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A INTRODUCTION 

As early as 1954 Reed’ discovered a new method for preparmg cychc olefines by 
reacting butadzene m the presence of the so-called “Reppe catalysts” of the type’ 

L Nl(CO), , activated by acetylene Bghly active carbonyl-free catalysts can be formed by 
reducmg nickel(H)-acetylacetonate with alummmm alkyls m the presence of mono- and 
dloletins and sometimes phosphmes or phosphtes3 In Fig 1 are summarized those rmg 
syntheses which have been carried out with the aid of zerovalent nickel or nickel- 

phosphme or -phosphate catalysts The syntheses of the elghtP, ten-’ and twelve- 

- - H- 0 + G+, 6 - 

Fig 1 Syntheses of various rmg systems promoted by nickel catalysts 

membered rmg? from butadlene or butadlene and ethylene have been mtenslvely 
investigated In the last four years we have attempted to syntheszze as many as possible of 
the mono- and dlmethyl derzvatzves of czs-1 ,2-dzvmylcyclobutane778, czs,czs-cycloocta-1,5- 
dlene’,’ , czs,frans-cyclodeca-1,5-dlene and tratzs-deca-1,4,9-tnene’ *I’. czs.czs. trarzs-4,5- 

dimethyl-cyclodeca-1 .4,7-tnene7 ,I1 and cyclododeca-1 .5,9-trrene7Y’2 _ We have also 
mvestzgated the co-ohgomerrzatron of butadrene with methylenecyclopropane7Y10 and 
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aIlenesr3 In addition, a new catalytrc synthesis of 3,4-drvmyl-cyclohexenes from 1,3,5- 
trrenes or 1,3,5-trrenes and 1,3-drenes has been developedI 7” _ Our prmcrpal reason for 

such a detarled study of these systems, 111 addition to the preparative synthetic utlhty, IS to 
obtain an msight into the stereochemlstry and mechamsm of C-C bond formation We 
hope that we have found, as a result of our experiments, a new way of looking at the 
mechanism of C-C coupling wrth the aid of low-valent nickel catalysts 

B SYNTHESES Of MONO- AND DIMLTHYL-SUBSTITUTED FOUR-, SIX- AND EIGHT- 

MEMBERED RINGS 

In general a msture of NI* (COD), (ref. 16) and tn(2-blphenylyl)phosphlte m a molar 
ratio I_ 1 was used as catalyst’ *14 and the expenments were carrred out at 20-40°C. The 

molar ratio of nickel I ,3-drene, 1,3,5-trrene or a 1 - 1 -mrxture of 1,3,5-trrene and 1,3-drene 
was 1.50 20% octane was added as an internal standard_ The conversron was quahtatrvely 

observed by a dilatometer The concentration-time curves of the mdivrdual isomers were 

obtained by gas chromatographrc analysrs m capillary columns Figure 2 shows from whrch 
rsomers of prperylene the various four- and erght-membered rmgs are formed The 

Fig 2 Structures and configurations of four- and eight-membered rmgs obtamed from plperylene wtth 
various contiguratlons 

mterpretatron of the experimental results’ startmg from prperylene IS complicated by two 

facts first, the equrhbrra between some four-membered rmgs and the correspondmg 1,3- 
drenes, and secondly, rsomerrzatron of czs- mto trans-piperylene (for expenmental details 

see refs 7,8, 17) The stereochemrstry shown in Fg 3 was easrly confirmed by rearranging 
the pure four-membered rmgs wrth a trr(2-brphenylyl)phosphrte-ruckel catalyst under 

reduced pressure (50 torr). In thrs case only the appropriate prperylene isomer IS formed 

and can be removed rmmedrately from the catalyst and the correspondmg eight-membered 

rings 

The same stereochemistry as observed m the case of @arts-prperylene 1s found m the 
cyclodimerrzatron of trcuzs-hexa-1.3-drene _ l4 The equrlrbna between the 1,3-drenes and the , 
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four-membered rings depend on the substttuentssgr4, e g. 

R 

Rw _-. 

Rw - 
R 

R=H -3% - 97% 
R=CHs --SO% - 20% 
R=C,H, -85% - 15% 

The four-membered rings formed are thermally labtle compounds” and therefore requned 
very mrld treatment in the gas chromatographic analysis (the column at 90°C and the inlet 

system at 100°C) When analyzing the catalytlcally formed duners of isoprene, even ml!der 
condrtrons have to be used wrth the column at 60°C and the mlet system at 90°C Figure 3 
shows the products from rsoprene usmg a tn(2-btphenylyl)phosphtte-nickel catalyst14 - In 
addition, a small percentage of p-dtprene and drpentene could be rdentrfted We Isolated the 
four-membered nng IVa in 16% yteld wrth a 70% conversron of rsoprene IVa 1s thermally 

extremely labrle (half-hfe at 30°C - 30 h) The four-membered rings IVb and IVc are 

Fg 3 Catalytically formed four- and eight-membered rmgs from lsoprene 

NI-L 
w 

-90% 

N NI-L 

-73 I 

NI-L 
* 

-33 1. 

3H2 c 
cot 

Y 

1X 

Fig 4 3,4-Dwinyl-cycloheuene derwatwes from 1,3,5-tnenes and 1,3,5tnenes and butadiene Yields 
based on converted hexa-1,3,5tnenes 
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any co-ohgomers 
We synthesized mono-methyl-cqtrans-cyclodeca-1.5drenes from 

(1) butalene and propylene (8%) 
(2) butadrene, rsoprene and ethylene (23%) 

(3) butadiene, prperylene (crs-, trans- and czs, tram mrxtures) and ethylene (2 1%). In 

thrs case butadrene was slowly added to the reactron mncture. 
The total yield of cychc and open-chained co-ohgomers of the dewed type is grven in 

parentheses as a percentage of the reactron mrxture (see Rg 6). In all experiments a 

FIN 6 All mono-methyl derwatlves of trans-deca-1,4,9-trlene prepared by hiIR In addltlon, the possible 
cataiytlc synthesis IS shown 

tnphenylphosphrte-nickel catalyst was used The uutial ratroa of the olefines were 
drene ethylene or propylene = 1 1 

dlener diene* ethylene = 1-l 1 
The reaction temperature was 4o°C Further experrmental detarls are descrrbed m refs 7 

and 10 

In the co-ohgomenzatron of butadrene with allene (molar ratro = IO 1) up to 70% yreld 
(based on converted aflene) of the ten-membered rings may be obtained by keepmg the 
statronary concentratron of the allene m the reactron mrxture sma11’21’3 The 

correspondmg ten-membered rings are formed by reacting a mixture of methylenecycio- 
propane and butadrene. 
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D PROOF OF THC STRUCTURES 

Besides IR and ’ H-NMR spectroscopy, two reactrons have contrrbuted substantrally to 
the elucrdatron of the structures and confrguratrons of mono- and drmethyl-substituted 
CZS-I ,2-drvmylcyclobutanes and cis,troiu-cyclodeca-1 S-drenes The first 1s the thermal Cope 
rearrangement of 1 ,Sdienes (see Frg 7) 

f lg 7 Thermal Cope rearrangements ot 1,5-dlenes 

The second IS the methylene-msertron reaction (MIR) (see Frgs 5 and 6) The results of 
these mvestrgatrons are discussed m detail m ref 7 The stereochemrstry of those products, 
whrch are of importance m drscussmg the reaction mechamsm. 1s shown m Frgs 5 and 6 
One example 1s sufficrent to demonstrate the usefulness of the MIR method, that being the 
rdentrficatron of the trrmethyl derrvatrves ot crs-3,4-drvmylcyclohexene’4~‘5 Drazomethane 
decays on uradratron mto nitrogen and hrghly reactive methylene Von Doermg et al were 
able to showlg that the methylene IS inserted almost statrstrcally mto the C-H bonds of 

the substrate and achardson, Dvoretzky and co-workerszo T21 and Schomburg2* ,a3 
succeeded in identifying a great variety of next-higher homologues of saturated and 
unsaturated hydrocarbons In addition, if double bonds are present u-r the molecule, 
cyclopropane derrvatrves are formed A decrsrve advantage of the MIR method IS that there 
IS no alteration in the configuratrons and the structures of the attacked molecules The 

drazomethane is used m 1-3 mole percent of the substrate to avord the formatron of 
drmethyl derivatrves The cocyclodrmer X from butadrene and all-zz-ans-octa-1,4,6-tnene was 

the key substance m the elucidatron of trune’Lhylsubstituted czsS,4divmyl_cyclohexenes 

(see Fig. 5). In the MIR mixture of X, all the expected isomers could be separated u-r two 
caprllary columns of drfferent polarrty All ax-membered codrmers of all-trans-octa-2,4,6- 
trrene wrth czs-prperylene, zz-Gzzs-pzperylene or rsoprene had the same retention behavzour as 
one of the MIR products This means that m all codrmers the configuratron and structure 
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Fig 8 Coupling constants of XIa 8 01 

of the startmg materral has been retained. The final rdentlficatlon of the codlmers was 
ascertained by careful ‘H-NMR measurements l5 In Fig 8 all 7 values and couplmg 
constants for XIa are shown as an example 

E DISCUSSION 

First we shall outhne the mechanism which we favour for carbon-carbon bond 
formation usmg a mckel-hgand catalyst24 and then brlefly summarize some of the facts 
whch support ths mechamsm 

We regard the processes which occur at the metal, for example the cycloaddltlon of 
1,3-dlenes or 1,3-dlenes with an olefin, allene or alkyne, as occurring in a series of 
mtramolecular redox processes, whereby each mdlvldual step IS a symmetry-controlled 
process and the mdlvldual C-C couphng processes can be regarded as hetero-rmg-closure 
reactlons wluch occur m the sense of the Woodward-Hoffman rules In addltlon, a Cs-cham 
formed from two butadlene molecules and attached to the central mckel atom 1s beheved 
to play a $lgmficant role m the four-, six- and ten-membered ring syntheses2’ 26 

Ad B ox AM! 

t-- A -- -- -- 

EC 1 
c2e- -+ 

-- _2e- - - 
- ----- _---- ------) -----_ 

-H--k 
from 

fit-it- 

the u-tl- -H--G 
from _ + 

metal ii-ii- + + 13-Ene ft- + 

Fig 9 Actwatxon of the 1,3-dlenes. (a) by nucleoptic attack of the metal, and (b) by electroptic 

attack of the metal 
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We suggest that the trrgonal nickel complex Ared rearranges to the square-planar nickel 

complex B,, ~ in which process the mckel atom IS oxrdrzed from Nr” to Nr” with 

stmultaneous reductron of the olefimc hgands (Frg 9) In other words, an alteration m the 

geometry of the complex A,ed leads to nucleophrhc attack of the metal on the olefinic 
hgand with srmultaneous C-C bond formatron The first step - we believe - involves 
suprafacral C-C bond formatron between an s-CIS and an s-trans-I ,3-drene A total of ten 

n-electrons are mvolved m the rearrangement of the olefinic hgands, e&t from the two 

1,3-drenes and two from the metal crs-1 ,2-Drvmylcyclobutane is formed by antarafactal 

C-C bond formation with srmultaneous reductron of the mckel (A’red) In thrs process 

eight electrons of the olefinic system are involved - four from the n-ally1 group, two from 

the uncomplexed czs double bond and two a-electrons from NI-C bond 

45 

Ir’ 

NI---- 1 

x 

Box 
,I 

Ared kk 

m 

AEd 

Rg 10 4-Vmylcycloheuene and 3,4-dwmylcyclohexene formatIon by reducmg NllI to NI’ 

, 

Complexatron of a further hgand, L’, to complex BrOx leads to formatron of 

4-vmylcyclohexene as a result of suprafacral C-C bond formatron (Fig 10) Only stx 

electrons of the olefiruc system are mvolved m tlus process, four from the r-f-ally1 group and 

two from the Ni-C bond. The group L’ can be an intramolecular hgand, for example a 

vmyl group, m whrch case 3,4-drvrnylcyclohexene 1s formed and the four-membered rmg- 

syntheses 1s suppressed 
It IS our opuuon that redox processes and equrhbrra are of fundamental unportance in 

transition-metal-catalyzed C-H and C-C bond formation and cleavage We wrll shortly 

pubhsh m more detail the stereochemrcal and structural consequences of thrs electrophdrc 

and nucleophrhc attack upon the n-bonded olefimc ligands It IS apparent that the relative 
electron affirnty and ioruzatron potential of the n-bonded olefimc groups will control then 
relative reacttvtty m reductive or oxrdatrve processes2’ 

We assume that the tram-deca-l,4,9-trrenes and the CZS,traFZS~yClOdeCa-1 ,5-drenes are 
both fcrmed by reactron of the trafzs-n-ally1 group of the complex BIOY wrth a further 

complexed mono_oMin molecuIe_ This is accompanied by nucleophrhc attack of the &fin 
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Fqg 11 NucleopUc exchange reactlon gomg from a N&I :o a N&ompleu 

on the metal and at the same tune a nucleophdic attack of the Pans-~-ally1 group on the 
olefin forming the complex B”b, (Fig 11). Whether open-cham or cychc CIO-denvatives 
are formed IS controlled m part by the electromc character of the hgand L Numerous data 
are now avallable which can be elegantly explamed by mvokmg tlus mechamsm which 1s 

m addltlon supported by the reactlons of a variety of model mckel(0) and mckel(I1) 
compounds A few examples of these model complexes are shown below (with reference 

numbers) 

A L\ C NI --- u 
C 

3 

281 291 301 311 321 

A further example of the process depicted as A’red 7 B,, IS provided by the reduction 
of crs-1,2-dlvmylcyclobutane mth sodmm m hquld ammoma wluch, after hydrolysis, leads 

m hgh yield to czs,rrans-octa-2,6-&ene - perhaps an example of a reductlve-symmetry- 
controlled rmg-openmg process33 

1 +ze- 
2 +2H+ 
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