Nickel" a wide

range of products in high selectivity is

available by changing the ligand field of the

metal (Ref. 2) (by adding or removing various

7 amounts of different types of bases and acids
I:Ij: é’\ © or even electrons or protons): SCHEME 1

(Ref. 3-6), Nature applies the same strategy

starting e.g. from "active acetic acid". She

NN produces a great variety of natural products
+
({::Ej 4¢h\==,¢~xgé\\ by only changing the process determining enzy-
n

mes (metal-catalysis as biomimetic chemistry
(Ref. 7)) .
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Therefore simple rules and strategies are needed, which help to control and optimize the
transition metal catalyzed organic syntheses, This leads to general questions like: What

are the basic conditions for order to appear? What information determines the selforganisa-
tion of a system? What are the basic order parameters? - fundamental questions in chemistry
as well as in the neighbouring disciplines Physics and Biology. As superposed ideas Syner«
getics (Ref. 8) and System-Theory (Ref. 9) have made valuable contributions to the method of
investigation in systems of high complexity as well as to their understanding. Chemistry be-«
ing the mediator between these fields of increasing complexity can be a leader in elucidating

the basic principles on a molecular level (SCHEME 2). With respect to this, transition metal
catalysis can play a key role.

SCHEME 2 ' general ‘ SYSTEM—THEOR'Y“

strategies

BIOLOGY

BIOCHEMISTRY

CHEMISTRY

PHYSICS

elementary

nodels | } sywereetrcs

In this lecture we want to demonstrate three fundamental strategies for varying the informa-~
tion of a catalytic system, thereby systematically changing the order in structure and reac-
tivity. SCHEME 3 shows the three strategies to optimize a given catalytic system: variation
of the concentration of participating molecular species (Strategy I), system enlargement

(Strategy II) and especially systematic replacement of atoms in the given molecules (Strate-
gy III),

QUESTION : | HOW CAN WE OPTIMIZE A CATALYTIC SYSTEM ?
SCHEME 3

(5 ) Gz

Variation of concentration System enlargement Replacement of atoms
in a given system Variation of the number Variation of atoms in a

of participating species molecule, with a given
e.qg. within multicomponent constant pattern of
control by the amount of systems; control by the connections.
every indivi&ual species. ount of individuals.
Optiinizat!.on by applying Optimization by going from e.g. '
the method of inverse Optimization by systematic
titration. e-9. ' change of order parameters

two component systems to via atom replacement

2G three component systems to...

\’—\/"*/

g [ APPLICATION OF THE HEURISTIC CONCEPT PSE - SR
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To systematize the decisions during investigation we used the following pragmatic procedure:

I, Define the S YSTEM II' Perform T YPE
appropiate ODEL experimental A MOUNT
variations of
M | ETHOD following kind | P | OSITION
of S | YMMETRY
investigation

VARIATION OF CONCENTRATION (STRATEGY I)

In the analysis of the structure of a system with high complexity the way of thinking in

"SYSTEM ANALYSIS" (Ref, 9) has organizing power. Accordingly the catalytic system is like a

"plack box" containing subsystems and therein elements: SCHEME 4. Because the internal dy-
namics of the THROUGHPUT is not generally open

SCHEME 4 to a direct experimental observation (the con-

[ “BLACK BOX CATALYSIS" j centration of the intermediates may be too low

for direct spectroscopic investigation, but see

system

N Ref. 10) the méthod of choice is an INPUT/OUT-
- ~~

PUT correlation. A variation of the initial

VARIATION OF
CONCENTRATIONS

conditions of the INPUT is related to a syste-

matic change of the product distribution. This

EDUCTS

CATALYST :$

ETC,

PRODUCTS change of the dynamics in the overall system is
: ETe examined by a “"titration of the whole catalytic

process" e.g. with controlling Lewis-bases

VARIATION OF ‘

PROPERTLES Z
IN PUT>’ THROUGHPUT >‘ OUTPUT Atem Ni (COD) 9 /diphenylphenoxiphosphane/butadiene

(1:X:170) the resulting ligand concentration

(Ref. 11 and 12). For the three component sys-

b}

INTERNAL DYNAMICS control map is shown in SCHEME 5. As an effect
of varying the chemical potential by varying

the [L]o/[Ni]o ratio on a logarithmic scale se-

EXTERIAL DYHANICS veral controlling ligand association processes
are recognizable. To obtain information on how
Method of investigation ( one parameter variation ) : the controlling ligand associations are related

a) INRUT/OUTRUT correlations ( educt/product correlations ) tO the individual subsystems of the catalytic
b) Spectroscopic investigation of the THROUGHPUT system, partial control maps are deduced from
the original one (degree of oligomerisation, distribution of the dimers or the trimers). A
detailed analysis leads to a subsystem scheme, which gives an insight into the relationship
of the different educt-, intermediate-, product- and inert stop-complexes and the possible
number of stepwise, controlling ligand associations (Ref. 2 ). Furthermore an inspection of
the ligand concentration control map shows the synthetic realisations and limitations of the
given catalytic system. Three of the oligomers can be synthesized in high yields by only
changing the metal to ligand ratio: ttt:~-cyclododecatr:lene([L]o/[l\li]o < 10_2); cyclooctadiene

([L]o/[Ni]o = 1) and 4—vinylcyclohexene’([L]O/[Ni]o = 3).
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SCHEME 5

TITRATION OF A CATALYTIC SYSTEM : INPUT/QUTPUT CORRELATION

3 s
11 COT e CDT tec COT cop VCH

3 - -1 o
o8 (Lku/ Nl ks, ——=

1 = butadiene e y——v-

ligend
/!-l-uo-l

By

CatayricaL System CODoN1/D1PHENYLPHENOXIPHOSPHANE/BUTADIENE m
1

Propuct-DisTRiBUTION IN MoL-

SYSTEM ENLARGEMENT (STRATEGY II)

In the three-component system Ni(COD)z/sec. amine/butadiene the oligomerisation of butadiene

is shifted to the formation of acyclic octatrienes (7 a) and (7 b) (Ref. 13). For the secon-

dary amine morpholine an [amine]o/[Ni]o ratio

SCHEME 6

[sysTeEw - EnLARGEMENT |

3-component system Ni (COD) 2 /morpholine/butadiene
(1:%:120)

a
Optimum ratio:
Ni:morph. = 1:10
(experimentally
determined basic
value for system

enlargement

100

4-component system Ni(COD)ZItripherwlphosphite/ morpholine
100 1 /butadiene (1:x:10:120)

b
Optimm ratio:
Ni:phosphite = 1:0,1

1 = butadiene

e
ot (LLo/ (Nil)ugp ——>

PV ave g
LNOo
2 [ 6 [ e VN
1 CDT cop veH 7 cis OT

of 10 leads to the best selectivity: SCHEME 6.
However, the catalytic efficiency is low; after
a conversion of 30 % butadiene the catalytic
activity ends because stop complexes are formed
(reversibly). There is no way of further opti-
mizing the catalytic system by variation of the
concentration of the components. One possible
further strategy is "system enlargement"”, a
further carrier of order is included. Keeping
the optimal ratio [morpholine]o/[Ni]o (= 10)
constant, a fourth component (triphenylphos-
phite) is introduced into the system and again
optimized via the "method of inverse titration"
(Ref. 2 ). (We choose further ligands for sys-
tem enlargement by applying PSE - SR, see be-
low) . At a ratio of Ni(COD)2/morpholine/tri—
phenylphosphite = 1:10:0.1 a high cooperativi-
ty of the ligands is obtained, leading to the
wanted octatrienes in high selectivity without
stop complex formation. The strategy of system
enlargement can prevent from stop complex for-

mation (octatriene-synthesis:
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Ni(COD)z/B-gR2 /butadiene + P-ligand: see later PSE - SR), can open new reaction channels
(2:1 co-oligomerisation of butadiene and aldehyde: Ni(COD)z/butadiene/aldehyde + P-ligand:
Ref. 14) and canswitch the catalytic activity from one reaction channel towards another one
(Ni(COD)Z/HNRZ/butadiene: oc;atriene-synthesis; + AlkOR)3: synthesis of e.g. octadienylated
amines: Ref. 15). For the role of two co-effectors in high and low concentration see Ref. 16,

too.
ELEMENTARY PHYSICAL MODELS FOR THE ROLE OF BASIC ORDER PARAMETERS IN CATALYSIS

Both presented strategies do focus on the optimization of an ensemble of components by vary-
ing the concentrations of the given partners (Strategy I) or the additional compound after
system enlargement (Strategy II). A third strategy can be a systematic variation of the sy-
nergic interaction of the components (molecules (Strategy II) or even atoms (strategy III)
within the molecules). The course of a chemical reaction is characterized by a passage
through several energy states. The essential catalytic interaction may be seen as a unique
particle, the unified substrates and the catalyst coupled at the transition state with the
highest activation energy (see Ref. 17), neariy comparable with the coupling of two electric
circuits: SCHEME 7. The mechanical analogon is a coupled sympathetic pendulum (demonstration).
The energy change as a result of the oscillatory situation during éatalysis depends on the
symmetry in the coupling (A or S; for simplifyiﬂg to A/S in structure and process see Ref. 18)
of the components. The catalytic interaction relation is performable by a simple quantum
mechanical procedure with a system of two simultaneous SCHROEDINGER eqﬁatidné (Table 1). The

solution of this system leads to a typical‘resonance relation as a "catalyst condition". The

SCHEME 7 . TABLE 1
. Mathematical equations for the catalytic model system

E:' » noc'mm tg-f—{-'{:_---
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decrease of the activation threshhold - being the most important parameter for a theoretical
determination of catalytic phenomenon at all - results as a.function of the eigenvalues of
transition state of the unified organic moieties (To),of the catalyst (Co),the interaction
energy (Vi) and ‘its symmetry (44=0 or 4+=C2). The catalyst condition clarifies especially
that activation (catalysis) and inhibition effects are only expectable for small differences
between the eigenvalues of transition state and catalyst - this is manifesting the selecti-
vity performance of catalytic behaviour. The resonance condition in relation to the energy

and symmetry condition of ,the system in resonance is presented in SCHEME 8. Regarding a

symmetric (antisymmetric) coupling catalysis or activation will occur only if the catalyst
eigenvalue is situated above (below) the transition state. By changing the symmetry of the

fragment coupling a catalyst is trahsformed into an inhibitor and vice versa.

RESONANCE CONDITION 1IN COUPLED SYSTEMS OF SIMILAR ENERGY
SCHEME 8

SYMMETRY_RESTRICTION ||“G” “C3
EXPERIMENTAL OF COUPLING -— — —_— ——
ENERGY RELATION OF THE . .
VARIABLES systems 1n resonance || S Er | EZ Erg EL & | B2 Er,
RESULTING ENERGY CHANGE OF THE AELD AE>0 AE>D AELO
EFFECT COUPLED SYSTEMS catalyst inhibitor inhibitor| catalyst
CHEMICAL_ANALOGON: + Jag,
(METALA-LOGY PRINCIPLE) {nhibitor |
COUPLED .
m 2 T Systems
—_——

M 2
L

ELECTRICAL ANALOGON:

COUPLED ELECTRIC CIRCUITS
]

SYMPATHET:IC PENDULUM

E. -E,
S To
) catalyst
’

1

The sympathetic pendulum has a positive coupling energy. The chemical analogon has a negative

coupling energy for bonding interaction, leading to inverse symmetry behaviour.

In a catalytic system containing several different intermediate complexes, every resonance
condition between the transition metal "trunk complex" (see Ref.19) and the unified organic
moieties has to be optimized in its energy relation and symmetry condition. The. experimental
strategies for this are summarized in SCHEME 9. The Metala-logy Principle (for application
see Ref. 2 ) divides the important intermediate transition metal complexes in analogy to
the above mentioned theory of catalysis into two molecular fragments the unified organic
moieties and the catalyst "trunk complex" (for the different types of perturbafion see

PSE - SR below) . '

EXPERIMENTAL PROOF FOR THE ROLE OF SYMMETRY IN FRAG@ENT COUPLING

An excellent proof for the role of symmetry in fragment coupling of a catalytic system is



SCHEME 9
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METALA - LOGY- PRINCIPLE:xperinental Strategy

020

SUBSTRATES TO BE COUPLED

¥ by

COUPLING MeTAL

MODIFYING L1GAND

YPE

OSITION

T
A IMOUNT
P
N

YMMETRY
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*£ Perturbation
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in the System

Case
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given in SCHEME 10. Change of the symmetry of the FMO's of the controlling ligand . (even/odd

numbers of electron pairs of the Il-system) (Ref. 20) has the expected effect on the catalytic

activity and thereby reverses the selectivity of the competing reaction pathways.

Another way of examining strategies for changing symmetry in fragment coupling is an investi-

gation into the intensities of symmetric and antisymmetric coupled molecular vibrations in

SéHEME 10

L

CHANGING

SYMMETRY

IN

FRAGMENT COUPLING

Il

YSTEM :

Ni / N W / ProPANAL

ODEL FMO - THEORY
ETHOD : GC - ANALYSIS
of

investigation

BY

T| vre : EVEN/ODD ELECTRON PAIRS

A | mount N1 / NN / ProPANAL = 1:10:1000
P|osiTioN : LIGAND

S|YMMETRY : A/ S IN FMO'S

CONVERSION -

1

P

YIELD v [o%)

P

HoO(S)

LU(A)

HIGH

Low 17 82
HO(A)  LU{(S)
o 9% 5
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EFFECTS ~OF ORDER PARAMETERS ON S/AS-COUPLING

QFV MOLECULAR - VIBRATIONS

SCHEME. 11

§ |ysTEm: anhydrides ‘| T{yPe : posacc; cyclic/open
P [ODEL FMO-THEORY; PSE - SR (AII/AIV) | A [MOUNT : one heteroatom 0/s
M |eTHoD: IR P fosiTiON -
of ] " ,
investiqation S |YMMETRY -
- For the given system:
~ 1750 A~ 1710
’ ,0 0 " favours s-coupling
B4 0 CHy— c\o .
. s
favours as-couplin
s cuz-—-c( o=c’ : pLing
o s cn, cycl. favours as-coupling
as 8 and
other open favours s-coupling
. conformers
'0 ,O cyel., | open
CH2 C\S CH3— C\S
R . as S
, , v 0
cu,—c/ CH_——C
2N 3TN s
[} 0
s L
-as as
Sas, as as

IR-spectroscopy. This is demonstrated for anhydrides in SCHEME 11. Changing from cyclic to

open structure reverses the intensities of the symmetric and antisymmetric coupled vibrations

of the carbonyl-groups as well as changing the DOnor /. ACCgptor-quality of the coupling atoms

(0 / s). Having in mind that molecular vibrations can be’ regarded as initial perturbations

SCHEME 12

* | coNTROLLING FACTOR cveLic/open |

. PRODUCTS SELEC"; ity
REACTING SYSTEM | ie1a 1n V] m in (4 - =~p
15/15
1,4-ada" 82 40
~50°c
+ Me,Culi 1,2-aaa" 18 60
Ref,2la
Yy @ p 8 . .
) N@.(:D a-atucﬁiu g5 3
+ 4 BuMgBr ‘ y-attack H 97
+ 2 CuJ o
Ref,21b
“transfer
&' 100 " of ‘methyl and |
s vinyl groups
+ MeCuVin,Li o to the S-car-
o bon atom *
Ref.21c occurs*
0 0 .
;Q, 13n ° 10 min, 100
+ Me,CuLi
Ref.21d
Ref.23 | | M Ref.22
k . L X ¥ (‘ - - in complex
(u-ﬂ/| N-H 1in catalysis -') ‘- /  hamtetsy
' [ I

L

"towards intramolecular reaction channels it is

no moreosurprising»that changing the structure

,,of'e’conplering'solvent from open to cyclic

(e.g. diethylether vers. THF) can be another

~ way for realizing the expected reversal of

ordering influences in chemical reactions
(SCHEME 12) (Ref 21)
this influence .can be further demonstrated by

The general nature of

. examples from the field of transition metal
_ complexes (Ref. 22) and catalysis (Ref. 23).

The Tost favorable position of nucleophilic
attack on iébelectron organo transition metal
cetions conteiningvunsaturated hydrocarbon 1i-
gands,can be predicted by taking into conside-
ration the order parameters open / cyclic and
even / odd carbon centers of the N-system
(Ref. 24). More order'psrameters for changing
the symmetry of fragment coupling are summa-
rized in SCHEME 13 A change in one of these
parameters may correspond to a characteristic
change in molecular structure as well as ther-

modynamic_resp. kinetic selectivity.
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SCHEME 13

~BASIC  ORDER PARAMETERS IN MOLECULAR INDIVIDUALS

6/C | vocaL sTRuCTURE -
DO / ACC BEHAVIOUR
cycLic / OPEN STRUCTURE
‘ IONIC /. COVALENT | CONTROLLING
NUMBER _ - INTERACTIONS
EVEN / 0DD ELECTRON  PAIRS CHARGE /- ORBITAL
' CENTERS  (ATOMS) . CONTROL

resulting in change of fragment coupling (s/as) leading to changes
; thermodynamic selectivity:' 'stabilisation / destabilisation: AAGO
kinetic'  selectivity: ) activation / inhibition : AAG*

REPLACEMENT OF ATOMS (STRATEGY II)

As shown for IR—frequencies above, a replacement of atoms with changing the DO / ACC-quality
at this center may have a characteristic effect on the order of the given molecular system.

This strategy of systematic replacement of atoms for changing order parameters can be expan-
ded to a heuristic principle. The periodic system of the main group elements as well as the

transition elements can each be dev1ded in. four sectors (Ref. 9) The exact positions of the
borderlines depend on the organic moiety under investigation. For carbon H-systems the posi-
tions are exemplified in SCHEME 14 (left side). Each sector of chemical elements is characte~

SCHEME 14 | PSE - SECTORS | . STRATEGIES 1 | Exmp|_5§ ]
WAIN GROUP ELEMENTS COVALENT/IoNIC ( Rule 1)
‘ P - CL-
|
N J
Ref.26
Acc/po  ( Rule 2°) i
N Iﬂl‘El CL
/ Br
P /
" Ref.2,35 |J
[Ref.15  Ref.6

/

| ] Ref.2 |m
Ref .46 Ref .2
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rized by a certain ordering influence, Therefore an atom replacement by crossing the border-

line may have characteristic effects on the order of the given system (Ref. 25). We should

like to present four Periodic System of Elements (PSE) - Sector Rules:

PSE - Sector Rule 1:

Substitution of an atom near the borderline by another one from far away (dotted area in
SCHEME 14 right upper part)

may change the directing mole-

SCHEME 15 . cular interaction from cova-
EXAMPLE FOR PSE - SR1 lent (orbital control) to
ionic (charge control), For
(7 +) (L) Pd-C1 o example the rearrangement of
cooR ) C1 (LLP 009. (L) o0k the 1,1-bishomocubanederiva-
m
pathway b " normal eationic tive (Ref. 26) in SCHEME 15 is
rearrangement
ang »a” orbital controlled using

+ M(L) thway
@)y | pethey a =) (@) paCl Pd_J_2 (_IlPh3)2 as a catalyst. The

reaction pathway switches from

orbital control (pathway a)
(L)n"%cool ? cOOR coor.

coor = M) coor £ COO0R towards a normal cationic re-

arrangement, after Iodine is

Ref.26 replaced by Chlorine and Phos-
BdX, (YHh,), Y= - phorus by Antimony within the
P“h‘"y catalyst species.
sb As P
o _/
c1 ' 38/62 | 59741
X=
J | 77/ 23| 94/ 6

PSE - Sector Rule 2:

Eventhough the type of dlrectlng lnfluence does not change during "atom replacement" (see
PSE - SR 1) a substitution of atoms from different sectors by one another may alternate the
corresponding reaction pattern (changing DOnor / ACCeptor-quality at a given position) and
simultaneously the local symmetry in structure and/or process., The molecular graph should re-
main unchanged applylng the "atom replacement", i.e. no structural isomerlsm should be 1n-
troduced. But as a result of thlS substitution molecular order parameters may change and
characteristically affect the stereochemistry of the molecular system. This can easily be
demonstrated in Organic Chemistry by e.g. changing Oxygen versus Sulphur (Sector A II versus

A IV):

Al 0 d ¢ PN
/ ‘ / RO\A/ ‘ (6\
RO

3 = ACCeptor
d = DOnor

reactivity stereochemistry

pattern (Ref.27)  (Ref.28)
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An atom replacement between atoms from sector A IXI by A IV can reverse the reactivity pat-
tern, a common preparative strategy in Organic Chemistry (Umpolung) (Ref. 29). But if one
does not bear in mind the inner connexions between DO / ACC - behaviour and other order para-

meters (see SCHEME 13), "stereochemistry shows its ugly head" (Ref. cit, in Ref, 27).

Another famous example for "atom replacement" is the so called Wittig reaction (Ref. 30).
The replacement of s’p2-hybridized Carbon by Oxygen (A II) and Phosphorus (A IV) introduces
the reversal reactivity pattern into two "olefines" and thereby makes the uncatalysed meta-

thesis-reaction possible.

N.” \_/

+

/NN N
/

N s/
0 s/ AN
e+ 1 — +
C

0
S

Metathesis reaction (uncatalyzed) ' "Thia-Wittig" reaction (Ref.31)

¥
N

—
—

0=8—
< | Ng | ]
' N
/C\ /C\ N —c/ o /C\ N \C=N
77N\ [ar ] /N

Wittig reaction (Ref.30) "Bora-Wittig" reaction (Ref.32)

|

SCHEME 16
An example for the application of PSE-sector

CATALYTIC rule 2 in catalysis is shown in SCHEME 16, In
OLIGOMERISATION OF PROPANAL particular the correspondence of atom replace-
ment between sectors A I /A II, A II /A IV
YIELD w (%] and B II / B IV is demonstrated (Ref. 20 a).
SUBSTRATE a) - . o
o [3;“0” OH ’Q/\ The resulting selectivity shows the superiori-
' p : : k‘\ : :
CATALYSTS o ty of transition metal qatalySLS over acid /
) base catalysis in classical Carbonyl chemistry.
Na,CO, 100 0 .
0 More examples for atom replacement sector
H® HCL 56 42 A II / A IV in catalysis are seen in SCHEME 17
— (Ref. 33-35). The interconnectedness of the
b) o
BI N|::_‘;g 100 0 order parameters DO / ACC, ¢ / C2 and cyclic /
open (see SCHEME 13) can be seen, too. In
Tl n, Pd ¢ 2 97
2 4 L SCHEME 18 four examples are collected for atom
L .
) " replacement between sector A I and A III
p "g ‘(“\m) _‘ﬂ (100) 0 (0 (Ref. 36-38). Even this strategy may lead to
ﬁ ,,,..‘x : a4 ‘66 characteristic changes in structure and regio-~
h —— selectivity. Nevertheless the reason for this

a) protonation/deprotonation leads to ctse -Ax/ux ( in addition the i
controlling influence of the aldehyde/enol equ brium has to be con- order contr°1 is rot tOtally underStOOd. Argu—

sidered ) : X
b) ligand field co t@ ments regarding charge and partial covalence
¢) metal constant

4) only existent at very low temperature are still equally favoured,
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SCHEME 17

SCHEME 18 L
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IEXN“PLES FOR HETERQOATOM REPLACEMENT AII/AIV IN TRANSITION METAL CHEH[STIﬂ

ORDER
PARAMETERS OF

IAII/A[VI[ SYSTEM UNDER INVESTIGATION

I L

EFFECTS

] |mHE PRODUCTS

— REACT. RATE, | 1C1S-1,4/TRANS=1,4/ 1,2-pB (%]
CL -C 13 3
Br| Ni(cop),/BUTADIENE/H-X : H-Co HiGH 8 - TRANS G
/ :256: H-Br LowW 72 25 3 /
L/ ] Ret. 33 ‘ -l HiGH i 100 i as ¢
— -
N1 Nitcop)o/sutapiene/ree 10 H N (DmE HIGH 75% N-ocTA-1,3.6-TRIENES OPEN
/ 1:178:0.1 /
Ll_’_ Ref. 34 10uWP (){)ME LOW 95% cycLIC DIMERS cYcL.
: THERMAL
____" Ref.2,35 STABILITY AP /\’) BYPROD, (%1
9 THERMOLYSIS OF PENTADI-  ~ OCH3 Low 22 2% AT~ | TRANS S?
s | ENvL-NI-xcHg (DIMERIC) * —geps HIGH 51 351 508 A | as [
— -
EVIDENCE FOR THE PSE - S R Al 7 AITL ? J
Ref .36 Ref .36
| oH OH [} oH OH
@,co: F F©/co§
coj 00:‘
-0 ".. ° N,..
I -%  100% o 26% %
F
@ + €O, @ + CO,
L 100%  -% \ 75% 25%
regioselectivity K regioselectivity
Ref .37 Ref,38
1] o v LJ
° N
% <o
a OCH M - u’ M=Na® ' ‘J
3 100% -% a -% 100%
|
W+ 2MJ s
|
-%  100% .
c 100% - %
structure M=K® reqioselectoivity

PSE - Sector Rule 3:

One atom replacement following PSE.- Sector Rule 2 may change order parameters in chemical

reactions under the support of transition metal complexes, but the reaction conditions mostly

have to be optimized anew. For optimizing symmetry and energy of fragment coupling (with re-

ference to the "catalyst condition" SCHEME 8) the coupling of the fragments has to be read-

justed. In many cases a second atom replacement can counterbalance the situation.

vely one can follow other strategies from SCHEME 13: This will restore the parent state of

high selectivity and high reactivity after having successfully changed order parameters in

the product spectrum through atom replacement via PSE - Sector Rule 2. E.g.

alkoxydienoles

Alternati-
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can be synthesized via a highly regioselective 1,2-dicarbonyladdition of alkoxyallyl Zn-Cl
to enones. Such alkoxydienoles serve as viable precursors to monoprotected 1,6-dicarbonyl
derivatives via an Oxa Cope rearrangement, However, the analogous Thia Cope rearrangement
generally takes place under far milder conditions, Therefore this syﬁthesis has to be varied
after atom replacement of Oxygen by Sulfur (A II / A IV) in the alkoxyallyl-moiety. To opti-
mize the reaction conditions the introduced order change has to be carefully counterbalanced
by substituting Zinc by Cadmium (B II / B IV) and KH by NaH (A III / A I), Even the order

parameter represented by the solvent (cyclic / open) was changed (Ref. 39),

Me” ~=""Me Mes ~~Me (KH/THF}  Me Me
* Ho 85°, 6h
MeO—7> MeO : MeO

ZnCl
Al/BI AX/cyclic

Me/i\qﬁ’\Me M ‘ ' M 2 M
. —_— HS@’ Me  (NaH/Et;0) e:l;j/ e
PhS 25°,6h  pps
Phs—72>

Cdcl

PSE « Sector Rule 4:

Multistep atom replacement may not necessarily be a strategy to adjust a given order (PSE =~
SR 3). In contrast this strategy can be used to systematically introduce disorder into a sys-
tem. This is true for order control in general. It was e.g. demonstrated by SCHEME 10, that
changing the symmetry of the FMO’s of the coﬁtrolling ligand (even / odd numbers of electron
pairs of the Il-system) reverses\the selectivity and affects the activity of the presented ca-
talytic system. Interestingly a 1:1-mixture of both ligands suppresses the catalytic activity

dramatically over the whole [L]o/[Ni]o range from 10“3 to 102 (Ref. 20 a).

As it was demonstrated by several examples order control is of great importance for a reali-
zation of optimal synthetic pathways in Organometallic Chemistry, The authors assume that the
presented concepts (especially the PSE - Sector Rules) can be easily expanded to other fields

of chemistry (SCHEME 19),

Following synergetics (Ref. 8) the spontaneous formation of well organized structures is de-
termined by the number of participating individuals or by introducing energy or mass into the
system. Chemistry can contribute one more principle being significant for processes of self-
organisation: The systematic change in the character of individuals, in chemistry the pro-
perties of the molecules respectively those of the atoms within the molecules. The corres-

ponding rules may be derivable from the inner structure of the Periodic System of Elements.

PAAC 53:12 - |
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