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The main purposes for a second volume dealing with the chemistry of 
the carbon-carbon double bond, were to cover the aspects that were 
left out in the previous volume because of authors having failed to 
deliver their contributions and to widen its coverage. 

The topics of electrophilic additions and biological aspects of the 
double bond seem to have a fate of their own as, again, the commit- 
ment to writc these chapters was not fulfilled by a second grou:, of 
authors. 

The material included in the present volume can be classified into 
three main groups: 

Gemral-!.kweticaI: to this group belongs a chapter on n.m.r. spectro- 
scopy. 

Chemical behauiour : this is dealt with in chapters on rearrangements, 
hydrogenation, olefinic ions, complexes with transition metals, and 
the effects of various types of radiation. 

Related compounds : these are treated in chapters on olefinic polymers 
and cyclopropanes. 

I am indebted to Dr. M. Levin, director of the Institute of Fibres 
and Forest Products Research, for enabling me to carry out part of the 
present work during my stay in that Institute. Finally, I would like 
to thank Prof. Saul Patai for his help and guidance, and my wife for 
her constant encouragement and patience. 

Jerusalem and Rehovoth, 1968 
JACOB ZABICKY 



The Chemistry of the Functional Groups 
Preface to the series 

The series ‘The Chemistry of the Functional Groups’ is planned to 
cover in each volume all aspects of the chemistry of one of the impor- 
tant functional groups in organic chemistry. The  emphasis is laid on 
the functional group treated and on the effects which it exerts on the 
chemical and physical properties, primarily in the immediate vicinity 
of the group in question, and secondarily on the behaviour of the 
whole molecule. For instance, the volume The Chemistry of the Ether 
Linkage deals with reactions in which the C-0-C group is involved, 
as well as with the effects of the C-0-C group on the reactiom of 
alkyl or aryl groups connected to the ether oxygen. I t  is the purpose 
of the volume to give a complete coverage of all properties and 
reactions of ethers in as far as these depend on the presence of the 
cther group, but the primary subject matter is not the whole molecule, 
but the C-0-C functional group. 

A further rcstriction in the treatment of the various functional 
groups in thcse volumcs is that material included in easily and gen- 
erally available secondary or tertiary sources, such as Chemical 
Reviews, Quarterly Reviews, Organic Reactions, various ‘Advances’ 
and ‘Progress’ series as well as textbooks (i.e. in books which are 
usually found in the chemical libraries of universities and research 
institutes) should not, as a rule, be repeated in detail, unless it is 
necessary for the balanccd trea tmcnt of the subject. Therefore each 
of the authors is asked not to Sive an encyclopaedic coverage of his 
subject, but to concentrate on the most important recent develop- 
ments and mainly 011 material that has not been adequately covered 
by reviews or othcr secondary sources by the time of writing of the 
chapter, and to address himself to a reader who is assumed to be at a 
fairly advanced post-graduate level. 

With these restrictions, it is realized tha t  no plan can be devised for 
a volume that would give a complete coverage of the subject with no 
overlap between chapters, while at the same time preserving the read- 
ability of the text. The Editor set himself thc goal of attaining 
reasoncvhle coverage with moderate ovcrlap, with a miiiinium of 
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cross-references between the chapters of each volume. In this manner, 
sufficient freedom is given to each author to produce readable quasi- 
monographic chapters. 

The general plan of each volumc includes the following main 
sections : 

(a) An introductory chapter dealing with the general and theo- 
retical aspects of the group. 

(b) One or more chapters dealing with the formation of the func- 
tional group in question, either from groups present in the molecule, 
or by introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics 
of the functional groups, i.e. a chapter dealing with qualitative and 
quantitative methods of determination including chemical and physi- 
cal methods, ultraviolet, infrared, nuclear magnetic resonance, and 
mass spectra; a chapter dealing with activating and directive effects 
exerted by the group and/or a chapter on the basicity, acidity or 
complex-forming ability of the group (if applicable). 

(d) Chapters on the reactions, transformations and rearrange- 
ments which the functional group can undergo, either alone or in 
conjuxtion with other reagents. 

(e )  Special topics which do not fit any of the above sections, such 
as photochemistry, radiation chemistry, biochemical formations and 
reactions. Depending on the nature of each functional group treated, 
these special topics may include short monographs on related func- 
tional groups on which no separate volume is planned (e.g. a chapter 
on ‘Thioketones’ is included in the volume The C/zenrishy of the 
Curbonyl Group, and a chapter on ‘Ketenes’ is included in the volume 
The Chemistry of dlkenes). In other cases, certain compounds, though 
containing only the functional group of the title, may have special 
features so as to be best treated in a separate chapter as e.g. ‘Poly- 
ethers’ in The Chemistry of the Ether Linkage, or ‘Tetraaminoethylenes’ 
in The ChemzFtry of the Amino Group. 

This plan entails that the breadth, depth and thought-provoking 
nature of each chapter will differ with the views and inclinations of 
the author and the presentation will necessarily be somewhat uneven. 
Moreover, a serious problem is caused by authors who deliver their 
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manuscript late or not at all. In order to overcome this problem at 
least to some extent, it was decided to publish certain volumes in 
several parts, without giving consideration to the originally planned 
logical order of the chapters. If after the appearance of the originally 
planned parts of a volume, it is found that either owing to non-delivery 
of chapters, or to new developmznts in the subject, sufficient material 
has accumulated for publication of an additional part, this will bc 
done as soon as possible. 

I t  is hoped that future volumes in the series ‘Thc Chemistry of the 
Functional Groups ’ will include the topics listed below : 

Tfie Chemistry of the Alkenes (published in two volumes) 
The Chemistry of tf ie C‘arboiiyl Group (Volume 1 published, Volume 2 in 

The Chemistry of the Ether Linkage (published) 
The ChemistrrJ of ihe Amino Group (published) 
The Chemistry of the Nitro and Nitroso Group (publtshd in two parts) 
The Chemistry of Carboxglic Acids and Esters (published) 
TIE Chemistry of tfie Carbon-Nitrogen Double Bond (published) 
The Chemistry of lhe Cyan0 Group (in press) 
Tlte Chemtstry of‘ Ihe Amides (in tress) 
The Chemistry of the Carbon-Halogen Bond 
The Chemistry of :he N’droxgl Group (in press) 
Th Chemistry of the Carbon-Carbon Triple Bond 
The Chemistry of the Azido Gioup (in Ireparation) 
T ~ P  Chemistry of Imidoates and Amid‘ines 
The Chemistry of the Thiol G~oup 
The Chemistry of the H’drazo, Azo and Azoxg Groups 
The Chemistry of Carbonyl Halides ( i n  preparation) 
The Chemistry of tire SO, SO2, -SO2E and -S3,f-I Grouts 
The Chemistry of the -OCN, -NCO and -SCN Croups 
The Chemistry of the -PO3H2 and Related Groups 

preparation) 

Advice or criticism regarding the plan and execution of this series 
.will be welcomed by the Editor. 

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold M’eissberger, whose reassurance and trust 
encouragcd me to tackle this task, and who continues to help and 
advise me. The efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but 
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unfortunatcly their code of ethics does not allow me to tliank them by 
name). Many ofmy friends and colleagues in Jcrusalem helped me in 
the solution of various major and minor matters and my thanks are 
due especially to Prof. Y .  Liwchitz, Dr. Z .  Rappoport and Dr. J. 
Zabicky. Carrying out such a long-range project would be quite im- 
possible without the non-professional but none the less essential 
participation and partnership of niy wife. 

The Hebrew University, 
Jerusalem, ISRAEL 

SAUL PATAI 
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2 V. S .  Watts and J. H. Goldstcin 

1. INTRODUCTION 

A. Cfiemicul Shifts 

by a phenomenological Hamiltonian of the form 
The  structure of high-resolution n.m.r. spectra can be accounted for 

f f  

where v1 is the chemical shift of the i-th nucleus, .Ifj the coupling 
constant between nuclei i and j ,  and I ( i ) ,  I,(i) arc the vector spin 
angular momentum operator and its z-componen t, respectively. The  
chemical shift may be exprcssed as 

-L 

Yi = - yi (1 - u p o  
27T 

where yr is the magnetogyric ratio, u1 is the dimensionless shielding 
(screening) constant for nucleus i, and No is the applied external mag- 
netic field. 

For simple molecules shielding constants may be evaluated by the 
usc of perturbation or variational  calculation^'-^. More complex 
molecules can be treated only in qualitative or semi-quantitativc terms 
because of the lack of adequate wave functions and  the partial can- 
cellation of long-range diamagnetic and paramagnetic contributions 5. 

For coinplex molecules the screening constant may be subdivided 
into four separate terms6 representing contributions from: ( I )  dia- 
magnetic intraatoniic currents, (2) paramagnetic intraatomic CUT- 

rents, (3) other atoms, ( 4 )  interatomic currents. If local diamagnetic 
contributions to the screening of vinyl compounds (item I )  are dom- 
inant, then substituent effects on the vinylic proton shifts should 
relate to the inductive ability of'the substiiuent groups and to their 
ability to conjugate with thc double bond in mesomeric structures. 
In  some cases the proton shieldings are also strongly affected by mag- 
netic fields caiised by the anisotropic susceptibilities of the substituents 
(item 3) .  Interatomic currents would be expected to affect the 
shieldings .with a phenyl substituent and paramagnetic effects might 
be important for substituents like nitrogen. 

In addition to the above effects, i t  has been suggested7s8 that pro- 
ton shieldings may be modified by a direct electrostatic field from a 
substituent. 
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5. Coupling Constants 

Tllc tlleory of nuclear spin-spin couplings is bascd upon the Hamil- 
tonian developed by Ramsey, who subsequently showed with the aid 
of perturbation theory that couplings could be expressed as the sum of 
four contributions9. Of these, the Fermi contact term is believed to 
be dominant for proton-proton interactions and for other cases such as 
coupling between bonded 1 3 C  and H. Most of the efforts at theoreti- 
cal estimation of coupling constants have therefore been based upon 
this contribution. I n  these calculations both valence-bond and mole- 
cular-orbital approaches have been employed. Among the difficulties 
encountered are the lack of suitable precise wave functions and the 
necessity for employing approximations, such as the average energy 
approximation. 

In the valence-bond method, as developed by Karplus and 
others lo-ll, the calculated coupling constant reflects the extent to 
which deviations from perfect pairing occur. The coupling between 
non-bonded nuclei N and N' is directly related to the coefficients 
determining the weight of structures involving a long bond between 
these .nuclei 12*13. The molecular-orbital theory, as originally devel- 
oped by McConnell, led to expressions for the coupling constant in 
terms of the bond order bctwcen the coupled atotns. The inability of 
the molecular-orbital theory to account for negative couplings has 
been attributed to the omission of configuration interaction in the 
calculations 14. Norc recent developments of the molecular-orbital 
theory of couplings by Pople and Santry l5 make it possible to avoid the 
average energy approximation. While these and other recent devel- 
opments in coupling theory are promising, it is still very difficult to 
account quantitatively for observed coupling values in diverse and 
complex molecules. 

Coupling falls off rapidly with the number of intervening bonds in 
saturated molecules. However, in conjugated systems where the 
perfect-pairing approximation breaks down, longer range couplings 
occur. Thus, the study of proton spin-couplings permits a critical 
evaluation of electron delocalization in organic rnolcculcs 16. 

The long-range couplings encountered in unsaturated molecules 
have been interpreted in terms of a .rr-electron contact mechanism, 
similar to that used to explain the hypcrfine structure in the e.s.r. 
spectra of organic free radicals 17-20. The contribution to the COUP- 

:ing as obtained from a second-order perturbation treatment is 

JCN. = P2Q2qiN./hAE 
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where is the Bohr magneton, Q the hyperfine coupling constant, 
q.vN. the 7r bond-order bctwccn carbon atoms N and N' and A E  is the 
average cxcitation energy 17. This coupling interaction between 
the protons and the T orbitals arises from (T-T exchange terms in the 
Hamiltmian. Since the hyperfine splitting constants appropriate for 
directly bonded protons (1) and for methyl group protons (2) are of 
similar magnitude but opposite s i p s  21-23, 

(1) (2) 

the T contribution to coupling should remain approximately constant 
in  magnitude but change sign if a methyl group is substituted for a 
directly bound proton 16*24. Such substitution thus allows estimation 
of the  electron contributions to couplings between protons in olefinic 
systems. 

In  general the range of coupling constants for cthylenic compounds 
has been found to be approximately Jt,,,, = + 12 to + 18 Hz, Jcls = 
+ 4 to + 12 Hz, and Jgem = - 3.5 to + 2.0 Hz. The chcmical shifts 
cover relatively a much larger range from almost 3.33 to 6-66 ppm 
with respect to TIVIS. It appears that with the exception of long- 
range coupling, the coupling constants in unsaturated molecules are 
primarily dependent upon clectron withdrawal in the sigma framework. 
Chemical shifts, on the other hand, are more intimately related to the 
electron distribution of the T system. 

V. S. Watts and J. H. Goldstein 

C-H C-CH3 

II. SPECTRA OF E T H Y L E N E  A N D  ITS SIMPLE DERIVATIVES 

Spectra of important singly-substituted ethylenes have been con- 
sidered in  some detail, since they can provide a rational basis for ap- 
plications to more complcx molecules. 

A. Ethylene 

The p.m.r. spcctrurn of the prototype alkene, ethylene, consists of a 
single line due to the chemical equivalence of the four protons. The  
only information obtainable from the proton spectrum is, therefore, 
the chcmical shift of the hydrogens. The  various couplings have been 
o b t a i x d  from spectra of the isotopically substituted compounds 
H,C=13CH2 and H2C=CHD25-27. For the first compound, the 
carbon-13 as well as the proton spectrum has been analysed. The 
couplings obtained are given in Table 1 together with those obtained 
for acetylene and ethane for comparison. 
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TABLE 1. Coupling constants for ethylene, acetylene and ethanea 

Compound J R , ,  JCC Jcn Jscg 

Ethane 34.6 125.0 -- 4-8 

Ethylene 67.2 156.2 - 2.4 
19.1 Iru?rr 

Ace tylcne 9.8 170.6 248.7 49.7 

N1 valucs in 132; data takcn from Ref. 27. 

Consideration of the experimen;al results in terms of current 
theoretical treatments shows that the Fermi contact termg can be 
considered as the most important one in determining the magnitude 
of the coupling constants in ethylene. O n  this basis it has been in- 
ferred that 13CH couplings depend linearly on the s-character of the 
hybrid carbon orbital, bonding to the hydrogen atom 28-30. Assum- 
ing, further, that in acetylene this orbital is a pure sp hybrid, the value 
ofJ,, in ethylene indicates an orbital with 31 -5% s-characterZ6. The 
chemical sllift of the ethylene protons with respect to TMS as sol- 
vent ( - 30%) and internal reference, is 5-29 

B. Vinyl Halides 

N.m.r. spectra of the vinyl halides including their 13CH satellite 
spectra have been completely characterized and analysed 31. The 
parameters for thcse compounds and for a number of other mono- 
substituted ethylenes a re  listed in 'TabIe 2. In  addition to their 
utility for interpreting spectra of more complex derivatives, these data 
have been utilized in efforts to correlate n.m.r. parameters with other 
molecular or substituent properties. 

When the chemical shifts for the chloro, bromo, and iodo compounds 
are corrected for the estimated diamagnetic anisotropy contribution of 
the CX bond, they correlate rather well with both substituent electro- 
negativity and the quantity p/R, where p is the molecular dipole 
moment and R is the C-X bond length31. The  quantity p/R can be 
considered as a rough index of the charge transferred in the molecule. 
The fluoride shifts do not correlate with electronegativity in the above 
series, but  this is not surprising as the fluoride shifts were not corrected 
for anisotropy. 

I n  the series CH,:CHX (X = F, C1, Br, 0, C )  satisfactory straight 
lines are obtained for graphs of Jci ,  and Jgem vs. JLrans suggesting that 
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TABLE 2. N.m.r. Parameters for some monosubstituted cthylcnesO 

Conc. (‘A) 
Substituent soivent v 1  V2 :03 J C I S  Jimns J w m  Ref. 

F 11.30 388.72 

10-92 371.08 
ThIS 
6.56 38 1-35 
TMS 
8-13 389.09 
T h.1 S 
IO(vo1.) 386-0 
TMS 
IO(vol.) 380.7 
TMS 
dilutc 328.10 
C&nb 
8.78 375.62 
TMS 

~ O ( V O I . )  - 

T R.1 S 

- - 

CI-ICI3 
IO(mole) - 
CCll 
7o(vol.) 318.5 
TMS 

258.7 1 28 1 a65 

3 16.22 324-20 

350.2 1 345.10 

387-39 37 1.3G 

232.7 241.8 

304,5 290.4 

346.2 358.0 

376.87 367.62 

4-72 12.67 - 3.2 1 31 

31 c1 

Br 

7-25 14.78 - 1.32 

7.25 15.11 - 1 -62 31 

r 

OCI& 

SCH, 

CN 

7-91 15-83 - 1.21 31 

7.0 14.1 - 2.0 32 

10.3 16.4. - 0.3 32 

11.65 17.89 1-20 33 

CHO 10.00 17-50 1 -00 34 

OCHO 
C=CH 

6.3 13-8 
11.5 17.3 

- 1.7 
2.05 

35 
36 

10.4 17-3 1.6 37 -- - 

318.5 318.5 11.4 18.8 2.0 25 

O All values in Hz; shifts are downfield from and relative to, intcrnal TMS at 60 hfHz. 
Subscripts I ,  2, and 3 refer to positions a ,  ,%trans and /%cis to thc substituent, rcspcctively. 

Cyclohexanc. 

the same substituent propertics affect the various couplings in a similar 
manner37. All three couplings have been found37v38 to decrease 
linearly with increasing electronegativity, Similarly, a good correla- 
tion exists between electronegativity and the sum of the ethylenic proton 
couplings. This has been demonstrated for over a hundrcd compounds 
of the type CH,: CHX with a range of Jgem -F Jets + Jt,,,, = 14 
to 50 H Z ~ ~ .  Such corrclations indicate that the greatest contribution 
to the coupling is probably transmitted through the sigma framework. 
The scatter in these plots is sufficient to indicate, however, that other 
factors may be important in determining the substitucnt effect on the 
couplings. 

On the other hand, the differences between the CL and /3 chemical 
shifts have been shown37 to vary almost linearly with Tart’s resonance 
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parameters, oR. This susgcsts that changes in thc .;r-electron distri- 
butions sre influential in determining the differential chemical shifts 
]vn - yo \ .  Also, the shifts of the a-protons in the vinyl halides do not 
parallel the substituent electronegativities 31 in contrast with the situa- 
tion in methyl and ethyl  halide^^^*^^'. These observations may be 
explained in terms of contributions from the customary resonance 

structures H,C-CH=X. 
In the vinyl halides and most other monosubstituted cthylenes the 

a-protons resonate at  lower fields than the P-protons. This has been 
explained as due to the short-range nature of inductive effects com- 
bined with resonance interaction between the double bond and lone- 
pair electrons on the s u b ~ t i t u e n t ~ ~ .  Both of these mechanisms result 
in lower field resonance of the +compared with rhe !-protons. 

In  acrylonitrile the situation is reversed with the /3-protons occurring 
at lower field. This observation can be adequately explained in terms 
of the additional shieldings due to di?.magnetic anisotropy of the CN 
triple bond. These additional shieldings have been calculated, as- 
suming the centre of anisotropy to be at the centre of the C=N bond, 
as 1.13 pprn (a), 0-29 ppm (cis), and 0-38 ppm (trans) all to low field42. 
When corrections for this effect are applied to the chemical shifts of 
acrylonitrile, the a shift does occur at lower field than the #? shifts. 

- + 

C. Vinyl Ethers and Sulphides 

Contributions from resonance structures arc particularly important 
in the case of -OR and -SR s u b ~ t i t u c n t s ~ ~ * ~ ~ .  The chemical shifts 
for the !-protons in vinyl ethers lie approximately 1.9-2.1 ppm above 
ethylene". Anisotropy effects on the @proton shifts due to oxygen 
are expected to be srnaller than those due to the cyano group. Since 
inductive effects would operate in the opposite direction, i t  seems 
likely that lone-pair conjugation of oxygen with the unsaturated system, 
and the resulting flow of charge into the !-position, is responsible for 
most of the observed upfield shift. Such conjugation appears to be 
considerably less important in sulphides than in ethers. For example, 
the /3-protons of methyi vinyl suipizide are only 0.30-0.70 ppni above 
ethylene 32, in accord with n.m.r. data for vinyl halides, which indicate 
that the smaller the halogen the greater is the capability for lone-pair 
conjugation4*. The a-proton shifts d o  follow the order of electro- 
negativities and since inductive effects are expected to be short range, 
it would seem that this is the controlling factor here. 

It is interesting to note that the ,&vinyl protons in methyl vinyl 
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sulphide couple with those of the methyl group, but there is no evidence 
of such coupling with the u-proton. These couplings are 0.4 Hz to the 
cis proton and 0.2 Hz to the trans proton. The sulphur atom can inter- 
act with unsaturated structures as if it were pseudo-ethylenic in char- 
acter. The mechanism of such interaction possibly involves structures 
in which the methyl group donates charge to the unoccupied d 
orbitals of sulphur through hyperconjugation. Structures such as 

CH,=CH-S=CH, are energetically much more favourable with 
sulphur than with oxygen. Coupling between methyl and j3-vinyl 
protons is not observed in methyl vinyl ether. It has been sug- 
g e s t e ~ l ~ ~ . ~ ~  that the lack of coupling between the methyl group and 
a-proton in methyl vinyl sulphide might be of geometrical origin 
(angle dependence). 

Ethyl vinyl ether and isobutyl vinyl ether have also been analysed 32. 

Neither the chemical shifts nor the couplings in these systems vary 
significantly from those for methyl vinyl ether. I t  appears that these 
groups have little effect on the capacity ofoxygen to conjugate with the 
vinyl system, and that the oxygen atom effectively buffers any in- 
ductive effect from the above group. 

- 

D.  Vinyl Formate, Acrolein, and Vinylacetylene 

These three compounds are considered together, in spite of obvious 
structural difkrences, because they all exhibit long-range coupling, 
over four or five bonds. For the first two compounds this coupling 
is to the carbonyl proton and for vinylacetylene it is to the acetylenic 
proton. The reported values (in Hz) are, for couplings to the a, 
tram, and cis protons, respectively: vinyl formate, +O-6, _+ 1-7 and 
k 0-8 35 ; acrolein, 7.40, - 0.30, and 0.00 34 ; vinylacetylene, - 2- 1, 
- 0-8, and 0-7 3 6 e 4 6 .  These Iong-range couplings are probably trans- 
mitted via the rr-electron system. 

The relative magnitudes of these long-range couplings in vinyl 
formate are interesting, both of the five-bond couplings being of 
greater magnitude than the four-bond coupling. This together with 
the relative magnitudes of the cis and trans long-range couplings has led 
to the suggestion that angular factors may be important in the m as well 
as (T contributions to spin-spin coupling35. 

Table 2 shoivs that the /? chemical shifts in acrolein occur at rather 
low field strengths, relative to other monosubstituted ethylenes. This 
indicates the possible importance of contributions from resonance 
structures of the type H,C+-CH=CX-O- 34. 
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Data on the 13C chemical shifts are also available for a number of 
monosubstitutcd ethylenes". For seventeen compounds of the type 
C,,,H,--C(,,HX, the cliemical shifts of C,a) were found to cover a range 
of 67.5 ppm., while those of C,,, were found to cover a range of 57.5 
ppm. No simple relations were found between the carbon shifts and 
the corresponding proton shifts. This is not unexpected in view of the 
different geometrical orientations with respect to the substituent. 
Such differences in  orientation give rise to corresponding differences 
in effects due to ' neiihbour anisotropy ' or intramolecular dispersion 
forces. 

However, a rough linear correla'ion exists between 13C,m, shifts for 
vinyl compounds and the c~rresponding'~C,,, shifts of the similarly 
substituted carbon atom in phenyl compounds. A similar correlation 
holds for the 13C,,, shifts in vinyl compounds and the corresponding 
ortho shifts in phenyl compounds. Such correlations must be due to 
similar inductive, resonance, and neighbour effects in the two sets of 
compounds, resulting from similar electronic structures and molecular 
geometries. Each of the carbon atoms in both typcs of compounds 
utilizes three sp" (T hybrid orbitals for bonding, and contributes one p 
orbital to a r bond. Thus, the neighbour anisotropy and intra- 
molecular dispersion effects should be comparable 47. 

Aplot of vC,,) (vinyl) vs. vCortllo (phenyl) has a slopc about twice that of 
the analogous plot for thc 13C(a) shifts. This is believed to arise from 
differences in the importance of resonance interactions in the two 
systems. I n  vinyl compounds the excess positivc and negative charge 
from mesomeric interaction is confincd to one carbon, while in phenyl 
compounds it is sprcad over two ortho and one para positions47. 

No correlation has been found between vinyl and phenyl 13C,a, 
shifts and thosc in corresponding acetyl compounds. The lack of 
correlation seems to be related to differences in thc inductive and 
resonance effects of the =O fragment as compared to the =CH, 
fragment, probably as a result of differences of polarity in these 
fragments 47. 

E. Derivatives Containing Other Elements (Si, Hg, A/, Sn) 

bonding with elements such as Si, Hg, Al, Sn. 
shifts in compounds of this type Ivith those of 1-hexene. 

-211 Hz a t  40 pCIIHz4*. 

The  vinylic n.m.r. parameters are rather markedly affected by 
Table 3 compares the 

The  proton chemical shift for ethylene in dilute TMS solution is 
Thus, alkyl substitution as in I-hexene 
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Chcmical shifts for vinyl groups bonded to TABLE 3. 
Si, Hg, Al, and Sna 

~ ~ ~~~ 

cis trans a methyl Ref. 
~ ~~ ~ 

1 -Hcxcnc - 197.6 - 195.1 -228.7 -80*Ob 48 
ViMe,Si - 225.2 - 234.9 - 244.4 - 2.5 48 
Vi,Me,Si - 226.6 - 237.2 - 244.2 - 5.0 48 
Vi4Si - 230.8 - 242.9 - 244.5 - 49 

50 Vj,Hg - 181.0 - 202.G - 234.7 - 
ViaAl(etherate) - 167.1 - 181.4 - 191.5 - 50 
Vi,Sn - 165.9 - 184.1 - 191.6 - 50 

All valucs in H z  at 40 MHz, rclntive to internal This .  
Terminal methyl group in 1-butcne. 

displaces each p-proton upfield by 13-16 Hz. In view of the fact that 
carbon is appreciably more eIectronegative than silicon (xc = 2.5 and 
xsl = 1.8 on the Pauling scale), an even greater upfield displacement 
would be expected on the basis of naive inductive considerations 
alone48*49. The vinyl shifts of these silanes are in fact seen to be con- 
siderably downfield from those in 1-hexene. 

The p.m.r. spectra of metal-organic cornpounds (Table 3) are often 
characterized by a reduction of the \va - vsl values as compared to 
those found in ordinary organic compounds (Table 2). This is due to 
the tendency of metal atoms to increase the electronic shiclding around 
adjacent groups. The large difference in shielding of the mercury 
and tin compounds in Table 3 cannot be explained in terms of in- 
ductive dicerences, since the Pauling electronegativity of both is 1.9. 
I t  has been suggested5() that a possible explanation lies in the known 
variation of diamagnetic susceptibilities for the metal ions, being in 
t h e o r d e r H e  > SnIV > A P .  

Also of interest is the fact that the t ram proton is shifted considerably 
downfield compared to the cis prcton (Table 3). The dc-.:~.fiel:l 
shifts of the vinyl protons in metal subsfituted compounds and the 
larger effcct at the trans compared with the cis position, can be ex- 
plained in terms of d,-pZ bonding between the metal atom and the 
vinyl group. 

In the series R3SiCH=CH, (where R = chloro, alkyl, or a sub- 
stituted phenyl group)51, an approximate correlation has been noted 
between the electronic nature of R and the trans proton chemical shift. 
This is consistent with a variable <T+z resonance effect. Such reson- 
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ancc results whcn charge is donated from thc pn orbitals of thc vinyl 
systcni into vacant d, orbitals on tlic metal atom, as in 3 <-F 4 t-) 5. 

Preferential. tram delocalization in such resonance structures is con- 
sistent with the hypothesis of the minimum bending of molecular 
orbitals. The  smaller curvature of a molecular orbital 6 encompass- 
ing the silicon atom and the @-tram proton, could presumably make it 
more important in  the ground state than 751. 

Table 4 shows some of the vinyl proton--proton couplings obtained in 
metal substituted ethylenes. These couplings are considerably larger 
than those encountered in the usual vinyl derivatives (Jcrs - 10 Hz, 
Jt,,,, - 16 Hz, Table 2). In  the compounds shown in Table 4 the 
sum of the coupling constants is -40 Hz. Commonly, this sum in 
vinyl derivatives is -20 Hz for compounds with substituents capable 

. TAULE 4. Coupliiigs in vinyl compounds 
bonded to Si, Hg, A1 and Sna 

ViMe3Si 1443 20.4 3.8 48 
Vi,Me2Si 14.6 20.2 3.7 48 
VilSi 14.6 20.4 3.6 49 
\‘i2Hg 13.1 21.0 3-5 50 
Vi,Al(etherate) 15-3 21-4 6-3  50 
Vi,Sn 13.2 20.3 3.7 50 

All valucs in Hz. 
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of donating lone-pair clectrons and - 30 Hz for compounds with sub- 
stituents that do not possess this 

Table 5 lists the X--H couplings for a variety of vinyl compounds. 
Lincar correlation is observed betwcen the coupling constants and the 

TABLE 5. X-H couplings in some vinyl compoundsa 

'"F(CH=CH2) 
29Si(CH=CH2)4 
31P(CH=CH2)3 
'"Sn(CH=CH,), 
llgSn(CH=CH,), 

207Pb(CH=CH2)4 
[20"T1(CH=CH2)]2 + 

[205T1(CH=CM2)2] + 

f 19.8 
e8 
- + 13.62 
+ 86.1 
90.4 

+_ 9 0 . P  
& 159.5 
f 159.6* 

161.7 
- + 1806 
k 805 

* 52.7 
3- 22" 
3- 30.2 1 

k 174.1 
f 183.0 
+_ 163.1 
+_ 296.4 

295.5 
f 330.1 

+ 3750 
1618 

f 84.6 

& 1 1 -74 
f 91.2 
k 96.0 
f 98.3 

& 128.3 
f 128.5 
+212*4 

k2004 
If: 842 

a All values in Hz at 60 MHz unless otherwise stated. 
* hlcasurcd at 40 AIHz. 

[Rcprintrd from Refcrcncc 52, J .  Phys. Cilcnz., 18, 1240 (1964). 
Estimated from a-chlorotrivinylsilanc. 

By permission 
of the American Chemical Society.] 

atomic number of the substituent atom within a given group in the 
periodic table. The increases in X-H coupling parallel the expected 
increases in electron densities of ~ l s  valence electrons surrounding the 
nucleus, It,hn,(0)21, indicating, a t  least qualitatively, that the contact 
contribution predominates in these couplings 52. 

F. Alkyl Substituted Ethylenes 

The n.m.r. spectra of alkyl substituted ethylenes are of interest for 
their implications with regard to the controversial topic of hypercon- 
jugation. The  chemical shift of ethylene at 40 MHz with TMS as 
solvent and internal reference is - 21 1-5 Hz". Under similar con- 
ditions, the proton a to the methyl group in propylene resonates 17.8 
Hz to lower field than the ethylene protons, while the 13-protons are 
both at higher field, the trans by 16.5 Hz and thc cis by 13.0 HzS3. An 
analogous low-field shift for protons in the a-position occurs with 
methyl substitution in alkanes. 
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An inductive or hypcrconjugative loss of charge to the remainder of 
the system by the methyl group, would result in a high-field rather than 
the observed low-field shift in such systems. I t  is possible that the 
low-field shift of a proton a to a methyl group, both in the alkanes and 
propylene, lnay be due to the difference in magnetic anisotropy of the 
C-C and C-H 

I t  seems unlikely that anisotropic shielding by the methyl substituen t 
would be as much as 15 Hz at the /?-positions, especially in view of the 
fact that this is just the order of magnitude oT the shift of the much 
nearer a-proton. An inductive loss of charge to the system by the 
methyl group would result in the observed direction of shift at the 
fl-position, but inductive effects are presumably too short range to 
prcducc the magnitude of shift observed. It appears, therefore, tIr2t 
the high-field shift experienced by the @-protons as compared to ethy- 
lene, is most plausibly explained in terms of a hyperconjugative mechan- 
ism. This simple picture does not account for the differcnce in the two 

shifts. Such a dinerence is predicted, however, if the charge dis- 
placement is parallel to the direction of the molecular dipole moment.56 

It has been shown that for a number of methyl substituted ethylenic 
dcrivatives, the effect of methyl substitution on the chemical shifts of 
the ethylenic protons is approximately constant. Values for the 
methyl substituent effects are - 17.8 Hz for a, i- 16.5 Hz for /3 (trans 
to CH,) and + 13.0 Hz for /3 (cis to CH3). Table 6 shows how the 
shifts predicted for methylated ethylenes, obtained by applying these 
corrections to the parent compounds (the compound with a hydrogen 
atom in place of a methyl group), compare with actual observed 
shifts. Although the methyl substituent effcct is seen to show some 
dependence upon the nature of the second substituent, it is constant 
enough to be a useful aid in making spectral assignments and choosing 
initial values of spectra parameters for the purpose of fitting n.m.r. 
spectra. 

Theoretical analyses have been carried out for the spectra of 
propylene, 1-butene and 1-hexene. The vinylic chemical shifts are 
quite constant throughout the series: for 10 mole per ccnt solutions in 
CCl, the variations are only f 1-70 Hz (a), t- 0-54 Hz (tram) and 
t- 0.72 Hz (ci5). 

The long-range couplings between the methyl and the vinyl protons 
in propene are -1-75 Hz (cis) and - 1-33 Hz ( l r ~ m ) ~ ~ .  Both the 
magnitudc and sign of these couplings are in accord with expectations 
based on a hyperconjugative 7~ interaction mechanism, Since the 
predicted attenuation factor for r-electron coupling when a bondcd 

The couplings obtained arc listed in Table 7. 
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TABLE 6. 

V. S. Watts and J. 13. Goldstein 

Predicted and observed shifts in methyl substituted vinyl  compoundsa 
R' R3 

c=c \ /  

/ \  
R 4 R? 

~~ 

I< ' R2 R3 124 Proton Predicted Observed 

H H CN CH3 1 - 222.2 - 225.8 
2 -218.6 -221.6 

CH3 H H  CN 3 - 206.0 - 208.7 
2 - 256.5 - 261.3 

C 133 H CN 13 4 - 202.5 - 206.6 
2 -249.4 -251.0 

H H C1 CFI, 1 - 200.0 - 201.0 
2 - 198.5 - 199'8 

c1 H H  ~ 1 - 1 ~  2 - 234.8 - 235.3 
3 - 234.3 - 232.8 

M H Bt CH3 2 -221.0 -218.3 
1 -213.7 -21  1.1 

Br H H  CH3 2 -241.5 - 238.1 
3 - 248.0 - 243.3 

H H CH3 CH3 192 - 182.0 - 183.5 
CH3 H CH3 H 2,4 -212.8 -213.4 
CH3 H H  CH3 223 - 2 16.3 - 2 10.0 

From IW. 53. Valucs in IIz at 40 SlHz,  rclativc to internal TLIS. 

TABLE 7. Couplings for alkyl ethylcnes 
(H,C,B,=Cd-=H2R)a 

J- 

Coupling -- - 
prorons R = H  CH3 C3H7 

cis Hw-H~B, 19-02 10.32 10.23 
irons HC,,-Hta, 16.8 1 17.23 17-03 
gem Ho,-HHo, 2.08 1.96 2.23 
Ibfc-H,,, 6-40 6.22 6.55 
Mc-cis H,o, - 1.75 - 1.66 - 1.51 
Me-from H,,) - 1.33 - 1.26 - 1.18 

In Hz. 
[Reprinted from Reference 56. J .  Am. Chcnz. SOL, 83, 231 (1961). By 

permission of thc American Chcrnical Society.] 
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proton is i.eplaced by a methyl group, that is when a three-bonds 
coupling is substituted by a four-bonds coupling, has a value of - 1, 
the above values indicate x contributions to the cis and trms couplings 
in ethylene of + 1.7 and + 1.3 Hz, r e ~ p e c t i v e l y ~ ~ .  

111. MULTIPLY SUBSTITUTED ETHYLENES 

A. Chemiccil Shifts 

have been carried out using n.m.r. s p e c t r o ~ c o p y ~ ~ - ~ ~ .  
A number of studies of geonictricaI isomerism about double bonds 

Table 8 lists 

TABLE 8. Differential proion 
and 13C shifts in cix and [runs 

CEr(=CHXa*b 

X H 1% 

c1 - 0.08 - 1.9 
Br - 0.38 - 7.0 
I - 0.76 - 17.1 

COzEt - + 5-0 
C O ~ M C  +0.525 - 

Valucs from Ref. 59. 
&cis - Gtrms, in p.p.m. 

the differential proton and 13C shifts for a number of syrnrnetrical di- 
substituted ethylenes. These data have been explained in terms of 
contributions from the anisotropic magnetic polarizability of the 
C-X bonds 64 according to the equation 

The C-X bonds are assumed to be axially symmetric with X ,  and&, 
thc longitudinal and transvcrse magnetic susceptibilities respectively ; 
R is the length of the line from nucleus i to the centre of the anisotropic 
group; and 6 is the angle between this line and the C-X axis. 
Structural factors (bond lengths, interbond angles) are assumed to be 
the same in the cis and trans structures. 

factor, the anisotropy contribution to the dif- 
ferential shifts should be decidedly greater for the lrans isomer. If the 
magnetic dipole is placed at  the X nucleus, for halogen bonds this leads 
to small positive shifts for the trans structures. If the paramagnetic 

Because of the 
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term is dominant the effect should parallel the polarizabilities of the 
X atoms, i.e., uI > crBr > uC1, as is observed. The  sign inversion for 
thc esters studied was ascribed to the fact that for the C=O group 
X, > ATL (T is now perpendicular to the plane of the trigonal carbon 
orbitals). 

However, the above explanation fails for the 13C shifts since, for 
identical bond lengths and structural angles, the carbon nucleus is in  
an identical magnetic environment in both isomers. For this case it 
has been proposed that the difkrential shifts arise from tlie greater 
steric interference in the cis isomer". This explanation is also ap- 
plicable to the differential proton shifts. It is assumed that, for the 
molecules of Table 8, there are appreciable contributions to the 
ground-state structures from thc rnesomeric forins 8 a i d  9, where X is 

- 
RO 0 R O  0 

\ +  // c-c 
H ' \H 

(9) 

capable of mesomeric electron release. Effective participation of 8 or 
9 requires planarity of these structures, which becomes difficult to 
attain in the ck isomers as the size of the substituent group rises. 
Since 8 would exhibit high field shifts, reflecting the greater shielding 
of C and H relative to the uncharged structures, and conversely for 9, 
the observed differential shifts are accounted for. The order in which 
these appear for the halogens is explained in terms ofdifferences in the 
magnetic anisotropy of the C-X and C=X + bonds. 

I t  is interesting that in the 2-substituted propenes, where steric 
interference of the type described above is absent, the differential 
shieldings are of opposite sign from those in the 1,2-disuSstitutcd 
ethylenes. 
are 0.00 (CI), 0.20 (Br), and -0.55 (CO,Me), all in p.p.ni., with cis 
and tram referring to the 2-substituent 

I t  has recently becn suggested that proton shifts in olefinic systems 
may be estimated by the use of additive incrcments (2,) for substi- 
tuents : 

For these 2-substituted propenes the values of 6,,, - 
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where 8 is in ppm with respect to internal TMS. The incremental 
shifts for a large number of substituents arc given in Table 9. Shifts 
calculated in this manner agree with the observed values with a stand- 
ard deviation of 0.15 ppni. 

Correlation charts for chemical shifts have proved useful in deter- 
mining structures and configurations of alkenes. Dietrich and 

TABLE 9. Values for incremental substituent shifts (2,)  

Z,  for R 
Substituent" 

R gem cis tronr 

--H 
--alkyl 
-alkyI-ring 
-CH20, -CN21 
-CHIS 
-CH2Cl, -CH2Br 
-CH2N 
-C&C 
-&N 
-C=C alonr 
-C=Cconj 
-C=O alonc 
-C=O conj 
-COOH alonc 
-COOH conj 
-COOR alone 
-COOR conj 
-CHO 
-CNO 
-COCl 
--OR, R aliph 
-OR, R conj 
-0COR 
-arornat 
-c1 
-Br 
-NR2, R aliph 
--NR2, R conj 
-SR 
--so2 

0 
0.44 
0.7 1 
0.67 
0.53 
0.72 
0.66 
0.50 
0.23 
0-98 
1-26 
1.10 
1 -06 
1.00 
0-69 
0.84 
0-68 
1 -03 
1-37 
1.10 
1.18 
1-14 
2.09 
1.35 
1 -00 
1 -04 
0.69 
2.30 
1.00 
1-58 

0 
- 0.26 
- 0.33 
- 0.02 
-0.15 

0.12 
- 0.05 

0.35 
0.78 

0.08 
1.13 
1.01 
1.35 
0.97 
1-15 
1.02 
0.97 
0-93 
1.41 

- 1.06 
- 9.65 
- 0.w 

0-37 
0.19 
0.40 

- 1.19 
- 0.73 
- 0.24 

- 0.04 

1.15 

0 
- 0.29 
- 0.30 
- 0.07 
- 0.15 

0.07 
- 0.23 

0.10 
0.58 

- 0.2 1 
- 0.0 1 

0.8 1 
0.95 
0.74 
0.39 
0.56 
0.33 
1.21 
0.35 
0.99 

- 1.28 
- 1.05 
- 0.67 
-0.10 

0.03 
0.55 

- 1.31 
- 0.8 1 
- 0.04 

0.95 

a Thc values given for ' R  conj' apply when cithcr R or the cthylcrie 
Thc term '3kyI- 

[Reprinted from Refcrcncc 65, Hclv. Cliim. Acto, 49, 164 (1966), by 

group is conjugatcd with another unsaturated group. 
ring' indicates that substitucnt R forms 3 ring with thc doublc bond. 

permission.] 
Z+C.A. 2 
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Keller 66 have prepared several bar charts showing proton shift ranges 
for various niolecular environments. Approximately 1500 proton 
shift values from over 700 compounds were used in preparing these 
charts. Stehling and Bartz 67 have also prepared correlation charts 
for both olefinic and non-olefinic protons in a number of alkenes. 
These charts were derived from the spectra of 60 allcenes. These 
authors describe several examples of structure determination using the 
correlation charts and also report coupling constant ranges for a series 
of alkenes. 

B. Coupling Constants 

In many instances coupling constants are probably more reliable 
than chemical shifts in determining geometrical configurations. As a 
gencral rule, for both mono- and disubstituted ethylenes Jt,,,, > Jcfs. 
A fair correlation has been shown to exist between both of these coup- 
lings and the sum of the electronegativities of the substituents68. The 
following additivity relations have been proposed for vicinal couplings 
in substituted e t h y l e n e ~ ~ ~ ~ ~ ~ :  

H,C=CHR I=,, = 11.7 (14.34 A€) 
jfron, = 19.0 (14.17 A€) 

RCH=CHR' j c l ,  = 11.7 (14.36 S A€) 
= 19.0 (14.17 Z A€) 

where A E  is the difference in electronegativity between R and hy- 
drogen. 

The variation in coupling constant with substituent electronegativ- 
ity is about five times as great in thc ethylenes as in the corresponding 
substituted ethanes. This sensitivity, together with the approxi- 
mately additive substituent effcct described above, accounts in large 
measure for the usefulness of coupling constants as a structural guide. 
Spin-spin couplings are also much less influenced, in general, by such 
complicating factors as magnetic anisotropy or solvents. (Solvent 
effects on couplings are not negligible in some cases, as %ill be dis- 
cussed later, but these effects .are of no consequence for cij and Il-atrr 
H-H couplings in the ethylenes.) 

IV. COMPOUNDSWITW MORETHAN ONE DOUBLE BOND 

Only the structurally simplest compounds will be considered here, 
specifically some butadienes and cumulenes. These are the corn- 
pounds whose spectra have been studied in the greatest detail. 
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A. 1,3-Butadiene and Derivatives 

By using deuterated analogues to obtain initial coupling values, the 
n.m.r. spectrum of butadiene has been completely analysed. The 
high resolution spectrum of this moiecule consists of about 90 peaks in 
two different spectral regions. The lower field region corresponds to 
the two interior protons, and the higher field region to the four ter- 
minal protons. The n.m.r. parameters determined for butadiene and 
some of its derivatives are given in Table 10. 

The chemical shift of the interior protons in butadicne occurs con- 
siderably downfield from ethylene (-346 Hz from cyclohexane at 
60 MHz). A similar shirt is observed For the C,,,-proton in propylene, 
a possible explanation for which could be based on the difference in 
anisotropy of the C-H and C-C bonds. Application of a similar 
axisotropy correction to butadiene (60 Hz to high field) as determined 
by an  empirical method70, brings the chemical shift of the interior 
protons to very nearly the ethylene value. The uncertainiy in the 
amount of double-bond character in the interior C-C bond of buta- 
diene renders the quantitative value of this correction somewhat 
tenuous. 

The chemical shifts in butadiene would be expected to reflect 
somewhat the 7r-electron distribution. Naive molecular-orbital cal- 
culations appear to support this e ~ p e c t a t i o n ~ ~ .  A good correlation 
has been found to exist between thc logarithm of the rate constant for 
Diels-Alder addition to maleic anhydride of the dienes in Table 10 (as 
well as isoprene and chloroprene) and the chemical shift of the proton 
a t  the B position71. This proton is probably the least affected by thc: 
anisotropies of the substituents, and hence could be expected to reflect 
more adequately the relative electron densities at this position for the 
compounds studied. The values for 2-t-butyl- I ,3-butadiene and 
2-rnethoxy-1,3-butadiene do not correlate as well as the other dienes. 
This is not unexpected for the former compound since it occurs pre- 
dominantly as a non-transoid structure at room temperature. From 
its chemical shift one would predict a smaller rate constant for this 
compound than is observed. This is understandable since the activa- 
tion energy for the reaction of 2-t-butyl- 1,3-butadiene would not contain 
a term for conversion from the s-trans to s-cir form. The non-con- 
formity of 2-methoxy-l,3-butadiene is probably related to the strong 
conjugation between the vinyl system and the methosy group, as 
evidenced by the extremely high-field values for the chemical shifts of 
the terminal protons ,9 to the methoxy group. 
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TABLE 10. Y.m.r. parameters for 1,3-butadicne and derivativesa 

H " 

H B  Y* 
\ /  

/ \ /  

XA' 

c=c 

H 6' 
/C=c\ 

H C  

X:  H CHSO (CH3)aC CI CI13 

Paramcter Y:H H I-I C1 CH, 
~ ~~ ~ 

- 26-4 - 289-7 - 276.5 - 294.7 - 
V A  

VA* -289.7 - 129*5b +21.4b - - 26*4b 
VU - 2 17-3 - 2 14.9 - 2 10.2 - 2492 - 208.0" 
V w  -217.3 - 158.1' -212.2 -249.2 -P08*Oc 
VC - 223.5 - 242.9 - 232.5 - 273.8 - 2 13.1' 
VC' -223.5 - 156.5' - 199.0 -273.8 -213.1' 

10.41 - - - J A  A' 
J A B  10.17 10.82 10.80 - 
J A W  - 0.86 0.00 - + 1 * o o c  - 
JAC 17.05 17.27 17.00 - 
JAC' - 0.83 0.00 +0-4OC - 

- 0.86 - JA'B  

J A W  10-17 - 
JA'C - 0.83 - 
J A Y 7  17.05 - 
JBB' 1 -30 1.50 0.00 I -90 
Jnc 1 -74 1.87 2.30 - 1-79 
J n c ,  0.60 0.57 0.00 0.55 
Jn*c 0.60 0.5 1 0.00 0.55 
J U V  1.74 -1.90' 1 a70 - 1.70 
JCC.  0.69 0.5 1 0.00 0-59 

- - 
- - 
- I 

- - 

nTablc reprinted from Ref. 71. 

(I Chcrnical shift of the mcthyl qroup. 

Spcctral parametcn cxprcssed in Hz at 60 MHz with 
respect to internal cyclohexanc. 

No analysis \\*as pcrformcd. 

Accurate to within 0.4 Hz. 
The signs cannot bc detcrmintd by the method cmployed hcrc. 

Assumed. 

Thc values givcn hcrc rcfcr to the ccntrcs of rather broad 
pcaks ( -  4 Hz). 

Howevcr, they are 
probably nrgative. 

[Reprinted from Ref. 71, Md. SPcclry., 12, 76 (1964). By permission ofAcadem& press, 
Inc.] 
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0. Cumulenes 

Since all of the protons in allenc are  cquivalent, its p.1n.r. spectrum 
consists of a single line from which only the chemical shift can be 
obtained. In  the vapor phase allene exhibits a shift approximately 
0.84 p.p.ni. to higher field than the protons in ethylene. This could 
arise largely from the diamagnetic circulation in the cyclindrically 
symmetrical n-electron distribution around the digonally hybridized 
central carbon atom (see LO). An equivalent magnetic shell expansion 
based on the semiclassical ring current model with two electrons 
localized in 2p orbitals whose effective radius is estimated from Slater 
functions, accounts for 2/3 of the observed difference 72 .  The proton- 
proton coupling cannot be obtained from the proton spectrum but has 

(10) 

been determined from the 13CH satellite pattern to be 7.0 &- 0.1 Hz'~. 
Such a coupling is much larger than observed in similar single bonded 
systems, undoubtedly as a result of contributions from the T system. 
Such contributions could originate from structures of the type 11. 

.H 
HZC-CECH 

(11) 

N.m.r. parameters have also been determined for a number of sub- 
stituted a l l e n e ~ ~ ~ - ~ O .  Values for the H-H coupling in several mono- 
substituted allenes are 6.3 & 0.1 (CI), 6-1 t. 0-1 (Br and I) and 
6-67 & 0-05 (CH,). Utilizing such data, an  additive substituent 
effect has been demonstrated for the four bond H-H coupling in 
CHR=C=CHR' and in the five bond CH3-H coupling in CHR- 
C=C(CH,)R' compounds 74. 

N.m.r. studies of butatriene, CH,=C-C=CE-I,, have been hin- 
dered by its tendency to polymerize. However, by cooling the com- 
pound to - 55"C, the rate of polymerization becomes sufficiently slow 
to provide satisfxtoiy spectra. Both the long-range cis and trans 
€3-H couplings were determined to be 8.95 Hz. This compares with 
Karplus' calculated value of 7.8 Hz for the 7 coupling in butatriene. 
The I3CH couplings were found to be 170.9 Hz as compared with 168-2 
Hz for allene and 156.4 Hz for ethylene. No simple relationship is 
evident among the chemical shifts of the three compoundsa1. 
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V. SPECIAL EFFECTS 

A. Medium Effects on M.m.r. Parameters 

The sensitivity of chemical shifts to the liquid medium (solvent and 
concentration effects, exclusive of contributions due to bulk suscepti- 
bility of thc solvent) is well known. Recent studies have shown that 
some coupling parameters in unsaturated systems are also influenced 
by the medium and should net, therefore, be described as ‘con- 
stants y 82-86. The resultant dependence of n.m.r. spectral patterns 
on solvent and concentration will naturally vary a good deal, reflecting 
the particular characteristics of various spin systems. Nevertheless, 
the topic is of considerable intrinsic interest with relation to the char- 
acteristic properties of the solute and solvent molecules under con- 
siderztion and their mode of interaction. 

These interactions may be specific in nature, involving preferred 
orientations and points of attraction between solvent and solute 
molecules. This introduces perturbations of electronic distributions 
and anisotropic magnetic influences which no longer average to zero. 
Both factors can affect chemical shifts and the former is capable of 
modifying coupling values. 

In many recect s td i e s  c?f medium-dependent couplings it has been 
possible to relate the variations to the dielectric properties of the sol- 
venta3. These observations have been accounted for in terms of the 
‘ reaction-field ’ theory 87 which may be explairxd in the following way : 
the electric dipole of a solute polarizes the surrounding medium 
(regarded as a continuum; and this polarization induces a secondary 
and reinforcing electric field, the reaction field, at  the dipole. The 
exteot to which this secondary field polarizes the solute dipole and 
alters the nuclear shieldings depends on the polarizability of the solute 
molecule. The functional relationship between the contribution to 
the shielding, u, of a solute proton and the hctnrs determining the 
reaction field, depends on the model chosen for the shape of solvent 
cavity containing the solute molecule. For a spherical cavitya7 

’) cos e 2(& - l ) (?P  - 
0 = -10-12x. 

3 ( 2 ~  + n2> CY 

and for an ellipsoidal cavityaa 

E - 1  
aoc 
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where e is the dielectric constant of the solvent; n is the refractive index 
of the solute for the sodium D line; p is the permanent dipole moment 
of the solute molecule and a is its polarizability; 9 is the angle between 
the X-H a x i s  and the direction of the reaction field ; c, b,  and c arc the 
axes of the ellipsoid; 4, is a shape factoro9; j? = n2ta/(l - f,)  and 
Xis a constant. Values of X vary somewhat depending on the model 
but are generally around 3-0. 

Concentration and solvent studies oCunsaturated solutes have shown 
their n.m.r. parameters to be functions of both the above. The mag- 
nitude of observed effects depends on both the polarity of the solute 
and the solvent molecules. The greater the polarity of the solute, the 
more marked are the concentration and solvent effects. In  general 
increasing the dielectric constant of the solvent results in chemical 
shifts moving toward lower-field strengths. The reaction field 
chemical shift should be linear in (e - 1)/(2e + n2) for a spherical 
cavity. 

TABLE 1 1. Solvent effects on the n.m.r. parameters of 
a-chloroacryloni trileaob 

Dimethyl sulphoxide 
Nitromethanc 
Acetonitrile 
Dimethylformamide 
Methyl alcohol 
Ace tone 
4-Hcptanonc 
Bromocthane 
Iodccthane 
Chloroform 
Bromoform 
C yclohexane 
Tetramethylsilanc 

- 395 
- 379 
- 377 
- 396 
- 380 
- 386 
- 383 
- 370 
- 373.5 
- 368 
- 374 
- 352 
-3351.5 

- 406 
- 385.5 
- 384 
- 407 
- 387 
- 394.5 
- 392 
- 376.5 
- 380 
- 374 
-381.5 
- 357 
- 357 

- 3.24 
- 3.04 
- 3.00 
-3.19 
- 2.93 
- 3.07 
- 2.94 
- 2-56 
- 2.52 
- 2.42 
- 2.46 
- 1.96 
- 1.96 

45 
35-10 
35.10 
35.05 
30.6 1 
19.75 
1 1 *72 
8.78 
7-42 
4.59 
4.2 3 
1.97 
1 -85 

N.n.r. parametcn are in H z  at 60 MHz. Chcmical shifu arc relative to internal TblS. 
v1 refers to proton cis to the chlorine atom. 

* Parameters extrapolated to infinite dilution in indicated solvents. 
At 35°C. From the American Instituteof Physics Handbook (McGraw-Hill Book Company, 

bVherc 

By pcrmission ofAmcrican Institute 

Inc., N e w  York, 1957), 1st. ed., pp. 134-142; and Nail. Bur. Sfd. (U.S.) Circ. 569. 
givcn at another tempcrature they were corrccted to 35°C. 

[Rep:inted from Ref. 83, J. C/iem. Phys., 42, 228 (1965). 
of Physics.] 
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The effects of medium on the parameters of a highly polar com- 
Table 12 shows pound, a-chloroacrylonitrile, are given in Table 11. 

thc effects observed in monosubstituted ethylenes. 

TABLE 12. Solvent eflccts on the n.m.r. parameters for vinyl compoundsa 

Substitucnt Solvent" VU Vtrans Vela Jets Jtrans J o e ,  

CN neat 
CH 
DMF 

F CH 
DMF 

c1 neat 
CH 
DMF 

Br neat 
CH 
DMF 

I neat 
CH 
DMF 

- 343.79 
- 328.10 
- 364.02 
- 388.57 
-413.40 
- 374.82 
-371.12 
- 395.02 
-- 385.88 
- 39 1-90 
- 404.70 
-391.72 
- 389.40 
- 408.02 

- 364.62 
- 346.20 
- 375.75 
- 258.80 
- 276.73 
- 32 1 '07 
- 316-08 
- 334.29 
- 356.57 
- 350.30 
- 367.24 
- 394.35 
- 386.35 
-401.42 

- 372.19 
- 358.00 
- 383.25 
-281.42 
-291.71 
- 326.77 
- 323.72 
- 33447 
- 348.23 
- 344.69 
- 354.97 
- 373.84 
- 370.65 
- 379.57 

1 1.75 
1 1.65 
11-81 
4-70 
4-63 
7.14 
7-16 
6.95 
7.15 
7.27 
7.00 
7.8 1 
7.83 
7.78 

17-92 
17-89 
17.88 
12-68 
12-47 
14-79 
14-78 
14-64 
15.01 
15-10 
14-87 
15-89 
15-82 
15.82 

0.9 1 
1.20 
0.96 

- 3.06 
- 3.39 
- 1.48 
- 1.28 
- 1.67 
- 1.80 
- 1.59 
- 2.05 
- 1.47 
- 0.88 
- 1.52 

Parametcrs are in Hz at 60 MHz. Chemical shifts 2re rcfercnccd relative to internal T;L?S. 
" The valurs of all paramcters in cyclohexanc (CH) and dimethylformamidc (DhiF) havc 

[Reprinted fro= Ref. 83, J. Chcnt. Phys., 42, 228 (1965). By permission of American 
becn extrapolated to infinite dilution. 

Institute of Physics.] 

The difficulty in estimating reaction-field contributions to n.m.r. 
parameters lies in the corrcctions necessary for other factors contributing 
to the magnitude of these parameters. One such attempt at cor- 
recting for the effect of other I'actors on the chemical shift involves the 
simultaneous study of cis and trans isomers. The dichloro and di- 
bromoethylenes have been studied in this mannerg0. All four have 
proton S F C C ~ ~ Z  cmsistiilg of a single peak. The cis forms are dipolar 
and should experience a reaction field, whereas the trans forms are 
non-polar and should be unaffected by changes in the dielectric con- 
stant of the medium (to first order in the reaction field). Since the 
shapes of the corresponding cis and trans forms are rather similar, it 
may be anticipated that magnetic and dispersion interactions with 
any one medium are very nearly the same. Subtraction of the chemi- 
cal shift. of the trans fiom the cis form should isolate the contribution of 
the reaction fieId to the total proton shift of the cis form". When the 
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shifts so obtained in water-dioxane solutions are plottcd against the 
dielectric function of such solutions, good correlation is obtained. 
The 13CH couplings of the dichloro and dibromocthylenes are also 
found to be sensitive to concentration and solvent effectso5. 

Medium efSects on J13cII and vH are. most pronounced a t  positions 
o! to the substituent, suggesting that a more specific and localized form 
of solvent-solute interaction, influencing the halogen atom, may be 
involved. Such interaction could be dipolar jn nature and not 
entirely unrelated to the general dielectric properties of the solution. 
Variations in the C-Cl stretching frequencies of G ~ S -  and trans-di- 
chloroethylene have been explained in terms of a combination of 
dipolar interaction and dielectric effects in polar solventsg1. Table 13 

TABLE 13. Comparisona of the solvent dependence ofn.m.r.b and IRC 
parameted in sornc halogenated ethylcnes 

C.?mpound A V H  AJCH ACc-H A L C - X  

cis-CzH2Clz 20.47 2.97 9.6 9.7 
I ~ u w - C ~ H Z C ~ ~  19.60 2.40 16.8 10.5 
1,l-CZHzC12 13-80 0.73 14-2 9.5 
cis-C2H2Br2 16.35 2.70 19.9 6.2 
irans-C,H2Br2 16.30 2.00 19.6 8.5 

a From Ref. 85. 
Values in I<;<; concentrations are 50 mole pcr ccnt. 

c A; values in cm-1; concentrations arc 4-9 mole pcr ccnt. 
A(paramctcr) = ]parameter (Dh1F)-pnramctcr (CI-I)I. 

[Reprintcd from Rcf. 85, f. dfof. Spcrhy., 17, 348 (1965). By permission of 
Acadcmic Press, Inc.] 

shows how changes in J1acH and the chemical shift for the dichloro- 
and dibromoethylenes correlate with changes in the C-H and C-X 
stretches. With certain types of solvents, those containing particu- 
larly strong donor centres, specific interactions with the protons of 
unsaturated molecules become important 02. If the interactions are 
strong enough to hold the solute and solvent molecules in a fixed 
geometrical arrangement for a period of time, long by comparison 
with that required for an n.m.r. transition, the anisotropy in the solvent 
molecule wilt affect the shifts of the solute protons. This was patent 
when thc effects of nonaromatic with aromatic solvents were compared 
on the highly polar solute molecule a-chloroacrylonitrile 92. T h e  
additional downfield shift experienced by the solute protons in 

2*  
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aromatic solvents can be understood in ternis of an equilibrium 
between complexes such as 12 and 13. 

V. S. Watts and J. H. Goldstein 

X 

(12) (1 3) 

If the lifetimes of the above complexes are sufficiently long on the 
n.m.r. time scale, the effect of the anisotropy of the aromatic ring on 
the pioton skifts can be calculated for configuration 12 by assuinir;g 
the separation between the ring and protons equal to the sum of the 
Van der Waal's radii involved. The contribution of the aromatic 
anisotropy to the solute proton shifts is decreased as interactions of 
type 13 increase in relative importance. I t  is pssible in same cases 
to correct for this anisotropy contribution with reasonable success 92. 

Since the magnitude of solvent shifts varies with the geometrical 
position of a proton in a solute molecule, solvent effccts call be used to 
increase the separation in chemical shift between protons, thereby 
simplifjring spectral analysis 93. 

B. Hindered Rotation About Single Bonds in Alkenes 

The existence of distinguishable rotational conformers about a 
C-C bond adjacent to a double bond, has been demonstrated through 
substituent series, and solvent and temperature studies of the n.m.r. 
spectra of the compounds concerned 94-98. The microwave spectrum 
of propylene indicates that its most stable conformation is that in 
w l k h  a methyl proton is eclipsed with the vinyl metliylene group 99, 
but rapid interconversion averages the couplings to the methyl 
protons to a single value. 

The iiiciiia: pTOtGZ-piG%ii coupkg constants foi protoils on the 
CSPZ - Csp3 bond have been determined to be the samc within expei-i- 
mental error for propene, 1-butene and I - h e ~ e n e ~ ~ ~ .  This obser- 
vation is in agreement with 2 sets of postulates: ( I )  I-butene and 
1 -hexene may exist predominantly as different conformers and the 
H-LC,,~ - CSp3-H coupling constant is independent of the H-G- 
C-H angle; or (2) the coupling constant dependson the H-C-C-H 
angle but the conformers of the two molecules are about equally 
populated 96. The xcond alternative was confirmed by substituting 
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the tetrahedral carbon with alkyl groups large enough to interfere 
sterically with the terminal vinylic methylene group. The  attendant 
changes in the H--Csp2-Csp~ -H coupling are most reasonably 
explained in terms of population changes of probable rotamers 96. 

Values for the couplings of interest are given in Table 14. 

TABLE 14. Coupling parameters in some hindercd olcfins 
(R2R3C=CH'-CHR"R4')" 

Ra R3 R4 R4' Ji.2 Ji.3 J i . 4  J2.3 J2.4 J3.4 

- 
H H CH3 CH3 10.37 17.22 6.41 1.74 - 1.17 - 1.43 
H H H  i-C3H7 10.13 17.02 7.00 2.05 - 1.15 - 1.43 
H H H  t-CdHg 10.02 17.10 7.46 2.37 -0.94 - 1.32 
H H /!-C,H, t-C,Hg 9.97 17.01 10.65 2.63 -0.10 -0.63 
CHZ CH3 t-C,H, I-C,H, -1.25b -1*25b 11-37 - - - 

From Rcf. 96. Valucs in Hz. 
Ju-cn,. 

In  the 3-monoalkylpropenes and 3,3-dialkylpropenes J for H- 
Cspa-CSp3-I-I, assumed to be a function of angle independent of sub- 
stituents, may be expressed in terms of characteristic values for vicinal 
H-H coupling constants betwecn protons in particular cor,forma- 
tional arrangements and the relative populations of these conforma- 
tion~~*. Thus, if the three probable stable rotaniers 1616 are present 

R R \  ,' H H, ,' 

c=c,' ',, 
H' H /  t4  H/ H 

H4, ,Ha'  
C' C' 

H\ c-c/ 'H 
C' 

H\ H3\ 

\ \ 
c=c/ 'R 
/ \  

Ha 

(14 (15) (16) 

in the proportions x : x :  (I-~x), the observed coupling J1,4 may be 
related to the characteristic values for coupling between gauche hydro- 
gens, .I,, and trans hydrogcns, Jt, by the expression 

J L 4  = x.Tt + (1 - x)J, 

J1.R = 2 4 7 , R  + (1 - 2 X ) J t . R  

If R is some atom capable of coupling with H, then 

An expression of the same form would describe the H-Cspz- 
CSp3-H coupling in the 3,3-substituted propenes. Such expres- 
sions have been used, together with the assumptions that propene 
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and 1-butene exist cssentially as 1 : 1 : 1 mixtures of rotamers and that 
3-t-butylpropene exists essentially in two forms, to calculate an upper 
limit of 3-9 Hz for Jg and a lower limit of 11.1 Hz  for Jt. 

For a number of allyl compounds the coupling parameters have 
been determined 8738. By analogy with propene the important 
conformers are again considered to be 14-16, and the observed 
coupling will be given by 

where PJ2,  Pb/2 and P, are the populations of rotamers 14, 15 and 
16 respectively, with Pa = Pb. Using observed values of J1,4 after 
correction for the effcct of'substitucnt electronegativity, E, according to 
theequation 

and the values of J ,  = 3.7 Hz and .J, = 11 -54 €€zg6, the populations 
of the coilformers in several allylic compounds have been calculated. 
They are Pa = 0-78 (allyl chloride), 0.95 (allyl bromide), 1-0 (allyl 
iodide), 0.74 (allylbenzene) and 0.44 (allyl cyanide). Equal distri- 
bution in the three forms would give Pa = 0.66. The  above con- 
clusions are consistent with the variation in the long-range coupling. 

T h e  fluoropropenes present the possibility of calculating populations 
and equilibrium constants from both the H-H and H-F couplings. 
From a temperature study of the H-H and H-F couplings in allyl- 

J = 8.4 - 0.4 E 

i d m e  fluorid; it has been concluded 
for the configurations 17 and 18 is in 

H 

\ 
H 

(17) 

- -  
that the difference in enthalpy 
the range 0-5-1.4 kcal/mole. 

Another interesting temperature study of rotational Isomerism has 
been carried out using compounds containing no hydrogen. These 
were compounds of the type CF2=CFY in which Y was CF,, CF,Cl, 
CF,Br, CF,I and COF. The  F-F couplings were studied and con- 
clusions very similar to those obtained from studies of H-H couplings 
in  systems with F replaced by H, were reached Io1. 

Values for the long-range H-H couplings in compounds of the type 
H,C=CY-CH2X have been found to depend markedly on solvent 



1. Nuclear Magnetic Resonance Spectra of Alkencs 29 

polarityg5. The long-rangc coupling in a system of this type is 
expected to be determined principally by the 7r contribution discussed 
earlier 

where the sum is taken over the triplet (T) states. The  hypefine 
splitting constant for the allylic proton, aHt, depends on the square of 
the cosine of the dihedral angle, 4, betwecn the n axis of the central 
carbon zr;d the CCH plane. Thus, the observed cis, 1,3 coupling 
constant should show the approximate angular dependence J = Jo  
cos2 4. If more than one methylece proton is involved the coupling 
must be averaged over both the bonds and the motions. The  following 
classical exp-ession has been used for H2C=CY-CH,X systems 

by making two simplifying assumptions: ( I )  that J ,  as derived from 
equation ( I )  is unaffected by allylic substitution in propenes and (2) 
that the potential function V(+) can be replaced without serious error 
by a delta-type function which is infinite everywhere except at  the 
angles 4% and &., corresponding to the two potential minima indicated 
by the doubled C=C, C-C, stretching and =CH2 bending modes 
in the i.r. spectra of the compounds studied. 

Under the above assumptions Jp (i.e. J for the angle &) is inferred 
to be x0.7 Hz and a correspondhg maximum value of 2.1 Hz is 
inferred for JN. The dependence of these values on the dihedral 
angles involved, lead to 19 and either 20 or 21 as the stable 
conformers 95. 

P ,c=c ii L -= 

H' 
\ 

Y 

ti' 'Y H' Y 
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Confornlcr 21 may be eliminated on the basis of the direction of the 
solvent effect. Conforrners 20 and 22 would be expected by analogy 
with propylene, however, electrostatic repulsion between the halogens 
might be expected to alter 22 to some extent in the direction of 19. 

The qualitative trends of substituent effects on j 2  in the 2,3-disub- 
stituted propenes may be rationalized in terms of structures 19 and 20 
as follows : For negatively polarized 2-substituents, both increasing 
electronegativity and decreasing size across a series Z = I, Br, Cl in 
the 3-substituent should favouI* 20 over 19 accounting for the observed 
order .f2(Z = C1) > J2(Z = Br) > J2(Z = I) for Y = CI, Br. If 
the 2 substituent is fixed and negatively polarized, then increasing 
electronegativi_ty of the Y substituent should favour 20 whiie decreasing 
size night favour 19. Since the polarizations, as indicated by bond 
dipoles, are nearly equal :or Y = C1 and Y = Br, then the latter 
effect should predominate, leading again to the observed order 
Y2(Y = Br) > J2(Y = Cl). If  the Y substituent is positively 
polarized, as in the case of methyl groups, both steric and electrostatic 
effects should fa\.our 19, and values of Jz close to the predicted 
minima have been observed in both polar and non-polar solventsg5. 

The added potential energ). of the molecular system due to a solvent 
reaction field in the Onsager treatment, may be given by 

E, = -[2( & - 1)/(2& + l)](p2/2) 

where E is the solvent dielectric constant, p the solute dipole moment 
and a the radius of a spherical cavity surrounding the solute molecule. 
The energy difference between 19 and 20 in any solvent may be 
approximated as 

where Nis Avogadro's number; d and iM are the density and molecular 
weight of the liquid solute; AE, is the energy difference between iso- 
lated molecules of 19 and 20; and p1 and p2 belong to 19 and 20 
respectively. The  equilibrium constant between 19 and 20 may be 
expressed as 

esp [ - A E I R T ]  

where X, and X ,  are the mole fractions and 2, and 2, are partition 
functions for the isomers. A factor of 2 is included for 19 to allow for 
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the equivalent conformation obtained on rotation through 180". Such 
a calculationQ5 yields an equilibrium constant of 1,905 for 2,3- 
dichloropropane in benzene and an energy difference between the two 
isomers of 9 14 cal/mole. 

VI. APPLICATIONS TO COMPLEX SYSTEMS 

Because of the now almost universal use of n.m.r. spectroscopy as a 
structural aid, any attempt a t  coriiprehensive coverage of applications 
to alkene systems within present space limitations would be impossible. 
The  applicztions covered in this section represent a sampling from the 
re1ati;ely recent literature. 

A. Cyclic Monoolefins 

The variation of coupling parameters with ring size in cyclic olefins 
has been the subject of several studies102-104. Chapman has shown 
that the vinylic coupling in cis cyclic olefins varies appreciably with 
ring size but is not too dependent on substituentslo4. Ranges ofvalues 
found fbr 5-, 6-, 7-, and 8-membered rings were: 5.4-7.0 Hz, 9-9-10.5 
Hz, 9.7-12-5 Hj:, and 11-8-12.8 Hz, respcctively. Similar observa- 
tions were also made by Laszlo and von R. Schleyerlo3. Smith and 
KrilofPo2 have reported coupling values for a number of unsubsti- 
tuted cyclic monoolefins (23). These data reveal the variation of 

with ring size and suggest correlations between J1,6 and J1,G with 
dihedral angle. 

Roll and colleagues lo5 have applied double-resonance (decoupling) 
techniques in their study of some 5,6-disubstituted bicyclo[2-2.2]oct- 
2-enes (24). The vinylic protons were assigned and an allylic coup- 
ling of 1-5 Hz was established. Dccoupling methods were also used 
by JcSxd and coworkersloG in investigating the n.m.r. spectra of a 
series of substituted bicyclo[3-2~l]oct-2-enes. I t  was shown that 
although the skeleton permits the occurrence of three kinds of long- 
range couplings (W-plan, homoallylic, and allylic), only the first 
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two are actually observed. Hanna and Harrington lo7 have investi- 
gated the long-range couplings in the spectrum of 4-vinylidenecyclo- 
pcntenc in relation to the Karplus theory of rr-electron contributions to 
spin couplings. A largcr splitting is predicted here than for the case 
of methylallene. The spcctra of 33 stereoisomeric alkyl cyclohexenes 
have been studied by Lippmaa and coworkers lo6 who found the pro- 
tons to be at lower ficld in the cis isomers as compared with the 
trans structures. 

The con formational mobility of some 1,3-dithiepenes (25) and 1,3- 
dioxepenes (26) 
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(25) (26) (27) 

have been investigated by Freibolin and coworkers109. The chair 
and twist forms of these rings exhibit characteristic differences which 
permit the determination of their conformation by n.m.r. methods. 

8. Cyclic Compounds with more than One Double Eond 

An early investigation of bicycloheptadiene (27) was reported by 
hIortimer1l3 working at  40 MHz. An unusually small coupling of 
3.45 & 0.1 Hz was observed for the two pairs of olefinic protons. 

Guentlier and Hinrichs 110 havc reported parameters for a number 
of substituted cyclic 1,3-liexadienes and 1,3,5-heptatrienes. The 
following differences were noted in the couplings for the two types of 
systems: Jl,2 (diene) < Jl,2 (triene); J1.3 (diene) > J1,3 (triene); 
and J3,4 (diene) > J3.4 (triene). The sum of the 1,3 and 1,4 coup- 
ling constants was about 10 Hz for the dienes and about 6 Hz fcr the 
trienes. 

Anet has obtained n.m.r. spectral evidence for non-planarity of 
cyc1oheptatricr.e at - 150°C. At this temperature two bands iverc 
observcd in the methylene region. An activation energy of 6.3 
kcal/molc was reported for thc inversion process. Jensen and 
Smith 112 have also studied the low-temperature ( - 170°C) spectrum 
of cycloheptatrienc and 7-deuterocycloheptatriene in CF3Br and 
concluded that the former is a mixture of rapidly interconvcrting con- 
formers. In  the latter the conformer with 2H syn to the ring is the 
more stable form. The results suggest that in cyclohexane the axial 
position would be preferred for deuterium. The structure and con- 
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formation of ck,cis,ciS- 1,4,7-~yclononatriene have been confirmed by 
Untch and Kurland 'I4, using proton-proton spin decoupling to be 
27s. The arguments leading to the acccptance of this conformation 

(27a) 

are: (a)  the AB quartet of the decmpled mcthyiene protons in the 
Iow-temperature spectra vcrify that thcre is only one type of nicthylene 
hydrogen pair, thus eliminating the alternative saddle conformation ; 
( b )  the single sharp pcaks in the high-temperature spectra prove the 
magnetic equivalence of the olefinic protons and that of the methylene 
protons; (t) the HX and HX' patterns observed at  low temperature 
when each type of methylene proton is irradiated in turn are decidedly 
different, thus substantiating the magnetic equivalence of the olefiiiic 
protons; (d) the irradiating frequency range necessary complctely to 
decouple HA and H", Elx' is quite narrow. Chemical shift values for 
cyclopentadiene, I-rnethylcyclopentadiene and cycloheptatriene have 
been reported by Strohmeier and coworkers l15. 

Couplings of 7.4 to 11 Hz have been reported between the 1- and 
4-protons of unsymmetrically substituted lY4-diliydrobenzenes but the 
stercochemistry of these compounds is still in some doubt116. In the 
case of 1,4-dihydrobenzoic acid and 1,4-dihydrobiphenyl there is no 
chemical shift difference between the two CH2 protons, which also 
couple equally to the mcthine proton. This may be associated with a 
boat-boat interconversion process between 28 and 29. 

(28) (29) 
(X = Ph, COOH) 

C. Norbornenes and Norbornadienes 

Davis and Van Auken117 have used decoupling methods to obtain 
complete analyses of the n.m.r. spectra of three endo-exo pairs of 2- 
substituted norbornencs. The endo-endo vicinal couplings are smaller 
than the exo-ex0 vicinal couplings. The bridge proton xyn to the 
doub!e bond is not always at  higher field than the anti bridge proton. 



34 V. S. Watts and J. H. Coldstein 

Laszlo and von R. Schleyerll* have used 13C-H satellites and 
selective solvent effects to assign all protons and determine all the 
couplings for several norbornene derivatives. The existence of 
virtual coupling reduces the information readily available from the 
usual spectra of these molecules. The vicinal couplings were found 
not to depend solely on dihedral angles. There are indications of 
long-range couplings between the syn-7 proton and the endo-5 and 
etrdo-6 protons, as well as between the anti-7 proton and the olefinic 
protons (2 and 3). Allylic (1,3) and olefinic (1,2) couplings were 
found to have the same sign. The 13C-H couplings varied regularly 
with the C-13C-C angle. 

Snyder afid Franzusllg have studied a number of 7-substituted 
norbornenes and norbornadienes and established criteria for con- 
figurational assignment of the 7-substitucnt with respect to the double 
bond. These criteria are: (I) bridge H couples to anti vinylic H by 
0-8 Hz ; (2) the sum of vicinal and allylic couplings between bridgehead 
H and vinylic protons is greater when syn to bridge H; and (3) 
bridge H is more shielded when syn to double bond. These long- 
range couplings and the delocalization of the bridge C orbitals are 
related to abnormally fast soivolytic reactions in these systems. 

D. Miscellaneous Applications 

SIomp and Wechter 120 have used n.m.r. spectra in characterizing 
the structures of oximes of a,@-unsaturated carbonyl compounds. 
The  method is based on the interaction between the oxime OH with 
H atoms on adjacent carbon atoms. For the oximes ofisophorone it 
was shown that OH is near the olefinic H in the ~ y n  form, and near the 
equatorial methylene H in the anti form, Karabatsos and coworkers121 
havc used both sllir'ts and couplings, as well as solvent effects, to deter- 
mine the isomeric structures of a number of oximes. Tidd123 has 
used n.m.r. spectra to investigate cis-trans isomerism in 2-methylpent- 
2-enyl thiiolacetate. 

Stothers and coworkers 123 have recently analysed the vinylic p.m.r. 
spectra of 23 substituted styrenes. The series studied includes twelve 
meta- and para-substituted and ten ortho-substituted compounds. The 
effects of steric inhibition of conjugation on the vinylic proton para- 
meters are considered in detail, and the vinylic proton shifts are com- 
pared with the corrcsponding vinylic 13C shifts. Matsouka 124 has 
calculated the @-proton shieldings for styrene and for a number of 
other derivatives of ethylene. Reasonably good results were obtzined 
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for styrene in accord with the planar model for the molecuie. Devia- 
tions in the case of bromoethylenes may he attributed to anisotropy 
effects caused by d orbital deformation. 

it.m.r. spectra have been useful in investigating the structures of the 
addtlcts of addition reactions of unsaturated compounds. Bystrov 
and coworkers 125 have described such ar, application for thc reaction 
between substituted cyclopentadiencs with maleic anhydride. Weir 
and Hyne126 have used n.m.r. evidence to support a proposed cyclic 
structure as the product of the base-catalysed dimerization of alkyli- 
denemalononitrilcs. 

Ouellette and coworkers127 have carried out dilution studies to 
determine the chemical shift at  infinite dilution of the hydroxyl proton 
in some 1-vinylcyclohexanols. The results were used to establish 
conformational preferences i n  these structures. 
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I. INTRODUCTION 

T h e  properties of carbonium ions and carbanions are significantly 
influenced by proximate alkene functions. This chapter on ions con- 
taining alkene groups concentrates particularly on stability and on the 
closely interrelated subjects of geometry and bonding. When these 
aspects of the ions are understood, their chemical behaviour often is 
predictable fiom our experience with their saturated counterparts. 
The  formation and chemical reactions of an ion will be discussed only 
to the extent that they present unusual features or have received little 
previous review. 

The  nature of the effect exerted by the alkene function is dictated by 
its distance from the formally charged carbon. In vinyl ions (l), the 
formal charge is placed directly on L carbon of the double bond. In  

\ I I  / 

/ / \ / I \  
c=c-c-c + (-) \ I /  c=c- c=c-c + (-) 

ally1 ions (2), the charge is conjugated with a double bond. However, 
in  the formally non-conjugated ions (3), any major interaction must 
depend on b o d i n g  across intei-vening saturated carbon atoms. 

It seems more natural to consider together the cations and anions of 
these categories than to attempt to discuss together the different ions of 
like charge. The section on each category will begin with a brief dis- 
cussion of the predictions about the properties of the cation and anion 
that can be made on the basis of current theory. Separate subsections 
will then summarize experimental observations relevant to the pro- 
perties of the carbonium ions and the carbanions. 

I n  this brief chapter it is impossible to refer to all pertinent studies, 
and consequently selection has been unavoidable. However, an 
effort is made to refer to other reviews that consider these ions. Other 
important topics relevant to the considerations of this chapter, but 
omitted for lack of space: include the effects exerted on carbonium 
ions and carbanions by aryl and alkyne functions, often similar to 
those exerted by alkene functions, and the behaviour of the related 
free radicals, often relevant to the prediction of properties for the 
carbonium ions and carbanions. 

When possible, information obtained by direct studies of stable 
solutions of the ions is emphasized. However, where the ions have 
yet to be prepared as long-lived species, propexties must be inferred 
from kinetic and product studies of chemical reactions. The usual 
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assumption will he made throughout this chapter that properties of 
transition states that lead to and fiom reactive intermediates bear 
considerable resemblance to the intermediates themselves l. 

The properties and reactions of carbonium ions ",.*a and carbanions3 
czn be influenced significantly by interactions with the counterions and 
with the solvent. This chapter will often skirt these complexities that, 
although important, certainly are not unique to the categories of ions 
considered here. However, some interactions are so significant in 
considering the data related to carbanions that they are discussed 
briefly below, rather than in subsequent sections. 

I t  would be ideal to discuss carbanions having a minimum of specific 
bonding to a particular cation, or at  least to have such bonding remain 
constant tlzroughout the series of carbanions to be considered. How- 
ever, this ideal is rarely approached and some studies are concerned 
with species that clearly are not carbanions at  all. 

Ions of sodium, potassium, and the heavier elements of group IA 
should generally have the weakest interactions with carbanions 4. 

Some experiments to be discusscd involve such organometallic com- 
pounds z s  trz~sient intermediates, but the extent to which they ionize 
in solution is not well established. The insolubility of thcse com- 
pounds in hydrocarbons and their rapid attack on the more polar 
solvents in which they might have greater solubility are responsible 
for the paucity of information concerning their nature in solution 4 * 5 * 6 .  

Some compounds of these metals with resonance stabilization by groups 
such as aryl can be studied in solution. The properties of even these 
resonance stabilized carbanions can be significantly affected by ion- 
pairing with a cation'. Even less is known about thc nature oforgano- 
metallic compounds of calcium and the heavier elements of group 

Organolithium and Grignard reagents are sometimes the most 
polar species for which certain information is available. Therefore, 
the nature of these reagents in solution and particularly the degree to 
which they approximate carbanions must be considered. 

Aikyllithium reagents exist in hydrocarbon solutions as discrete 
tetramers or hexamers, the more highly branched alkyl groups ap- 
parently favouring tetramer formation. The electron-deficiency of 
the lithium is inet in these structures by formation of 'electron- 
deficient' bonds to several carbons. In more polar solvents such as 
ethers and amines, interactions with the solvent are significant and the 
polymeric structures are degraded, though probably not significantly to 
monomers. Lithium reagents with significant resonance stabilization 

11~4.8~9. 
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by groups such as aryl generally have the properties expected for 
ionization to carbanions, though ion-pairing and solvent interactions 
remain significant. The problem of the structures of alkyllithium 
co:npounds has recently been reviewed lo. 

Though Grignard reagents possess polar C-Mg bonds, extensive 
ionization does not occur except to carbanions that have very large 
resonance stabilizations. The structures of Grignard reagents and 
their degree of association in solution have long been matters of con- 
troversy. However, it is now thought that Grignard reagents are 
monomeric in dilutc solutions in tetrahydrofuran. The bromides and 
iodides are monomeric at low concentration, even in ether, though 
apparent molecular weight increases with increasing concentration 
and in some caws approaches that of a dimer. The chiorides are 
largely dimeric, even at lower concentrations. The dominant 
monomeric species probably is RiMgX, though this species must be in 
equilibriuni with R,Mg. 

2 R M g X  .A RzMg + MgXz 

The ethereal solvents in which Grignard reagents ordinarily are 
studied become integral parts of the reagent by bonding strongly to 
the magnesium. The structural problem of Grignard reagents has 
been reviewed recently1’. 

II. VINYL IONS 

A. Introduction 

The formally charged carbon in a vinyl cation or anion also is a 
carbon of the double bond. The natiire of this carbon, disubstituted 
instead of trisubstituted as are carbons that bear or share the charge in 
the carbonium ions and carbanions more commonly considered, has a 
dominant influence on the properties ofvinyl ions. 

A linear geometry (4) in which the charged carbon has 5 -  hybridiza- 
tion and a bent geometry (5) in which this carbon has sp2 hybridiza- 
tion are extremes to be considered for these ions. 

(4) 
linear 

(5) 
bent 



2. The Propcrties of Alkene Carbonium Ions and Carbanions 43 

A linear geometry should be morc favourable for the cation. In 
this geometry, thc sj3 bonding orbitals utilize all of the s character and 

bonding electron pairs are as close to the nucleus and yet as remote 
from each other as possible. The vacant orbital, p as in saturated 
cations, uses none of the s character. Alteration of a linear vinyl 
cation to a tent geometry requires promotion of one-third of an elec- 
tron from an s to a p orbital. Charge density in the unsubstituted 
vinyl cation has been calculated using an extended Hiickel method 12. 

The disubstituted carbon of a linear vinyl cation is predicted to have a 
slightly greater electron deficiency than the trisubstiiuted carbon of the 
ethyl cation. 

A Sent geometry is predicted for the vinyl anion on the basis of 
similar reasonifig. Such an anion has the nonbonded electron pair in 
an orbital (sp") of maximum s character. The isoelectronic species 
(6) containing carbon-nitrogen doubIe bonds are well known to 

assume this geometry. A vinyl anion is expected to be more stable 
(relative to neutral precursors) than are saturated carbanions; the 
unshared electron pair in a vinyl anion is favourably placed in an 
orbital having greater s character and therefore closer to the nucleus 
than the $3 orbital presumably occupied by the unshared electron 
pair of a saturated carbanion. 

B. Cations 

reviews 13*14. 
The properties of vinyl cations are discussed cxtensively in recent 

1. Stability 

Scant systematic consideration was devoted to vinyl cations as 
reaction intermediates until quite recently. A widely accepted im- 
pression that they were much less stable than saturated cations and not 
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likcly to be cncoun tered as reaction intermediates inay have been 
partly responsible. In fact, vinyl cations (8)  probably are more stable 

(7) 
RCHd < RC+=CH, < RCH+CH3 

(8 )  (9) 
increasing stability 

than the corresponding primary cations (7), though somewhat less 
stable than the corresponding secondary cations (9). Reference is 
made here to thermodynamic stabilities of the ions relative to suitable 
precursors. 

Mass spectral studies provide the most direct evidence concerning 
stability. Data for formation of the vinyl cation and other simple 
ions by impact of eiectrons on neutral precursors are summarized 
in Table 1. The energy needed to form the vinyl cation is inter- 
mediate between the energies needed to form the methyl and ethyl 
cations in the equivalent reaction process. I t  seems probable that the 
energies of the cations fall in the order of the energies needed to generate 

TABLE 1. Appearance potentials of cations and ionization 
potentials of radicals 

Appearance potential for Ionization 
RX + e- -+ R+ + 2e-  + X. Potential of 

X = C l a X = B r a  X = I "  X = H  R.* 
R+ (e.v.) (e.v.) (C.V.) (e.v.) (e.v.) 

CH,+ 
CH~-ICH+ 
CH3CH; 
CH,CH,CH; 
CH,=CHCH,+ 
(CH,),CH+ 

CH3 
I 

CH,=CCH; 

13.5 13.2 12.36 14-3gb 
12.81 14-OOc 
12.2 11.4 11.0 I 2.aob 

1 1*95b 
1 1 *08 10.45 9.74 1 1 ~ 7 3 ~  

9.40 
9.15 

10.27 

9.95 
9.45 

8.69 
8.16 
7.90 

8-78 

8.03 
7.7 1 
7.42 

a Prom the compilation by A. Maccoll in The T r o n d i o n  Sfafe, Spccial Publication No. 16, 

b From F. H. Ficld and J. L. Franklin, Efecfron Inlpocf Phcnornetia and fhe Propd ies  of Gaseous 

c A. G .  Harrison and F. P. Lossing, J. Am. Chcm. SOL, 62, 519 (1960). 
d Sclcctcd from the tabulation of values in F. P. Lossing in Mass Specfronufry (Ed. C. A. 

The Chemical Society, London, 1962, p. 159. 

Ions, Acadcmic Press, Inc., Ncw York, 1957, Appendix, Part 1 .  

hfcDowcIl), hlcCraw-Hill Book Co., Inc., A'cw York, 1963, Chap. 11. 
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them, in spite of factors that may somewhat influence the rclative 
va.lues of the energies of the precursors 14. 

Soiutions of vinyl cations with lifetirnes sufficient to permit their 
observation by spectral methods have not been prepared. As a 
consequence, estimates of the stabilities of vinyl cations by measure- 
ments of equilibria between the ions and neutral precursors are not 
available. However, the rates of those reactions in which formation 
of vinyl cations can be implicated as the rate-determining step can 
be used to assess t?icir stabilities. The results of such studies des- 
cribed below are consistent with the suggestion that vinyl cations are 
somewhat less stable than equivalently substituted saturated cations. 

Vinyl cations are certainly intermediates in some electrophilic ad- 
ditions to alkynes. Evidence for the intermediacy of vinyl cations is 
particularly compelling for reactions of alkynes with strong acids 
in polar solvents. Recent mechanistic investigations have inclu- 
ded studies of hydrations of arylalkynes (10)15*16, arylpropiolic 
acids (I.l)l3*l6, and alkynyl ethers1’J8 and thioethers (12)18*19, and of 

H O  0 
II 

C=CH, -+ ArCCH, 
\ 

/ 
ArC+=-CH, _j ArCGCH H,O~ H +  

Ar  
(10) 

COZH H O  COzH 

+ \ /  

/ \  
ArCECC0,H H +  ArC+=C __r C==C 

/ 

H H Ar  
* \ 

0 
It 

R HO R 0 
II 

> RZCCH,R 
\ /  c=c - 

H 
/ \  

(11) 

ArCCH,CO,H 

/ 
z RZC+=C -+ H+ RZCECR - 

H20 

(12) Z = O o r S  
\H RZ 

E t  
CF~COZH / 

‘H 

EtCECEt ----+ E t C + = C  - 
CF,O,C E t  

\ /  c=c 

E t  ’ ‘H 

E t  E t  
\ /  + c=c 

CFaOZC ’ \H 
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addition of trifluoroacctic acid to aliphatic alkynes (13)20.21. Pro- 
tonation to form a vinyl cation is the probable rate-determining step 
for all of these reactions. In fact, the characteristics of these additions 
are remarkably similar to those of the similar additiofis to the cor- 
responding alkenes, additions for which rate-determining proton 
addition is well established. 

A striking example of the similarities between the additions to 
alkynes and to alkenes is provided by the nearly identical effects 
exerted on additions to l-pentyneZ0 and l-penteneZ2 by a diverse 
group of substituents at Cc5). The similarity of substituent effects is 
particularly remarkable for those reactions that involve more than 
simple addition. Formation of the major product in the addition to 
5-chloro- 1 -pentyne, for example, involves migration of the chlorine. 

(14) 

Participation by chlorine, presumably to form a chloronium ion (14), 
probably occurs in the rate-determining step-acceleration due to the 
chloro substituent is inferred from analysis of the kinetic data”. The 
ratio of rates of such assistcd reactions to the unassisted reactions, - 5 
for chloro and for methoxyl, are the same in both the alkene and alkyne 
series. 

The similarity of rates of protonation of akynes and alkenes actually 
suggests that vinyl cations are somewhat less stable than the corres- 
ponding saturated cations. The influence on transition-state energy 
of the weaker bond broken on protonation of an akyne must be 
counterbalanced by some other factor-this additional factor is 
probably =. semewhat icsscr stability or the cation formed on protona- 
tion of an alkyne. The ratio of the protonation rates of an alkyne 
(15) to that of the corresponding alkene (16) is - 1 for R = alkyl, 
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- 10 for R = aryl, and - lo2 for R = alkoxyl in the reactions with 
strong acids referred to above. 

Carbonium ion stabilizing substituents at C,,, in 15 exert large ac- 
celerating effects on the ratcs of formation of vinyl cations by protona- 
tion of alkynes14. However, in accord with the expectation that 
relatively little positive charge is placed at  C(2), methyl substituents a t  
that position have only small effects on the rates. In  fact, a methyl 
a t  C(2) in 10 or 12 (2 = 0) actually is rate-retarding, an indication that 
its stabilization of the cation is less than of the parer,t alkyne. 

Vinyl cations must also form as intermediates in solvolysis reactions 
of alkynes such as 1723 and 2OZ4 that furnish cyclization products. 

0 
II 

OTs = p-toluenesulphonate 

UAc 

unrearranged 
AcOH ~ '"+Q - Ph % 4- products 

35% 65% 

P h/%? 

0 6 s  

OBs = p-bromobenzenesulphonate 
(20) 

These reactions are analogous to those of compounds with similarly 
placed double bonds that are discussed in Section 1V.B. The ability 
of cyclization to compete successfully with other available reaction 
paths is another indication that the ease of formation of vinyl cations 
from electrophilic additions to alkynes is comparable to that of the 
formation of alkyi cations from alkenes. 

Vinyl cations also have been formed in solution by loss of a nucleo- 
philic group from appropriate vinyl compounds. For example, 

X 
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hydrolyscs of para substituted a-bromostyrenes have the character- 
istics of unimolecular nucleophilic displacements 25. In fact, the 
reactions resemble those of the corresponding saturated a-arylethyl 
bromides. Therefore, formation of vinyl cations must be the rate- 
determining step. 

The 1-phenylvinyl cation probably is less stable than the l-phenyl- 
ethyl cation, but by an amount smaller than the energy difference 
between the transition states leading to their formation from the 
corresponding bromides. The hydrolysis rate in 80% aqueous etha- 
nol at  100" of a-phenylethyl bromide is - lo8 that of a-bromo- 
styrene 14, Thc rate difference reflects not only different stabilities 
of the incipient cations in the transition states, but also different sta- 
bilities of the bromides. The rate difference is made larger by the 
greater stability of the unsaturated bromide. a-Bromostyrene is 
stabilized by conjugation between the phenyl and vinyl groups, 
stabilization that must decrease as conjugation between the phenyl 
group and the developing positive charge increases, and perhaps also 
by conjugation between the bromo and vinyl groups. 

2. Geometry 

Direct evidence concerning the geometries of vinyl cations is not 
available. The expectation that the linear geometry (4) would be 
preferred over a bent geometry (5) is reinforced, however, by recent 
studies of vinyl radicals. Though electron spin resonance 26 and 
chemical 27 studies suggest that these radicals are non-linear, inversion 
cannot hitve an energy barrier exceeding a few kcal/mole. Therefore, 

H H H 
\ /  \ 

/ 
r--C. T c=c- 

the linear geometry, through which a radical must pass during in- 
version, cannot be much less stable than the bent geometry. Factors 
fz-;ouring a linear structure should be rriore important in  the cation 
than in the radical. 

Bent vinyl cations, though thought to be less stable than linear vinyl 
cations, apparently are not of such high energy to preclude their ap- 
pearance as reaction intermediates. A bent vinyl cation (18) must 
have been an intermediate in the solvolysis of 17 that yielded 1923. 
3. Formation and reactions 

The usual methods of generating vinyl cations and alkyl cations are 
identical : electrophilic addition to unsaturated systems and loss of 

H ' \H H 
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nucleophilic groups from suitable derivatives. Vinyl cations arise not 
only in electrophilic additions to alkynes, as scen in examples above, 
but also in similar reactions of some allenes i4*28. 

The reactions of vinyl cations also are analogous to those of alkyl 
cations. The common reactions of both classes are the reverse of the 
reactions leading to their formation : addition of nucleophiles (includ- 
ing as nucleophiles carbon-carbon multiple bonds and neighbouring 
~I-OXFS) and @-elimination of protons or other groups. Migration of a 
group to the formally positive carbon from an adjacent carbon, a 
reaction characteristic of alkyl cations, probably also occurs readily in 
vinyl cations. For example, the acid-catalysed decomposition of a 
Ph N=N N H P h Ph N,C 
\ /  

/ \  
-_ i 

AcOH \ ' 
___f c=c C=C 

/ \  
CH:, Ph CH, Ph 

Ph CH 
/ \ 

/ \ 
C==C+-CH, -----+ Ph-C'ZC 

Fh 

v 
Ph OAc A i O  CH3 

\ /  
C==C 

Ph I 
\ ' /  c=c 

viryltriazene that leads to a rearranged product must involve forma- 
tion of a vinyldiazonium cation followed by its deconiposition to a 
vinyl catim 29. 

C. Anions 

Vinyl organometallic compounds have been 

1. Stability 

That vinyl anions are considerably more stable than the correspond- 
ing saturated ions, in accord with expectation, is indicated by the 
available experimental evidence. 

Equilibrium data relevant to stabilities of lithium and magnesium 
reagents are available fiom studies of exchange of organic groups 
behveen the organometallic compounds and less polar compounds. 
To  interpret the results in terms of carbanion stabilities, the assump- 
tion is made that at equilibrium the most stable incipient carbanion 
will be associated with the most electropositirre dement. 

3 $. C.A. 2 
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Equilibrium data for the exchange of organic groups between lithium 

reagents and iodides in ether or in ether-pentane solutions are recorded 
in Table 231. The values of log K,  which decrease as RLi is favoured 

RLi + R'I & RI + R'LI 

TABLE 2. Equilibrium constantsu 
for RLi + PhI + RI + PhLi in 

ether or ether-pentane at - 70"b 

R log K 

-CH=CHZ - 2.41 
-Ph (0.00) 

0.98 

-CCHPCHS 3-50 
-CHZCHzCHS 3-88 
-CHZCH(CH3)2 4.59 

6-90 

K = [R.I] [PLLi]/[KLi] [PhI]. 
Rcf. 31. 

at equilibrium, arc referred to phenyl as a standard. Since carbon 
and iodine have similar electronegativities (both 2.5 on the Pauling 
scale)32, the stabilities of the iodides are probably relatively insensitive 
to the nature of the organic group, and differences in log K are due to 
different stabilities of the lithium reagents. It is hoped that differ- 
ences in degree of aggregation or interaction with solvent do not sig- 
nificantly affect the relative stabilities-in fact, the observed order is 
qualitatively that anticipated far the inherent abilities of the organic 
groups to bear negative charge. 

The vinyl and phenyl reagents, in which lithium is associated with 
sp" hybridized carbons, are decidedly more stable than the alkyl 
reagents. That cyclopropyllithium is more stable than other alkyl- 
lithium reagents is expected since the external atomic orbitals of 
cyclopropyl groups, on the basis of calculations33 as well as physical 
evidence 34, are thought to have hybridization intermediate between 
sp2 and sp3. Of those reagents which have lithium associated with 
carbons that are essentially sp35 the secondary are less stable than the 
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primary, in accord with the expected destabilization by t!ie electron 
releasing inductive eflect of alkyl groups. 

Similar data for exchange of organic groups between magnesium 

and mercury compounds in dimcthoxyethane are recordcd in Table 

RMg- i- KHg- RHg- i- R'Mg- 

TABLE 3. Equilibrium constantsa 
for RMg- + PIiHg- + RHg- 
+ PhMg- in dirncthoxyethanc at 

3 3 0 b  

R log K 

-Cs CPh << -3.0 
-CH2Ph - 0.7 
-CH2CH=CH2 - 0.4 
-Ph (0) 
-CH=CH1 0.3 -a 0 -7 

-CH3 1 -8 
-CH2CH3 4.0 
-CW2CH (CH,)2 4.3 
-CH(CI1,)2 > 6.0 

a A' = [RHg-] [Phhlg-]/[RMg-] 

* Rcf. 35. 
[PhHg-1. 

335. I t  is assumed that the effects ofthe organic groups are less on the 
relatively non-polar mercury compounds than on the polar magnesium 
compounds, and that differences in log K are therefore due principally 
to different stabilities of the magnesium reagents. Stability again 
decreases in the expected nianner as s character decreases: sp > s$2 > 
cyclopropyl > sI3. The ally1 (see Section 1II.C) and benzyl groups, 
with their additional possibilities for resonance and inductive 
stabilization, form more stable magnesium compounds than do other 
alkyl groups. Stabilities of the alkylmagnesium compounds decrease 
as expected in the series methyl > primary > secondary. 

The similarity between the series of values of log K obtained from 
the lithium-iodine and magnesium-mercury exchange studies rein- 
forces the hope that these values are related to carbanion stabilities. 
Vinyl, though certainly more stabilizing than primary alkyl groups, 
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unfortunately is the only group whose position seems significantly 
different in the two series of equi!ibria. Its placement in the mag- 
nesium series, as somewhat less stabilizing than phenyl, is more in 
accord with the results ofkinetic acidity experiments that are described 
below. Its somewhat differerit placement in the lithium series may 
be due to the incursion of effects on relative stabilities of different 
degrees of aggregation of the organolithium compounds. I t  has been 
suggested that vinyllithium is predominantly associated even in tetra- 
hydrofuran-in that solvent, vinyllithium addition to 1 , l-diphenyl- 
ethylene 38 and the metallation of triphenylmethane 37 both exhibit 
fractional kinetic orders in vinyllithium. Metallations of triphenyl- 
methane by methyl- and n-butyllithium also cxhibit fractional orders 
in lithium reagent, but metauations by allyl-, benzyt-, and phenyl- 
lithium are first order in lithium reagent37. Addition of Lithium 
bromide greatly decreases the reactivity of vinyllithium as an initiator 
for the polymerization of styrene in tetrahydrofuran 38-this is prob- 
ably caused by ready complexation with lithium bromide and suggests 
that vinyllithium may also complex with itself. 

Similar equilibrium studies of the more carbanion-like vinyl 
derivatives of even more polar metals are not available, but their 
stabilities relative to the corresponding hydrocarbons can be inferred 
from ‘kinetic acidity’ measurements 39*40. The equilibrium acidity 
of a weak hydrocarbon acid (RH) cannot be measured easily, but the 

RH + 6- + R -  f BH 
k3 

rate of proton removal (k,) is niore readily accessible by studying base- 
catalysed hydrogen isotope exchange between the hydrocarbon and 
the solvent. The ionization constants of acids (KRH) sometimes are 
related to k, in the manner stated in the Bransted catalysis law, 

a being a proportionality constant having a value between 0 and 139*40. 
Adherence to this relation hemeen log k, and log KnH depends on 
structural changes in the acid having proportional effects on the tran- 
sition state for proton removal and on the carbanion. This condition 
is most likely to be met when RH is a weak acid compared to HB3Q-41. 
Then the transition state for proton removal most closely resembles 
the anion l, and values of k, all approach a similar diffusion-controlled 
limit. 

Relative rates of removal of tritium atoms from hydrocarbons using 
caesium cyclohexylamide in cyclohesylamine appear ia Table 439.42143. 

k 

log I;, = Q log KRH i- constant, 
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TABLE 4. Relative ratcs of tritium-hydrogen exchange 
catalyscd by cacsium cyclohcxylamidc in cyclohcxylamine at 

250Q 

Relative Rate 1 9 x 105 9 x 107 
~~~ 

Ref. 39, 42 and 43. 

These rates are thought to follow the Br~rnsted catalysis law with a 
value of a approaching 1. Thc equilibrium acidity of a secondary 
vinyl proton is therefore a t  least lo6 grzater than that of a secondary 
proton at  a saturated carbon. The acidity of a phenyl proton is only 
about lo2 that of a secondary vinyl proton and therefore probably about 
the same as that of a primary vinyl proton. Differenccs of similar 
magnitudes between rates of cxchange of hydrogens on vinyl, aryl and 
saturated carbons are found in qualitative studies of exchange between 
hydrocarbons and ND3 catalysed by KND,44. 

2. Geometry 

Vmyl organometallics are found to have non-linear geometries. 
Studies of the stereochemistry of their reactions, as well as spectral 

studies, indicate that vinyllithium reagents exist in cis and trans forms 
that are stable for long periods of t i ~ n c ~ ~ * * ~ .  The energy barrier for 
cis-tram isomerization, a process that would involve passing through a 
linear geometry, must be high. For example, the high overall re- 
tention of configuration observed in the products obtained from cis- 
and from trails-1-bromopropenc indicates that both reactions, the 

OH 
I 

\ /  
u ,c Br H3C i i  h , i  CHPh 

r-C \ / PhCHO 
> c=c ___, c=c - \ LI 

H / 'H H H / 'H 
/ 

\H 
(- 1000,o cis) 

ether 

H 3c H H 3C H H 3c H 

/ \  

\ / PhCHO \ /  

/c=c\ CHPh H Br LI H H 

c=c - > c=c \ / LI 

/ \ ether 

1 
OH 

(- 90% trans) 
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formation of a lithium reagcnt and its addition to benzaldehyde, occur 
wirh high ~tereospecificity~~. It is now known that both reactions 
proceed with retention as indicated47. I n  accord with the con- 
figurational stability deduced from reactions, the cis and trans isomers 
of propenyllithium in ether exhibit different proton magnetic reson- 
a n ~ e ~ ~  and i n f i a r ~ d ~ ~  spectra. The observation of an ABC pattern 
in the proton magnetic resonance spectrum of unsubstituted vinyl- 
lithium in ether49 also indicatcs a non-linear structure, in which in- 
version is slow relative to the time scale ( -  0.01 sec) of the protog 
magnetic resonance experiment. 

Stereospecificity observed in reactions such as those of the cis- and 
tram-2-bromo-2-butenes is proof that Grignard reagents also have 

O H  
I 

H CH, H CH, 
\ /  

/ \  

I .  M g  
2 .  CH3CHO 

C=C 
\ /  

C=C 

C H C H 3  
I 
OH 

, \ tetrahydrofuran 

H JC Br  H JC 

considerable configurational stability in solution 50.51*52. Cis and 
trans isomers of Grignard reagents also exhibit discrete proton mag- 
netic resonance spectra51. The ABC pattern exhibited by the un- 
substituted vinyl Grignard reagent 53-54*55 indicates that inversion 
also does not occur in this reagent within the characteristic proton 
mapetic resonance time. 

Though Cis- and trans-propenyllithium are configurationally stable 
for several hours in boiling ether 46, cis- 1,2-diphenylvinyllithium (21) 
isomerizes rapidly to the t i ~ ~ n s  isomer (22) at - 20" in b~nzene-e ther~~,  

and cis- (23) and tratls-2-~-chlorophenyl-1,2-diphenylvinyllithiuin (24) 
undergo interconversion in ether at 0" or above57. The rates of iso- 
merization increase not only with increasing temperature, but also as 
the m.ediimi i s  changed from n hydrocarhon, in which cdvat-io~ of 
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Ph Ph Fh Li 

lithium ions would be small, to solvents in which significant solvation is 
possible 58. Isomerization, slow in hydrocarbons, is more rapid in 
ether-hydrocarbon mixtures and even more rapid in tetrahydrofuran. 
I t  was suggested that isomerization involves ionization of the partially 
covalent C-Li bond followed by isomerization of the vinyl anion 
through a linear transition state or intermediate (25)46. The reson- 
ance contribution shown in 25b would lower the energy of the linear 

(254 (25b) 

geometry for an anion when a-aryl groups are present. Relief of the 
steric strain associated with two cis aq-1 groups could also be a factor 
promoting the more rapid isomerization of these aryl derivatives. 

Similar spectral observations and stereochemical studies of reactions 
of long-lived derivatives are not available for vinyl species associated 
with even more polar metals. Investigations of base-catalysed vinyl 
hydrogen isotope exchange and cis-trans isomerization of olefin 
isomers are relevant to the problem of geornctry, but cannot be inter- 
preted unambiguously. 

For example, Hunter and Cram have found that hydrogen isotope 
exchange at the vinyl position of cis-stilbene catalysed by potassium 
t-butoxide in t-BuOD is -5 x lo3 faster than the isomerization to 
trans-stilbene 59. The high stereospecificity of exchange requires that 
different vinyl intermediates, not rapidly interconverted, must be 
formed from cis- and fi-om trans-stilbene. I t  is possible that these 
intermediates z e  ~?,ctn-!Lmzr (26 ar,d 27) and that capture of ihr: 

(26) (27) 

hydrogen isotope from solvent is more rapid than inversion. Alterna- 
tively, it is possible that the intermediates are linear, an arrangement 
favoured here by conjugation with the phenyl groups, but differ in 
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the geometric relationship between the ions in intimate ion pairs 
(28 and 29); the hydrogen isotope addition from one of the t-butyl 

(28) (2% 

alcohol molecules surrounding the potassium ion might occur more 
rapidly than processes that would interconvert the isomeric ion pairs. 
I t  is known from Cram's studies that saturated carbanions conjugated 
with aryl groups, though probably planar, can participate in reactions 
that proceed with significant stereospecificity, presumably because of 
similar formation of isomeric ion pairs". For example, hydrogen 
isotope exchange at  the benzyl position of 2-phenylbutane catalysed 
by potassium t-butoxide in t-butyl alcohol proceeds with considerable 
retention of configuration 60. 

Exchange without significant isomcrization is also observed for cis- 
and trans-l,2-dichloroethylene in D,O to which sodium methoxide 
has been added 61. 

3. Formation and reactions 

The preparations and reactions of polar vinyl organometallic com- 
pounds do not differ fundamentally from those of their saturated 
counterparts. A general revicw discusses some of their reaction 
chernistry3O, and a detailed review is concerned specifically with pre- 
parations and reactions of vinyl Grignard reagents 62. The extensive 
recent developments in the chemistry of a-halovinyl organometallics 
have been reviewed 63. 

111. ALLYL IONS 

A. Introduction 

(30) is misleading. 
To think of allyl cations and anions as simply vinyl substituted ions 

An allyl ion is described by the resonance theory 
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as a hybrid receiving equal contributions from the equivalent con- 
tributing structures 30 and 31 ga. The simple molecular orbital theory 
describes an allyl ion as possessing a r-system constructed from three 
atomic p orbitals and containing two electrons in the cation and four 
electrons in the aniong5. 

The ions are predicted on the basis of either description to have 
identical terminal carbons (in the absence of cnsymmetrical substitu- 
tion), carbon-carbon bonds intermediate in properties between those 
of carbon-carbon single and double bonds, and stabilities greater than 
would be expected for 'vinyl' substituted ions (30). The bonding 
stabilization should be maximal when the ions are planar, and a con- 
siderable barriei to rotation around the carbon-carbon bonds should 
exist, since rotation requires the destruction of one of the partial 
bonds. The resonance theory predicts equal division of the charge 
between the terminal carbons, and simple Hiickel molecular orbital 
calculationsg6 lead to the same conclusion. A delocalization energy 
of 0.828 j3 is predicted for both the allyl cation and anion by simple 
Miickel calculations ; though the appropriate value of 8, the resonance 
integral, is uncertain 67, the delocalization energy should be 20 kcal/ 
mole or greater. 

More elaborate molccular orbital calculations 68 hatre taken account 
of electron-repulsion effects and other deficiencies of the simple 
Huckel calculations, and valence bond calculations 69 have included 
a structure that involves bonding between the terminal allylic carbons. 
In addition, allyl ions have been described by a 'non-pairing' treat- 
1xexlt7~ 2nd by an extended Eikkel method12*'l. These mere elab- 
orate approaches generally predict that some of the charge will be 
on the central carbon, though less than on the terminal carbons, but 
lead otherwise to predictions qualitatively similar to those of the 
simpler theories. I t  has been predicted on the basis of extended 
Hiickel caiculations that the barrier to rotation around the carbon- 
carbon bonds should be greater in the anion than in the cation71. 

The cyclopropenyl cation (32) appears to be an allyl cation, the 
ends of which have been brought into close proximity. However, this 
cation must be regarded as a true aromatic system rather than a 

3" 
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simple ally1 cation. This completely conjugated, monocyclic, and 
planar system containing two n-electrons fits Huckel’s ‘472 + 2’ rule72. /, 

. . .  ........... 

Experimental observations are in accord with a large delocalization 
energy, calculated to be 2PT2. Even acyclic allyl cations could have 
some bonding between the terminal carbons, and it is predicted that 
cyclopropenyl character should increzse as the C-C-C angle is 
decreased by geometric constraints 73*74. Cyclopropenyl anions may 
have 2 of the 4 n-electrons in antibonding molecular orbitals 72 and are 
predicted72 and found74a to have less delocalization energy than acy- 
clic a!!y! mions. 

B. Cations 

cationsT5. 
A recent review has been concerned with the properties of allyl 

1. Stability 
I n  accord with theoretical predictions, experiments indicate that 

allyl cations are considerably more stable than the ccrresponding 
saturated cations. 

Measurements in solution of the protonation equilibria between 
allyl cations and the corresponding dienes (or diene mixtures) are 
recorded in Table 5. Similar data for equilibria between saturated 

T-LE 5. Equilibria between allyl cations and dienes, and ultraviolet spectra 
of 111..1 r-.tionp 

--f - -- 
Cation 

33 - 5-9 305 4.03 76 

- 7.1 307 3.98 76 

(Table conlinwd) 
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Tabk 5 c o n t .  

Cation pKb &laxc log €0 Ref. 
(mt4 

35 

36 

37 

38 

a9 

40 

4 1  

42 

-+- ..- 

- G.8 

- 3.2 

- 1.3 

- 2.4 

- 2.4 

- 1.8 

319 

314 

275 

2 78 

280 

291 

245 

-= i85 

> 3-7 

3.96 

4-04 

4.07 

4.03 

4-13 

3-46 

76 

76 

76 

76 

76 

76 

74 

77 

Spectra rcported for the unsubstitutcd allyl cation and othcr siniplc alkyl-substitutcd allyl 
cations [J. Rosenhaum and M. C. R. Syrnons, J .  C h i .  SOL, 1 (1961)] arc  now thought to be 
due to othcr specics. 

All detcrrninations arc in 
aqueous sulphuric acid solutions cxcept that  o f 4 2  which is in 5076 aqucous acetonitrile. For 
those cations in equilibrium with a rnixturc of isomeric dicncs, thcsc values rrfer to the cquilib- 
riurn with the dicnc mixture, not with onc of its cornponcnts. 

:n suiphuric acid solutions cxccpt thc spcctrum o f41  which is of a dichloromethane solution 
of an  AlCll salt. 

Cslculatcd from thc rquation pf: = X 0  + log ([BH+J/[BJ). 
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cations and alkenes with which these values could be compared are 
not available. However, a pK of - 15-5 for the t-butyl cation- 
isobutene equilibrium has been estimated by extrapolation of com- 
parisons of known equilibrium and solvolysis rate data70. I t  should 
be noted that eflorts to correlate pK differences with molecular orbital 
predictions are hazardous. The pK values may be dependent on 
medium because of varying interactions of the ions with the solvent, 
and will be influenced by any difference in the relative energies of the 
precursors. In  addition, the actual stabilization energy will be less 
than the calculated delocalization energy to the degree to which an 
ion is unable to achieve the favoured geometry or is strained. Never- 
theless, it does seem apparent that allyl cations with four (33, 34, and 
3S49) and three (35) terminal alkyl substituents are more stable than 
the t-butyl cation, particularly when it is noted that the conjugative 
stabilization of the diene precursors of the alkyl cations i s  lost on 
protonation. The stabilities of allyl cations with only two terminal 
alkyl substituents should also exceed that of the t-butyl cation, since 
the effect of a terminal methyl group is about 3-4 p K  units (compare 
35 and 36). The large pK observed for cyclopropenyl cation 42 is 
in accord with assigning a much greater stability to such ions. How- 
ever, this pK may not be comparable to those of the other cations; a 
difference between the large strains present both in cation 42 and its 
precursor could be ~ignificant'~, and the cation may be in equilibrium 
with an alcohol rather than a d i e n ~ ! ~ ~ .  

A somewhat larger stabilization for the unsolvated allyl cation in the 
gas phase than in solution is indicated by the appearance potential 
data in Table 1. The value for the ionization potential of the allyl 
radical must not reflect the full stability of the cation, since the radical 
itself has a large resonance stabilization 79. A large stabilizing effect 
of a terminal methyl group is agajn noted. 

The conclusion that the allyl cation is particularly stable can be 
drawn aiso from rates uf solvolysis reacrions. For exampie, solvoiytic 
reactivities of 43 in 50% aqueous ethanolao and in aqueous acetic 

CH3 
I 

I 
CI 

CH,=CHCCH3 

(43) 

acide1 at  25" are more than one hundred times those of t-butyl- 
~ h l o r i d e ~ ~ , ~ ~  in spite of the rate-retarding inductive effect of the 
alkenyl group on the transition states. 
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2. Geometry 

The available evidence indicates that the preferred geometry of ally1 
cations is planar and that the energy barrier to rotation around thc 
C-C bonds is sizable. 

The effect of structure on pK provides strong evidence that planar 
structures lead to the greatest stabilization. The data in Table 5 
indicate a striking increase in allyl cation stabilities in the order: 
acyclic < cyclohexenyl < cyclopentenyl. The alkylated Linear cat- 
ion (33) cannot attain planarity becausc of steric interference of 

(33) 

methyl substituents. The delocalization energy must therefore be 
reduced. The additional 
methyl group should lead to even greater steric hindrance to the 
achievement of planarity. The cyclopentenyl cations must be planar, 
and the allyl system in cyclohexenyl cations must achieve planarity 
much more easily than in acyclic ally1 cations. 

Convincing evidence for high rotational barriers is provided by ob- 
servation of discrete proton magnetic resonance absorptions for ‘cis’ 
and ‘tratu’ groups. Spectra of some typical cations are summarized 
in Table 6. The discrete absorptions seen for cis and trans methyls in 
33 and 45 at room temperature indicate that these groups do not 
become equivalent even at thar temperature on the time scale ( - 0.01 
sec) of the proton magnetic resonance observations. 

Similar qualitative conclusions that cis and tram allyl cations do not 
interconvert readily have been drawn from solvolysis studies. For 
example, the crotyl alcohols formed initially from hydrolyses of 

Note that 34 is actually less stable than 33. 

# 
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TABLE 6 .  Proton magnetic rcsonancc spectra of allyl cations" 

I .28 

2.8 1'34q2.81 I iip... 
Chemical shifts arc expressed in ppm downficld from tctramcthylsilanc. 
Spectrum of an SbFG salt in S02-SbF, a t  -60";  the rcfcrence is cxtcrnal tetramethyl- 

Spectrum in sulphuric acid solution at room tcmpcraturc; the rcfcrcncc is internal tetra- 
silane [G. A. Olah and M. B. Comisarow, J .  Am. C h i .  Suc., 80, 5682 (1964)]. 

metliylarnmonium chloride assumcd to absorb at 3*IOe1. 
* The  stcrcochernistry of this ion is unknown. 

Spectrum of a n  AICIC salt in CH,C12 at room tcmpcraturc; the rcfcrcncc is internal tetra- 
me t i iy l~ i l ane~~ .  

cis- and trans-crotyl chlorides with aqueous silver nitrate are thought 
to preserve more than 9904 of the geometric configurations of the 
starting materials 

The proton magnetic resonance absorptions of methyl groups 
attached to terminal carbons of allyl cations are always at lower field 
than those of methyls at  the middle carbon, an indication that more 
positive charge resides at the terminal carbons. Rough estimates 
of charge distributions in allyl cations have been made or: the basis of 
some reasonable assumptions about such chemical shifts 69*74p86. 
Katz and Gold'*, for example, conclude that cyclobutenyl c d o n  41 
has more charge at  Cc2) then does the simiiar cyclopentenyl cation 46. 
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(41) 

Ultraviolet spectra of allyl cations, some of which are listed in Table 
5, are in accord with the theoretical predictions. The energy of 
I& /? predicted by simple Hiickel molecular orbital theory for the 
n --z m* absorption corresponds to about 300 mp using a reasonable 
spectroscopic value87 of 8. The simple Huckel molecular orbital 
theory leads to the prediction of a much greater energy (3p) for the 
absorption of the cyclopropenyl cation, again in accord with observa- 
tion. The progressive decrease in wavelength in the series cyclo- 
hexenyl > cyclopentenyl > cyclobutenyl may be a reflexion of 
increasing cyclopropenyl character as the terminal carbons of the 
allylic system are brought closer together. I n  fact, comparison of the 
ultraviolet spectrum of 41 with those of other allyl cations led to 
the prediction that the 1,3 7r-resonance integral in the Huckel 
molecular orbital treatment of 41 must be - 0 ~ 3 3 / ? ~ ~ .  A portion of 
the increased stability of cyclopentenyl cations over cyclohexenyl 
cations (Table 5) might also be due to such increased 1,3 bonding. 

The infrared spectrum nf 3GE8 exhibits its most intense absorption 
at 1533 cm-l, and similar  absorption^^^ are noted for other aUyl 
cations. The position of these absorptions, between the regions typical 
for carbon-carbon single and doub!e bond stretching absorptions, 
is in accord with their assignment to a stretching vibration of the allyl 
system. The considerable intensiv is also reasonable since a vibration 
in an allyl cation could be associated with an unusually large change 
in dipole moment. 

3. Formation and reactions 

Ally1 cations often are formed and react in ways common to their 
saturated counterparts. Formation of allyl cations as transient 
reaction intermediates by loss of nucleophilic groups, and reaction by 
recombination with the nucleophile, addition of another nuclcophile, 
or loss of a proton to form a dime are most common. The intricacies 
of the mechanisms of such reactions, in which ion-pairing and solvation 
eEccts often are significant, have been reviewed by DeWolfe and 
Young in this series89 as well as in an earlier review”. Allylic 
rearrangements that involve allyl cation intermediates have been 
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reviewed by MacKenziegl in this series and by de la MareB2. Addi- 
tion to dienes, also a common route to alkyi cation intermediates, is 
reviewed briefly by Cais in this seriesg3. 

Recent successful preparations of stable solutions of ally1 cations 
have used fundamentally the same methods, though of necessity 
always employing systems in which nucleophilic activity is low. The 
allyl cations studied in sulphuric acid solu Lions disappear by processes 
first-order in the cation and first-order in its diene precursor, pre- 
sumably because of dimerization, perhaps followed by further re- 
ac t ion~ '~**~ .  Therefore, an ion can be stable in conccntrated acid, 
where diene concentration is low, but disappear rapidly at lower 
acidities, where both the ion and its precursor diene (or dienes) are 
present in significant concentrations. For cxamplc, it has been cal- 
culated that a 0-1 M solution of the equilibrium mixture of 37 and the 
corresponding diene mixture has a half-life of 2 days in 96% sul- 
phuric acid or in aqueous solution at  pH = 5, but a half-life of only 
0.02 sec in 35% sulphuric acid, where the ion and dienes are present 
in equal concentrations *4. Therefore, successful preparation of a 
solution of an allyl cation from a diene requires that protonation be 
rapid, so that a t  no time is a sizable concentration of precursor in 
contact with the ion. 

Ally1 cations have also proved to be products of a variety of complex 
rearrangement processes. The alkyl shifts, hydride transfers, alkyla- 
tions, dealkylations, protonations, and deprotonations that must be 
involved in these rearrangements are not unique to the formation of 
allyl cations. Nevertheless, these rearrangements are reviewed below 
because they do emphasize the stability that is achieved in reaching 
an allyl cation. Some of these reactions have been observed in strong 
acid solutions and might not be noted under more ordinary reaction 
conditions where ion lifetimes are short. 

Of the most general significance is the observation that a variety of 
olefins or saturated alcohols when dissolved in sulphuric acid form 
complex mixtures of cyclopentenyl cations and of alkanesQ4. I n  

50% cyclopentenyl 

CIO-C>B 
+ 

50% alkanes, mainly 
CI-CI, 

96% H z S o ~  cations, mainly 

I - bu tanol , 2- bu t ano  I ,  

t-butyl alcohol, isobutene, 

2,2.+trirnethylpentenes i 
i 

7576H2S04 same reactants t dimers, tr irners,  etc. of C4H8 
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75% sulphuric acid, the well-known dimerization to produce iso- 
octenes is observed; the dimeric products are largely protected from 
further aUylation in that medium by separating as a second phase, 
though ultimately trimers and higher polymers are formed. In  more 
concentrated acid, the residence time of the dimeric cations is suf- 
ficient to permit the sequences of steps that are needed to rationalize 
the formation of the cyclopentenyl cations. A hydride transfer must 
occur a t  some stage in these disproportionation reactions. A more 
direct formation of allyl cations by simple hydride transfer occurs 
when tertiary alcohols, such as 47, possessing skeletons identical to 

those of relatively stable allyl cations, are dissolved in acidg5. 
Ally1 cations are also formed by isomerizations of other cations. 

Several examples have been observed of isomerizations of pentadienyl 
cations, such as 4ggG, to cyclopentenyl cations 96-101. These reactions 

1 
(48) 

involve skeletal rearrangement as well as cyclization. Some attempts 
to prepare strong acid solutions of cyclopropyfcarbonium ions, from 
49, for have led to allyl cations 102-104. Presumably 

, m r m  to room , FSO,H--SO, 
D ' f O H  ' temperature 

(49) 

cyclopropylcarbonium ions are transient intermediates in these re- 
actions, since they are formed from closely related precursors 
under identical conditions lo2-lo4. Formation in this manner of 
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cyclopentenyl cations, such as 50103, involves oxidation as well as re- 
arrangement 103q104. Allyl cations are also formed by dissolving some 
bicyclic alcohols 105=105n, such as fenchol lo6 (51), in sulphuric acid. 

Allyl cations are formed as transient intermediates in reactions of 
Such reactions have long been known, but cyclopropyl derivatives. 

are of particular current interest because of the predictions made by 
Woodward and Hoffman about the stereochemical path of the 
‘ electrocyclic transformation ’ that is involved ; they concluded that 
disrotatory (52) rather than conrotatory (53) motion should be 

R’ 
(53) 

favoured, and, furthermore, that the disrotaiory 1iiodoil ihai iilvolves 
inward (54) rather than outward (55) rotation of the groups cis to the 
leaving group is preferred when the cyclopropyl cation is formed 

R R 
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by ionization of X. Recent experiments are in accord with these 
predictions lo7. 

Isomerizatioiis of one allyl cation to another provide further 
information about the relative stabilities of different allyl cations. 
These isomerizations involve not only shifts of substituent alkyl 
groups 96.98-101.108 , as seen in 40 -+ 561°8, but also obvious alterations 

(40) (56) 

of the substituent alkyl groupslOO*lO1, as seen in 57 --t 58 + 59loo, 

(57) (58) (59) 

and rearrangements of cyclohexenyl to cyclopenienyl cations, such as 
60 -+ 61 Mechanistic details of such isomerizations have been 
studied 100.101.108. 

conc. H,SO. 

C. Anions 

1. Stability 

Ally1 anions are considcrably more stable than their saturated 
counterparts. Equilibrium data in Table 3 (Section II.C.l) suggest 
that the allyl Grignard reagent has a stability comparable to beilzyl 
and far greater than ethyl or even methyl. Isomerization of 1- 
sodio- log and 1-potassio-1-dodecene to their allyl isomers demon- 

CH,(CH,)&H,CH=CHM - CH,(CH2)8CH-CH-CH2 M + 

strates that the allyl organometallics are even more stable than their 
vinyl isomers. Other available equilibrium data are for allyl systems 
which are cmjugated with particularly effective stabilizing p u p s  
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and clearly ionized to carbanions111J12. The data of Table 7 in- 
dicate that 1,3,3-triphenylpropene is much more acidic than model 
compoundslll. The pK, values, obtained by measurements of 
equilibria between two hydrocarbons and the corresponding caesium 

or lithium salts, are thought to be the correct values in aqueous solu- 
tion. 

RH 4- R'-M+ R - M +  + R'H 

TABLE 7. Equilibrium acidities of 
hydrocarbons in cyclohexylaminea 

Hydrocarbon PK, 

PhCH=CHCH (Ph) 2 26.5b 
PhaCH 32.5= 
PhzCHZ 34.1' 

Rcf. 1 1  1. 
Equilibrium experiments done with lith- 

Equilibrium experiments done with caes- 
ium salts. 

ium salts. 

Kinetic acidity measurements providz additional evidence for the 
relative stabilities of ally1 organometallics that lack strongly stabilizing 
substituents. Ally1 hydrogens are removed not only much more 
rapidly than alkyl hydrogens, but more rapidly even than vinyl 
hydrogens. For example, the relative rates of isotopic exchange of 
aUylic hydrogens cataIysed by potassium amide in ammonia are 
known from qualitative studies to be much greater than those of vinyl 
hydrogens 44. 

Reprotonation of the intermediate of such a reaction can lead, of 
course, to olefin isomerization. Such isomerization reactions are 

reviewed by MacKeruie in an earlier chapter of this bookg1 and the 
details of their mechanisms have been reviewed 'I3. 

of olefin Some of the rates observed in a thorough 
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isornerizations ca tzlysed by potassium t-butoxide in dimethyl sul- 
phoxide are listed in Table 8. It has been established that the rate- 
determining step of such an isomerization is proton removal l15; 
therefore, the rates should reflect the carbanion stabiLities. Com- 
parison of the relative rates of 62,64, and 65 shows that the effect of a 
terminal methyl group on allyl anion formation is decelerating, as 
expected, though surprisingly small in comparison to the effect of a 

TABLE 8. Relative rates of isomerization of 
terminal olefins in dimethyl sulphosidc 

catalysed by potassium I-butoxidc at 55"" 

Olcfn 
~ ~- 

Relative Rateb 

62 

63 

64 

65 

66 

67 

68 

69 

7n 

71 

72 

(1.0) 

1.4 x 105~ 

0-24 

0.15 

0.57 

0.18 

0.0072 

0.09 1 

2.7 

1.2 

0.0026 

Ref. 116. 
Ratc per allyl hydrogen. 
Dcterrnined rclativc to I-butcnc at 30". 
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non-terminal methyl. I t  is also noted in isomerizations involving 
more stable carbanions that effects of methyl groups, and of phenyl 
groups as well, are less than in carbonium ion chemistry'lg. Com- 
parison of the relative rates of 63 and 62 indicates that the accelerating 
effect of vinyl is large. The additional stabilization provided by a 
vinyl group, even when attached to the already stable ally1 system, 
obviously is still considerable. 

2. Geometry 

In accord with expectation, it appears that allyl anions are planar 
in the absence ofsteric restraints. The effect ofstructural variation on 
the rates of isomerization listed in Table 8 provides strong evidence 
for a preference for planarity. I t  is reasonable that the greatest 
stabilization of the transition state for proton removal will be fourd 
when its geometry can approach that preferred for an allyl anion. 
The decrease in rates observed in the series 62 > 66 > 67 > 68 can 
be mostly attributed to increasing steric interference by the alkyl 
groups, hindering the achievement of planarity by the anions and 
perhaps also inhibiting their solvation116. A large decrease is also 
noted in the equivalently substituted series 70 =- 71 > 69 > 72; 
achieving a planar geometry is easier with the four- and five-membered 
ring systems than with the six-membered ring or acyclic systems. 

The existence of an energy barrier to rotation around the C-C 
bonds is demonstrated by several equilibration studies of olefins 120-122 

An investigation of potassium t-butoxide catalysed isomerization and 
Ph 

(54) (76) 

hydrogen-isotope exchange reactions of cis- (73) and trans- (77) a- 
methylstilbenes and or-benzylstyrene (75) in t-butyl alcohol is an 
example122. The rates at which the cis and trans olefins form the 
equilibrium mixture, the coniposition of that mixture, and the rates 
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at which each olefin undergoes isotopic cxchange have all been 
determined. Analysis of these data indicates that direct isomerization 
of the cis and !ram olcfins into one another is not detectable; rather the 
isomerization proceeds through a-benzylstyrene. Therefore, there 
must be two discrete intermediates (74 and 76) that are not inter- 
converted. 

The analysis of such data leads to estimates of the relative stabilities 
of isomeric carbanion intermediates. The decrease in stability in each 

...... r' Ph.w?+. > 
Ref. 110 

Ph 

Ref. 122 

Ph 

series is attributed to increasing difficulty in achieving planarity 
because of steric intcrference by the substituents. I t  has been con- 
clucied that 1,3-interacdons of substituents in these ions are generally 
more significant than 1,2-interactions. 

Isornerizations by a variety of base-solvent systems of 1-alkenes that 
lead to alkyl substituted ally1 anions furnish cls-2-0lelin~ much more 
rapidly than they do the more stable tran.s-2-olefins 117p118*123. The 
cis-trans ratios initially observed exceed those at  equilibrium by 
factors of N lo2 117.118. Even reactions of the butenyl Gr ipard  
reagent with a variety of proton donors lead to more ck-2-butene than 
exists in the equilibrium n i i x t ~ r e ~ ~ ~ .  The  more rapid formation of 
cis than of trans olefins has been attributed to greater stability of cis than 
of tram alkyl substituted anions l18. A greater stability for the cis alkyl 
anions has been rationalized by consideration of dipolar interactions 125 
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I c1s R trans 

and of other factors113, and predicted for the butenyl anion by ex- 
tended Hiickel calculations that consider the bonding of' the allyl 
n-system with orbitals of the methyl group'l. 

Ally1 anions when fully formed and free of inhibiting steric effects 
probably prefer a planar geometry so that maximum delocalization 
can be achieved. However, it is known that solvation or ion-pairing 
effects can provide asymmetric environments for anions generated as 
transient reaction intermediates, and similar effects might actually 
lead to some distortion from planarity of allyl anions lI3. Illustrations 
of asymmetry of environment, and possibly a consequent asymmetry of 
the ion, are provided by reactions of 78lZ6. The rates of hydrogen 

Ph 
I 

(78) 0 9 )  

i CH3 --CHCH, CHaCHCH=CH2 

isotope exchange of the allylic hydrogen of 78 in t-butyl alcohol 
catalysed by potassium t-butoxide and in ethylene glycol catalysed by 
potassium ethylene glycoxide are considerably slower than isomeriza- 
tion of 78 to 79. The greater rate of isomerization indicates that, at  
least in the limited lifetime of the allyl anion, a special relationship with 
the solvent molecule formed by hydrogen abstraction allows consider- 
able chance for recapture of the particular hydrogen that was lost in 
the abstraction step. Tllis relationship, which may be due to hy- 
drogen bonding by this solvent hydrogen to the terminal carbons of 
the allyl anion, might be associated with a distortion of the anion. 
The rate of allylic hydrogen isotope exchange in t-butyl alcohol is 
more than ten times the rate of racernixatinn, exchange occi.irring with 
predominant retention of configuration lZ6. In contrast, hydrogen 
isotope exchange in ethylene glycol is only 0-7 times the rate of race- 
mization, exchange occurring with an excess of inversion. These 
stereochemical results, though not unique to allyl systems 45, are 
another indication of the significance of unsymmetrical influences on 
reactions of anions. 

The positions of the ultraviolet maxima, listed in Table 9, of allyl- 
lithium reagents SO-82, are in accord with the energy (d? 8) pre- 
dicted by simple Hiickel molecular orbital theory for the absorption 
of the allyl ar&n. The large extinction coefficients are consistent 
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TABLE 9. Ultraviolet spectra of allylic organonletallic compounds 

h u a x  
Compound (mt4 log E SolvcntO Rcf. 

315 3.66 THF 127 

90% THF-IOYo 
29 1 3.79 ether 127 

330 THF 128 

~ 3 1 5 ~  THF 129 

395 4.38 THF 127 

420 4-34 ammonia 130 

252 4-30 ether 131 

~~ ~ 

a THF is tetrahydrofuran and ether is cthyl cthcr. 
Stcreochcmistry not known with certainty. 
This valuc is estimated from thc published spcctrurn. An additional but wcakcr absorption 

was obscrved at 375 rnp, but i t  has bccn suggcstcdLz7 that this absorption may havc bccn due to 
an impurity. 

with the assumption that these absorptions are due to r-rr* transitions. 
Therefore, it seems reasonable to assume that ally1 anions are present in 
these dilute solutions in tetrahydrohran, though, of course, the anions 
may exist in ion pairs or other clusters. The near identity of the 
extinction coefficients of the absorptions of 80 and 81 is good evidence 
that the ionization of allyllithium (80) is essentially complete. If  some 
s l g n l f i c ~ ~ t  FOI-~CE of t!ie zi!!yl groups of were present in ncn-ior,ic 
form, then addition of the electron-releasing methyl group should lead 
to decreases in the ion concentration and apparent extinction co- 
efficient of 81. 

The spectra of the phenylallyl lithium and potassium compounds 
(84 and 85) can reasonably be attributed to the I-phenylallyl anion. 
In  contrast, however, the spectrum of dialkylmagnesium compound 
86 and the similar spectrum of the corresponding Grignard reagent 
(prepared from the bromide) are essentially identical to those of trans- 
propenylbenzene and other model compounds containing a phcnyl 
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group conjugated with only an olefinic linkagel3l. The absence of 
absorption at longer wavelengths suggests that ions, even tightly 
held in ion pairs, are not present in significant concentrations in these 
solutions. The unsubstituted ally1 Grignard reagent, lacking the 
stabilizing phenyl group, should be even less prone to ionize. 

The reported infrared spectra seem to be generally consistent with 
the conclusions drawn from ultraviolet spectra. Nujol mulls of solid 
allyllithium, -sodium, and -potassium are reported 132 to show a 
common spectrum, the most striking feature of which is an intense band 
a t  - 1535 cm-l. This band was assigned to the carbon-carbon un- 
symmetrical stretching of an allyl anion. The observation of similar 
spectra for allyl organometallic compounds of three metals and the 
position of the intense absorption, intermediate between ordinary 
C-C and C=C stretching bonds but similar in intensity and position 
to those exhibited by allyl cations (Section III.B.Z), are in accord with 
this assignment. Mulls of isobutenylsodium (1520 cm-l) and cyclo- 
hexenykodium (1522 cm - l) also show similar absorptions 132. The 
two bands, at about 1525 and 1560 cm-', exhibited by pentenjl- 
sodium have been assigned to the cis and trans allylic isomers possible 

E t  
E t  

C i S  trans 

for this anion132. A strong absorption at - 1540 2m-l also observed 
for allylljthium in ether 133-135, tetrahydrofuran 134p135 and other 
solvents134*135 suggests that the allyl anion is present in solution as 
well as in the solid. In contrast, solutions of allylmagnesium reagents 
show strong absorptions with frequencies much nearer to the normal 
C=C stretching region and sensitive to solvent and to the other group 
associated with magnesium 135*136. For example, absorptions are 

1587 cm-l in ether and 1570 cm-l in tetrahydrofuran, by the Grignard 
reagent prepared from allyl chloride136 at 1580 cm-I in ether and 
1565 cm-l in tetrahydroftiran, and by diallylmagnesium 136 at 1577 
cm-l  in ether. Therefore, it seems reasonable to assign structures 
that are more covalent to the magnesium reagents. 

The proton magnetic resonance spectra of allyllithium 53*134*135*137 

and of allyl Grignard reagents 53*134*138*139 are very similar. Both 
show an AX4 pattern with J = 12 cps and nearly identical chemical 
shifts. In ethyl ether, for example, the quintet of relative area 1 is 

ey-bibited h-, +Lo fl":,----,-l ____I_ L _ - _ _ _  ---J C. - - -  11-.1 L :J- 135 ", ullsjliuiu I L ~ ~ L I I L  picpalcu I I U I I I  & I I ~ I  u i u l l i l ~ ~ - - -  Zti 
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at 6-38 (ppm doivnfield from tetramcthylsilane) for the Grignard130*13” 
and 6.46 for thc l i t l l i ~ m ~ ~ ~  reagent, and the doublet of relative area 4 
is at  2.50 for the Grignard and 240 for the lithium reagent. The 
absorption of the four methylene hydrogens, but not that of the lone 
central hydrogcn, is far upfield from that ordinarily observed for 
hydrogens at  a trigonal carbon, in accord with the presence of con- 
siderable negative charge at the terminal carbons of the allyl system. 

The near identity of the proton magnetic resonance spectra of 
allyllithium and allyl Grignard reagents is surprisinz. Since the ultra- 
violet and infrared data suggest ihzt their nature in solutions is dif- 
ferent, however, the similarity in the spectra may be only coincidentd. 
The proton magnetic resonance spectra of crotyllithium (81)14G and 
the crotyl Grignard reagent are also similar to one another, and the 
chemical shifts are those expected for concentration of considerably 
more negative charge at the primary than at the secondary allylic 
carbon. 

The AX4 patterns exhibited by the allyl reagents is inconsistent with 
the presence ofonly an ionic structure or of only one covalent structure. 
An A,B,X pattern would be expected for an ionic structure (87) since 

H a  bl 
(87) 

the terminal hydrogens are of two kinds (A and B). Rotation around 
the C-C bonds would have to be rapid ( < 0.00 1 sec) for HA and H, to 
appear equivalent in the proton magnetic resonance spectra, but this 
is certainly in accord neither with the chemical evidence nor with 
the large barrier to rotation expected in an allyl anion. A covalent 
structure (88) should exhibit an even more complex ABCX, pattern. 

(sf9 

A predominance of ally1 anion in solution is consistent with an 
AX, spectrum if the ion is in equilibrium (89 + 90) with low con- 
centrations of covalent species in which, of course, €3, and H, rapidly 
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become equivalent. A concentration of covalent species 90 too low to 
be detectable by spectral means could account for the equivalence of 
HA and HB in the proton magnetic resonance spectrum, and probably 
is responsible for the AX, pattern exhibited by allyIlithium. The 
formation of the pentadienyl anion (91) by ionization of pentadienyl- 
lithium makes more probable the assumption that allyllithium pre- 

Hn H, Hn 

(91) 

dominantly ionizes. The proton magnetic resonance spectrum of 
pentadienyllithium in tetrahydrofuran at 15" is that expected for an 
anion (91) and exhibits discrete absorptions for HA and HB142. These 
absorptions collapse io a single absorption at  higher tcmperature ; the 
equilibration of HA and H, could be due to more rapid rotation around 
the C - C  bonds, but more likely can be attributed to more rapid eqlili- 
bration with low concentrations of covalent species. The delocaliza- 
tion energy calculated by simple Huckel theory is less for the allyl 
anion than for the dienyl anion 6G.  Therefore, it is reasonable that the 
concentration of covalent form in equilibrium with the allyl anion is 
somewhat higher, permitting more rapid equilibration of HA and HB 
in the allyl anion (87) than in thc pentadienyl anion (91). A covalent 
structure is consistent also with an AX, pattern ifit is assumed that the 
---..-La -^- --.- \ ---- 
i l I L L d  c.aii CALI allsc iapidly ~ ~ J I I I  UIIC crd  vfiiie sysrern LO rhe other 
(92 + 93), either by an inter- or intramolecular process. Proton 

qep 
M Pi 

(92) (93) 

magnetic resonance studies by Roberts and his coworkers143 make this 
an attractive explanation for the spectrum of the allyl Grignard 
reagent. That the Grignard reagent prepared from 94 has chemical 
shifts anticipated for structure 95 rather than 96 is reasonable because 
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the negative charge is concentrated on a prima!-y rather than a tertiary 
carbon 143. However, though only one methyl absorption is observed 
at room temperature, this singlet splits into two equal peaks at lower 
temperatures. Presumably at low temperature, discrete absorptions 
are seen for the methyls of covalent 95; at higher temperatures, the 
rate of formation of 96 increases, though it?. concentration remains 
small, pernli tting the methyls to equilibrate rapidly cnough to exhibit 
an average absorption. 

3. Formation and reactions 

The modes of formation and the reactions of allyl organometallics 
have been qualitatively little different from those of saturated organo- 
metallics. My1  anions, like saturated anions, do not undergo the 
multitude of rearrangements involving 1,2-alkyl shifts at  some stage 
which :vere noted with allyl cations. The counterpart in anion 
chemistry of the rearrangement df cyclopropyl to allyl cations has 
been observed only in systems that lead to particularly stable aromatic 
anions l"*-even cyclopropylsodium is reportcd to be stable to ring 
opening 144. An unsymmetrically substituted allyl anion reacts at 
different rates at  the two ends-the factors influencing these rates have 
been reviewed. 113 and also considered in recent publications120.121. 

OV. MON-CONJUGATED IONS 

A. lntroduction 

Any major influence exerted on the rates or products of a reaction 
by a non-conjugated double bond must be a result of formation at 
some stage of the reaction of a bonding interaction involving the 
double bond. Purely inductive interactions, though certainly present, 
are small for double bonds insulated from a reaction centre by one or 
more carbon atoms. 

A double bond that becomes bonded or partially bondcd to a non- 
contiguous reaction centre is acting as a ' neighbouring 
A wealth of information is available about a varicty of neighbouring 
groups in reactions involving cationic, but not anionic, intermediates. 
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As is often the case with other neighbouring groups, an  olefinic func- 
tion could participate directly in the rate-determining step for ion 
formation. The rate of such a reaction must be greater than in the 
absence of participation-the participation of the double bond exerts a 
‘driving force’ upon the ion-formation step and the reaction is 
‘anchimeri~ally’~~’ assisted or accelerated. Observation of such 
ratc acceleration is one criterion for participation. Alternatively, an 
olefinic function could participate in a reaction, but only following 
rate-determining formation of an ion. The rate of such a reaction 
would be influenced only by the small inductive effect of the double 
bond, though the products might reflect the participation. The rate 
of an available reaction pathway not invoiving double bond partici- 
pation imposes a level which the rate of a participation pathway must 
approach or exceed if participation is to play a significant role in the 
reaction. The practical limit to the observation of the effects of 
participation that is imposed by the rates of other reaction processes is 
analogous to the limit to the observation of acidity imposed by the 
‘levelling efiect ’ of a solvent. The importance of neighbouring group 
interactions generally is found to depend on the ring size of the tran- 
sition state or intermediate that is formed in the order: 4 << 3,4 << 5 N 6, 
and 7 < 6.  Consideration of a double bond as a neighbouring group 
is complicated, however, by the possibility of interaction at either end. 

The possibilities for participatioii by a double bond are illustrated 
for a particular carbonium iori system that will be discussed later. 

products products 

I 
products ’3 - products 

(W 

Participation by the double bond would lead to a transition state or 
intermediate that for the moment will be represented as 98. This 
species could form either directly from 97 in the rate-determining step 
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or subsequent to the rate-determining formation of cation 99. Alter- 
natively, 97 or 99 could react to form products without direct involve- 
ment of the double bond. Some of the steps above might be reversible 
and several could occur simultaneously. Similar schemes for inter- 
action of the double bond can be envisioned for reactions of carbonium 
ions generated in ways other than by loss of a nucleophile and for 
reactions of carbanions. 

Participation in non-conjugated sys terns may lead through fleeting 
transition states and intermediates to cyclic ions, such as 100 and 101, 
in which the double bond has disappeared. A cyclic ion such as 100 
could also form from a saturated precursor (102). The composition 

x 2 -+pb  
(97) (100) (102) 

of the product mixture that results from a participation path will 
depend on the extent to which the ionic intermediates from which the 
products are formed have become identical to the ions formed from 
saturated cations. However, the significance of a path involving 
participation relztive to path in which tlre neighbouring group is not 
involved depends only on the energy of the transition state for partici- 
pation relative to the energies of other transition states or intermediates. 
Therefore, the nature of the transition state fcr participation is 
significant in determining the fraction of the reaction that will Drocecd 
by a participation path, even though the products from that path 
may be the same that would have formed from a saturated precursor. 

Assigning structures to the cations formed fi-om saturated pre- 
r11rqnr-q ~.nm-~tim-es raises prnh-1cm-s that corr-pk~te the csnsidera&x 
of their relationship to the cahonic intermediates formed by participa- 
tior?. Structure 100 is usually considered to be an adequate representa- 
tion of the fully formed cyclohexyl cation, though in principle one 
could imagine this cation to be a hybrid (98) to which structures 99 
and 101 might make minor contributions. However, such hybrid 
structures have been widely considered to be important for some of the 
cations that will be relevant to the subject of this section. 

For example, the norbornyl cation is common to 103 and 104. The 
experimental basis for proposals of delocalized structures for this ion 
is well known and extensively r e ~ i e w e d ~ ~ * J ~ ” . ~ ~ ~ .  In the ions formed 
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7 

* (103) (W 
from norbornyl systems (104), Ccl) and C,,, either are equivalent or 
are rapidly interchanged by a process that can have only a very low 
activation energy. Widely considered structural possibilitics for the 
norbornyl cation are the symmetrical 105, a resonance hybrid of 106 

and 107y and 108, which includes an additional resonance contribu- 
tion from 1439. A rapid equilibration between the asymmetric ions 

that are represented as 106 and 107 has also been proposed. Sym- 
metrical structure I05 (or 108) is either more stable or only slightly less 
stable than 106 + 107; equilibration of 106 and 107 would involve 
passing through 105 which therefore could not be of much higher 
energy. 

The consideration of transition states or intermediates in carboniuin 
ion reactions of‘ systems containing double bonds therefore is en- 
tangled with the problem of ccnonclassical”151 carbonium ions. 
Structural problems, such as that mentioned briefly for the norbonyl 
system (105), can be raised for a nurr.ber of systems that will be men- 
tioned in this Section. However, this Section will usually consider 
only the reactions of olefinic starting materials. The reader is re- 
ferred to other sources for experimental results, often voluminous, 
obtained from reactions of the related saturated starting materials. 

There is a theoretical basis for believing that participation in 
cationic reactions mzy, at least initially, involve significant bonding to 
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both carbons of the double bond, as indicated in structure 98. Simplc 
molecuiar orbital calculations suggest that bonding by a positive car- 
bon to both carbons of a double bond leads to greater stabilization 
than does bonding to only onc carbon. In  contrast, bonding by a 
negativc or radical carbon leads to greatest stabilization if it is only to 
one carbon of the double bond. 

A simple model (111) for the 3-buten-1-yl system (110) was con- 
sidered by Simonetta and Winstein in the first relevant calculation 15'. 

I t  was assumed that p orbitals at  CC1), Cc3), and C(41 are involved in 
pure n-bonding between C,,) and C,,, but part u- and part r-bonding 
behvcen Ccl) and C,,,. A maximum stabilization energy (delocaliza- 
tion energy minus strain energy) of about 6 kcal/moIe was calculated 
by varying the angle C(l)-C(z)-C(3). Using a similar model, Howden 
and Roberts 153 calculated a stabilization energy of about 4 kcal/mole. 
However, inclusion of D- and =-bonding between C(l) and C,,, led to a 
greater stabilization energy, - i 1 kcal/mole, for the cation but reduced 
stabilization energies for the anion and radical. Similar calculations 
by Piccolini and Winstein 154 found greater delocalization energy for 
112 by considering C,,,-C,,, and C(')-c(,) rather than just C(,)-c(,) 

7 

' ( i q  @lS> 

bonding. Similarly, the calculated stabilization energy for 113 was 
greatesc for a geometry permitting considerable bonding to both 
carbons of the double bond154. Similar calculations for other ions 
have only considcrcd the possibility of bonding to both carbons of the 
double bond 154*155. I t  has been pointed out that the carbon bonded 
to the double bond carbons might be expected to have hybridization 
nearer sI3 than the $12 used in these calculations156. These mole- 
cular orbital calculations resemble those for the cyclopropenyl 
system". The assembly of atomic p orbitals in 111 would be similar 

4-!- C.A. 2 



82 Herman G .  Richey, Jr. 

to that in a cyclopropenyl cation (32) if C(ll could be located sym- 
metrically with respect to Ct3) and C,,). As mentioned previously 
(Section IIIA), the cyclopropcnyl cation has aromatic stability, but 
the corresponding anion does not. 

The results of calculations based on a different model, considered 
in connection with 1,Z-rearrangements, also suggest that bonding to 
both carbons of the double bond should be favourable in cations but 
unfavourable in anions and radicals. The model considers the 
relative energies of 114 and 115, the latter representing a transition 

R 

state or intermediate in a lY2-rearrangement of R. It is assumed that 
the relevant orbitals at Ccl) in 114 and at  C,,, and C,,) in 115 &rep, 
that R in 115 has sp3 hybridization, and that bondiilg between CC1) and 
C,,, in 115 is n-. Species 114 resembles the approach of R to only one 
carbon and 115 the approach of R to both carbons of a double bond, 
though in 114 and 115 such bond formation is considered to be filly 
developed. 2immei:nan and Zweig fcund that 115 wou!d be more 
stable than 114 for the cation but less stable for the radical and anion15'. 
Streitwieser reached the same conc!usion on the basis of a related 
calculation 158. 

Stabilization of a cation is calculated to be greatest if the bonding 
to both carbons of the double bond is not only significant but equa! in 
systems \vho:;e geometry and substitution make such symmetry possible. 
By extended Hiickel molecular orbital calculations, Hoffmann has 
predicted that 116 is most stable if C,7) is located symmetrically with 

I 

respect to C,,, and C(3j159. It  is also predicted that C(7) is nearer to one 
of the double bonds than to the other. A similar calculation suggests 
that the cation formed from approach of the positive carbon of 109 to 
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the double bond is most stable if the approach is symmetrical with 
respect to the carbons of the double bond 160. 

Is. Cations 

Examples of double bond participation in carbonium ion reactions 
are too numerous to be reviewed comprehensively in this brief section. 
A review discusses some of the variety of systems in which such 
participation is noted 161. 

1. 5,6-Double bonds 

The formation of 2-norbornyl derivatives in solvolyses of the aryl- 
sulplionates of structure 117 demonstrates that the double bond 

(117) (118) 

participates at some stage in the  reaction^^^^*^^^. The particularly 
thorough studies of 117 and related systems provide a good introduc- 
tion to the role played by non-conjugated double bonds in carbonium 
ion reactions. 

Participation by the double bond in the rate-determining step Is 
shown (Table 10) by the greater rate of acetolysis of 117 than of its 
saturated analogue (119). The participation by the double bond is 
actually somewhat more important than indicated by the rate ratio 
of 95-in the absence of participation, the inductive effect of the double 
bond should slightly decrease the solvolysis rate of 117, to perhaps - 0-7 times that ofits saturated analogue 164. 

Other mechanistic features of this reaction are in accord with 
direct participation by the double bond in the rate-determining step. 
The solvolysis rates of unsaturated arylsulphonates (117) exhibit a 
diffexent dependence on solvent variation than do the rates of satur- 
ated arylsulphonates (119) 163*164. The ratio kunsaturated/ksaturnted 
varies fiom 5-8 for p-toluenesulphonates in 50% aqueous ethanol at  
70" to 640 for fi-nitrobenzenesulphonates in the much less nucleophilic 
formic acid at 25" 16*. Solvent nuclevphilicity is less important for the 
unsaturated systems, as expected for reactions involving internal 
nucleophilic attack by the double bond. The rate (Table 10) of the 

ONs = p-nitrobenzenesulphonate 
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TABI.E 10. Rciativc rates of acctolyscs of p-nitrobenzencsul- 
phonates at GO" 

- - 
Compounda Relative rate Rcf. 

117 

119 

120 

121 

122 

125 

124 

126 

126 

127 

95 

( 1 -0) 

299b 

1 38b 

663= 

365OC 

1 -09d 

1 ' 4 d  

1 '8d 

7*6c 

162 

162 

164 

164 

165 

165 

165 

166 

166 

166 

- 

X = P-nitrobcnzenesulphonatc. 
Comparison midc at 54.4". 

1ntcipola:cd fro111 data at othcr temperatures. 
* Ertrapolatcd from data at othcr temperatures. 

Rate Tor comparison substancc cstrapolatcd from othcr 
tcn~peratures. 
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unsaturated secondaryp-nitrobeiizenesulphonate (120) is only 3- 1 times 
that of the corresponding primary compound (117). This is in accord 
with the experience that anchimeric assistance by a ncighbouring 
group is less for ionization of secondary than of primary  compound^^^^. 
A much larger acceleradon by the methyl would be expected for a 
solvolysis without participation, and a factor of 138 actually is observed 
for the similar rate comparison of the corresponding saturated com- 
pounds (121 and 119). The magnitude of the rate-decrease caused by 
substitution of a-deuteriums in solvolysis of 117 is not characteristic of 
solvolyses of primary arylsulphonates, but is reasonable if internal 
nucleophilic attack by the double bond is involved 16’. 

That the double bond carbons bear equal or nearly equal charge in 
the transition state, consistent with symmetrical approach as illus- 
trated in 108, is suggested by the cumulative effects of methyl substi- 
tuents at the docble bond, Jnsertion of one methyl group into 117 
(to give 122) leads to a rate enhancement by a factor of 7, and of 
another methyl (to give 123) to an additional enhancement of 5-5. 
Bartlett and Sargent have noted that to thc degi-ee that the transition 
state for cyclization is symmetrical, it is reasonable to expect equivalent 
symmetry in the initial intermediate ion165. It is conceivable, though, 
that the initial intermediate ion in the participatim reaction is not 
idcntical with the ‘norbornyl’ cation that forms directly from nor- 
bornyl starting materials. The rate-accelerating effect of a methyl 
substituent at the double bond (in 122) is greater than that of an a- 
methyl substituent (in 120). This difference suggests that in the 
transition state for ion formation, more charge may be at the carbon 
atoms of the original double bond than at the carbon from which the 
leaving group is departing164. 

The norbornyl products obtained from participation reactions 162*163 

have the ex0 configuration, as noted in the formation of only 118 from 
117 162. This configuration, particularly consistent with product 
f ~ ~ m a t i ~ ~  from ~ i i  iiiieiiliediaie silih ;is 165, i b  ubse~ved for products 
of similar reactions of norbornyl derivatives. A significant amount of 
unrparranged, as well as of cyclic product, is obtained from the 
modestly accelerated acetolysis of 120164. I t  is probable that the 
unrearranged product arises entirely from a non-participation path. 
The product composition agrees with that predicted by assuming that 
the accelerated and non-accelerated portions of the reaction lead to 
the unrearranged and cyclic products, respectively. 

Evidence for participation is noted in solvolyses of acyclic aryl- 
sulphonates with 5,6-double bonds. For example, acetolysis of 
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5-hexen- I-yl p-nitrobenzenesulphonate (128) is slightly accelerated 16'. 

The proportion of cyclic product obscrved in the presence of urealG0 
or sodiuni a c ~ t a t e ~ ~ * J ~ ~  is consistent with cyclization being associated 

I. HC02H-14C02Na 

AcOH-urea - ONs - 
OAc 

028) 

2 .  LiAIH, 

26.0% I I * 2 %  0.92% 46.1% 
ONs = p-nitrobenzenesulphonate 

7% 23% 30% 30% 5% 4% 

ONs = p-nitrobenzenesulphonate 

faster than that of the n-hexyl ester and. the products are largely 
cyclic171. The amount of unrearranged acyilic product is that 
expected if it is formed by the small amount of unassisted reaction. 
The cyclic products, except for 2,2-dimethylcyclohexanol, are those of 
closure to five-membered rings. The cyclohexanol is actually thought 
to arise from isomerization of five-membered ring products, since it is 
found in increasing amounts at their cxpense as the reaction period is 
lengthened l7I. 

The intermediate cations from which products are formed cannot be 
identical in the acetolyses of 5-hexen-1-yl (128) and cyclohexyl p -  
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nitrobenzenesulphonates. The ratio of cyclohexene to cyclohexyl 
acetate is 0.43 in the acetolysis of 128 but 3.6 in an identical acetolysis 
of cyclohexyl P-nitrobcnzenesulphonate lea. Differences in ionic 
intermediates generated fiom related cyclic and acyclic compounds 
have also been noted in other systems related to 128172. The inter- 
mediates could differ in the structures of the cations themselves, that 
fiom the acyclic starting material resembling 98 but  that from the 
cyclohexyl material resembling 100 168. However, the intermediates 
will be formed with different positional reIationships between the 
cation and the #-nitrobenzenesulphonate counterion Io8. Since 
product formation may occur before the positional relationships have 
time to become identical, this factor may also influence the product 
ratios and conceivably could be more important than differences in 
cation structure 173. The dependence of the reactions of short-lived 
cationic intermediates on the history of their formation is weU known 
in other s i t ~ a t i o n s ~ - ~ " J ~ ~ .  

Cyclizations of 128 and 129, unlike the cyclizations involving the 
symmetrical double bond of 117, can lead to the formation of products 
with either five- or six-membered rings. The particular ring size 
noted can be rationalized as being due to the influences on the tran- 
sition states for product formation of the stabilities of the possible 
extreme product-forming ions (100 and 101 in the reaction of 128). 
The predominant formation of six-membered rather than five-mem- 
bered ring products from 128 can be attributed to the greater stability 
of a cyclohexyl (100) than a cyclopentymethyl cation (101) ; both the 
lesser strain of a cyclohexane than a cyclopentane ring and the greater 
stabilization of a secondary than a primary cation contribute to the 
diserence in stabilities. The formation of five-membered ring 
products from 129 is ascribed to the greater stabilization of a tertiary 

6 909; aqueous acetonc , 
OPNB = p-nitrobenzoate 

u I s = p-roiuenesuipnonare 
/JJ 

0 
cis and trans 
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cation overcoming h e  greater strain of a five-membered ring. The 
ability of substituents to alter the direction of cyclization is noted also 
by comparison of the solvolyses of 130 174 :ind 131 176 that were studied 
by Goering and his coworkers. The enol (132) was demonstrated to 
be the reactive spccies in the solvolysis of 131, so the altered direction 
of addition can be attributed to the carbonium ion stabilizing ability 
of the hydroxyl substituent. 

Evidence for participation of 5,6-double bonds has been noted in 
reactions of a variety of other cyclic and hsed ring systems, 133 and 
134, for example. The rate of acetolysis of 133 is > 30 times greater 

CH,OBs A 

>' H AcOH-NJOAC 0 OAc 
>' H AcOH-NJOAC 0 OAc 

(133) 
0 6 s  = p-brornobenzenesulphonate 

OTs 

(134 
OTS = p-toluenesulphcnate 

than that of the corresponding saturated compound, and the stereo- 
chemistry of the product is that expected for its formation from a 
bridged ion1? Acetolysis of 134 is 13,500 times faster than that of 
cyclohexyl p-toluenesulphonate and furnishes 1 -ace.toxy~crl~.mmantane 
as the sole product177. 

The formation of cyclic products in solvolyses of a variety of other 
systcms containing 5,6-double bonds is generally associated with rates 
accelerated in comparison to those of suitable saturated derivatives, if 
allowances are nade  for steric and inductive effects of the double 
bonds. These accelerations have ranged from relatively small 
numbers noted above to 10l1 for acetolysis of 135 when compared to 
P3617n. This particularly large acceleration is in a system where the 
double bond and the reactive centre are held in close proximity. 
Achieving a similar proximity in acyclic systems must in;.oive unfav- 
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,055 

(135) 
OBs = p-bromobenzenesulphonate 

(136) 

ourable strain and entropy factors which will decrease the overall 
stabilization of the intermediate. In addition, loss in the transition 
state of some of the unusually large strain of the double bond of 135 
may also be a significant accelera.ting factor. 

Sulphuric acid solutions of 137 with R = Ph and of the solid 

perchlorate prepared fi-om 139 exhibit essentially identical long 
wavelength ultraviolet absorptions that were attributed to a long-lived 
cation to which structure 138 was assigned179. Similarly, 137 with 
R = CH, was reported to rorm the corresponding methyl substituted 
ion179. The long lifetimes of these ions in sulphuric acid are sur- . .  . pl.isii,g ifi ----.-  v;cw Ul -C I L L L I I L  ~y*:.&bb fi...-.Pr,PnnP r . r ; t h  .,. 1. a v2riet)l of carbE!!um 
ion~2.2il.78. 

The extent to which participation of the double bond at a developing 
cationic centre is concerted with the reaction of a nucleophile at the 
double bond itself may be irziportant in determining product stereo- 
chemistry. As one possible extreme, a cation might be fully formed 
without specific interaction with a nucleophile and only then undergo 
reaction with a nucleophile to form products. As the other extreme, 
reaction with a nucleophile could be so concerted with the participation 
by the double bond, that a cation might never be present. These 

4" 
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extremes for the involvement of a nucleophile at the doable bond in a 
reaction involving participation correspond to the extreme S,1 and 
S,2 processes at  saturated carbon. 

The stereochemistry can be follcwed at all four of the carbons under- 
going change in the cyclizations that occur on addition of HC02D to 
140 and to 142180. The stereochemistr). of the methyl groups and 

D 
HCO,H--D,S~ 

OCHO 

(143) 

10% 

thc deuterium in the cyclic products is consistent with a concerted 
proton addition and doiible bond participation involving the chair-like 
conformations illustrated in 140 and 142. Concerted proton addition- 
participation is analosous to the concerted ionization-participation 
generaily noted in solvolyses of reactive esters. However, the major 
cyclization product (143) formed from 142 is not that expected for 
concerted addition of the nucleophile, formic acid. Its formation 
could be explained by conformational isoinerization of an initially 
formed cyclic cation 145 to the more stable 146, followed by the 

c 

(16) (146) * 

expected equatorial attack on 146. The minor product (144) could 
form by a completely concerted reaction or from 145. The product 
(141) obtained fi-om 140 presumably is formed by the same mechan- 
ism, though it would be anticipated for either concerted addition of 
the nucleophik or addition of the nucleophiie to the most stable 
cyclohexyl cation. 

A variety of reactions have been studied in systems, such as 147 and 
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348, in which action of an additional double bond as a nucleophile 
leads to formation of a second ring. The solvolysis of 147 in 80% 
aqueous formic acid containing sodium formate is somewhat faster 

I .  HC0,Hpyridinc 
2 .  LiAlH, 

ONs 

(147) 

H H 

6% 35% 3% 9% 
O N s  = p-nitrobenzenesulphonate 

I .  HCO,H.pyridine 
2. LiAIH, 

b 

(148) 
/ 

NsO G5 
JW(jy OH (y4; 

OH 
H H 

-4 
/ 

5% 38% 9% 

than that of 5-hzxen-I-yl p-nitrobenzenesdphonate (128) 170. In 
accord with this kinetic evidence for participation, the products 

are largely cyclic181. That both product mixtures contain a cycIo- 
pentyl product as well as cyclohexyl products is not surprising in view 
of the effects already noted on ring size due to alkyl substituents on 
5,6-double bonds. Attack by the solvent leading to butenylcyclo- 
hexanols or by the terminal double bonds leading to decalols cannot 
proceed through a common intermediate in the reactions of 147 and 
148 since these reactants furnish products of different stereochemistries. 
The results are compatible either with attack by the nucleophile 
(formate or terminal double bond) on cationic intermediates that still 

sbtaimd i h x  147 and rrax its c t  isomcr (148) in firmic i i c i d - p y ~ d ~ ~ ~ e  . .  
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reflect the stereochemistries of the precursors, or with attack by the 
nucleophile being concerted with the participation by the internal 
double bond. Isomeric cationic intermediates could be cyclohcxyl 
cations that differ in conforination or bridged cations (similar to 98) 
that differ in configuration. Several factors could be responsible for 
the observations that reaction with solvent to give cyclohexyt products 
was stereospecific in the reactions of 147 and 148 but not in the 
reaction of 142. For example, the nucleophile in the reactions of 147 
and 148 may be formate instead of the less nucleophilic formic acid in 
thc reactions of 141 and 142; a better nucleophile would lead to 
shorter lifetimes of intermediate cations and therefore reduce the 
possibility of their equilibration. 

The addition of formic acid to 149 or to 150 leads to a cammon 

CO,H 
I 

(150) 

productlS2. The stereochemistry of the internal double bond is lost 
in these cyclizations, in contrast to the results of the simitar reactions of 
147 and 145. However, in 149 and 150, the central double bonds 
have an additional akyl  substituent and the terminal double bonds 
are less nucleophilic due to the electron withdrawing carboxyl groups, 
factors that could prolong the lifetimes of cationic intermediates and 
permit their interconversion ; alternatively, both trienes could 
initially form a common monocyclic cliece whme subseyxnt cycliza- 
tion would be responsible for the observed product. 

The factors determining the involvement of nucleophites in partici- 
pation reactions are not yet well formulated. Howevcr, in favourable 
cases, the stereoselectivity of product formation can be high, even in 
reactions involving more than two cycllzations. For example, the 
cyclization of 151 produces an excellent yield of isomers of struc- 
ture 152, possessing the tmm,anti,tram-dodecahydrophenanthrene 
skeleton lE3. 
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SnCI, 
benzene 

The synthetic value of cationic cyclizations is obvious. The re- 
actions described in this section have often involved cation generation 
by solvolysis of a reactive ester, since this is convenient for kinetic 
studies. However, a variety of other ways of generating cations, two 
of which are seen in examples above, are useful for synthesis. 

Cationic cyclizations involving 5,6-double bonds are also of great 
interest because of their relation to cyclizations of polyolefins that play 
an important role in the biogenesis of many terpenoid compounds la4. 

Indeed, the impetus to much of the chemical work with these -,ystems, 
particularly those in which multiple cyclizations are possible, has been 
to ascertnin the degree to which the high stereoselectivity of biological 
cyclizations might be due to the intrinsic requirements of cationic 
cyclizations rather than to conformational control of the reactants by 
enzymes. 

2. 6,7- and 4,5-Double bonds 

than by 5,6-double bonds. 
celerated and furnishes only - 1 yo of cyclic (cycloheptyl) product 

Participation in acyclic systems by 6,7-double bonds is less important 
Formolysis of 153 is not noticeably ac- 

ONs = p-nitrobenzenesulphonate 

(153;) 

in contrast to the evidence for significant participation in an identical 
reaction of 128, the homologue with one carbon less. Similarly, 125 
undergoes acetolysis without acceleration (Table 10) or formation of 
cyclic products, in marked contrast to the acetolysis of 117165. The 
two added methyl groups in 127 do lead to sufficient participation by 
the double bond to be detected by a modest rate acceleration and by 
the formation of cyclized as well as of uncyclized products lB6. Com- 
parison of 127 and 123 indicates that the elongation of the chain from 
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ethyl to prop$ decreases the anchimerically assisted solvoIysis by a 
factor of - 600. The difference in AS:, expected because of the larger 
number of conformations of 127 which are unavailable for reaction, 
is responsible for only a factor of - 10 and the difference in AH' for a 
factor of -60. The difference in AHS is attributed to the fact that 
the hydrogens of the side chain can all be staggered in the transition 
state for symmetrical approach to the double bond in 123, but not in 
127 166. However, participation by 6,7-double bonds is significant 
in reactions of 154 la5 and related systems la5*la6 and of 155 18'. 

a 2 7 ;  acetoncwatcr CaCO, + olefin mixture 

OTs 84% 6% 

OTs = p-toluenesulphonate 
(155) 

Participation in acyclic systems by 4,5-double bocds is also less 
important than by 5,6-double bonds. For example, participation is 
not noted in acetolyses168 and f o r r n o l y s e ~ ~ ~ ~  of 156 and 1571a8, in 

ONs - 
(156) (157) 

ONs = p-nitrobenzenesulphonate OTs = p-toluenesulphonate 

contrast to &:ie observation of azcelei-doii aiid cyclizcc! products i-, 
similar reactions of 128 and 128. However, the product mixture 
obtained fi-om acetolysis of 158 indicates that participation is im- 
portant in this reaction lag. 

I t  is clear that participation in acyclic systems is more favourable by 
5,6- than by 4.3- or 6,7-double bonds. The same delocalization 
energy is potentially available to the transition states of reactions of 
any of these systems. However, achieving a geometry that will perinit 
obtaining a substantial portion of this delocalization energy will involve 
unfavourable strain and entropy factors. Attaining a favourable 
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I W O  4% 2 Y O  

geometry, perhaps one that permits a relatively symmetrical distribu- 
tion of charge between the carbons of the former double bond, ap- 
parently is least costly for systems with 5,6-double bonds. 

3. 3,4-Double bonds 

have been subjected to intensive study. 
A variety of reactions that involve participation of 3,4-double bonds 

Systems (159) with 3,4-double 

*&*Ax 

(159) 

bonds were designated ' homoallylic' by Winstein, to emphasize the 
possibility of a bonding interaction between B reaction centre and a 
double bond separated by a methylene This term is often 
now used more generally to refer to systems that contain even more 
remote docble bonds. 

Participzsion in acyclic systems by 3,4-double bonds is comparable 
to that by 5,6-double bonds. For example, solvolysis of 3-butenyl 
p-toluenesulphonate (160) in 98% aqueous formic acid leads largely 
to cyclic products and the rate (Table 11) is 3.7 times that of the cor- 
rcspiding saturated sulphonate lY". Solvolysis of 161 at 100" in 

0 

0 
I 1  

docH- OCH 

OTS = p-toluenesulphonate 
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TABLE 1 1. Relative solvolysis rates of p-toluenc- 
sulphonates in 98% aqueous formic acid at 50°a 

~~ ~ - 

Compoundb Relative rate 

16,5OOc 

Ref. 191. 
X = p-toluencsulphonate, 
Ref. 190. 

*The rate was mcnsurcd in il solvcnt mixture or lo:& 
pyridinc in 98% formic acid. Thc relative rate figure is bnscd 
on the .assignment of a relativc rate of 3.7 to 3-butcnyl p-tol- 
uencsulphonate in that mcdium. 

C T l ~ s  relative rate figure is based on thc assignment of a 
relativc rate of 770 to frutt~-3-pcnten-l-yI p-tolucncsulphonatc 
in 98% formic acid. 

acetic acid is - 60 times as fast as that of the corresponding saturated 
compound ls2. Even though participation generally is less significant 
in acetic acid than in formic acid, the steric effect of the methyl 

W O B s  OBs = p-bromobenzenesulphnna?~ 

(161) 

groups in 161 provides more hindrance to direct attack by solvent than 
to participation by the double bond and may favour the geometric 
changes involved in cyclization. 

The rate-accelerating effects of carbonium ion stabilizing substi- 
tuents at the unsaturated carbons of 160 are shown by the relative 
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formolysis rates in Table 1 1 .  The effects of methyl substitucnts 
suggest that though both carbons of the doublc bond become more 
positive in the transition state, much more charge accumulates at 
C,,, than at C(3). The smaller effect of phenyl than of methyl is 
contrary to the usually greater ability of a phenyl substituent to 
stabilize a positive charge. However, the smaller effect of phenyl, 
which has bcen noted in like situationslS3, can be attributed in part to 
a greater stabilization of the starting alkene by phenyl than by methyl. 
Moreover, in situations where the bonding in a transition state is part 
u and part n, the balance of the electron-withdrawing inductive and 
electron-releasing conjugative effects of phenyl may lead to less 
electron release than is usually found lgl. 

The transition state for the solvolysis of 160, having positive charge 
both at C,,, and CC4), can be represented by 162, a hybrid receiving 

(162) (163) (164) (165) 

contributions, though certainly far from equal, from 163,164, and 165. 
Howevcr, it is not clear if the products from reactions of systems with 
3,4-double bonds form directly from ions best represented as 162, or 
instead, foliowing isomerization to other ions. The formolysis of 160 
furnishes a product mixture similar to those obtained from reactions of 
unsubstituted cyclopropylmethyl and cyclobutyl derivatives194*195, 
and may involve the same cationic intermediates, at least by the time 
that product is formed. Therefore, the consideration of the structures 
of cationic intermediates in reactions of systems with 3,4-double bonds 
is inextricably related to the unresolved problem of the proper assign- 
ment of structures to the cations formed from cyclopropylmethyl 194*195 
and cyclobutyl lg5 systems. Proposals for structures have included thc 
suggestion that reactions of cyclopropylmethyl, cyclobutyl, and 3- 
buten-1-yl compounds lead directly to 162, the bicyclobutonium ion, 
as a common intermediate 16b. However, more recent evidence 
suggests 195 that there may instead be discrete, though sometimes 
rapidly equilibrating, cyclopropylmethyl and cyclobutyl cations. 
These cations may bc most stable when they have the geometries 
illustrated in 1661s4,1s5 and 167 lg5, which if correct, may differ from 
the geometries of the transition states for participation in systems with 
3,4-double bonds. 

Evidcnce for participation has. been encountered in studies of a 
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variety of cyclic and fused ring homoallylic systems. Many of these 
systems have geometries which favour bonding to C,,) more than to 
C(4). The extensively studied c h o l e ~ t e r y l ~ ~ ~  (168) and 5-norbornenyl 
(169) 160 systems are examples in which the formation ofcyclic products 

(169) 

makes participation obvious. The acetolysis of 170198 is an example 

& AcOH-NaOk *A 
OTs OAc 

(170) (171) 

in which participation by the double bond must be responsible for a 
significant rate acceleration and for the retention of configuration in 
171, though cyclic products are not observed. In contrast, the anti- 
7-norbornenyl (172) and 7-norbornadienyl (1.74) systems have 

OTs = p-toluenesulphonate 

2 
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(174) 

Y 
(175) 

geometries that particularly favour a symmetrical interaction between 
a double bond and a reactive carbon. Studies of these systems indi- 
czte that participation is unusually important and that symmetrical 
structures (176 and 178) probably are more stable (and certainly are &d& . .  .. .. 

+ 
(176) (177) (178) 

&+ 

+ 

(179) (180) (W 
not much less stable) than asymmetric structures (177 and 180) for the 
resultant cations lg4. 

Ancldmcric assistance to the formation of cations from 172 and 174 
is particularly large lg4. Acetolysis of anti-7-norbornenyl P-toluene- 
sulphonate lg9 (172, X = p-toluenesulphonatc) is N 10 l1 times faster 
than that of the corresponding saturated compound, and hydrolysis 
of 7-norbornadienyl chloridezo0 (174, X = Cl) in 80% aqueous 
acetone is N lo3  times faster than that even of tznti-7-norbornenyl 
chloride. These accelerations of N 10'l and N are much larger 
thzr, others discussed in this chapter except that observed with 135, a 
compound in which the reactive carbon also is placed symmetrically 
with respect to the double bond, though with a different spatial 
relationship than in 172 and 174. 

Symmetrical structures 176155 and l7g2O1 have been proposed for 
the ions formed in these reactions, Such structures have been 
termed ' bishomocyclopropenyl ' to indicate the resemblance of the 
conjugated systems to that of the cyclopropenyl cation, though there 
are two interruptions in the framework connecting the conjugating 
carbons155. Alternatively, it has been proposed that these ions may 
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instead have unsymmetrical tricyclic structures 177 and 180, the 
stabilization being due to the cyclopropyl functions 78-202* The forma- 
tion from 172 and 174 of products &om attack both at  C,,, and at  C,,, 
is in accord with either structural proposal. However, the stereo- 
selectivity of attack at  C,,, to form 173 and 175, but not their epimers, 
seems more in accord with symmetrical structures 19*. 

Proton magnetic resonance spectra of stable solutions of ions that 
form from 172203*204 and 174203*305 have been observed. In  the 
spectra of both fully formed ions, C,,, = CC3), CC5) = Cc6, and 
C,,). = CC4), consistent with symmetrical structures 176 and 179. This 
equivalence of carbons is consistent with asymmetric structures only 
if 177 and 180 are in rapid equilibrium with their isomers, 178 and 
181; even thcn, symmetrical ions would be midpoints in the rapid 
eqdibrations and therefore not: much less stable than the asymmetric 
ions. The chemical shifts exhibited by the protons of 7-norbornenyl 
and 7-norbornadienyl cations and by the corresponding 7-methyl 
substituted cations 203.206 suggest that the charge resides principally 
at C,,, and C,,, rather than at C,,, in the fully formed cations. The 
absorption of the hydrogen at C,,, in the 2-methylnorbornadienyl 
cation is > 3 ppm downfield from those of cyclopropyl hydrogens in 
cyclopropylmethyl cations ; therefore, the position of this absorption 
suggests that 182 may be a more adequate representation of this ion 

(183) 

than 183, the structure that should predominate if such cations have 
tricyclic structures ,06. 

The observation that C,,, = C,,, # C,5) = c(6) in the proton 
magnetic resonance spectrum of the 7-norbornadienyl cation indicates 
that the system has undergone some distortion to allow C,,, to bond 
more strongly to one of the original double bonds than to the other. 
The additional stabilization that is gained is large; achieving a geo- 
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metry in which the 'double bonds' become equivalent is shown by 
proton magnetic resonance studies to have A P  2 19-6 kcal/mole206. 

In  contrast to the very large anchimeric assistance to solvolysis by 
the double bond in anli-7-norbornenyl derivatives (l72), hydrolysis of 
184, in which the reactive centre also is placed symmetrically with 

(1%) 

respect to the doubrc bond, proceeds without participation. The hy- 
drolysis rate in 50% aqueous acetone at 60" is N 0.2 that of cyclopentyl 
bromide and hydrolysis in 50% aqueous ethanol forms only unrear- 
ranged The geometry of the 7-norbornenyl system must 
be much nearer to a pai-ticularly fhvourablc geometry for participation 
than that of the 3-cyclopenten-1 -yl system. Distorting the 3-cyclo- 
penten-I-yl cation to a geometry similar tG that of the 7-norbornenyl 
system is estimated to introduce - 17 kcal/mole of angle strain207. 
This strain energy is greater than the - 15 kcal/mole of stabilization 
energy that corresponds at  room temperature to the rate acceleration 
of 10" exhibited by the anti-7-norbornenyl system. Therefore, the 
strain required to establish significant participation in 184 may exceed 
the stabilization energy that could be gained. The lack of accelera- 
tion indicates that the amount ofn-overlap between C(l) and C,,, in a 
relatively unstrained 3-cyclopenten- 1-yl cation must be insignificant. 
The contrasting behaviour of the 7-norbornenyl and 3-cyclopcnten- 
I-yl systems provides a particularly dramatic example ofhow structural 
restraints imparted by the starting material can dictate the extent of 
participation. 

C. Anions 

No convincing example seems to be known of significant accelera- 
lion by a tlori-conjugated carbon+zrbon doublc bond c;f thc fiii-ma- 
tion of a simple carbanion (or polar organometallic) . This deficiency, 
in contrast to the multitude of examples of participation in cation for- 
mation, may indicate a significant difference in the interactions of 
double bonds with cations and with anions, or may result simply from 
a lack of appropriate studies. 

A carbony1 group should be more effective than a carbon-carbon 
double bond in stabilizing a transition state fGr carbanion formation 
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because of the possibility of placing negative charge on oxygen. I n  
fact, carbonyl groups in some fused ring ketones are thought to par- 
ticipate in base-catalysed proton removal at non-conjugated carbons. 
Nickon and his coworkers have shown that hydrogen isotope exchange 
in 185 is most rapid at  C(6)208*209, and probably involves removal of 

0 

(185) 

the ex0 rather than the endo hydrogen2I0. Racemization of optically 
active 185 occurs at  about the same rate as exchange, suggesting that 
exchange results in formation of a symmetrical intermediate that can 
be represented as 186 or as a resonance hybrid of 186, 187, and 188 208. 

(186) (187) (188) 

I t  is attractive to assume that a bonding interaction develops during 
proton removal, leading to a transition state that resembles this inter- 
mediate. If only inductive stabilization by the carbonyi group was 
involved, the C,,, hydrogens or perhaps thc methyl hydrogens should 
be the most readily removed. Removal of the Cc6) ex0 hydrogen 
permits significant: overlap of the developing non-bonded orbital at 
CcG) with the atomic fi orbital a t  the carbon of the carbonyl group. 
Removal of hydrogens from other positions of 185 or from any positior; 
in compound 189, which does not undergo exchange under similar 

(189) 

conditions 211, would lead to less favourable ovcrlap. The base- 
catalysed isonierization of 190 to 191 can also be attributed to activa- 
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p - 0. &*A- 
/ 

(190) (191) 

tion of proton removal by a non-conjugated carbonyl 
Though the activated proton is one atom farther from the carbonyl 
group in 190 than in 185, the functions are held within close proximity 
of each other. 

Proton removal from C(4) of 192 does seen1 to h e  accelerated signifi- 
cantly by the non-conjugated double bond. Hydrogen isotope 

(192) (193) 

(194 

exchange catalysed by potassium t-butoxide in dimethylsulphoxide at 
60" is 3 x lo4 faster in 192 than in 194213. This acceleration is too 
iarge to attribute soIeiy to the inductive effect of the non-conjugated 
double bond. I t  has been suggested that the allyl anion that is being 
formed has added stability due to the interaction with the other double 
bond illustrated in 193. The chemical shifts observed in the proton 
magnetic resonance spectrum of the anion are consistent with the 
presence of a significant portion of the negative charge at  c(6) and 
C(7)214. However, the stabilization of an allyl anion by a non-con- 
jxgated double hc?d in this hicyclic system does not imply a like 
stabilization of saturated anions by non-conjugated double bonds. 
Hiickel molecular orbital calculations predict that overlap between 
the allyl anion and a double bond can lead to an appreciable bonding 
interaction. The delocalization energy is calculated to be -0.28 if 
f12,7 and 8 4 . 6  are assumed to be only 0.3/3"14. This anion has a con- 
jugated system similar to that of the aromatic cyclopentadienyl anion, 
though the ring of conjugated carbons has two interruptions. 
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A variety of polar organometallic compounds containing non- 
conjugated double bonds are known. There seem to be no appro- 
priate studies of rates of intermolecular reactions or of equilibria 
involving these compounds that might give information about the 
effect of the alkene function on their stabilities. However, these 
orgnnometallic compounds do undergo intramolecular cyclizations. 
To the extent that carbanion-like intermediates are involved, these 
cyclizations represent examples of participation relevant to the 
subject of this section. 

Cyclizations of Grignard reagents with 3,4-double bonds, such as 
195215, havc been studied by Roberts and his  coworker^^^^*^^^. The 

MgX MgX 

(195) (196) (1W 
equilibrium concentration of 196 is too small to be detected directly, 
but its formation is inferred from the scrambling of Cell and C,,, that 
is noted when isotopically labcled compounds are used 215. Isomer- 
ization of 198, a. reagent with a 4,5-double bond, to 2G0 must also 

(198) (1991 (200) 

involve cyclization, though the cyclic reagent (199) is not actually 
observed 135*217*218. Cyclizations of Grignard . reagents with 5,6- 
double such as 201 lead to their more stable cyclic 

isomers, which do not ring open. These cyclizations are remarkably 
facile. Additions of Grignard reagents to unconjugated double 
bonds of hydrocarbons, the intermolecular counterparts of the cycliza- 
tions, are not known. 
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Cyclizations occur for organometallics other than Grignard re- 
agents. Maercker and Roberts have observed cyclizations of organo- 
lithium and organopotassiuni compounds with 3,4-double bonds 220. 

The cyclization of 198 to 199 also occurs for the corresponding organo- 
lithium and organosodium compounds217. Additional cyclizations 
of more complex lithium, sodium, potassium, and caesium derivatives 
have been reported2”. 

The formation of the smaller of the two possible rings is a striking 
feature of these cyclizations. The preference for the smallcr ring size 
seems in marked contrast to the results of cationic cyclizations, where 
ring size often can be rationalized by considering the stabilities of the 
possible cyclic cations. I t  is clear that ring size in the organomctallic 
cyclizations is not determined solely by the influence on transition 
states of the stabilities of the cyclized organometallic compounds. 
For example, the Grignard reagent (199) formed in the cyclization of 
198 should be more strained than 203, the other possibility, by -20 

LJ U 
(203) (201) 

kcal/mole 222. Similarly, the product (202) of the cyclization of 201 
should be more strained than 204 by - 7  kcal/molc. Primary or- 
ganometallics are formed by the observed cyclizations to give smaller 
rings in these examples, and secondary organometallics would have 
been formed by cyclizations to give the Iargcr rings. However the 
difference in stability between primary and secondary Grignard 35-135 

or l i t h i ~ m ~ ’ . ~ ~ ~  reagents probably does not excecd a few kcal/mole. 
It has been suggested that a preference for approach of the reactive 

carbon along the axis of an atomicfi orbital a t  one of the carbons of the 
double bond may be thc significant factor in dictating ring size in the 
organometallic cyclizations 218+223. Examination of models suggests 
that approach with this geometric requirement is less strained to 
the nearer than to the more distant carbon of 3,4-, 4,5-, and 5,6-double 
bonds. Preference for a similar approach in radical cyclizations would 
rationalize such observations224 as the more rapid cyclization of the 
5-hexen-I-yl radical to the cyciopentyimethyl radical than to the 
more stable cyclohexyl radical. 

While the mechanisms of the crganometallic cyclizations are not 
known with certainty, they clearly are not ~ a t i o n i c l ~ ~ * ~ ” .  The 
geometry of approach postulated to rationalize thc ring sizes noted in 
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the organometallic cyclizations is consistent with the predictions from 
molecular orbital calculations that interaction involving a double 
bond and a carbanion or radical will be most favourable if bonding 
(and hence approach) is to only one of the carbons of the double 
bond. In contrast, predictions that maximum stabilization of the 
approach of a carbonium ion to a double bond will be achieved by 
bonding to both carbons of the double bond suggest a differen: transi- 
tion state geometry for cationic cyclizations, a geometry that perhaps 
more readily leads to the formation of the largcr rings. Even in a 
system in which initial approach of the cationic carbon is constrained 
principally to one carbon of a double bond, the possibility in cations 
(but not in anions or radicals) of 1,2-alkyl mig-ration permits rearrange- 
ment to a more stable cation a t  a stage at  which carbon-carbon bond 
formation has progrcssed sigmificantly. 

A requirement for concerted formation of the new carbon-metal 
bond at the same time that the new carbon-carbon bond is being 
formed might also rationalize the ring sizes observed in organo- 
metallic cyclizations 218. The geometry necessary for a concerted 
process can be achieved more readily for formation of smaller than 
larger rings in the examples noted. To the extent that the cycliza- 
tions are concerted, the ring sizes formed may not be relevant to the 
problem of the interaction between double bonds and reactive carbons. 
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A number of important research papers and reviews have appeared 
since the publication of ‘The Nkenes’ and the purpose of this sup- 
plement is to highlight significant progress in the field. Full coverage 
of the literature is not intended; instead a selection of material f+om 
the recent literature is given and for this purpose the net has been cast 
as wide as possible, but subjects which have been expertly reviewed are 
not given detailed attention unless ofconsiderable novelty and interest. 
The order of subject matter is similar to ‘The Alkenes,’ Chapter 7. 

D. CIS-TRANS lSOMERlSM 

A, Thermal, Cata!ysed m d  Photnchernical Stereomutatio.? 

Iodine-catalysed thermal stereomutation of 2-butene has recently 
been very carcfully investigated using more reliable analytical tech- 
niqucs than in earlier work. TlieriiiodynanJc parameters evaiuated, 
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e.g. A H o  and ASo agree well with those calculatcd on the basis of 
statistical formulae (API tables) la using known vibrational assignments 
and internal rotational barriers. However, errors in these dynamic 
quantities constitute a serious source of inaccuracy in the comput- 
ation of thermodynamic data in general (e.g. for positional iso- 
merism). 

I t  is suggested, howevcr, that it should be possible to measure ASo 
from accurate equilibrium studies and use this in conjunction with 
microwave spectral data to obtain more re!iable values for rotational 
barriers, and thus enable assignment of important low frequency 
infrared bands ( < 1,000 cm-l)lb. Earlier work on the iodine-cata- 
lysed stereomutation of diiodoethylene had suggested the formation of 
an intermediate with double-bond character 2, but the recent work on 
2-butene suggests that the mechanism involves formation of the s- 
butyl radicals 2c and 2t by addition of an iodine atom. On the as- 
sumption that these radicals are in equilibrium with the rotational 
transition statc, actud and theoretical rates can be compared. Using 
absolute reaction rate theory and equating. the equilibrium constant 
for 2c $2t  to the partition function for hindered internal rotation, 
a barrier f3r this motion of 3 kcal/mole gives a rate constant k,, which 
is somewhat smaller than k,, leading to an overall rate in steady state 
theory given by Ka,b'k,. & b  can be computed on the basis of stand- 
ard entropy and enthalpy values for I, cis and trans olefin, s-but$ iodide 
and ACPo. The product of Ka,b with the calculated k, gives a rate 
constant in excellent agrcement with the experimental figure, confirm- 
ing the proposed mechanism and supporting the assumed values in 
calculation of k,. Clearly there is considerable scope for the devel- 
opment of this approach3. 

(1) (24 (W (1') 

A similar mechanism has been proposed for the iodine-catalysed 
stereomutation of $,p'-disubstituted stilbene derivatives. Electron- 
donating substituents accelerate the rate, apparently by combined 
inductive-radical resonance effects of the substituent4. 

An important factor determining the position of equilibrium bc- 
tween stereoisomers is the entropy diflerence between various geo- 
metrical pairs, attributable to differences in barriers to free rotation 
of end groups in the cis isomers. Similar considerations apply in 
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determining the relative stability of positional isomers, where enthalpy 
differences between isomer pairs ought to be similar, but owing to 
rotational effects of end groups, entropies for geometrical pairs will 
differ. Determination of iodine-catalysed equilibrium data for 2- 
and 3-heptene isomers illustrates this; the trans positional isomers have 
entropy difference of N 0.3 e.u. but in the cis-bans isomeric pairs the 
entropy difference covers the range 0.5-1.5 e.u. depending on, and 
correlating with the size of the end groups5. 

Nitric oxide-catalysed geometrical isomerism has also been carefully 
reinvestigated. As pointed out by Cundal16 the very large decrease 
in activation energy for stereomutations catalysed by nitric oxide, 
especially in the case of trans-dideuterioethylene ' and cis- and trans- 
2-butenes O, implies chemical bonding, since the values observed are 
much lower than the triplet-state energies measured photochemically. 
As with iodine, addition to the olefin generates a radical which under- 
goes rotation. In the case of 1,3-pentadiene for the nitric oxide 
catalysed reaction, rotation in the radical i? the rate-determining step 
but for the iodine-catalysed reaction it is the initial addition step which 
is rate determining; it is notable that in comparison with the s-butyl 
radical produced from 2-butene, the intermediate produced from 1,3- 
pentadiene is stabilised by 12.6 kcal/mole-the allylic resonance 
contribution. For nitric oxide-addition this stabilizing effect is offset 
by the decreased strength of the C-NO bond as compared to the 
corresponding C-I bond. Thermodynamic parameters for the 
lY3-pentadiene equilibrium differ from those earlier published (API 
tables). The latter imply that the cis isomer is more stable than the 
trnar isomer, when in fact the opposite is true. 

As a general rule Benson and Egger and their  colleague^^*^ propose 
that for any radical- or atom-catalysed stereornutation, the mechanism 
leads to a reaction which is rate controlled by rotation in the inter- 
mediate if the bond strength of the s-C-A bond and the resonance 
energy in the radical formed with species A * ,  do not add up to the 
r-bond energy being absorbed to dissipate the r-bond (i.e. AH;,, should 
be positive for the reaction of 2-butene depicted above). 

Recent work in the field of haloolefin stereochemistry has been 
concerned with the processes involved in thermal isomerization and 
the synthesis of isomers of preferred cis configuration. 

The stereomutation of 1,2-dichloroethylene may occur by a mixed 
mechanism in which there is an important surface effect neglected in 
the earliest work, as well as radical chain and true unimolecular 
pathways. Extrapolation ofthe results to zero surface to vclume ratic 
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in the presence of radical scavengers, suggests typical unimolecular 
paramete~s.~ Very similar parameters are found for the gas-phase 
stereomutation of tram-octafluoro-2-butene (where the activation 
energy is rather lower than for the hydrocarbon or for dideuterio- 
ethyiene by 6-8 kcal/mole, which is of the same order of magnitude 
as the relative enthalpy differences for reactions of the fluoro- and 
hydro-compounds a). 

Investigations in thc field of mixed halogenoolefins continues to 
uncover interesting phenomena. The trans isomer of l-bromo-2- 
iodoethylene is the more stable one contrary to earlier reports; its 
thermal stereomutation is accompanied by decomposition and forma- 
tiion of l ,2-&bromo- and l ,2-diiodoethylenes, the latter compound 
being obtained pure for the first time g. l-Fluoro-2-iodoethyle~e, 
readily obtained fiom the bromofiuoro compound, is predominantly 
the cis isomer; its reaction with ethylene and separation of the products 
into stereoisomeric mixtures of 1-fluoro-4-iodobutene and 1,4-difluoro- 
4-iodobutene followed by dehydroiodination, allows isolation by gas- 
liquid chromatography of cis and tram- I-fluorobutadiene and cis, cis-, 
cis, tram-, and trans, tr~m-l,4--difluorobutadienes respectively. Isom- 
eric 1,4-dichlorobutadienes are also accessible. In each case here the 
cis isomers are the more stable ones, as deduced by iodine-catalysed 
equilibration studies, and this is cxplicablc in terms of favourable 
intramolecular hydrogen-halogen Van der Waals forces in the absence 
of H-€3 or I-I repulsions, as represented in structure 31°. The cis- 
isomer of 1-H-perfluoropropene is also the more stable of the pair and 
is obtained virtually pure by photolysis of the stereoisomeric mixture'l. 
In connexion with these observations the deviation from coplanarity 
of 2-fluorobiphenyl, being scarcely different fiom that in biphenyl 
itself, lends support to this idea 12. 

The very high initial cis:tran.s isomer ratio observed in the formation 
of 1 -bromopropene by low temperature addition of hydrogen bromide 
to propyne, indicates that the intermcdiate vinylic radical does not 
stereomutate, but retains a bent form; arguments based on the dif- 
ference in frequency of isomerization derived from the isomer ratio and 
the difference of in-plane infrared bending vibrations, point to an acti- 
vation energy for stcreomutation of the vinylic radical of ca 17 kcal/ 
mole, which agrees well with spectroscopic data For the bent ground- 
state to linear excited-state transition for the formyl radical. The 
vinylic radical can thus be added to the growing number of vinylic 
and allylic intermediates which retain stereochemical integrity during 
chemical reactions13 (see also Chapter 2). 



3. Alkenc Rearrangements 119 

H H  

Photo- and radiolytically produced thiyl radicals stereomutate 2- 
butene and ethylene-1,2-d2;.the lack of effect ofpressure on the reaction 
rate in the photo-process with methanethiol, leads to a simple thermal 
decomposition mechanism for the thiyl radical olefin adduct, the acti- 
vation energy for stereomutation actually being very small. Rate 
constants for the important attack step are calculated to be14 ca 
4.5 x 106-4-5 x lo8. A similar mechanism involving removal of 
HS radical from the intermediate hydrogen sulphide adduct, accounts 
for the features of the 6oCo y-radiation-hydrogen sulphide-catalysed 
reaction 15. 

The resurgence of interest in photoactivation is apparent in all 
areas of organic chemistry, not least in the field of alkene rearrange- 
ments. This is partly due to the increasing use of sensitization pro- 
cesses (see also Chapter 6). For example the gas-phase cis-trans 
isomerization of 2-butene is sensitized by benzene or pyridine, thc 
rate being reduced by triplet quenchers such as oxygen, nitric oxide, 
ethylene, etc. Radical pathways may be ruled out by the cleanliness 
of the reaction and the failure to observe typical radical reactions with 
additives; singlet-state benzene is not involved since high butene 
pressures fail to quench the characteristic fluorescence associated with 
this state. The failure to observe tetramethyl-cyclobutane in the 
reaction products may be due to the formation of the vibrationally 
excited molecule which instantly fragments. The use of benzene 
as a gas-phase sensitizer represents an important advance over the use 
of mercury vapour with its associated multifarious p r o d u c P .  
Sensitized reactions are much more common in solution however, 
using aromatic carbonyl compounds and hydrocarbons as well as 
solvent-sensitizers such as acetone as triplet-energy carriers. Ole fin 
triplets formed in these reactions are probably veiy short lived 
( <  sec.) because of overlapping of the ground-state potcntial 
curve with that of the twisted triplet-energy profile. This may be one 
of the reasons why triplet-energy transfer between olefins is rare. It 
is therefore possible to remove-even selectively-triplet molecules 
with olefins without effecting excited singlet species or acceptor triplet 
olefins concurrently produced.17 
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Triplet-energy transfer from carbonyl groups can also be intra- 
molecular. Among other products of irradiation of trans-4-hexen-2- 
one, the cis isomer is isolated; however, under identical conditjons in 
the presence of tram-2-hexene no isomerization of the latter is observed. 
Similar stereomutation of trarts-5-hepten-2-one also occurs. In  these 
reactions the n - d :  excited ketone must intramolecularly transfer 
triplet energy to the olefin bond by suitable orbital overlap. Filtered 
light illumination of trans-1-phenyl-2-butene (absorption of light by 
benzene chromophore) gives a single photoproduct by a similar 
process la. Obvious objectives of future work could be determination 
of steric effects on the efficiency of these intramolecular processes with 
similar readily accessible compounds and their analogues, including 
possible transannular effects in medium rings. 

The  mechanism of photoisomerization of olefins and stilbene in 
particular, and the nature of the energy-transfer process has recently 
been examined in some detail, Two approaches have been used19*20. 
First the composition of photostationary mixtures of a-methylstilbene 
isomers and quantum yield measurements at low conversions have 
been made in the presence of a range of sensitizing compounds (triplet 
energies 40-75 kcal/mole) a l .  The second approach to the problem 
of studying transitory olefin triplets produced in sensitized stereomu- 
tations is to observe the behaviour of the sensitizer triplets quenched by 
the isomerizing olefm. Again stilbenes and diphenylpropenes are 
useful substrates for these studies. These approaches are described 
in more detail in Chapter 6. 

Triplet-energy transfer is subject to steric effects, as might be ex- 
pected if close approach of, for example, the carbonyl group and the 
olefin bond is required for efficient interaction. Introduction of two 
o-isopropyl groups into benzophenone markedly reduces its sensitiza- 
tion efficiency, the efftct being especially noticeable with cis olefins 22. 

Stereomutation can occur by triplet transfer from the 3Blu state 
in benzene solutions but the radiation energy required appears to be 
rather high; high frequency ultraviolet, y-rays and fast electrons 
geometrically isomerize 2-butene and other olefins 23, whilst pulses 
of y-rays are eflective with dimethyl fumarate 24. The intermediacy of 
triplet intermediates in the 2-butene case is apparent from the lack of 
side products expected from radical reactions and the absence of 
quenching effects by added acceptors. I n  the fumaric ester case, a 
triplet intermediate is apparent from the fact that the concurrent yield 
of triplet anthracene in benzene is reduced, compared to solutions of 
anthracene alone. The isomerization of cis-stilbene in solution in 
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benzene or cyclohexane by 6oCo y-rays appears to involve chain re- 
actions initiated by ejection of solvent electrons which add to the 
olefin, giving a reactive radical carbanion capable of isomerizing by 
transferring its electron to further cis-stilbene, regenerating itself until 
chain termination occurs at an ionizable site 25 ; genuine cases of stereo- 
mutation of stilbene by triplet have been described as well”. 
The benzene sensitized stereomutation of dideuterioethylene is ac- 
companied by hydrogen scrambling, but to a considerably lesser exten t 
than in the Hg(3Pl)-sensitized reaction, the amount of energy availabIe 
being somewhat lower (3.6 eV for benzene, 4-9 eV for mercury) z7. 

Cases of So + TI (‘forbidden’) transitions were earlier observed 
spectroscopically by Evans for photoexcitation in the presence of high 
pressure oxygen 28. Isomerization of cis- and trans-l,2-dichloroethy- 
lene by irradiation in the paramagnetically induced singlet-triplet 
zone similarly produced, appears to involve a triplet state common to 
both isomersz9. 

An interesting case of solid-phase stereomutation has beer, observed 
in y-irradiation of pressed potassium bromide discs of cis-a-phenyl- 
cinnamic acid. The same phenomenon is observed in the presence of 
hexabromoethane, but not with hexabromobenzene, fairly clearly im- 
plicating bromine atoms and indeed in the presence ofefficient bromine 
scavengers such as allene, no isomerism is observed30. The mechan- 
ism of solid-state stereomutaticn of cis-dibenzoylethylene cannot 
involve (2 + 2)n photoaddition followed by facile thermal scission of the 
cyclobutane (as required by orbital symmetry arguments), since 
irradiation of an equimolar mixture of the diketoolefin and the ring- 
decadeuterated diketoolefin (tram isonicrs) and mass spectroscopic 
analysis of the cis isomer produced, shows that molecules with only five 
deuterium atoms are absent31. 

Methods of isomerizing non-conjugated polyolefins with :odine and 
radiation suffer from the disadvantage that considerable double-bond 
shifts occur; however, the use of filtered light and acetophenone 
sensitizer allows smooth stereomutaiions, c.g.  with 5-decene which 
gives a mixture richer in trans-5-decene than the thermal equilibrium 
mixture 3z. 

B. Acid- and Base-Catcilysed Stereomutations 

Stereomutation of alkenes by nuckophilic reagents was briefly dis- 
cussed in ‘The Alkenes’ by Mackenzie (p. 403) and in more detail by 
Patai and Rappoport (p. 565). In  general such reactions involve 

5* 
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reversible addition of the nucleophilic reagent to the olefin, the sta- 
bility of the resulting carbanion being determined by the electronic 
nature of the groups present in the olefin. As a result the carbanion 
can stereomutate and revert to olefin, e.g. with highly reactive a-cyano- 
p-o-methoxyphenylacrylic esters, or if very unstable the carbanion may 
protonate, when isomerization requires a further molecule of base to 
remove the proton 33n. Fragmentation of the carbanion intermediate 
is an alternative possibility, the ratio of fragmentation to isomerization 
varying widely; since the energy requirements for rotation are small, 
the observed ratio reflects the stability of the fragment carbanion. 

The addition-elimination mechanism also applies in the isomeriza- 
tion of 4-nitrochalcone by a variety of nucleophiles, the order of 
relative reactivity for the reagents being closely similar to that observed 
in earlier experiments with, for example, maleic ester and cc-cyano-p-o- 
~nethoxyphenylacrylates~~~, i.e. OH- > piperidine > N; > BuNH, > 
n-Pr,NH > t-Pr,NH >> Et3N, C5H5N, n-Bu3N or Br-. The  differ- 
ent degrees of reactivity amongst the strongly basic, secondary 
amines used in these studies are probably due to steric effects. Their 
actual positions in the reactivity order reflect the subtle competition 
between electron availability and steric requirement, which of course 
may be different with different substrates. Piperidine is presumably 
only second to hydroxyl ion OR account of its basicity and small steric 
rcquirement. The much higher reactivity of azide ion compared to 
bromide ion is however surprising; apart fiom its greater nucleo- 
pllilicity (observed only in nucleophilic aromatic substitutions) , the 
steric effect for azide ion might be quite diffcrcnt from that ofbromide 

The base-catalyscd stercomutation of stilbene and a,a'-dideuterio- 
stilbene isomers in powerfully basic aprotic media at 50-196" has 
recently been quantitatively i n ~ e s t i g a t e d . ~ ~  For stereomutations in 
t-butanol and in t-butanol with tetrahydrofuran or dimethylsulphoxide 
as cosolvent, vinylic carbanions are involved (as they are for deuter- 
ium exchange) , since the relevant addition product of cis-stilbene and 
t-butanol docs not yield trans-stilbene under comparable conditions ; 
however an addition-elimination sequence does seem to be involved 
in methanolic media. 

The ratio of exchange to isomerization (kE/kf) for cis-stilbene 
changes steadily (covering a range of 5 x lo3 to 0.8) as the solvent, t- 
butanol, is enriched with diniethyl sulphoxide, Secause the latter is a 
better ion-pair dissociating solvent, and the carbanion therefore has 
a longcr lifetime in the medium, incrcasing the probability of stcrco- 

i0n34. 
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mutation. Interestingly in dimethyl sulphoxidc-d,-potassium per- 
deuteriodimsyl reagent, isomerization of cis-stibene occurs with 
significant retention of the original isotope, cven though an anion is 
involved; this could be due to the involvement of a his-solvent liganded 
potassium ion-carbanion ion pair, in which one of the liganded 
solvent molecules is that formcd by removal of hydrogen from the 
stilbene by perdeuteriodimsyl anion. Rotation of the solvent 
liganded cation in the ion pair enables hydrogen or deuterium to be 
delivered to the carbanion. Protonation from the side remote from 
the potassium ion occurs at a much slower rate, because the result is a 
product-separated ion-pair. 

Similar results are observed for p-nitrostilbene which is of course 
much more reactive in both stereomutation and exchange. 

The nature and geometrical form of the vinylic carbanions involved 
in these rcactions is uncertain. Some delocalization of charge into 
the aromatic ring is possible, and with p-nitrostilberle the nitro 
group must surely be involved, probably in an essentially allenic type 
structure. 

For the isotopic exchange versus isomerization of stilbenes, two 
eKects are probably operative. More strain is released in qoing to 
the transition state for the &-anion than for the trans anion if the 
carbanion rehybridizes to sp linear geometry on the one hand; and 
on the other, in the grou1.d state the cis isomer with one aromatic ring 
necessarily twisted, is in a better conformation for charge delocaliza- 
tion than the trans isomer, where to achieve the correct conformation 
for charge spreading one ring must be tzken out of conjugation with 
the double bond. Both of these effects ought to enhance the rate of 
formation of the carbanion from the cis olefin relative to the t r~ ; l s  isomer. 
For the p-nitrostilbenes, since charge delocalization is thought to be 
more complete, a larger value of li;/kL might be expected; but it is not 
significantly different fi-om that of unsubstituted stilbene. In more 
polar media k;/X-t, is higher, clearly because charge-delocalization 
effects are more important here35. 

The geometrical lability of allylic carbanions has received recent 
attention in studies of prototropic equilibria of diphenylbutenes and 
a!lylbenzene (vide irfia) ; in this connection n.m.r. data on solutions of 
lY3-diphenylpropenyl lithium shows that the carbanion prefers a 
t~am,ti~n.r orientation with the magnetically equivalcnt a-protons and 
the p-proton constituting an AB, spcctrum 36. Calcdated bond 
orders suggest a fairly high activation energy for rotation fiom the 
tram,fram form 6. 
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H 

Ph H Ph k Ph 
n-CrHsLi \/ Yc/ 
___f - \ /  

/ \  
C=C 

/ THF 

CH2Ph H 
(4) (6) 

(6) cis isomer 

Stereomutation of cis-stilbenc to the trans :somer can aiso be acid 
catalysed, and is indeed quantitative in 50-60% sulphuric acid. The 
rate data correlate linearly with H, and give a negative value for p 
in Hammett's a+-p relationship, indicative of the development of 
positive charge a t  the benzylic position. The reaction is marked by 
an induction period suggestive of an intermediate which is possibly 
lJ2-diphenylethanol ; this alcohol dehydrates faster than cis+ tilbene 
isomerizes, whilst racemization of the optically pure compound is very 
much faster still. With 1,2-diphenylethano1-2-d the rate of dehydra- 
tion is reduced by a fxtor  of two, the product stilbene being 78.8% 
deuterated; consequently the rate limiting process is the loss of a proton 
from the final carbonium ion, implying that the rate-determining step 
in the stereomutation of thc cis-stilbene is the addition of a proton. 
This is confirmed by the reduction in rate of isomerization in deuterio- 
sulphuric acid, the comparison being actually more marked for 
p,p'-dimethoxystilbene (kHzO/kDaO = 6.0 compared to 2.4 for the 
unsubstituted stilbene). This effect can be understood on the grounds 
that as the stability of the carbonium ion is increased byp-substituents, 
the extent of G - H  bond formation with the incoming proton is 
lessened, the transition state resembling that involved in cinnamic 
acid stere~rnutation~' (discussed in Part I).  

Comment has been made on the assumption that carbonium ions 
derived fi-om alcohols in acids are formed directly by loss of water 
from the conjugate acid, on the grounds that 1-, lJl-di-, and l,l,Z- 
triphenylethanols appear to dehydrate completely in 10-3-10-4 a1 
perchloric acid in methylene chloride. The olefins thus formed 
become subsequently protonated. This would appear to suggest a 
rapid bimolecular elimination from the conjugate acids which is 
faster than loss of water to form the carbonium This effect, 
observed by ultraviolet spectroscopy, could be a medium effect, and 
ought to be further investigated. 

Acid-catalysed stereomutation of cis-dibenzoylethylene is a first- 
order process in the alkene, in alcohols and aprotic solvents the ratc 
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being dependent on the structure of the acid. The rate dcpendence 
on concentration, e.g. with acetic acid in benzene, indicates that 
molecular acid is active agent, which thcrcfore involves a molecular 
addition-elimination sequence, rather than attack by dissociated 
acid39. 

C.  Cis-Trans lsornerisrn in Polyenes 

Coupling ofvinylacetylene (7 + 8) i'ollowed by a partial hydrogena- 
tion gives mainly cyclooctatriene (10) rather than 9 and a small yield 
of trans,cis-1,3,5,7-octatetraene (11) ; the latter is best made from 
trans-l,3,7-octatrien-5-yn by semihydrogenation at the acetylene 
linkage40. The reverse of this type of valence tautomerisin has also 
been observed and is potentially useful for making polyolefins with 
fixed stereochemistry. The carbinols obta.ined from cyclooctarienone 
and Grignard reagents, exist mainly in the bicyclic form (n.m.r. data) 
and I-ing-chain tautomerism occurs very easily on warming", e.g. 
13 3 14 + 15 or 16. Since cyclooctatrienone is readily available 
from cyclooctatetraene hydrobromide by hydrolysis and oxidation, 
this represents a potentially interesting route to cis olefins of type 15 and 
possibly chain substituted derivatives based on simple acetylenes. 

The  acetylenic route has also been used to confirm assignments 
for the positional isomers of 3-methyl- and 3-chlorohexa- 1,3,5-&iene 

CH~=CHC=CH - CH,=CH(C=C),CH==CHz + 
(7) (8) 

R 
(12) (R = H, Me or Ph) (13) (14) 

R 
(?5) (16) 
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made by more conventional routes, e.g. from 2-chlorobut-2-enal 42. 

The field of natural product synthesis continues to stimulate experi- 
ments towards the development of stereospecific methods of making 
stereochemically interesting polyenes with cis linkages. Alkenylidene- 
triphenylphosphoranes, e.g. 17 react with aldehydes such as 18 gener- 
ating mixtures of cis and trans olefins (19), but quite frequently in this 
type of synthesis one of the isomers-generally the trans compound- 
is formed to the virtual exclusion of the other 43. 

CH2==CHCH=PPh3 + OCHCIi=CH(C=C),CH=CHMe 

(E) (18) 

CH,=CHCH=CH 
cis + 
troris 

CH=CH(C=C)ZCH==CH Me 
(1% 

The reaction has been employed in the vitamin A and carotenoid 
field; thus 20 reacts with phosphonium bromide 21 in the presence 
of base, to give the all-trans ester 22-the prccursor of vitamin A44. 

(22) 

A more recent example of the reaction is the synthesis of a constituent 
of the purple bacteria pigments, spirilloxanthin (25) from the ylid 23 
and crocctindial (24), and chloroxanthin using farnesyltriphenyl- 
phosphonium bromide 45. However, reaction of alkznylidenetri- 
phenylphosphorane (26) with polyene aldehydes such as 27 gives not 
only the all-tram polyenes 28 but most significantly the hindered-4,5 
cis isomers of 28;  (for n = 1 the cis: trans ratio is 1 : 4). Thc ultraviolet 
spectrum of the cis,tran.~2,3-diniethyl-octa-2,4,6-triene (25, n = 1) 
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cxhibits a typically degraded hindered cis-absorption (flat E~~~ - 1 1,600, 
cf. 28a) which dramatically converts to the characteristic all-trans 
polyene spectrum on heating with iodine (double 30-39,000)4G 

Me Me 
I I 

Me,C=CCH=PPh, + Me(CH=CH)"CHO -* Me,C-C(CH=CH),, +,,Me 
(26) (27) (28) 

(29) (30) (31) (32) 

Another more conventional approach to the problem of introducing 
cis linkages by Wittig synthesis, is to start with a suitable a,P-unsatur- 
ated aldchyde; for example citral a (29) and citral b (30) give 31 and 
32 with complete retention of initial stereochemistry. More signi- 
ficantly however, hydroxybutenolide (33) reacts with various phos- 

(33) (R1 = Me R2 = H) (35) (RI = Me R2 = H) 

R3 = [?5+ Me 

phoranes in ether to give products not only retaining the original cis 
configuration, but also compounds with a hindered cis geometry 
around the newly formed bond-a novel and unexpected result. 
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,4pplication of this principle to the synthesis of vitamin A analogues 
gives with phosphorane 34, the hitherto unknown cis-2-cis-4 isomer 35 
of vitamin A acid 47, Phosphoranes are advantageously prepared 
from the relevant alcohol with hydrogen bromide and triphenyl- 
phosphine, avoiding the necessity of preparing the unstable alkenyl 
halides 48. 

Bergelson and Shemyakin have described how Wittig reactions in 
the presence of Lewis bases can give specifically cis olefins 49 and in the 
butenolide reactions the carboxylate anion might well function as an 
internal Lewis base. In seeking to control the stereochemistry of the 
Wittig olefination reaction, thcse workers havc explored the effects of 
various nucleophilic additives in a number of aprotic media. Opti- 
mum conditions seem to be reached with iodide ion in dimethyl- 
formamide. The explanation of the effect is seen from a consideration 
of the possible modes of reaction of the ylid with a carbonyl compound. 
Reaction can occur by nucleophilic attack by carbonyl oxygen at  
phosphorus, in which event trans olefins would be expected (as well as 
from reactions involving alignment of anti-parallel dipoles) ; alterna- 
tively carbon-carbon bonding may initiate the reaction, and here 
conformational analysis of the intermediates formed shows that both 
stereoisomers could be formed, depending on the relative orientation 
of the carbtjnyl compound and the ylid in the initial phase of the 
reaction, e.g. 36 -> 37 -> cis olefin and 38 -+ 39 -+ trans olefin. In 
model reactions with benzylidenetriphenylphosphorane in benzene 

(36) (37) (W (39) 

using simple aldehydes, both possible stereoisomeric products are 
isolated. The cis isomeric component increases however in reactions 
in ether: tetrahydrofuran and alcohol and becomes the predominant 
product in dimethylformamide. In the presence of amines or lithium 
bromide or iodide in benzene the reaction becomes selective for the 
cis isomer, and thc olefin formed is largely the cis isomer for reactions 
in the presence of thesc additives with dimethyl formamide as solvent. 
Stereoselectivity here is interpreted in terms of complex formation 
between the ylid and the Lewis base additive; the colour of the ylid 
soiutions being discharged 9x1 addition of these bascs appears to con- 
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firm this, for the solutions retain their reactivity towards carbonyl 
compounds, although the rate of reaction appears to be reduced 
compared to that of the uncomplexed ylici soiurions; cis olefins are 
formed via the sterically more favourable intermediates 40, where B : 
could be either Lewis base or merely solvent of s1:itable polarity. 

H 

(40) 

Stereoselective synthesis of !rnm olefins can also be achieved by using 
ylids carrying electronegative substituents on the methylene carbon, 
e.g. ethoxycarbonylmethylenetriphenylphosphorane. Specificity is 
the result ofreduced electron density at the ylid carbon, making nucleo- 
philic attack by carbonyl oxygen at ylid phosphorus more likely. The 
final product is determined by steric factors in the intermediate. Ap- 
plication of these stcreoselective Wittig reactions is illustrated by the 
synthesis of various naturally occurring cis cthylenic fatty acids and 
extension of the method leads to diolefins having the characteristic 
ciS,ctS divinylethane system, e.g. 41 --> 43. a-Eleostearic acid (cis-9- 
t r~m-11 -tr~m-l3-octadecatrienoic acid) has similarly been made from 
trans-Z-trans-4-nonadienal by means of (7-ethoxycarbonylheptyl- 
methylene) triphenylphosphorane. With a large excess of the phos- 
phoranc the method can be extended to the use of ketones, leading to 
alkylated olefinic acids 49. 

R CH=CHCH,CH,CH=PPh3 + OCH(CHZ),,C02Me ~ > 
DMF/I- cis (41) (42) 

R CH=CHCH2CH,CH=CH(CH,),C0,Me 
cis cis 

(43) 

Corey and Kwiatkowsky subsequently reported a superior stereo- 
selective olefin synthesis which depends on isolation of diastereomeric 
/3-hydroxyphosphonamides (e.g. 48) from reaction of lithioalkyl- 
phosphonamides (e.g. 47) with carbonyl compounds. The di- 
astereomers are separately decomposed to the pure stereoisomeric 
olefins 50. 

Further examples of the standard technique for introducing cis 
double bonds into natural polyenes of the vitamin A ai\d carotenoid 
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Me\ 
Ph,P=CHX ,C=CHX 

Me\ 
C-zO 

R' 
(W 

(45) (a) X = B r  
(b) X = CI (46) 

R' 

PhCHO MeCH(Li)PO(NMe,)2 --780 PhCH(0H)Cl-lMePO(NMe,), R = 

(47) (48) 

t'jpe using acetylcnic intermediates discussed in Part I, have been 
described. All-trans vitamin A, and two isomers with Pauling hind- 
rance, e.g. as in 28a, namely 1 1,13-ci.s,ci~- and 1 I-&vitamin A, have 
been madc by acetylenic organometallic synthesis starting from cis- and 
t~ans-3-methylpent-2-en-4-ynols and 49 51. Spectral data (ultraviolet 
and n.m.r.) have been tabulated for the 9-, 11-, 13-cis and for the 
9,13- and 1 1,13-cis,ctS isomers, the ultraviolet spectra being character- 
ized by the appearance of further short wavelength bands, with the 
longest wavelength absorption bands bathochromically shifted by 
about 25 mp, compared to the vitamin A isomers52. The field of 
natural all-trans carotenoid synthesis has recently been reviewed by 
Jensen and by Weedon and C~S-~YQU isomerism in this field is thc 
subject of a book by Zech.eisterS3. The use of acetylenes in the 
synthesis of stepped 1,4-poly-ynoic acids and the derived all-cis poly- 
noic acids has recently been imthoritatively discussed by Osbond 54 
in a comprehcnsive review. The synthesis of arachidonic acid 
(eicosa-5,8,11 , 14-tetraenoic acid) in particular has stimulated con- 
siderable experimentation in this area. A recent esample is the 
cuprous cyanide Gensler coupling of the Grignard complex of 4- 
chloro-2-butynol with hexynoic acid 50; broinination of the product 
51 gives 52 which is then coupled with the Grignard reagent 55 of 
terminal acetylene 54 (prepared from acetylene magnesium bromide 
and 2-octynyl bromide 53): to give poly-yne 56 and the polyene 57 
is finally achieved by partial hydrogenation by the usual Lindlar 
catalytic techniques5. Reactions similar to 50 3 52 and other cases 
using 1,4-dichloro-Z-butyne which ' build in' the required propargylic 
halide, had previously been described 55. 
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HO,C(CH,),CrCH + CICH,C~CCH,OMgBr - > 
HOSC(CH,),C~CCH,CECCH~R 

(50) (51) R = OH 
(52) R = B r  

Me(CH,).,CECCH,Br + HC_CMgBr - > f.lc(CH,),CGCCH,CrCX 
(53) (54) X = H 

(55) X = MgBr 

Me(CH2)4(C~CCH2).r(CH2)2COzH Me(CH,)4(CH=CHCHz).,(CHz)zCOzH 
(55) cis (57) 

An instance where Gcnsler coupling of a propargylic halide with an 
acetylene breaks down is thc reaction of 58 with 59 giving 60: and an 

C,H,,(C=CCH,),Br + BrMgC~CCH,CO,H - C,H,,(C-- CCH,),CHCO,H 
I 

(W (59) C=CH 
(60) 

HC=CCH,Cc CCH,O -0 
(61) 

alternative route to all-cis-octadec-3,6,9,12-tetraenoic acid must be 
employed 57. A further technique for developing polyene chains is 
the Genslel- coupling of the tetrahydropyranyl ether of hexan- 1,4-di- 
p-6-01 (61) with propargylic halides; 4,7,10,13,16,19-docosahexynoic 
acid is accessible by this route but unfortunately overreduction occurs 
in the final step to the polyene, the product being a cis-pentaenoic 
acid 58. 

The scope of a new coupling reaction of terminal acetylenes and 
halides using lithiumamide in liquid ammonia has recently been 
explored; poor yields of acetylenic acids are obtained from 4-brOmO- 
butanoic acid but alk-3-,4-, and -5-ynoic acids can be made by con- 
densing all;yl halides with dilithio derivatives of w-acetylenic alcohols, 
followed by oxidation of the derived primary alcohol ; bromination 
and incorporation into malonic ester synthesis is an alternative method 
of introducing carboxyl, and finally partial hydrogenation gives thc 
all-cis polyene 59. Examples of cis,cis- 1,3-dienoic acids are available 
by Chodkiewicz coupling of bromoacetylene with terminal acetylenes, 
e.g. cis,cis-hexadec-8,lO-dienoic acid 6o and its homologues from 62 
and 63 via 64, and the synthesis of tra~ls-octadec-13-en-9,1 I-diynoic 

Me(CH,),CrCBr + HCrC(CH2),COZH Me(CH2),(C~C),(CH,),COzH 
cu + 

(62) (63) (64) 
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acid fiom traits-oct-3-en-1-yne and 1-bromodec-1 - p e  also illustrates 
the method 61. 

D. Miscellaneous Geometrical isomerisms 

Miscellaneous observations reported recently are the preparation of 
tlie novel cis-pen t-2-enal by manganese oxide oxidation of cis-pent-2- 
eno162; owing to their extremely easy stereomutation cis olefins of this 
type have not previously been reported, although cis diolefinic alde- 
hydes are known 63. The synthesis of cis- and tran.s-dimercaptoethy- 
lene and the stereomutation of aqueous solutions of the sodium salts 
have been investigated; the solutions equilibrate within a few hours. 
The salts are prepared by cleavage of cis- 1,2-dibenzylmercaptylethy- 
lene by means of sodium in liquid ammonia, followed by acetylation 
and base hydrolysis 64. Addition of benzylmercaptan to butadiene 
gives cis,cis-dibenzylmercaptobutadiene , a source of cis,&-dimercapto- 
butadiene by sodium cleavage. Oxidation of this product with ferric 
chloride gives 1,2-dithiacyclohexa-3,5-diene. The cis,cis-cis,trans 
photoisomerism of the diacetyl derivative of dimercaptobutadiene has 
also been investigated; the all-'trans form is accessible by thermal cleav- 
age from trans-lJ2-thioacetoxycyclobut-3-ene-obtained from trans- 
7,8-dithioacetoxybicyclo(4,2,0)octan-2,4-diene by Diels-Alder re- 
action with acetylenedicarboxylic ester and thermal estrusion of 
dimethylphthalate 65. 

I I .  H Y D R O G E N  TRANSFER AND PROTOTROPIC SHIFTS 

A. Thermal, Photochemical and Cataiysed isomerization 

The far reaching implications of the conservation of orbital sym- 
metry in concerted reactions manifest themselves in sigmatropic shifts 
in aliphatic alkenes, an area perhaps not so well explored however as 
the field of electrocyclic reactions 'j6. A number of authors 67*68 have 
described facile intramolecular dienyl hydrogen transfers represented, 
for example, by the process 65 -+ 66. In  the transition state (67) the 
hydrogen is held above the plane of the pentadienyl system, in a con- 
certed suprafacial 1,5-hydrogen migration predicted by calculation 66 

and supported by the substantial negative entropy of activation 68*69 

(AS* - -8 to -9 e.u. for R = Me). Kinetic analysis of the re- 
arrangement of cis- 1 , 1-dideuteriopentadiene gives the rate constants 
for hydrogen and deuterium migration k, and k,; these turn out to be 
markedly different ( k H / k D  = 1-15 e1.400'RT; 12.2 at 25") and the 
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entropy of activation change is again substantially negative ( - 7 - 1 
e.u.) ; mass spectral analysis of the product of rearrangement shows no 
loss of deuterium 70. Similar sigmatropic migration is observed for 

R /Q ARCH 
(85) (R = H) 
(6S) (R = Me) 

(66) (R = H) 
(69) (R = Me) 

(67) (R = H) 
(70) (R = Me) 

cis-hexa- lY3-d.iene which rearranges to cis,trcns-hexa-2,4-diene 71. 
Interestingly these types of reaction can also occur through ring 
systems, ‘ homodienyl’ reactions, and may even involve hetero atoms, 
e.g. 71 -> 72 via 73 (followed by prototropy for X = 0) 66*67. 

(72) (73) (71) R = Me X = 0 
or R = H X =  CH, 

Whilst orbital symmetry selection rules allow concerted suprafacial 
1,5 hydrogen shifts in these systems to be more easily achieved than 
other modes of reaction, it has been pointed out that due allowance 
should be made for relative ground-state energy in determining the 
zctivation energy for aIternative reaction paths 6G. 

A further example of this type of reaction is the transformation 
74 -+ 75, the trans isonier thermally formed from 74 being removed by 
polymerization 72. 

(74) (15) 

Hydrogen transfers in olefins need not necessarily be concerted 
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processes however; the products obtained from the mercury photo- 
sensitized isomerization of 1-pentene strongly suggest the intermediacy 
of triplet diradicals which appear to undergo 1,3- and I,4 hydrogen 
shifts giving intermediates which then cyclise, mainly to methylcyclo- 
butane with lesser aniounts of dimethylcyclopropane and cyclopentane. 
I t  is possiblc that some of the diradicals may be formed by primary 
1,3-sigmatropic transfer in excited-state orbital symmetry from 76 
followed by 1,2 hydrogen shifts in the product,.pent-?-cne, but the 
absence of ethyltyclopropane renders this less l i k e l ~ ~ ~ , ~ ~ .  However, 
photochemical 1,3 hydrogen shifts have been observcd in a number of 
cr,/l-unsaturated esters, e.g. methyl crotonate and ethyl j3j3-dimethyl- 
acrylate give their respective j3,y-unsaturated isomers, 81 gives 82 and 
in methanol 83 gives 8475. Other esamplcs are described in 
Chapter 6. 

H I .4 - /y.-.-/ .*--. 

-’ Me ’Me Me- (76) \ -’ Me Y-t-  
(W 

(80) 

H’.4-. ./,--. 

Photochemical transfers of groups other than hydrogen are be- 
coming better known : Cookson has recently briefly documented rele- 
vant information in this area76a and described the rcactions of some 
allylic systems. Thus stereoniutation of the tra72s isomer of 85 is 
followed by 1,3 benzyl migration to 86, and a sinlilar process occurs 
with geranonitrile giving 87 and subsequently 88 and the sterco- 
isomcrs of 89. Cinnamyl ester also rearranges especially under scn- 
sitizing conditions, the benzyl ester more rapidly than alkyl esters, 
perhaps because it has a better absorbing group. Here the ‘oxy’ 

hv Me,C* OEt - 
McOH 0 Me 0 
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analogue of the Claisen rearrangement seems to be symmetry for- 
bidden for passage of the excited intermediate through the preferred 
six-membered four-centre transition state. All these reactions may be 

Thl C N  

radical reactions in which no separation of fragments occurs. They 
could also be examples of concerted 1,3 sigmatropic shifts ; examples of 
sigmatropic rearrangements involving C-C scission arc known in 
cyclic systems, e.g.  trimcthyltropilidine 77. Experiments with labelled 
compounds invite themselves. (These have now been done76b and 
show that the reactions behave as concerted sigmatropic processes.) 

Benson and his colleagues in their continuing study of the funda- 
mental thermodynamics of olefin isomerization, have directly meas- 
ured isomer compositions (gas-liquid chromatography) and shown 
that the variation of equilibrium composition with temperature for 
the iodine-catalysed~positional isomerism of 1-butene, differs from that 
predicted by calculation based on statistical thermodynamic formulae, 
but remains within the limits of error normally quoted for the API 
tables'O. The main source of error is the uncertainty regarding low 
vibrational frequencies which leads to appreciable errors in the cal- 
culation of ASo. 

The resonance energy of the allyl radical, important in isomerization 
studies, has also been obtained directly from this work. The activa- 
tion energy for the positicnal isomerization of I-butene, is that for 
iodine attack on the allylic C--H bond, the critical step in the reaction 
mechanism which involves formation of the allyl radical; subtraction 
from the activation energy for the back reaction, i.e. attack by 
hydrogen iodide on a methyl allyl radical, gives the bond dissociation 
energy difference for s-C-H and hydrogen iodide. Assuming that 
the reaction of hydrogen iodide with methyl allyl radicals has the same 
activation enerLgy as for attack at isopropyl rzdicals, the diffcrence 
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between activaticn energies for iodine attack on butene and on pro- 
pzne gives the allylic radical stabilization energy (12.6 & 0.8 kcal/ 
mole), in good agreement with other work79. Similar studies with 
the lJ4-pentadiene + lJ3-pentadiene system give a resonance-stabiliz- 
ation energy for the pentadienyl radical some 25y0 greater than that of 
the ally1 radical”. In  this connexion it is interesting that in contrast 
t? :he iodine-catalysed stereomutation of 2-buteneJ where rotation in 
the intermediae radical adduct formed with iodine is rate determining, 
it is the addition of iodine to the olefin which determines the rate of 
geometrical isomerism of 1,3-pentadiene; rotation in the intermediate 
is however rate determining for nitric oxide catalysis (cf Section 

Very significant progress has recently been made by Cram and 
his colleagues in unravelling the detailed mechanism of prototropic 
shifts in arylated olefins under strongly basic conditions. A consider- 
able element of intramolecularity attends these rearrangements. For 
3-phenyl-1-butene in t-butanol-d/potassium t-butoxide systems, the 
rate of deuterium incorporation is much slower (by a factor of 10 to 
100) than that of reari angement to the mainiy cir isomer of 2-phenyl-2- 
butene, and siinilarly for 3-phenyl- 1-butene-3-d in unlabelled solvent, 
although usually the rates of deuterium incorporation are faster than 
raccmization of optically pure substrates, incorporation occurring with 
a high degree of stercospecificity. The extent of intramolecularity is 
higher for the protio compounds and the percentage of intramole- 
cularity in the total rearrangement process varies over the range 6-56% 
with the solvent/base system used. 

These rearrangements of 3-phenyl- 1 -butene can be visualized as 
passkg through an ambident allylic anion bonded at  its termini by the 
liydroxylic compound formed in the initial deprotonation step ; the 
degree of intramolecularity is then determined by the rate of collapse of the 
hydrogen-bonded assembly to olejin, and the rate of isoto#ic exchange of 
the intermediate with the surrounding solvent. The stereochemistry is deter- 
mined by back or front attack at the anion by the proton donor. A 
possible multistage process for the intermolecular component of the re- 
arrangement could involve a planar carbanion, hydrogen bonded to a 
protonated (or deuterated) molecule of solvent, where the proton was 
removed from the benzylic position, and at the opposite terminal of 
the ion, to solvent of opposite isotopic content. This intermediate 
would yield the same product for deuterated substrate in unlabelled 
solvent, as for unlabelled substrate in deuterated solvent. This predic- 
tion does not accord with experimental observation, however, and the 
reactions appear best explained by the processes in Scheme I 81. 
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(Retained configuration) (Inverted configuration) 

/CH,-D Me\ Me Me 
D-L-CH=CH, 
\- \. 

D-C-CH=CHZ /c=c \ 
Ph/ Ph 1-l ph‘ R G  K+ RO- K +  

SCHEME I. 

Since for these reactions experimental rate-constant relationships 
are k!JkL1 N k 2 / k - l ,  k2 >> I;, and (kp + k3) >> k-, ,  recovery of the 
originally bonded proton is slow compared to the rate of isomerization, 
conflicting with Ingolds’ statement that ‘when a proton is supplied by 
acids to the mesomeric anion of weakly ionizing tautomers of markedly 
unequal stability, then the tautomer which is more quickly formed is 
the thermodynamically least stable’ 82. 

The isomerization of a-benzylstyrene into cis- and trans-a-methyl 
stilbene cccurs with 55% and 36% i~itramoleculzrity respectively, in 
t-butanol-t-butoxide, and again the rate of rearrangement is faster 
than either exchange or of isomerization of 6i.r- or trans-stilbene. The 
kinetics of isomerization and deuterium incorporation are consistent 
with non-interconverting cis and tram allylic carbanions. Consider- 
ation of various models for the interconversion, and comparison of 
calculated equilibrium constants derived from the experimentally 
determined rate constants, with the directly determined equilibrium 
constants based on isomer composition (glc), shows that the reactions 
are best accounted for as in Scheme 11. The true intramolecularity 
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observed here is manifest in labelled solvent when less than one deu- 
terium atom/mole is introduced into the rearranged products, the 
extent of incorporation subsequently increasing with tinie. The 

cis 1 I1 

Me Ph H ,c; , Ph 

H 

'- ... ' 
\ 

trans I 

SCHEME 11. 

difference in intramolecularity observed for geometrical isomers, here 
compared to the identical values found for the two isomers of 2-phenyl- 
2-butene, is probably a reflexion of the geometry of the ion pairs 
involved; the cis ion pair 90 is more puckered and more strongly 
hydrogen bonded to the conjugate acid of the base catalyst, compared 
to the trans ion pair 91, so that intramoleculariti. is favoured for the 
formers3. 

Ph 9h 
Ph \ 5 G . h  I H  / 
H ,c:. 'H" .c\ H 

H\ f-.? c ' / 

ph/ '.H' C L H  
0 K +  0 K +  
R R 

Prototropic rearrangement of allylbenzene has also been quantita- 
tively investigated using these techniques; equilibration in dimethyl 
sulphoxidc with t-butoside anion gives 97.75 yo tram-propenylbenzene, 
2.2% of the cis isomer and only traces of the starting material remain 
at  room temperature. The trans isomer is formed nearly 13 times 
faster than the cis isomer, proton capture by the tram allylic carbanion 
being about 3 times faster to give tram isomer than return to allyl- 
benzene. Correction for intramolecularity gives collapse ratios for 
the a's and tram carbanions as shown in Scheme 111, where they are 
compared to those for related structures studied in this work*"-". 

Combined steric and inductive effects in these carbanions are 

(90) (91) 
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primarily responsible for the unbalanced collapse ratios observed, for 
whilst the pair of olefins related by carbanions A and B are about the 
same in thermodynamic stability, the two olefins connected by car- 
banion E exhibit an equilibrium constant of 500. For the trans- 
propenylbenzene-allylbenzene system the equilibriuni constant is 
about 2,000! Evcn then this wide difference in stability of the taut- 
omers is not reflected in the rate of protonation of the anion G, for 
which simple molecular-orbital theory calculations confirm the equal 
division of electron density between the termini; protonation must 
occur with very little activation energy. The collapse ratios for anion 
F throw the hydrocarbon data into perspective and clearly here the 
sulphoxide function exhibits its familiar bchaviour in stabilizing 
adjacent charge. The stability of these carbanions in the relevant ion 
pairs can best be interpreted in terms of internal 1,3 steric interactions; 
thus G is more stable than HD4. 

The stability relationship for carbanions in ion pairs of the type 
involved in these prototropic phenomena is also seen from the equili- 
brium data for isomerization of 1,3-diphenylbutenes in t-butanol- 
butoxide ion at  40" (Scheme IV)85. The product composition is 32% 
trans- 1,3-diphenyl-l-butene (I), 52 yo cis- 1,3-dipheny1-2-butene (II), 
15% tmzss-l,3-diphenyl-2-butene (EI) and 1 yo cis-1,3-diphenyl-l- 
butene (W). I n  the ground state, diphenylbutenes I and PP are the 
most stable and most easily interconverted, whilst HI is slightly less 
stable than the former isomers; IV is by far the least reactive. As 
carbanion intermediates B and D arc directly derivable from HII and 

and D fi-om W ,  the order of stability of carbanions is therefore 
A > 18 > C -N D, harmonizing with direct destabilizing 1,3-steric 
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interactions. Collapse ratios in this series of isomers are obtained 
fiom the ratio of exchange to isomerization kJk,, assuming about 50% 

Ph Ph 
H 

H\ /'\ /Ph k, Ph\ 
c \  =F / 

Me 
C 

'i H Me 
Ph Me 

SCHE~E IV. 

intramolecularity; the difference in the collapse ratios at the termini, 
is here probably due to the inductive efyect of the methyl group direct- 
ing protonation to the less substituted sites. Again the relative 
ground-state energies of the interconnected olefins appears to have 
little effect on the magnitude of the collapse ratios. An elementaiy 
observation rding out equilibrating carbanions is the formation' of 
mainly deuterated cis-diphenyl-2-butene fiom this olefin and the 
deuterated tram olefin from the trans-diphenyl-2-butene ; in any case 
the k,/k, ratios do not allow for a single intermediate. The barrier 
to rotation in the isomeric carbanions must be > 3 kcal/mole. Thek,/k, 
ratios can be seen to be (k,Jkl)xl = k - 2 / k - l  and (ke/kl),II = k - , / k - 3 .  
Making allowance for 50% intramolecularity leads to k - z/k - = 

2(ke/ki):*. I t  is possible to neglect olefin IV in considering the inter- 
conversions in Scheme IVY and the adjacent anions C and D. Since 1 
can react via A or B whilst II can react via A or C and IH via B or D, 
the latter two olefins react via carbanions not adjacent in the stability 
order and very likely react only via the more stable anions. 

The kinetic acidity of the olefins may be obtained fiom the sum 
(k ,  + k,) using corrected values for the collapse ratios obtained from 
transition-state free energies evaluated from kinetic data. A knowl- 
edge of the relative carbanion stabilities and those of the ground- 
state olefins then enables an energy profile for the reactions to be set up. 
The difference in reactivity, i.e. kinetic acidity, is strikingly larger than 
would be expected on the basis of ground-state free-energy differences, 
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demonstrating that a detailcd knowledge of kineh  and thernzodynnmic 
data is necessary for interpretation of base-catalysed rearrangements of 
olefins. Effects present in the carbanions themselves dctermine the 
difference in energy of transition states. 

Cram and his colleagues have stated the results of their extensive 
work in this area in the following form. From a process involving 
anion M 

ka k - b  
X e M = Y  

k- ,  ‘b 

three cases can be envisaged; (i) Y/X > 1, k-b /k -a  < l,ka/kb >> 1 ; 

k,/k, < 1. Here k,/kb is the kinetic acidity ratio and k - b / k - n  is the 
collapse ratio. Case (i) is Ingolds’ case, whereas (ii) violates the first 
part of Ingolds’ hypothesis, i.e. anion protonation fauours the tliermo- 
dynamically more stable tautorner which is kinetically the weaker 
acid ; (iii) violates Ingolds’ rules completely, protonation giving the 
more stable tautomer which is also the kinetically stronger acid. The 
systems studied exhibit all three types of behaviour; H -+ B -+ III is 
case (i), isomerization of 3-phenylbutene to 2-phenyl-2-butene via 
ion E is case (ii) and II --f A --z P is case (iii) . 

In  considering the role of structure in determining collapse ratios, 
steric effects of methyl and phenyl groups do not appear to be im- 
portant, whereas the inductive effect of methyl does appear to direct 
protonation to the least alkylated position ; since the hyperconjugative 
effects of methyl at a double bond will tend to localize it at the more 
alkylated site, protonation at  benzylic carbon is all the more favoured 

Bank, Schriesheim and Rowee6 have also argued that the prototropic 
rearrangements of olefins are governed by the intrinsic properties of 
the intermediate carbanions ; they also comment that the rearrange- 
ment of 1 -butene cannot be controlled by conformational preferences 
in the olefin as earlier suggested (Part I, p. 427). Such effects would 
be more important if the rate of conformational change was slower than 
deprotonation. The rearrangement of 1 -methylsulphinyl-dodec- 1 - 
ene to the more stable 2-olefin (the reverse of the usual experience with 
analogues) has also been discussed in terms of faster protonation to the 
more stable tautomer87. The earlier claim that N,N-dialkylallyl- 
amines rearrange to the franr-propcnyl isomers is only partly correct; 
the cis-propenyl isomers are the primary products in aprotic media, 
but these rapidly stereomutate in the presence of alcohols, yet another 
case of kinetically determined cis product 88. 

(ii) x/y > 1, k -b /k -n  > 1, k,/kb > 1; (iii) Y / x  > 1, k-b/k-. >> 1, 
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The question of hydrogen acidity in olefins has been approached 
from other quantitative points of view. The rate of base-catalysed 
isomerization of 2-ethyl-1-butene (92) can be compared to the rate of 
bromination of 3-pentanone (93). Plots of log k fit the same compara- 
tive plots used in the alkylidene-cycloalkene/cycloalkanone seriesB9. 
For a series of olefin groups ((i) 3-substituted propenes, (ii) 3-substi- 
tuted 2-methylpropcnes, (iii) 3-substituted-1-butenes and (iu) 2- 
substituted-I-butenes) the rate of isomerization in each group de- 
creases as the substituent is changed from methyl to t- butyl, whereas 
phenyl and vinyl groups as expected enhance the rates, e.g. allyl- 
benzene and 1,4-pentadiene are about lo5 times more reactive than 
1-biitene. Both inductive and steric effects appear to be important 
from the Taft-Hammett treatment of the data, and the negative en- 
tropy of activation accords with a rigid planar transition state for the 
reaction, in harmony with Cram’s observation of intramolecularity. 
Steric effects can be analysed into those effecting the approach of the 
base and those mitigating coplanarity in the carbanion. These steric 
effects can be seen from the data for the four groups ofolefins ( i ) - ( iu) .  
Alkylation has a very similar effect for all members and evaluation of 
log (ka/ko)  in each series (k ,  = alkyl substituted olefin, k ,  = methyl 
substituted olefin) shows that it is virtually constant ( -  0.23 k 044). 
The average value for each series plotted against Tafts ol: constant 
shows a somewhat lzrge deviation from linearity which incremes with 
increasing size of the substituent. The effect of spreading the charge 
in the carbanion can be demonstrated by taking the difference in total 
calculated r-energy for and without orbital overlap with the car- 
banion site (E,“), and this also correlates well with the increasing rates 
due to vinyl and phenyl substitution. [I-butene, E: = 0.82/3, relative 
rate 1 ; 1,4-pentadiene, E,” = 1.46/3, relative rate 20 x lo5; allyl- 
benzene, E,” = 1.38/3, relative rate 9.4 x lo5) 

a/ 
(92) (93) 

Another approach to the question of anion structure in the context 
of prototropic rearrangements is to observe the n.m.r. spectra of the 
anions at  low temperatures. Treatment of various hydrocarbon 
precursors of the 1,4.-pentadienyl anion with butyl lithium enables 
isolation of tetrahydrofuran solutions of the lithium salt. The products 
of protonation indicate that the rate of attack at the central carbon 
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is not necessarily faster than at  the termini, and the n.m.r. chemical 
shifts support the view that electron dcnsity at  primary carbon is greater 
than at secondary carbon, and a t  odd numbered carbons compared to 
even numbered carbon atoms. The coupling constants for protons 
at adjacent positions indicate that for the simplest pentadienyl anion 
the ' W ' shape is preferred to the ' U ' shape and indeed models of the 
latter structure show considerable steric hindrance, whilst bond orders 
based on the coupling constants indicate 1-33 for inner pairs of bonds 
and 1.67 for outer pairs. The terminal methylene protons become 
equivalent above 40", but below 15" they exhibit different signals 
indicative of rotation about the outside carbon-carbon bonds (60 
timeslsec at 30"). The simplest mechanism for these rotational effects 
is that of a lithium ion forming a covalent bond with the anion for a 
sufficient length of time to allow rotation about the resulting single 
bonds. Addition of lithium cation at  C,,, gives a symmetrical struc- 
ture with rotational possibilities for the inside C(2,7Cc3), Co,-Co, 
bonds (95) but lithium attached to C,,, allows both inner and outer 
rotation (96) ; the rotational barrier about the inner bonds is expected 
to be lower, as observed for the 2-methyl ion where outer bond 
rotation appears to be preferentially 'fiozefi out' on cooling the solu- 
tion (broadening of the n.m.r. peaks of the odd numbered hydrogens 
in the range 10 to - 20"). The calculated rate for rotation of the outer 
round the inner bonds based on n.rn.r. data is about 130 timeslsec. at 
- 50.g1z 

L i  LI - + h 
(94) (95) (96) 

Similar studies with cz3,ciS- and trans,cis-tetraphenylbutadiene involv- 
ing treatment of the hydrocarbon with metallic sodium, lithium or 
n-butyllithium in tetrahydrofuran and quenching of the resulting blue 
solutions with alcohols, indicates the equilibrium valuc for the hydro- 
carbon isomeric composition to be 70-75% trans,trans and 25- 
30% cis,& which actually represents the equilibrium between the 
stereomutating species, thought .here to be a radical anion. The rc- 
arrangement might also occur through the dianion present in small 
concentration Olb. 

Solvent effects on isomerization rates of 3-butenylbenzene show 
that for polyethyleneglycol ethers the increase in rate is dependent on 
the chain length ; the rcaction in hexaethylcncglycoi polyether is aboiit 
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2,000 times as fast as in 1,4-dioxan. Another approach is to study 
in aprotic solvents, olefins having similar prototropy rates in hydroxy- 
lic media. Allylbenzene in hexaethyleneglycol polyether for example 
rearranges 18 x lo4 times as fast as 3-butenylbenzeneY whereas they 
are comparably reactive in methanol. These effects are due to the 
interaction between the anion base and the cation being greater in less 
cation-solvating media t h m  the electrostatic interaction in the tran- 
sition state for proton removal from the substrate, thus enhancing the 
activation energy and therefore reducing the rate. Considerations of# 
configurational entropy shows that as the number of oxygen atoms in 
the soIvent molecule increases, the entropy change in solvztion of 
cations should reach a limiting upper figure; this is qualitatively con- 
firmed by the decreasing acceleration of reactions as the polyether 
increases in complexity, reflecting the fact that only some of the 
oxygen atoms in any one molecule can be employed in cation solva- 
tion, and that the number of molecules per unit volume of solution de- 
creases with molecular weightg2. 

Further work on the prototropy of allyl alkyl ethers shows that with 
n-butyllithium at low temperatures in hydrocarbons the protonation 
of the alkoxy allylic anion to cis-propenyl ether (by alkoxy allyl com- 
pound as proton source) is more rapid than dcprotonation of the 
propenyl product by n-butyllithium. Generation of the cis-propenyl 
anior: from the-ether must be uery slow since quenching of a nlixiure of 
the propenyl ether and n-butyllithium in hydrocarbon solvent with 
deuterium oxide does not introduce deuterium 93. In this connexion, 
3-methoxy- 1 -phenylbutene is isomerized very largely to 3-metlioxy- 1 - 
phenyl-2-buteneY which must surely reflect electron-density effects in 
the carbanion rather than lack of conjugative stabilization of the olefin 
by the phenyl group 94. Halogenated ambident carbanions have 
recently been examined ; 1 -(f-nitrophenyl) allyl chloride rearranges 
to the vinylic chloride isomer in the presence of aliphatic aminesg5. 

Comparatively little work has been done recently on acid-catalysed 
prototropic rearrangements in simple olefins. However, homo- 
geneous gas-phase n-butene isomerization catalysed by hydrogen 
bromide involves molecular acid, and a six-mcmbered transition state 
is pictured, as a proton developing at a site adjacent to a double bond 
is replaced by hydrogen abstracted fiom an allylic positiong6. The 
formation of carbonium ions fiom fatty acid olefins which allow double 
bond migration and finally lactonization, has been discussed. The 
existence of equilibria between isomeric olefins here is confirmed by 
reactions in deuteriosulphuric acid with alkan-4-olides ; mass spectral 
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examination of the products shows that simpler members (e.g. C6-CIl 
compounds) are deuterated in all positions, but longer chains are only 
partially deuterated; octadecan-4-olide is deuterated up to CO1,9'. 

B. Hydrogsn Shifts and Protrotropic Rearrangements in Polyenes 

The field of acetylene-allene conjugated olefin rearrangements has 
recently been reviewed 98; newer techniques, e.g. the use of aprotic 
media, alkyl- and aiyl-lithiurns as bases and preparative gas-liquid 
chromatographic methods for isolating all constituent products, 
promises to reveal new details of transformations and equilibria in 
these reactions, whilst also making previously inaccessible polyenes 
available for experiment g. The mechanism of base-catalysed proto- 
tropic rearrangement of an en-allene or en-yne systems does not 
appear to have previously been explored. Two steps are probably 
involved in the transformation of methyl cis-9-octadecen-12-ynoate to 
truns,tis,ciS- and trans,cis,~rans-8,10,12-octadecatrienoic acid. An en- 
allene intermediate is formed by base catalysis (protonation of the 
intermediate carbanion to give isolable 9,11,12-trienoic acid), and 
this is then thermally isomerised, by 1,5 hydrogen transfer (from the 
Co,-methylene) , to tt-ans,cis,trans-octadccatrienoic acid loo. 

In  the field of vitamin A synthesis further techniques for isomerizing 
the retroionylidene compunds, encountered as unwanted end products 
in certain reaction sequences, (cf Part I, p. 433, 448) are available; 
hydrolysis of vitamin A aldehyde enol ether gives a substantial yield 
of the retro isomer 97, that can be converted to the cyclohexenyl 
isomer 98 by passage through silica gel columns or by more convex- 
tional acid catalysis lo1*lo2. Reduction of 97 with lithium aluminium 
hydride gives vitamin A alcohol directly lo2. 

CHO 

--+ 

(97) (98) 

Photochemical reactions of a-ionone and related compounds appear 
to involve among other reactions such as stereomutation, the type of 

(99) 

~ + c . A .  2 
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hydrogen transfer discussed in Section 11-A; e.g. 99 ---f 101 via enol 
100. An analogous reaction occurs with tram-a-cyclocitrylideneacctic 
acid which gives the rearranged ester in ethanol because of attack 
of alcohol on the intermediate enediol. Hydrogen transfer to the 
exited carbonyl group may be another reaction pathway followed in 
these reactions, sunimarized in genera! in formulae 10%105 lo3. 

woRA,a / "R H 1,s- hu ,[mR] / / 
HO 

(102) . (103) (104) 

(W-, 03, - tautomeric shift 

HO 'R 

(105) 

(106) (107) (108) 

Hydrogen transfer also occws in the p-ionone series; thus when 
R = Me, 106 -+ 108; a 1,5 shift is observed with trans-/3-cyclocitryl- 
deneacetic acid (106, R = OH), which does not esterify on photolysis 
in alcohols because no enolic intermediate is involved here unlike the 
case of the trans-a-compounds. The alcohol obtained by carbonyl 
reduction of 106 (R = Me) also undergoes 1,5 hydrogen transfer from 
the ring vinylic methyl group, showing that the carbonyl function is 
not essential for these hydrogen-transfer reactions lo4. (Vinylic 
protons can also transfer in 1,5 shift processes; thus cis- lY3,5-hexa- 
triene gives the allene cis- 1 ,2,4-hexatriene on photo%ysis, and thc 
analogous cis-2-6-dimethylocimene behaves similarly '"). Very sim- 
ilar processes are found in the dehydro-p-cyclocitrylidene series and in 
the p-ionylideneacetic esters (1,5 shifts) and the reactions can be 
monitored using n.m.r. techniques to observe the disappearance of the 
trans-Co,-C,8, double bond, its stereomutation to cis geometry and 
finally the appearance of the conjugated exocyclic system. 

The mechanisms of these hydrogen-transfer reactions are not cn- 
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tirely clear; it is attractive to picture hydrogen transfer as passing 
through cyclic hydrogen-bridged transition states in concerted re- 
actions, but orbital symmetry considerations may make such pro- 
cesses unfavourable (whilst not actually precluding them) ; triplet 
states and diradicals or zwitterions could also be involved. 

There is as yet no evidence for the C,,,-C,,, stcreomutation to hin- 
dered cis geometry, as occurs with these photolytic reactions, in the 
vitamin A series; complex mixtures are isolated from photolysis experi- 
ments but it is t-crtsir? that C(,,, stereomutation occurslOG. 

C. Heteroge~soes Catalytic Rearrangements of Simple Alkenes 

Advances in technique have stimulated much activity in the field 
of heterogeneous catalysis. For the isomerization of n-butene over 
silica-alumina and other surfaces, a number of suggestions as to 
mechanism have been made. In one picture, tlie Lewis acid (electro- 
philic oxide sites), formed by dehydration of the catalyst surface, reacts 
with the olefin by hydride abstraction, to form a carbonium ion which 
may then react with a further butene molecule by proton donation, 
giving a further carbonium ion, this acting as the chain-carrying 
isomerization intermediate. For a mixture of butene and hexadeuter- 
iopropene two types of initial chain-carrying isomcrization site can 
therefore be formed J because of the deuterated site the isomerized 
butene can contain deuterium. If R and P are reactant and product 
three possible steps arising for reaction with a proton must be con- 
sidered : 

R +  H +  --+ RH+ 
R + H +  ---+ P + H + '  

RH+ P +  H+'  

where H+' represents a different proton to that accepted by the olefin. 
If either of the first two possibilities is rate determining, deuterium 
might be expected to concentrate in the product in the presence of 
deuterated compounds. This proves to be tlie case with silica- 
aiumina s-&aces and other composite catalysts containing silica ; for 
alumina alone a nearly equal distribution of heavy isotope is found 
between reactant and product olefins, so that the third possibility may 
be rate determining here, unless simple exchange subsequently 
occurs1o7. Approaching the question of mechanism from a diffkrent 
standpoint, prior deuteration of the cstalyst surface followcd by ad- 
mission of the olefin shows that the extent of incorporation of the 
isotope into the rearranged product is too low to allow for a mechanism 
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which includes exchange of hydride as a step involving reaction at the 
catalyst’s surface with the isomerization intermediate. For example, 
considerable exchange of deuterium occurs between I-butene and 
hexadeuteriopropene or silica-alumina, but the extent of exchange 
with non-labelled olefin on deuteroxylated catalyst is a hundredfold 
less. The data are however consistent with an allylic carbonium ion 
mechanism, which involves hydride transfer from other oleJitz mole- 
cules loo. Deuterated ion-exchange resins have also been applied to 
olefin isomerization and here again hydrogen exchange appears to be 
associated with the slow step for the isomerizationlo9. In  many of 
the isomerizations of 1 -butem studied, considerable stereospecificity 
is observed for the initial reaction products. Since spectroscopic 
data do however support the idea of hydride abstraction by the 
catalyst, the stereospecificity observed could be due to the sterically 
coritrollcd assumption of cis geometry at  the surface of the catalyst by 
the cation involved. If kinetic control of the product obtains, the 
resulting olefin will be expected to be cis product; rotation in the inter- 
mediate carbonium ions (see Section III.A)llO, as in carbanions, is 
expected to be reiatively siow ll1. A similar explanation of the stereo- 
specificity observed could apply whatever the source of hydride in the 
final product forming step. 

Isomerization by mixed Ziegler-type catalysts has been explored, 
e.g. by passing 1-butene through boiling solutions in pentane or 
hexane containing AIEt3-NiC12-2C,H,N complex ; chromatographic 
analysis of the effluent olefins showed the composition to be near the 
thermal equilibrium value for cis-2-butene/l-buteneY with some trans- 
2-butene also being formed. Such catalysts rapidly lose their activity 
and addition of triphenylphosphine quenches catalytic power. Simi- 
lar results are obseived with AlCl,-NiCl,-C5H5N, approximate 
thermodynamic equilibrates appearing for 1 -butene, but surprisingly, 
for metliylbutenes the product composition differs widely from the 
equilibrium figure; 4-methyl-I- and 2-pentenes show little migration 
of the olefin bond to the tertiary position112. 

111. ANIQNOTROPIC REARRANGEMENTS 

A. AAechanicr??.s of hknotrapic !?earraiigernenis in Aiiylic Systems 

Among the more important recent observations of anionorropic 
phenomena, is the significant barrier to rotation in the 2-butenyl 
cations involved in solvolysis of 1-chloro-2-butene and 3-chlnro- 1- 
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butene in solvolysis l l O .  The high proportion of traiu-2-butene-l-ol 
in the hydrolysis products of 3-chloro-1-butene suggests that it gives 
rise to the same trans cation as is formed from trcztls-1-chloro-2-butene, 
and to very little of the czk cation associated with the cis-1-chloro-2- 
butene reaction. Experimentally it is easier to determine small 
amounts of t r a n ~  alcohols in stereoisomeric mixtures rich in cis isomer 
than vice-versa, and the Winstein group therefore studied the solvoly- 
sis of the Cis chloride. 

Analysis of the products of silver ion-catalysed hydrolysis of pure 
cis- I-chloro-2-butene, with allowance for the stereomutation of the 
alcoholic product, indicates 99% retention of geometric configuration 
for the cis ion involved! The result suggests that in cases where geo- 
metrical isomerization appears to involve cationic species, neutral 
precursors of stereomutated molecules may be involved as inter- 
mediates. Allylic carbanions and cations therefore closely resemble 
each other stereochemically due to the maintenance of considerable 
double bond character between the original olefin carbons ; delocaliza- 
tion is not complete and carbon atoms do not become equivalent. 
These findings invite comparison with allylic free radicals, but con- 
siderably less is known in this area. 

The reactions of allylic halides with amines has received compara- 
tively little recent attention. The reaction of 3-chloro-1-butene with 
diethylamine may involve a cyclic transition state or is possibly 
an example of the rare S,2' process. Reactions of this kind are com- 
plicated by the possibility of allylic rearrangement preceding substi- 
tution, especially in media of low dielectric constant with relatively 
weak nucleophiles, as apparently cccurs for cinnaniyl chloride in its 
reaction with triethylamine 113. Heterogeneous catalysis of rearrange- 
ment of the allylic compound by solid amine salt formed, or by the 
walls of the reaction vessel, is also a complicating factor114. In this 
connexion it is uschl to know free-ener-gy differences between isomers, 
and for the equilibrium of 1-cllloro-2-butene with 3-chloro- 1 -butene, AF 
is - 0.6 kcal/mole favouring the 2-butenyl isomer compared to 1.2-1-9 
kcal/mole for the 1- and 2-butene equilibrium, the decrease in AF 
being ascribed to the steric conflict of the hydrogen cis to chlorine in 
the 2-butcnylchloro compound. 

Some unusual allylic compounds are being investigated; the 
rearrangement of 2-butenyl azide is accelerated only slightly by in- 
creased solvent polarity and this, with the negative entropy of activa- 
tion, suggests a cyclic S,i' process leading to a 3-substituted 1-butene1l5. 
The reaction of 1,4-dibromo-2-methyl-2-butene with azides is 
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complicated by several rearrangements, for beside the expccted product 
109, 110 and 111 are also formed; unfortunately these compounds 
prove difficult to handle and detailed mechanisms for their formation 
have not been worked out. For the transformations of the simpler 

N3CH,CMe=CHCH2N3 CH,=CMeCH N ,CH qN3 

(109) (110) 

CH2=CHCMeN3CH2N3 
(111) 

bis-azide 112 (R, = R2 = H) however, a cyclic transition state (115) 
appears to be most consistent with the experimental data. The 
reduced rate of rearrangement compared to 2-butcn- 1-yl azide for 
exaniple , probably reflects the electron withdrawal due to thc other 
azide group. Surprisingly, rearrangement of the tertiary azide 113 

N3CHzCR1=CR"CH2N3 + CHz=CR1CR'N3CH2N3 
cis N3CH2CR'=CR2CH2N3 

t r m s  
(112) (113) (114) 

C 
\6 + /":,,6 + / 

C C 
/N N\ 
6-'\ .$'6- 

N' 
(115) 

(R1 = R2 = Me) to hms 114 is slower than the reverse reaction of the 
primary azide 114 (R1 = R2 = Me), but steric compression in the 
transition state may account for this116. 

The question of the nature of the transition state or intermediate 
iiivolved in carbonyl addition reactions with allylic organo-metallic 
compounds, has been examined recently. It has bcen suggested that 
cyclic transition states may be involved in some of these reactions 11', 
e.g. 116: 

(116) 

However for acetylenic anaiogues such a mechanism seems untenable 
on steric grounds , whilst allylic carbanions which reasonably retain 
their stereochemistry seem more likely to be the effective reactive 
species derived fiom allylic Grignard reagents Interesting cases 
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of rearrangements can occur with diisobutylaluminium alkenes, 
obtained by addition of diisobutylaluminium hydride to various 
olefins, e.g. 118 3 120 (as shown by deuterium oxide quenching and 
n.m.r. analysis of the products). Unexpectedly 120 is the predoniin- 
ant allylic isomer. These reactions are strongly solvent sensitive and 
the presence of donor compounds such as amines, stabilizes the phenyl 
conjugated isomers (158,119), possibly because the aluminium group 
is sterically hindered in isomers such as 120 ll9. 

The reactions of olefins with t-butyl peresters in the presence of 
copper ion, gives the less stable allylic isomer ; it is likely that an acyl 
free radical and a carboxylate anion are produced by electron transfer 
from cuprous ion, and subsequent reaction of the olefin with the former 
by hydrogen abstraction, generates an allylic radical which combines 
with the carboxylate anion through the agency of cupric ion as electron 
acceptor; cuprous ion formed in the last step may function as co- 
ordinating agent for the forming r-bond. Tetramethylethylene gives 
1,1,2-trimethylallylbenzoate in this type of reaction, the product being 
kinetically controlled to that site orhighest electron density, much as 
for a carbanion120. 

AIRz 
I 

PhpC=CHCH=CH, Ph,C=CHCH-Me + Ph2C=CHCH,CH2AIR, 
(118) (119) 
II 

(117) 

AIR, 

H 
I 

PhzC 
\ /  

C=C 

Me 
/ \  

H 

B. Anionotropic Rearrangements in Polyenes 

In their work on extended anionotropic systems, Jones and McOm- 
bie l2I found that 1-ethynylcinnamyl alcohol (121) did not rearrange 
in acids into conjugation in. the expected manner, whereas later authors 
discwered that the compound gavc the aldehyde 11% on steam disuila- 
tion from acidic media 122. However 121 with p-toluencsulphonic 
acid also gives 126 following Jones-McOmbie rcarrangernent, in 
anaIogy with the 1-ethynylcrotyl alcohol system, so that this type of 
anionotropy now appears to be perfectly general 123. 
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PhCH=CHCHOHCGCH PhCH=CHCHC=CH 
I 

(121) 

Y I 
+ + 

PhCH=CHCH=C=CH t> PhCH=CHCHCrCtl 
(124) (123) 

{PhCHCH=CHC_CH),O 
I .  

( 126) 

1 
PhCH=CHCH=CHCHO 

(125) 

Numerous examples of extended anionotropic shifts have been des- 
cribed in recent synthetic work, mainly of the type discussed in Part I. 
More interesting perhaps are rearrangements involving formatior! of 
triphenylphosphoniuni salts which have recently become known from 
work with Wittig reagents. In  the synthesis of vitamin A2 treatment 
of the tertiaiy diallylic alcohol 127 with triphenylphosphine and 
hydrobromic acid usefully gives the salt 128, directly124, avoiding the 
necessity and difficulty of first forming the allylic halide. 

( J . 2 7 )  (1%) 

(-y+-(y-+p / 

(129) (130) (131) 

A similar result is observed with the analogous /3-ionylidene com- 
pounds (cyclohexene ring system) ; in these reactions the carbonium 
ion first formed must bc very rapidly scavanged, although some retro- 
hydrocarbon 131 is formed by proton loss in xactions of 129 or its 
primary allylic isomer. Treatment cf hydrocarbons such as '131 with 
triphenylphosphine and acids results in rcarrangement to the normal 
structure, e.g. 131 gives 130 (R = PPhgBr-), a most usefLi1 prepara- 
tive observation. The reaction of alcohol 129 or its primary allylic 
isomer with triphenyl phosphite and acids gives a mixture of the 
tertiary C,,, and primary C(lll phosphonates (reaction nf thc meso- 
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meric carbonium ion with thc phosphite and expulsion of Et+, in 
effect). Examination of models indicates that other than CCl1), C,,, 
is the only non-hindered potential site for attack in the intermediate 
r;.escmeric cation. Again rapid scavanging of the intermediate by 
phosphite to a kinetically conholled allylic isomeric mixture, largely 
precludes deprotonation to retrohydrocarbon, although all three com- 
ponents should arise from the less reactive ifitermediate species. 

Anionotropic rearrangement-dehydration to retro compounds in 
these systems has been further investigated; i t  is found tk.at 129 
reacts with acetic acid to give a substantial proportion of 'forward' 
allylically rearranged acetate 130 (R = AcO), as well as the retro- 
dehydro-hydrocarbon 131 earlier observed as the preponderant 
product. In ethanol-acetic acid mixtures the product ratio of 130 
(R = EtO) to hydrocarbon 131, is similarly due to the stability of the 
ether function formed by ethanol attack at the carbonium ion125. 

In earlier work it was found that retrodehydrative rearrangements 
with vitamin A precursors and related compounds, could be avoided 
by using intermediates with eleztrmegative substituents adjacent to 
the site of the forming double bond e.g. 132 -+ 133126. Similarly, the 
nitrile 134 gives as the major product 135 and small amounts only of 
the retro compound 136, whilst catalytic amounts of N-haloimides 
convert 134 exclusively to 135127. 

WCN+ (1%) WN / (136) 

Examples of allylic rearrangement-dehydration in the carotenoid 
G* 
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field have becn tabulated12* ; these reactions are in general very 
similar to thosc discussed in Part I. 

IV. CLAISEN AND COPE REARRANSEXENTS 

Facilitation of accurate riieasurenients of kinetic pararileters and 
product analysis by chroma tngrspicc techni?ues, is establishigg the 
detailed reaction features for Claisen and Cope rearrangements on an 
even firmer footing. Frey and his colleagues find the isomerization of 
methiylallyl vinyl ether follows as expected, much the same course as 
allyl vinyl ether and allyl isopropenyl ether, pre-exponential factors A 
varying from to 11.73 with E, 29,100-30,600 cal/mole. The 
substantial negative entropy values found reflect die more rigid transi- 
tion state with respect to reactant, with reduced internal rotational 
freedom in the proposed six-membered assembly Similar ex- 
periments with allyl 3-allyloxy-2-butenoate and crotyl 3-crotyhxy-2- 
butenoate show roughly comparable kinetic parameters with reduced 
activation energies, compared with the simpler allyl vinyl ethers 
(AEa 4-5 kcal/mole) and heterogeneous catalysis by ammonium 
chloride 130. In  intramolecular reactions of allylic compounds 
embracing Claisen rearrangements, the stereo- and optical properties 
of the product are determined by the conformational features of the 
transition state131 ; thus iC conformation 137 of 1,3-'dimethylallyl 
phenyl ether pertains to the transition stzte for its rearrangement, 
geometric relationships should be preserved in the product, but the 
optical properties will be reversed (R-tram -+ S-tram) ; but for the 
product from cofiformation 148 geometrical relationships are reversed 
and optical properties retained. Application of this principle to 
Claisen rearrangements of phenyl ethers in general, shows that this 
result holds with only one exception; repetition of the faulty result 
shows that it was based on faulty preparation of the optically active 
reactant 132, and the authentic material behaves as expected. The 
transition state 138 is actually more likely than 141 due to steric factors, 
and a reflexion of this is the formation of 82% trans product 139 
(Z = o-HOC,H,-) and only 18% of the analogous cis product. 
Rearrangement of thc cis isomw of 137 gives even less of the cis product, 
and examination of models indicates that the difference in stability of 
the transition states 143 and 141 is even larger than the difference 
between 141 and 138, in perfect harmony with the result. These ideas 
have been further elaborated by evaluation of transition-state energy 
differences133 fiom relative reaction rates; as expected the lowest 
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(140) (142) 

+&Me Me pH H\++ 
H "x' H H ' . . Y  Me Me "x" Me 

(138) (141) (143) 
energy transition state is for the trans + trans rearrangement, that lead- 
ing to cis product being 1-9 kcal/mole higher-of the correct order of 
magnitude with respect to the explanation. For the cis  --f trans and 
c is - tc i s  rearrangements the energy differences rise to >3 .6  kcal. 
If allowance is made for the difference in ground-state free energy of the 
reactants (AF cis- and trans-4-methyl-2-pentene - 0.6 kcal/rnole) the 
transition state for the cis 4 trans rearrangement lies about 1 kcal 
above the trans --t trans activated complex. Hence an energy profile 
for the two sets of reactions can be constructed. 

Consideration of cyclic transition states for these reactions, however, 
should take account of the conformational effects present, i.e. whether 
the transition state is chair or boat like, and to what extent substituents 
interact. Possible transition states for the four-centre rearrangement 
of 137 are represented in 144-151. 

The simple idea that orbital repulsion may operate in favour of 
chair-like transition states in Claisen and Cope rearrangements (vide 
infra) seems to be supported by theoretical arguments134; for chair 
structures, equatorial methyls are preferred to axial, and for boat 
forms, endo methyls are less favourable than exo. Carrying such 
arguments further, it seems a reasonable assumption that a pair of 
mutually repelling substituents in the em-& conformation will be 
less stable than in a trans relationship. Experimental facts seem a 
little at variance however with the detailed analysis of stability 
relationships in these hypothetical transition states ; for example one 
might expect 148 to be less stable than 146 due to interaction of the 
axial methyl group with the aromatic ring, but since this conflicts 
with the experimental data it is suggested that a non-symmetrical 
transition state is involved, in which the forming C-C bond is 
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(144, R1 = Me Rz = H) 
(148, R1 = H R2 = Me) 

(145, R1 = Me RZ = H) 
(149, R1 = H R? = Me) 

I 

Me R* 
(147, R1 = Me = H) 
(151, R’ = H R‘ = Me) 

‘stretched’ compared to the C-0 bond, mitigating any steric effect 
between the substituent attached to the reaction site and the aromatic 
ring. This accords with the lack of any effect of o-substituents in the 
ring, and is not in conflict with orbital symmetry requirements for a 
concerted reaction. 

Similar stereo-optical effects are seen with cyclopent-2-cnyl vinyl 
ether (152), where optical activity is inverted and absoluteconfigura- 
tion retained in its Claisen rearrangement to 154135. That this re- 
arrangement resembles the one of enzymatic conversion of chroisinic 
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acid to preplienic acid (155 + 156) is demonstrative of the geometric 
relationship of' the olefin bonds involved 136n. An especially facile 
Claisen rcarrangement occurs with 3-( 1,4-pentadienyl) vinyl ether 
below room temperature 13Bb. 

A number of preparatively interesting rearrangements of vinylic 
esters have recently bcen described; 157 -+ 158 and 159 + 160 are 
novel reactions illustrative of an older principle 137*1369139. Other 
related reactions are observed with pyruvyl enol ester (161) which 

RCO-0 RCO RC=CHCO,Et 
- I  

CH ,=COE I -  t + [ LH4ft ]  OCOR 

(157) (158) 

RCO-0 RCO 0 
/ 

\ 
CH,=CMe ---- L,-c 

Me 
059)  (160) 

gives 162 by decarbonylation under very mild conditions (80"), whilst 
thermolysis of 163 leads via 164 to 165137. The mechanisms of these 
reactions have not been investigated in any detail, but extension of the 
principle to 8- and y-keto acids e.g. acetoacetic acid possibly proceeds 
by way of a ketene intermediate as in the sequence 166 + 167 140. 

RCOCC RCO 
co -co* I 

2 / C H,CO, E t  
CH,-COEt 

(161) (162) 

Examples of Claisen transformations with propargyl vinyl ethers 
have also been described in the recent literature; in general since the 
achievement of the required transition state is somewhat more difficult, 
higher temperaturcs are required. Thus 168 prepared by carboxy- 
lation of vinyl propargyl Grignard reagent is rearranged on heating to 
170, presumably via the allene 169 (170 actually exists in equilibrium 
with the hydrate and is a powerful antibiotic)l*l. A number of 
instances where the allenic product is isolable are known142, e.g. 171 
gives 172 and 173. A similar type of reaction with the propargylic 
acetal 174 proceeds by way of elimination of methylbutynol and 
Claisen rearrangement of the ether product 175; the analogous re- 
action with 25% optically pure 5'-( -)-butynol as the source of 174, 
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CH -COEt CH,CO,Et 
I 
co 
I 

EtOzC-CHZ 

2- I 
coco - CH,=COEt 

o,Tcb&-o-o I - -co, 

I 
E tOC= ' /  CH, EtOCO-CH, 

(163) (164) 065) 

MeCOCH-CO 

H- 

(166) 

MeCOCH=C=O 
.Me + 

O~cocH=c' I 
\ O\ 
,C=CHz H 

€to' 

MeCO ,OH 

c=c 
o=c 0 

HC=C, 

\ 
/ \  

\ /  

Me 

gives optically active R-( - )  allene 176143. Increasing substitution in 
these propargyl vinyl ethers allows lower temperatures to be used for 
rearrangement, suggestive of at  least partial radical development in 
the transition state for the reaction, e.g. 177 + 178. Propargyl vinyl 
malonic esters undergo the Cope rearrangement (vide i7~jTa)''~. An 
interesting variant of the Claisen transformat:on is the sequence 
179 -> 180 -> 181 which uses commercially available dimethyl acetd 
of ~limethylacetarnide~~~. Phosphite esters of ally1 alcohols also 
undergo Claisen-type reaction; thus 182 gives 188, and 185 is formed 
from 184 together with some 153, the proporticn of the latter rising with 

CHO, 
CH,==CH CH,CHO CH J ++, I - I I  

HO,CC=C=CH, C 
HO,C' 'CH-CH, HO,CCfl-CH, 

(168) (16% (170) 

I*le,CH(OCHMeCL-CH), - 
(174) 

\ /  

H\ 2, c ctio 
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0 
II 

(E t 0), P-0-C H Me C H = C H, -* ( E t 0), PC H, C H = C H M e 

(182) (183) 

0 
I 1  

(EtO),P-0-CH,CH==CHMe - (EtO),PCHMeCH=CH2 

(184) (185) 

temperature perhaps due to catalysis by decomposition products 146J47. 

'Oxy-Cope ' rearrangements, e.g. 1,5-hexadien-3-ols to carbonyl 
products, through enoiic intermediates have recently become known 
in cyclic systems14*. The parent system 186 has now been prepared 
and it smoothly rearranges at  300" to the alkenal 187, giving only 
traces of dehydration product 149. Such a result speaks for the favour- 
ability of the concerted process involving a six-membered transition 
state in a four-centre reaction. Whilst the appearance of wine acro- 
lein in the product might suggest the intermediacy of free-radical 
species in the rearrangement, the acrolein could also arise in a separate 
reaction; hrther work in hand should clarify this point. 

(186) (187) (188) (189) 

Kinetic parameters have been measured in a number of cases of 
gas-phase Cope rearrangements of alka-l,5-dienes ; comparison of the 
results with those observed by Cope and his colleagues 150 for reactions 
in the condensed phase with allylalkenylnialononitriles, indicates the 
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general similarity of all these reactions which have substantial negative 
entropies of activation ( - 11 to - 16 eu), preexponential factors 
covering the approximate range 109-iO11, and activation energies of 
from 25 to 32 kcal/mole which are reduced by electron-withdrawing 
groups. As might tve expected from the compact rigid nature of the 
transition state in these rearrangements, substituents at the termini of 
the rearranging diene can give rise to steric effects; e.g. comparison of 
3-methyl- lY5-hexadienc and the Cope valence tautomer 1,5-heptadiene 
shows that the latter has a substantially reduced A factor (0.69 x 1O1O 
and 0.123 x 1O1O respectively), attributable tG the effect of the ier- 
minal methyl group hindering C,,,-C16J bonding; the decreased 
motional freedom in the transition state 1s reflected in the change in 
entropy of activation ( -  14.1 and - 16 eu) 151. Kinetic parameters 
for the simplest case of Cope rearrangement, i.e. of 1, l-dideuterio- 
hexa-1,5-diene, also shows the trend to higher values for E, in the 
absence of ‘ activating’ substituents (E,35.5 kcal/mole), and the greater 
flexibility in the transition state (AS* - 9 eu)ls2. Kinetic results for 
the homogeneous first-order rearrangement of the allene hepta- 1,2,6- 
triene (188) to 3-methylenehexa- 1,5-diene (189), strongly suggest that 
this is another type of Cope reaction; the reduced energy of activation 
(E, 28.5 kcal/mole) compared to comparatively simple systems, may 
reflect greater electron availability in the allene (higher polarizability), 
whilst consideration of possible internal rotations in the reactant in- 
dicates that if only the allenyl and vinyl groups can rotate freely-a 
possibility on account of the internal hindrance to rotation about the 
C,,,-C,,, bond-the observed entropy decrease in the activated 
complex for the reaction can be accounted for almost completely by 
the removal of these rotations 153. However for Cope rearrangement 
of propargylisobutenylmalonic ester (190) the activation energy for a 
cyclic transition state must be very little different from that for scission 
of the molecule, since fragmentation products are also isolated. As in 

(190) (191) 

the case of acetylenic Claisen rearrangement the reaction pathway may 
involve a radical pair144. 

An important recent paper by Doering and Roth15*, examines the 
theoretical and experimental possibilitics for rearrangement of meso- 
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and racemic-3,4-dimethylhexa- 1,5-diene; for a boat-like six-membered 
transition state with six overlapping atoms the meso diene will give 
t7utm,trans and/or cis,cis-octa-2,6-diene, but the raceniic isomer (192) will 
give only the cis,trans diene; for a chair-like six-membered transition 
state involving a four-centre reaction, the result wiil be prczisely the 
reverse, the meso isonier (193) giving the cis,trans diene. Incieeci 
cis, trum-octa-2,6-diene is obtained from the tmso starting material 
and 90% trans,trans-octa-2,6-diene from the racemic compound (with 
9yo cis,Cis isomer) ; in these Cope rcarrangements where a free choice of 
transition-state geometry is possible the four-centre chair-likcarrange- 
ment is preferred by more than 300: 1 ( A A P  5.7 kcal/mole at 225"). 
I t  is pointed that if the transition state is considered to be com- 
posed of two ally1 radicals, then whilst the single electron in the llighcst 
occupied orbital can interact with the other identically placed electron 
in the other half of the transition state only at the termini of the radicals 
(since the orbital has a node passing through the central atom in each 
radical), the mutual repulsion of the paired electrons in the next 
orbital will be greater for the six-atom overlap situation in the boat- 
like transition state, than for the four-atom interaction in the chair- 
like transition complex. 

Me H !$ PI e -' 

(192) 
(rocemic) 

Me- H 

Me HYJ - 
cis.  trons 

diene 

(193) 
(meso) 

A theoretical treatment of the Cope rearrangement of 1,5-hexadiene, 
which takes account of bond angle bending strain, torsional effects, 
steric repulsion, 7r-delocalization, compression of 0-bonds in the 
conjugated part of the molecule and the making and breaking of 
a-bonds for various degrees of advancement along the reaction co- 
ordinate, shows that the chair-like six-membered transition state is 
preferred to the boat-like form by about 3 kcal/mole; in view of the 
approximations inherent in such calculations the rough agreement 
with the experimental value found in the 3,4-dimethyl-hexadiene 
system is remarkable164c. 
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Interestingly Cope-type rearrangements have been invoked to explain 
the stercoisomerism of 194 dcrived by oxidation of the dimer of cyano- 
ditlrioformic acid, which is converted uniquely to the trarzs,trans isomer 
(195) on warming in carbon tetrachloride. No evidence for the form- 
ation of any cis,tmns isomer is apparent and this isomer, independently 
prepared, cannot be isomerized to the cis,cis or t~m.r, tratt~ compounds, 
in harmony with the Copz-type mechanism, since for the cir,truns 
isomer the rearrangement becomes degenerate ls6. 

The carbon analogue of the Claisen rearrangement has been 
realised; with t-butoxide anion in t-butanol the isomeric I-phenyl- 
butenes ase equilibrated with the isomeric 1-(0-toly1)propenes 15'. 

CN L ' x  CN SMe 

V. MlSCELLAMEOUS ALKENE REARRANGEMENTS 

The potentiality for hydrogen transfer in a scheme such as the one 
involving 196-199, is partially realised by ring scission of cis- l-acetyl- 
2-methylcyclopropane to give 3-butenyl methyl ketone 15'. Another 
reaction involving sigmatropic transfer is thc isomerization of per- 
chloro-2,4-pentadienal (ZOO) to acyl chloride 203; the reaction is 
believed to involve 201 as intermediate which undergoes sigmatropic 
1,5 chlorine transfer; 14C labelled carbonyl compound gives acyl 
chloride with the label at not in the carboiiyl group lS8. 

D H  DCH 

H3 \\ CH, \ /  0 'XtH DO %CH 
PhC, I1 ,CHR I = I  P h C y C H R  I === '!$)$,, F PhC,, C H  

C-C'HR 
I I 
D H R  D 

CD, 

(1%) (197) (198) (1%) 

For Wittig rearrangements of 9-lithiofluorenyl methallyl ethers, e.g. 
204 (R2 = Me, R3 = H) -+ 205 (R3 = Me, R2 = H), radical pair 
intermediates such as 206 are preferred to ion pairs, since exclusively 
trans olefinic bonds seem to be favoured in the products, whereas in an 
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ion-pair mechanism involving allylic carbanions, the more stable cis 
carbanion would be expected to lead to cir oleiin prep~nderantly '~~. 
I t  is however possible that rotation of a carbanion in an ion-pair 
mechanism is too slow to effect the stereochcmistry of the product. 
However, in this connexion crotylmagnesium bromide in ether at rooin 
temperature exhibits stereoisomerism, about equal amounts of both 
isomers being formed. In aprotic solvents such as hexamethyl- 
phosphoramide no metal-carbon bond is present and the carbanion 
exists exclusively in the cir configuration l6OV Stereochemistry is 
however retained in the reactions of cis- and trans-propenyllithium 
with germanium tetrachloride, giving tetrapropenyl compounds I6l, 
and largely retained with vinylic Grigna.rd reagents prepared from cis- 
and trans-1-bromo- 1 -propenes. Interestingly, for the latter stereo- 
isomer, retention of configuration is reduced compared to the cis 
compound but this might bc expected if the cis carbanion is the more 
stable. Carbonation of these Gri,gnard reagents gives good yields of 
the respective stereoisomeric carboxylic acids 162. The preparation oI' 
vinylic lithium derivatives has recently been discussed by Seyferth 
and his collaborators163; they are most conveniently made fiom tetra- 
alkenylmetalloids, e.g. tetrapropenyltin with lithium, and can be 
estimated by gas-liquid chromatographic analysis of the derived mime- 
thylsilyl compounds formed from trimethylsilyl chloride and the lithio 
compound. In  this connexion tetra-trans-propenyltin when partially 
cleaved by excess lithium shows some isomerization of unchanged 
organo-tin compound, whilst cis- and trans-propenyltrimethyltin are 
isomerized by lithium in ether without cleavage. Propenyltrimethyl- 
germanium (208) and the silicon analogue (207) are not however 
isomenzed under similar conditions but are with lithium in tetra- 
hydrofuran to 210. No isomerization occurs with the all-carbon 
analogues. These isomerizations can best be thought of as involving 
anion radicals 209 formed by electron donation into the antibonding 
n-orbital with concomitant stereomutation. The metalloid anion 

(200) (201) (202) (203) 

radicals are probably stabilized by dr-px interaction compared to the 
carbon analogues. 

The decreasing ratio of trans to cis isomers in these isomerizations on 
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5” i’ + 

H R3 
\ /  

CH 

CH 
\ 

RZ 

H, R3 

H Rz 
(206) 

passing down the series Si, Ge, Sn, is nicely explained by the increasing 
atomic radius which allows the three methyl groups grea.ter freedom 
from steric interaction with the cis substituent a t  C0,163. 

Vinylic silver compounds are preparable stereospecifically from 
cis-1-propenyllithium, e.g. cis-1-propenyl(tri-n-buty1phosphine)-silver 
(211) ; decomposition of this silver compound with iodine gives 96% 
cis- 1 -iodopropene in high yield, while thermal decomposition in solu- 
tion yields stereospecifically cis,cir-2,4-hexadiene. Similar reactions 
occur with the corresponding cuproas compcunds 16*. 

Me3M M e  Me,M H 
Li \ /  

/ \  
c=c \ /  

M e  
THF 

H H 
(207, M = Si) 
(20b, M = Ge) (209) (210) 

Me AgPBu, 
\ /  c=c 

(211) 

The proliferatior, of work with organometallic reagents of the tran- 
sition metals in connexion with alkene rearrangements, commends 
itself to the attention of more conventional organic chemists, and 
justifies a brief account here; a full treatment would clearly require a 
full review165. A number of workers have observed positional iso- 
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merism of olefins with derivatives of the Group V I I  transition ele- 
ments. I n  these reactions, whether thermal or photochemical, the 
isomer ratios found are closely similar to the thermal equilibrium 
values and parallel those computed on the basis of free-energy dif- 
ferences calculated from hcats of formation. In general for. n-alkenes 
and iron carbonyls internal olefins isomerize much more slowly than 
terminal isomers and czk olefins are more reactive than trans, but the 
more hindered the double bond thz slower the reaction. The activity 
of the various iron carbonyls depends to some extent on the olefin used, 
since reactivity is temperature dependent and isomerizations commonly 
involve the boiling of mixtures. The use of autogenous pressure in an 
autoclave is of little value for raising the reaction temperature, since the 
reactions are inhibited by the overpressure of carbon monoxide. 
However, additives are often useful and ethanol or acetone have been 
used ; acids and acid chlorides inhibit isomerization, but pyridine does 
allow use of pentacarbonyl iron with the lower boiiing o!efins. I n  
some cases catalytic activity is e-xhibited under very mild conditions if 
the reaction mixture is irradiated at intermediate wavelengths166. 
Isomer ratios for propenyl ethers, made from allyl ethers by irradiation 
in the presence of pentacarbonyl i rm,  also resemble the thermodynam- 
ically stable mixtures 16'. 

The mechanism of double-bond shifts catalysed by transition-metal 
compounds is the subject of a continuing debate (vide itzj?a). However 
it does seem clear that in some instances complex-metal hydrides are 
involved transiently or otherwise, and the thermodynamic stability 
of the product does x e m  important. Experiments have been con- 
ducted using hexane solutions of hydrogen tetracarbonyl cobaltate 
(HCo(C0) which isomerizes olefins under remarkably mild con- 
ditions with concomitant hydroformylation. The suggestion that a 
1,2 addition, followed by a reverse elimination involving a second 
olefin as catalyst acceptor, accounts for these isomerizations does not 
accord with experimental facts, since under conditions where the con- 
centration of alkyl cobalt compound should be optimum no olefin 
exchange occurs168, although there is some evidence that an olefin 
addition compound with the cobaltate may be formed165. There 
is some evidence that allylic exchange takes place ; rearrangement of 
allyl alcohol with dcuterium tetracarbonylcobaltate places deuterium 
exclusively in the methyl group of the propionaldehyde formed lG9, 
consistent with a riicchanism involving a transition state such as 212. 
For catalysis by iron carbonyls it has been suggested that adventitiously 
formed iron liydrides are the active species166 and reactions such as 
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/".. 0. .. 
HC * '  .:co(co),. . ..co \ ..Ha' 

r .  

(212) 

213 -> 214 -> 215, or .n-ally1 iron complexes e.g. 216 + 217 --f 218 
(where R may be olefinic) may account for the observed results. 

RH,C H RH,C R Me 
\ \ /  
C-Me C=C L 

7 

\ /  

H HFe(CO), I H' 1 \H 
H/cTC\ 

HFe(CO), HFe(CO), 

(213) (214) (215) 

H 
H H I 

R\ 2\ R C H  :C.y / H 
\ / %.& 

H' \HI \H H = H .'I Me 
- ).* I c\H C 

WCO), H Fe(CO), Fe(CO), 

(216) (217) (218) 

A number of Group VI I I transi tion-me t a1 catalys t-coca talys t 
systems are known ; dichlorobis(ethy1ene)-p, p'-dichloroplatinum(II) 
is active in the prescnce of alcohols which apparently function as 
hydride donors, but acids and bases destroy catalytic activity. These 
catalysts isomerize 1-hexene with a noticeable initial Preponderance 
of ck-2 isomer, but eventually the thermodynamic equilibrium com- 
position is achieved. With rhodium trichloride trihydrate there is a 
persistent high preponderance of the Cis isomeric 3-hexcne in the initial 
rearrangement products. 'These reactions it is thought involve 
sequences very similar to those in the transformations 213 --f 215, 
although this mechanism has been criticizedI'I since deuterium is not 
incorporated into the isomers produced fi-om 1-octene with similar 
catalysts. It is however possible that this is due to a large isotope 
effect; in support of this, rearrangement of 1,2-dideuteriohexene occurs 
somewhat faster than 1-hexene. The explanation is that since the 
essential step in the metal hydridc addition-elimination sequence is 
addition at C(2), whilst reversion to 1-olefin requires elimination of 
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either MH or MD from the labelled compound compared to elimina- 
tion of MH for isomerization, the faster rate can be understood on the 
basis of the unfavourable rate for MD eliminati0n17~. More recently 
it has emerged that deuterium tetracarbonylcobaltate isomerizes 
allylbenzene with only insignificant incorporation of the isotope into 
isomerized or unchanged starting material, and at the same rate as fQr 
the protio cobalt compound ; clearly a mechanism involving allylic 
exchange or addition-elimination in this case is quite incompatible with 
the results, and it appears that the C--H bond at the active centre and 
the D-Co bond remain effectively intact, i.e. the transfer of hydrogen 
appears to be intramolecular 173. Intramolecularity has also been 
demonstrated in the thermai rearrangement of a mixture of tritiated 
n- I-octene and unlabclled n-undecene with enneacarbonyldiiron (and 
in the photochemical rearrangement with pentacarbonyliron) ; none 
of the tritium label is transferred between the octene and the undecene 
isomers. A similar result is observed for n-hexene and allylically tri- 
tritiated n-octene with hydrogen tetracarbonyl-cobaltate. I t  is sug- 
gested that the first step is the formation of a rr-complex with the 
tetracarbonylcobalt hydride followed by intramolecular rearrange- 
ment I t  seems possible chat these intramolecular reactions 
involve metal d-olefin T orbital mixing, leading to symmetry which 
allows facile suprafacial 1,3-sigmatropic hydrogen transfer ; this is 
perhaps an area rich in possibilities for theoretical irivestigation. 
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A. Mechanism and Stereochemistry 

Two types of adsorption states have been proposed for the substrate 
in heterogeneous hydrogenation of olefins : Eissociative chemisorption 
(1)l, including a step in which hydrogen is transferred from carbon 
to catalyst, and associative chemisorption (2)2 involving a step in which 
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the olefin is adsorbed on the catalyst by opening of the olcfin double 
bond to form 0 bonds with the catalyst metal, taking sp3 hybridiza- 

I t  was recently professed that olefins niay farm r-complexes (3) 
by associating with a simple atomic centre of the cata!yst 4.6. These 
structures are assumed to be analogous to the r-olefin ccmplexes of the 
transition elements 6. I t  was also professed that rr-ailylic complexcs 
(4) may form the catalyst surface7s8. 

ti0n3. 

\ /  
C=C H H 
l l + I I  * *  * *  

\ /  
H-<-C-H 

I I  * *  

\ /  

/c5c, 
* 

(3) (4) 

In  one of the earliest works on the reaction of deuterium with olefins 
on nickel catalyst, Farkas, Farkas and Rideall found that deuterium 
not only added to the double bond of ethylene, but that it also ex- 
changed its hydrogen. Farkas and Farkasg proposed a mechanism 
in which the basic step is the interaction of hydrogen, dissociated on 
the catalyst surface, with physically adsorbed ethylene. The mechan- 
isms in which chemisorbed ethylene reacts with physically adsorbed 
liydrogen is called Twigg-Rideal lo or Rideal-Eley mechanism ll. 
These two mechanisms are bascd on Rideal mechanis,m : 

(CHz=CHz)jds H H + CHj-CHj 
I I  * *  

CHZ-CHZ H Z  CHa-CHj 
I I  * +  0 

O n  the other hand, the Horiuti-Polanyi meclianism was postulated 
in terms of the Langrnuir-Hinshelwood mechanism (interaction of the 
chemisorbed species on the adjacent surface sites), and it involves 
associatively adsorbed ethylene and an intermediate half-hydrogen- 
ated state: 

H,,H H (1) 
I I  * *  

CHZ=CHz T CHZ-CHZ 
I 1  



R R  
I l l  

-C-C=C-H 
I 
H 
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D 
I 
8 - R R  

I l l  
-C-C-C-H 

I l l  
H * D  

1 7 "  
-C=C-C-H 

I 
D 

H 

I ? ?  
-C-C=C-D 

I 
ti 

The hyc;ogenation mechanisms proposed above have been re- 
viewed 12. Other mechanisms have been postulated by Beeck13, 
Jenkin and Rideal l4 and Twigg 15. 

The mechanism has been widely accepted because it is possible to 
interpret addition (5) , double bond migration (6) ,  cb-tranr isomeriza- 
tion (7), and hydrogen exchange (8) taking place on the surface of the 
catalyst through only one intermediate-the half-hydrogenated state. 

The above mentioned mechanisms were proposed based on the 
kinetics of the process. The results of the stereochemical investiga- 
tions made it possible to postulate more detailed reaction mechanisms. 

On assuming that catalytic hydrogenation occurs by the simultaneous 
addition of two atoms from the same hydrogen molecule, Farkas and 
Farkas l6 pointed out that the addition to a double bond or triple bond 
would be cis". Greenhaigh and Polanyif8, however, pointed out 
that cis addition to ethylene derivatives was not a proof of the simul- 
taneous addition of a pair of hydrogen atoms. 

On the other hand, it is known that the catalytic hydrogenation of 
organic compounds proceeds by cis addition from the less hindered 
side. This fact shows that the molecule is preferably adsorbed on the 
less hindered side, and the siniultaneous addition of a pair of hydrogen 
atomsIg. For example, the hydrogenation of a-pinene (5 )  over 

7fC.A.  1 
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platinum oxide in acetic acid or ethanol at  room tempcrature, proceeds 
to give cis-pinane (6) almost quantitatively 20. 

(5) (6) 

The addition of deuterium21 or tritium22 to androsr-l-ene-3,7-d;orii: 
(7) over palladium i s  selectively cis from 

0 

the less llindered a-side. 

0 

(7) 

When the A7 (8) and A8 (9) steroids isomerize to the h8(l4)-steroid 
(10) in the presence of hydrogen and platinum or palladium, the ad- 
dition and elimination of hydrogen occur a t  the a-face of the double 
bond 23, showing that the isomerization proceeds on the surface of thc 
catalyst. 

The hydrogenation of cis- and hum-cyclodecene was performed on 
platinum oxide by Smith2*. The ‘top-side’ of the adsorbed cis 
isomer 11 is less hindered than that of the adsorbed isomer 12 which is 
blocked by a polymethylene alkyl chain. If the .hydrogen attacks the 
double bond from the opposite side of the catalyst on which cyclode- 
cene is adsorbed, the rate of the hydrogenation of cis isomer should be 
far greater than that of the trans isomer. But the experimental data 
show that cis is only slightly faster than trans. This result was attri- 



4. Hydrogenation of Alkcncs 179 

buted to hydrogen attacking from the ‘bottom side’ of the chemi- 
sorbed molecules. 

H H 
\ d H 

(11) (12) 

I f  hydrogenation takes place by cis addition, meso compounds should 
be obtained from tetrasubstituted cis olefins and racemic mixtures of 
thc optically active compounds from trans olefins. Similarly, cis 
disubstituted cyclohesanes would be obtained from 1,2-disubstituted 
cyclohexenes. Nevertheless, both trots and cis compounds are ob- 
tained as shown in Table 1. With phenyl or carbomethoxy substi- 

TABLE 1. Hydrogenation of 1,2-disubstituted cycloalkenes 

Substrate 
Cis Addition 

Catalyst Products (yo) Ref. 

1,2-Dimethylcyclopentcnc 
1,2-Dimethylcyclohexene 
1,2-Dimetliylcyclohexenc 
1,2-Dicarboniet hoxycyclohexene 
1,2-Diphenylcyclohexene 
1,2-Diphenylcyclohexene 
1,2-Diphenylcyclohexene 
A’. (lO)-Octalin 
A’. (lO)-Octalin 

PtO, 
PtO, 
Pd-C 
PtO, 
PtO, 
Pd-C 
Ni (Raney) 
PtO, , 
I’d-C 

42 
82 
25 

100 
95 

100 
100 
51 
10 

25 
26 
27 
28 
29 
29 
29 
30 
31 

tuents in the cycloalkene ring, cis compounds are almost exclusively 
obtained. However, certain amounts of trans isomer were produced 
from other compounds, especially when using palladium catalyst. 

Siegel 32 found that in the reduction of 1,2-dirnethylcyclohesene and 
1,2-=lirnethylcyclopentene over platinum oxide in acetic acid a t  
25°C25926, the proportion of cis- 1,2-dimethylcycloalkane produced in- 
creases on increasing the hydrogen pressure. O n  the other hand, 
in the case of the corresponding 2,3-dimethylcycloalkenes the opposite 
effect was observed, as shown in Figure 1 26. 

Siegel considered that the Horiuti-Polanyi mechanism nccommo- 
dated these results. Assuming that the concentration of hydrogen on 
the catalyst surface is a function of the hydrogen pressure, the relative 
rate of the reactions (2-4) should vary with the pressure. When the 
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Figure 1. Variation with the pressure of hydrogen of the proportion of cis- 
and trans-dimethylcycloalkanes obtained from 1,2-dimethylcyclohcxene (O), 
2,3-dimethylcyclohexene (A), 1,2-dimethylcyclopcntene (m), and 2,3-dim- 
ethylcyclopentenc (v), reduced PtO, in glacial acctic acid at 25°C. [Reprinted 
from S. Siegel, Aduances in Catalysis, Vol 16, Academic Press, New York, 1966, 

p. 133, by permission of the publisher.] 

concentration of hydrogen becomes higher, the rate of reaction (2) 
may not vary significantly, whereas those of (3) and (4) may increase- 
especially the rate of reaction (4), which is a function of the concentra- 
tion of both half-hydrogenated intermediates and hydrogen, increases 
significantly. Consequently, the rate of the double bond migration 
(reaction 6) decreases and the population of cis product from 1,2- 
dimethylcycloalkene may increase. At lower hydrogen pressures, 
1,2-dimethylcycloalkenes must be converted to h e  2,3-dimethylcyclo- 
alkene or 2-methyl-methylenecycloalkane from which both cis and 
trans saturated products are formecl via cis addition. This is illustrated 
for the dimethylcyclopentenes ill Scheme I. Siegel and his co- 
workers 2526 detached the formation of 2,3-dimethylcycloalkenes 
from the 1,2-isomers by gas chromatography and showed that these 
isomers are reduced more easily than their precursors. They also 
found that trans-cycloalkenes were derived mainly from 2,3-isomers 33. 
However the initial rate of hydrogenation of 2,3-dimethylcycloalkene 
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trans 

11 I 

11 \ 

SCHEME I. 
ing to the Horiuti-Polanyi mechanism. 
Catalysis, Vol. 16, Academic Press, New York, 1966, p. 133. 

Reduction and isomcrization of ! ,2-dimethylcycloper~tene accord- 
[Reprinted from S. Siegel, Aduances in 

By permission of 
the publisher.] 

is less than the initial rate of reaction, and there is little if any more 
cis isomer formed at the beginning of the reduction than after 2,3- 
dimethylcycloalkene has reached its steady-state concentration. Ap- 
parently, part of the 1,2-dimethylcycloalkene is converted directly to 
the trans saturated product33. 

From the investigation of deuterium exchange reaction and the 
isomerization of polymethylcycloalkanes, Roor,ey and his coworkers 
obtained results which could not be explained by simple addition and 
elimination reactions on the catalyst. They considered the presence 
of a rr-allylic complex intermediate adsorbed on the catalyst and the 
attack of hydrogen from either top or bottom of the carbons at the ends 
of the ally1 system 8,  affording thus cis and trans isomers from a common 
intermediate34*35, as shown in Scheme 11. The fact that more trans 
saturated compound is obtained in the hydrogenation over palladium 
than over platinum catalyst, suggests the easy formation of rr-allylic 
complex over the former catalyst 34*35. 

Smith studied the deuterium exchange reaction of cycloalkenes over 
platinum and palladium catalyst. The extent of hydrogen exchange 
is approximately the same at both the olefinic and the allylic positions 
over both catalysts and 70% of the exchanged cyclohexenes are mono- 
deuterated compounds. Since these results are not accommodated by 

This is illustrated in Figure 2. 
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Percent reduction 

Figure 2. Hydrogenation of 1,2-dimethylcyclopentene (PtO,) ; 2,3-dim- 
ethylcyclopentene (O), cis (Q), and frans (A) 1,2-dimethylcyclopentarie. 
[Reprinted from S .  Sicgel, P. A. Thomas and J. T. Holt, J .  Catubsis, 4, 74 

(1965), by perniissior. of the publisher.] 

I ........... M .................. y ,.... .............. M ................. M .... 

........... M ...................... M .... .............. M ...................... M .... 

ScmniE 11. 
[Reprinted from J. J. Rooncy, ChemisfnJ in Bn'fain, 2, 245 (1966). 

Allylic intermediate for deuterium exchange and isomerization. 
By permission 

of the publisher.] 

the classical mechanism postulated by Horiuti and Polanyi or that 
postulated by Rooney, Smith suggested the presence of either a separate 
intermediate or the transition state for an intramolecular hydrogen 
shift=: 
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O n  the otlier hand, lY2-diphcnyl- and 1,2-dicarbomethoxycyclo- 
hcxene are hydrogenated cxclusively to cis products regardless of the 
 catalyst^^^.^^. This might be due to a large extent to substituents 
being strongly adsorbed on the catalyst, thus avoiding the inversion 
of half-hydrogenated states37. The fission of the o bond between 
benzylic carbon and metal easily occurs by the attack of hydrogen 
because the overlap of the CT orbitals of this carbon atom and the 
metallic orbitals, is less effective owin! to the adsorption of the aryl 
groups38. Consequently, the reacbons (3) and (4) proceed 
promptly 29. 

Siegel and Smith 26 hydrogenated substituted methylenecyclo- 
hexanes over platinum oxide in acetic acid to study the effect of 
hydrogen pressures on the configuration of the products. Table 2 

TABLE 2. Pressure effects on hydrogenation of alkyl-substituted methylene 
cyclohexanes 

Substrate Molc per ccnt of cis isomer 

Prcssurc of Hydrogen (atm) 
0.25 0.50 1 .o 3.0 50 100-200 

2-Methyla 70 70 70 69 69 68 
3-Methyl 25 25 28 35b 43 46 
4-Methyl 78 76 73f 70b 66 67 
4-t-Butyld 87 86 84 76 62 61 

a Reference 26. 
An earlicr report by S. Sicgel and hf. Dunkel, Aduan. Cutalysi& 9, 15 (1957), is in error. 
Sauvagc, Baker and Hussey30 report 74 cis 7;. 
S. Sicgcl and B. Dmuchovsky, J .  An,. C/icni. Soc., 84, 3132 (1962). 

[Rcprintcd from S. Sicgel, M. Dunkel, G .  V. Smith, M'. Halpcrn and J .  Cozort, J .  Org. Uic in . ,  

31, 3802 (1966). By permission of  the publisher.] 
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shows that axial-equatorial dialkylcyclohexanes, the proportion of which 
increases at low- hydrogen pressures, were obtained preferentially. 

At high hydrogen pressures, the rate-limiting step may be the ad- 
sorption of the olefin (reaction 2 j  whose structure is largely retained 
in the transition state39. Assuming that these olefins are adsorbed 
to the catalyst taking a chair conformation, 13a may represent the 
adsorbed state giving the axial-equatorial 1,4-disubstituted cycloal- 
kanes. Alternatively, at  low hydrogen pressures, reaction (3) may be 
rate-limiting, the transition state of which (13b) is similar in structure 
to the saturated 1,4-disubstituted hydrocarbon. 

The results obtained from alkylmethylcyclohexenes-other than 
1,2-disubstituted olefins (Figure 1)-show no systematic relationships 
with hydrogen pressures (Table 3)39. 

TABLE 3. Pressure effects of disubstituted cyclohexenes 

Substrate Molc per cent of cis isomer 

Pressure of Hydrogen (atm) 
0.25 0.50 1 *O 3.0 50 100-200 

2,3-Dimethyla 8 I 77 77 71 69 70 
1,3-Dimethyl 75 75 7Gb 77 80 78 
2,4-Dimethyl - 49 49 51 - 48 
1,4-Dimethyl 55 56 56b 58 64 65 
4-l-B~tyl- 1- 

methyl" 35 35 36 40 47 47 

Rrference 26. 
Sauvagc, Baker and Hussey30, reporting reductions at 1 atm only, give for 1,3-dimethyl- 

S. Siege1 and B. Dmuchovsliy, J .  Am. Chtm. Sor., 84,3132 (1962). 
cyclohexene 74% c is  and for 1,4-dimethylcyclohexene 57 yo cis. 

[Reprinted from S. Siegcl, M. Dunkd, C. 1'. Smith, W. Halpern and J. Cozort, J. Org. Chcm., 
31, 2802 (1966). By permission of the publisher.] 

Sauvage and his coworkers 30 assumed that substituted cyclohexenes 
were adsorbed in a boat conformation, a very large group such as the 
t-butyl group being forced to take a position exo to the boat. Their 
arguments sought to explain thc results obtained at  about 1 atm of 
hydrogen which approximate better the limiting cis-tram ratios ob- 
tained at  low pressures. And indeed, their suggestion can be modi- 
fied39 so as to be based on the formation of the half-hydrogenated 
state, which the previous analysis suggests is the product-determining 
one at  low pressures. Clearly, a large group at C(4) should preferably 
be exo-trans to the C,,, methyl group (l4b) : however the driving force, 
which causes the cycle to adopt the boat conformation, would also 
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R 
I 

(13%) (13b) 
[Reprintcd from S. Siegcl, M. Dunkcl, G. V. Smith, W. Halpern and J. Cozort, 

J. Org. Chem., 31,2804 (1966). 

cause a small substituent to prefer to be endo-cis to the C,,, methyl group 
(14a) and indeed the proportion of Cis isomers obtained from 4-alkyl- 
1-methylcyclohexenes increases in the order t-butyl < isopropyl < 
methyl, the percent being 37, 43, and 56 respectively at  about 1 atrn 
of hydrogen30. The driving force for the adoption of the above con- 
formation in this instance has been assumed to he the spreading suwface 
pressure arising from the saturation of the surface by various adsorbed 
species 40. Similar considerations apply in the case OC 4-substituted 
2-methylcyclohexenes, the half-hydrogenated states of which can be 
depicted as 14c and 14d. 

Accordingly, one can rationalize the proportions of epimers obtained 
from disubstituted cyclohexenes by recognizing this external force which 
acts to fold the molecule onto itself and increase its extension in a di- 
rection away from the surface. The resultant of the interactions pro- 
duces a boat-like conformation in which substituents at  C,,, or C,,, 
preferably occupy the bowsprit positions, while groups at  C,,, and C,,, 
will be ex0 unless interactions with substituents at C,,, and C,,, over- 
come this tendency. Thus at  low pressure the yields of cis-dimethyl- 
cyclohexanes are somewhat larger for 2,3- than for 1,3- and for 
1,4- than for 2,4-dimethylcyclohexenes (Table 3). 

Siege1 rationalized that on palladium-hydrogenation of olefiris the 
step from half-hydrogenated state to product (reaction 4) may be 
rate limiting. If so, a pre-equilibrium may be established for the 
intermediates appearing before reaction (4). Conformational analy- 
sis may be used to predict the relative stabilities of the intermediate 
and, if the transition state of the postulated rate-limiting step resem- 
bles the preceding intermediates, then the configuration of the main 
saturated isomer may also be predicted. 

By permission of the publisher.] 

7* 
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R 

[Reprinted from S. Siegcl, M. Dunkel, G. V. Smith, W. Halpern and J. Cozort, 
J .  Org. Chem., 31, 2805 (19G6). By permission of the publisher.] 

The relative stabilities of the half-hydrogenated states can be thus 
deduced. The intermediates of 2,3-dialkylcyclohexenes may be dis- 
played as (15) and (IS). The carbon-metal bond seems to be 
equatorial, considering that the effective size of the catalyst is probably 
greater than that of other groups in these two half-hydrcgenated inter- 
mediates. Consequently, the alkyl groups are bonded axially and 
equatorially in 15, whereas both are bonded equatorially in 16. 

The stability of these intermediates is also affected by the interaction 
between the substituents and catalyst. When the substituent is 
relatively small, the interaction may be negligible. Thus, in these 
cases having little catalyst hindrance the stability of the products 
reflects that of the possible half-hydrogenated intermediates, so that 
the preferential formation of the more stable isomer usually occurs 
over palladium catalyst. Thus, the half-hydrogenated intermediate 
derived from 2,3-dimethylcyclohexene should be more stable in thc 
16 form, and therefore the trans substituted compound is obtained 
preferably. 

O n  the other hancl, (+)-a-pinene (5) whose catalyst hindrance 
should be much greater, yields a large excess of cis-pinane (6) over 
palladium catalyst at  room temperature. The proportion of the trans 
isomer increases at high temperature41, as shown in Table 4. 

House and his coworkers42 reported that in the course of the pal- 
ladium catalysed hydrogenation of lactone 17, the stereospecificity of 
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TABLE 4. Effect of temperaturc 
on the hydrogenation of (+)-u- 
pincne in propionic acid using 
palladium charcoal. as catalyst 

187 

o/o Pinancs 
Temp. ( + )-Cis- ( + )- Trans- 

0" 
20 
52 
73 
89 

1 1 1  
I27 
138 

80 
73.5 
64.5 
62.5 
55.5 
52-C 
47.0 
48.5 

20 
26-5 
35.5 
37.5 
44.5 

53.0 
51.5 

48.0 

~ 

[Reprinted from \V. Cocker, P. V. R. 
Shannon and P. A. Staniland, J. Chctn. SOC., 
42 (1966). By pcrmission of the authors 
and publisher.] 

cis isomer formation increased as the weight of caLalyst to substrate 
decreased, as follows : 

y+q+qp---$ 0, H.' H-- 

0 0 0 
(17) CIS Trans 

Weight of Catalyst / CislTrans 
Weight of Substrate 

0.025 
0.10 
0.20 

I *7 
I .4 
0.4 

In the prcsence of large amounts of catalyst or at high temperature 
where the hydrogenation proceeds relatively rapidly, the hydrogen 
concentration on the catalyst surface becomes depleted preventing the 
occurrence of reaction (4) and permitting the equilibrium P8 + 19 to 
becoze important. 
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The hydrogenation of 2-cyclopentylidenecyclopentanol over Raney 
nickel at high pressure yields 98 % of trans-cyclopentylcyclopentanol 43. 

The fact that a similar result is obtained at atmospheric pressure 
shows there is no pressure dependence of the isomeric ratio of the 
products 44. The hydrogenation of 3-methyl-2-cyclopenten- 1-01 and 
3-methyl-2-cyclohexen- 1-01 over Raney nickel occurs selectively to 
give trans isomers (75% and 87% respectively). On the other hand, 
over palladiuni catalyst cis isomers are obtained-predominantly (60% 
and 84% respectively) 45. These results suggest that hydrogen at- 
tacks stereoselectively the double bond from the same side as the 
hydroxyl group over Raney nickel, whereas no directive effect of the 
hydroxyl group is found on palladium catalyst. 

The stability of the carbon-metal bond is usually in the order 
primary > secondary > tertiary. Therefore, the half-hydrogenated 
intermediates derived from a 3-methylcycloalkenol(20) may be organ- 
ometallic complexes which have the secondary carbon-metal bond. 
In  term: of Horiuti-Polanyi mechanism, the relationship between the 
structure of the reactant and the configurations of the principal inter- 
mediates which lead to the observed products are shown below. 

Since the reaction (4) over palladium catalyst is assumed to be the 
rate-limiting step when catalyst hindrance is small, the pre-equilib- 
rium of the half-hydrogenated state may be established 26. Thus 22 is 
more stable than 25 because of the lesser interaction of the substituents 
with the catalyst in the former. 

Consequently, a cis-3-methylcycloalkanol (23) is predominantly 
obtained over palladium catalyst. This occurs even if the cis product 
is the less stable as is the case with a 3-methylcyclopentano146. 

On the other hand, on hydrogenation of the cyclic allylic alcohols 
over Raney nickel which has a strong affinity for the oxygen atom4', 
the reaction will proceed mainly through intermediates 24 and 25 to 
afford a trans product (26). 
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Crombie and his coworkers48 partially hydrogenated a series of 
substituted allenes, and the products were analysrd by gas chromato- 
graphy as shown in Table 5. Properly substituted allene can adopt 
four distinguishable postures in relation to a solid catalyst (27-36)) 

TAULE 5 .  Product analyses at the semi-hydrogenation point of allenes 

Olefins yo 
Residual Saturated 

Allcnc allene (31) (32) (33) (34) Products';/, Selectivity" 

A = i-Pi-; B,C,D = H 4 25 25 0 69 2 
A=CHzOH; B,C,D=H 2 26 26 8 63 0 
A = CHZOAc; B,C,D = H 0 24 24 3 69 4 
A=B=i-Bu; C,D=H 0 17 17 80 80 3 
A=Et,  B=Me,  C,D=H 1 18 18 20 52 0 
A=i-Pr, B=Me; C,D=H 1 29 29 12 58 0 

A=Et;  B,C=Me, D=H 3 31 2 62 62 1 
A=CO,H; B,C,D=H 5 0 0 2 8 9  4 
A = COzi\4e; B,C,D = H 1 0  0 3 9 5  1 
A=CO,H;B=Me;C,D=H 4 4 4 6 85 1 
A=CO,Me, B=?JIe; C,D=I-E 0 4 4 7 87 2 

A=t-Bu,B=Me; C,D=H 12 15 15 9 54 11 

0.94 
0.98 
0.96 
0.97 
0.99 
0.99 
0.77 
0.94 
0.9 1 
0.98 
0.95 
0.98 

Sclcctivity is thc fraction of olefinic compounds at thc end of the reaction. 
[Rcprinted from L. Crombie, P. A. Jenkins, D. A. Mitchard and J. C. Williams, Tclrohedron 

Lritcrs, 4297 (1967). By permission of the publisher.) 
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leading by 1,2-cis addition to four different olefins (31-34). These 
authors found that thc distances X and Y in 35, obtained from mole- 
cular models, are closely related with the configuration of the pre- 
ponderant products. 

(27) (28) (29) (30) 

1. I I 1 
B $ FDA4 p. A b D B $  p C 

H H H H H H H H 

(31) (32) (33) ( 3 4  

[Rcprintcd from L. Crombic, P. A. Jenkins, D. A. Mitchard snd J. C. Williams 
Tdrciltcdrurr L i i e r s ,  4297 i 1967j. By permission of the publisher.] 

C 

(35) 

[Reprinted from L. Crombie, P. A.Jenkins, D. A. Mitchard and J. C. Williams, 
Tdraiiedron Lef t en ,  4297 (1967). By permission of the publisher.] 

The gas-phase hydrogenation of I ,3-butadiene has been studied in a 
static system using alumina-supported ruthenium (0"-25"C), rhodium 
( 15"-8OoC), palladium (Oo-45"C), osmium (25"-7O"C), irridium 
(minus 20"-75"C), and platinum (0"-15°C). 1-Butene and cis- and 
trans-2-butene were first obtained under all conditions49 (Table 6). 
Palladium yields olefins exclusively (selectively 1 .OOO), while the other 
metals afford also n-butane as an initial product and it is the major 
product of the irridium-catalysed reaction. 

I-Butene is formed by 1:Zaddition of two hydrogen atoms to the 
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TABLE 6. The dependence of butenc distribution and sclectivity upon catalyst 
and temperature 

2-Butcnc yo 
Temp. 

Catalpt ("C) I-Butcnc yo lrnnr cis translcis Sclcctivity" 

Ru 0 
25 

Rh 16 
36 

Pd 0 
21 

0 s  24 
Ir 24 
Pt 0 

15 

69 19 
64  21 
51 32 
52 31 
64.4 33.2 
60.2 37.0 
65 19 
59 19 
72 18 
65 ia 

12 
15 
I7 
17 
2.4 
2.8 

16 
22 
10 
17 

1 -6 
1-4 
1.9 

13.8 
13.2 

I *2 
0.9 

1 . 1  

1.8 

1.8 

0.736 
0.820 
0.743 
0.834 
1 *ooo 
1 a000 
0.43 1 
0.25 1 
0.50 1 
0.563 

~~~~ 

Sclectivity: percent C,H,/ (percent C,H, + perccnt C4H,,,). 

diene as shown in equation (9) ; the conformations of the adsorbed 
diene are irrelevant to this process : 

CH,-CH-CH=rCH, 
.1 

A CH,-CH-CH CH, 7 
I +H 

CH, CH-CH CH, - - H L  

* (9) CHZ-CHZ-CH CH, 
I T 5 T 

2-Butene may be formed as an initial product (a) by 1,4-addition of 
two hydrogen atoms to the diene ( b )  by the isornerization of I-butene in 
equztion (9) by alkyl reversal (equation 10) or (c) by a combination of 
both processes (a) and (6) 

r u  -u . .  I .. 
I-Butene (ads) C,H,(ads) ~ - = t  cis and trans 2-Butene (ads) (10) 

-H + H  

Two important deductions may be made immediately concerning 
the mechanisms of 2-butene formation. First, since palladium is an 
extremely active catalyst for the hydrogenation of butenes, the 
authors49 attribute the absence of n-butane formation during 1,3- 
butadiene hydrogenation to the absence of adsorbed C,Hg: Con- 
sequently, 2-butene must have been formed by 1,4-addition of 
hydrogen to the diene. This conclusion is in agreement with that of 
Meyer and B u r ~ e l l ~ ~ .  Secondly, the other metals give n-butane as 
an initial product from adsorbed C4H,. Conscquently, butene iso- 
merization by equation (1 0) will almost certainly complicate the 
bu tene distribution. 
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I n  the 1,4-addition process the conformation of adsorbed C4H, 
determines the configuration of the 2-bu tene produced. Equation 
(11) shows how the addition of the second hydrogen atom is en- 
visaged : the I-methyl-n-allylic species 39 may be an intermediate 
state between 38 and 4049. 

CHZTCH 
1.L CHaTCH c - \ 

CH,--fCY - * 'CHTCH, * CH-CHJ * 'CH-CH, 
* 

(36) 

I 

(39) 

II 
(37) (40) 

The palladium catalysed reaction always yields a high proporticn of 
tratzs-2-butene (typically translcir = 10). I t  is suggested that the con- 
formations of adsorbed 1,3-butadiene, 36 and 37, do not readily inter- 
convert, and that neither the conformations of adsorbed C,H, readily 
interconvert 4y. Thus the relative proportions of cis- and irans-butene 
are similar to the proportions of cissoid and transsoid 1,3-butadiene 
in the gas phase 51, i.e. I : I 0  to I : 20. The incrcasing yield of 2-butene 
as temperature is increased implies that 1,4-addition has a higher 
activation energy than 1,Z-addition. This may be associated with the 
transformation of adsorbed C4H7 from a a-r-diadsorbed form (38) 
to the adsorbed 1-methyl-z-allylic species 39. If I ,4-addition of 
hydrogen to the diene is also important for catalysts other than pal- 
ladium in 2-butene formation, then the low translcis values listed in 
Table 6 tend to show that the various conformations of adsorbed diene 
and/or C4H, may be readily interconvertible. 

B. Selective Hydrogenation 

In general, the ratc of hydrogenation of the double bond in mono- 
olefins decreased roughly with an increase in the number and 
branching of the alkyl substituents. 

For instance, the following sequence of diminishing rates found by 
R R 
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DuPont52 in the hydrogenation of ethylene dcrivatives in the presence 
of Raney nickel. 

However, when the molecule contains highly polar groups (COOH, 
etc.), or a phenyl group, the situation becomes very complicated and 
depends on thc catalyst, e.g. the rates of platinum-catalysed hydro- 
genation 63 decrease in the order 41 > 42 > 43 > # but in the presence 
of palladium the order is 43 > 42 > 44 > 41. On Raney nickel 42 
hydrogenates as fast as on palladium, while 43 and 44 hydrogenate 
faster on the latter catalyst. Compounds 42-44 hydrogenate faster 
on these two catalysts than on platinum64. 

H,C, H 
\ /  
C=C 

H JC H 
\ /’ c=c 

The sequence reactivity obtained when hydrogenating a mixture of 
these compounds is not always identical with that steinming from 
the hydrogenation of each compound separately. This is due to the 
competitive adsorption of the substrates on the catalyst and is a 
characteristic feature of heterogeneous catalytic reactions. For 
instance, the rate of the hydrogenation of ethylene with palladium 
catalyst is far faster than that of acetylene. The mixture of these 
compounds, however, shows that acetylene is hydrogenated preferably, 
whereas ethylene is not hydrogenated before most of the acetylene has 
disappeared, suggesting a stronger adsorption of acetylene which 
monopolizes the surface of the catalyst 54a. 

The rate of the hydrogenation of cyclic olefins over palladium- 
charcoal in methanol and X, values of these compounds for a certain 
solvent-adsorbant chromatographic system, were obtained (Table 7) 
by Jardine and McQuillin5. The results indicate that adsorption 
is a reflexion of the molecular geometry of the cyclic akene, whereas 
the rates of hydrogenation follow an order which is that of the heat of 
hydrogenation. 

The results of hydrogenation of olefin mixtures are shown in Table 8. 
I t  is clear that cyclooctene is strongly inhibitory of the hydrogenation 
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TAULE 7. Hydrogenation of cyclic olefins 
~ 

Ratea -AH‘ 
(cc./min./rng. (kcal/molc 

catalyst) l/Rf:’’ at 25”) 

Ricyclo [2,2, I ]  hepta-2,5-diene 20.9 1 -05 35 
Cyclohexene 10.8 1.3 27.1 
Cycloheptcnc 9.7 1.4 25.3 
Cyclopentene 8.1 1.5 25.6 
Cycloocta-l,5-diene 5.7 I *7 25.0 
Cyclooc tene 1.6 2.2 23.0 

a Initial rates of hydrogenation for 0.1 M solution in mcthanol (25 cc.) with Pd-charcoal 
(60 mg.). 

In chloroform-acetic acid (10: 1) on silica gcl with 2.50,/, silvcr nitratc. 
Data  from R. B. Turncr, in Throrcficul Organic Clrmiklry, Duttcnvorths, London, 1959. p. 76. 

T h e  value for cyclooctadicne is from interpolation bctwccn the Mi values for cycloocicne, the 
trienc, and  the tetracnc, which are linear with thc number of double bonds (cf. R. B. Turner 
and his coworkcrs, J. Am. Chcm. SOC., 79,4127 (1957)). 

Value for hydrogenation to monoene. 
[Rcprintcd from I. Jardinc and F. J. McQuillin, J .  Chetn. Soc., 459 (1966). By pcrmission of 

the authors and publishcr.] 

of cyclohexene, yet sampling during the reaction showed that cyclo- 
hexene is in fact preferentially reduced at 3 d a t i v e  ratc of ca 2: I .  
These observations establish that cyclooctene is more strongly ad- 
sorbed, but more slowly hydrogenated than cyclohexene. The othcr 
mixtures show a similar, but smailer effect. From Table 7 and 8 the 
order: cyclooctene > cyclohexene > bicycloheptadiene appears rea- 
sonable as the sequence of strengths of adsorption. The rates of reac- 
tion are, however, in the inverse order. 

TAULE 8. Hydrogenation of olefin mixturesa 
~ 

Rate (cc./rnin./rng. catalyst) 

Mixturc I 0 - *,\I Observed Additive 

2-0  9.5 

24.1 31.0 

30.7 38-1 

4.6 

4.0 

4.0 

Cyclohexene 
Cyclooctene 
Cyclooctcne 
Bicycloheptadiene 
Cyclohexene 
Bicycloheptadicne 

a 0.01 M solution in mcthanol (25cc.) with I’d-charcoal (30 mg.). 
[Rcprintcd from I. Jardine and F. J. XlcQuillin, J .  Clirrn. Soc., 459 (1966). By permission 

of thc authors and publisher.] 
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Cis olefins are usually hydrogenated faster than trans olefins, and 
because of the stronger adsorption of the cis o l e f i n ~ ~ ~ ,  these are con- 
verted preferentially when mixed with trans olefins. A further 
example is A1(g)-octalin which is hydrogenated faster than Ag(lO)- 
octalin, the difference in the rates becoming larger in the reduction of 
the mixture over platinums6 or i r r i d i ~ m ~ ~ .  

The selective hydrogenation of the double bond which coexists with 
other ones in the same molecule, is almost identical with that of the 
mixture of monoolefin. The unsaturated bond which can approach 
more closely to the cat.alyst surfzce is hydrogcnated predominantly. 
For example, in the case of limonene (45) the isopropenyl group can be 
hydrogenated over platinum without affecting the olefinic bond in the 
rings8. 

(45) 

In the hydrogenation of conjugated diolefins such as isoprene (46), 
1,2- and 1,4-addition of hydrogen and isomerization occur to give a 
mixture of ail possible products, since the hydrogenation is less selec- 
tive. But the result of half-hydrogenation shows that the olefinic bond 
which has no substituent is preferentially hydrogenated as compared to 
the olefinic bond carrying some substituents 5 0 .  

Pt Pd Ni 
CH3 
I 54 31 4 I. 5 CH,=C-CH,-CH, 

17 26 15 
CH3 

I 
CH,=C-CH=CH, ’ CH3-CH-CH=CH2 

The half-hydrogcnation of a,P-unsaturated aldehydes or ketones 
over platinum, rhodium, ruthenium, palladium or nickel give the 
saturated carbonyl compounds. 

It was asserted that methyl isobutyi ketone, which is the hydrogena- 
tion product of mesityl oxide, is not hydrogenated a: all in the presence 
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of the latter because of much stronger adsorption of mesityl oxide on 
the catalyst 60.  

The selective hydrogenation of the carbonyl group in cr,/l-unsatur- 
ated carbonyl compounds is rather difficult. This is possible, however, 
over platinum containing iron or zinc snlts61, Raney copper containing 
cadmium 62 or rhenium catalyst G3. 

Pt, Pd. Rh. etc. CH,CH,CH,CHO 

CH3CH-CHCH0 

CH3CH=CHCH,0H 

11. H 0 P I  06 E N  E O  U S  CATALYTIC l-1 Y DROG E MATI 0 M 

Recently a number of metal complexes have been introduced as 
catalysts for the homogeneous hydrogenation of carbon-carbon double 
bonds. The reactions involve the transfer of hydrogen from the 
hydrido-transition metal complex, and the mechanism 64 can be con- 
sidered as one involving three steps: (1) hydrogen activation, (2) sub- 
strate activation, (3) hydrogen transfer. 

The activation of molecular hydrogen by transition-metal ions or 
complexes in homogenecus solution is well-known. The complexes 
include those of Cuzl, Cu', Co'II, CoI, PdI', Pt", RhI'I, Rh', R P ,  
and Irl, and the hydride complexes are formed as the intermediates 
in the hydrogen-activating step. Now three routes of formation of 
the hydride intermediate have been recognized 65 : 

(a) heterolytic splitting of H2, e.g.  

(b) homolytic splitting of H,, e.g. 

(c) insertion of H,, e-g. 

[ R u ~ ' C ~ , ] ~ -  + H, -> [HRuC1,I3- + H +  + C1- 

~[CO' ' (CN)~]~-  i H P  -> ~ [ H C O ~ ~ ( C N ) ~ ] ~ -  

IrrC1(CO) (PPh,), + H, -~IrlllH,C1(CO) (PPh,), 

. 

A. Ruthenium Chloride 

Ruthenium(r1) chloride in aqueous hydrogen chloride solution 
is a homogeneous catalyst for the hydrogenation of olefinic com- 
pounds such as maleic, fumaric and acrylic acids in which the 
double bond is activated by an adjacent carbonyl group, while in 
the case of simple olefins such as ethylene and propylene no hydro- 
genation was observed. Reduction of fumaric acid with deuterium 
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in water yields undeuterated succinic acid, whereas hydrogenation 
with hydrogen (or deuterium) in heavy-water yields predominantly 
dZ-2,3-dideuteriosuccinic acid, indicating stereospecific cis addition. 
Thus the hydrogen adding to the double bond originates predomin- 
antly from the solvent. HaplerneG proposed the mechanism reaction 
(12) , involving the fast formation of a ruthenium(ii)-olefin complex. 
The rate-determining step is the reaction between ruthenium(II)-olefin 
complex and hydrogen, involving heterolytic splitting of hydrogen 
with formation of a hydrido-ruthenium(I1) complex. Then follows 
thc rearrangement of the hydrido-volefin complex to a a-alkyl com- 
plex by 'insertion ' of the olefin into the metal-hydride bond which is 
a well-known reaction in the field of organometallic chemistry67. 
Finally comes an electrophilic attack on the metal-bonded carbon 
atom by a proton to complete the hydrogenation. The overall rate 
law of succinic acid production is k(H,) (Run-olefin). 

I U- 

+ 
H 

/ 
C--r 

H\ 
,*' \ /-*.. 

A B A  

- RU I ,*' -chB 
.*' \ 

B A  
/ I  

B. Pentacymocobaltate 

Several  worker^^^-^^ reported that pentacyanocobaltate in aqueous 
solutions is a catalyst for the homogeneous hydrogenation of conjugated 
olefins such as butadiene and isoprene at  atmospheric pressure, to yield 
monoolefins. Monoolefins and non-conjugated dienes were not 
hydrogenated. Although propenylbenzene and stilbene were not 
reduced, styrene and its derivatives such as a-methylstyrene, cinnamic 
acid and cinnamyl alcohol readily yielded the corresponding dihydro- 
derivatives. The following mechanism 69 was proposed for the homo- 
geneous hydrogenation of butadiene to butene : 

Z[CO(CN),]~- + H, 4 ~[HCO(CN),]~- 
(47) 
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[HCO(CN),]~- + CIH, d [CaH,Co(CN)6]3- 

(48) 

[CaH:C0(CN)5l3- + [HCO(CN),I3- __t 2[Co(CN),I3- + CiHe 

Table 9 shows that the relative ratios of butene isomer depend on the 
cyanide-cobalt ratio present in solution. The product at low cyanide 
concentrations ((CN - ) / (Co2  *) < 5.5) is predominantly trans-2-butene, 
whereas a t  higher cyanide concentrations ((CN-)/(Co2+) > 6) i t  is 
predominantly 1-butene. 

TABLE 9. Ilydrogcnation of butadienc catalyscd by cobalt(rr)-cyanide 
complexes 

~~ ~~ ~ ~ ~ 

[CN-]/[Coa+] fmru-2-Butene(%) cis-2-Uutene (x) 1 -Butene(%) 

4.5 
5.5 
6-0 
8.5 

86 1 13 
70 1 29 
12 3 85 
19 1 80 

It is well known 71 that pentacyanocobaltate reacts reversibly with 
hydrogen to form the hydride complex 47 by homolytic splitting of 
hydrogen molecule. Kwiatch 72 reported that intermediate 48 was 
also prepared from [Co(CN)J3- and crotyl bromide, and was char- 
acterized by n.m.r. spectroscopy as a o-bonded butcnyl complex. 
Furthermore, 48 rearranged with loss of a cyanide ligand to the m- 

allylic complex 49 as shown below. The transfer of hydrogen from 

3- a- 
CHJCH=CHCH,Br 

[ HCo(CN), l3 - 
(47) (48) (49) 

I I 

hydrido-cyano complex 47 to o-bonded complex 48 leads to formation 
of 1-butene (at higher CN- concentration), whilc if the hydride 
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transfer occurs in n-allylic complex 49 it leads to 2-butene (at lower 
CN' concentration). 

C. Tris(tripheny1phosphine)halogenorhodium 

Tris(tripheny1phosphine) chlororhodium (I) ,  RhCl (PPh3) 3134*73-75, 

prepared by the interaction of an excess of triphenylphosphine with 
rhodium(ru) chloride in ethanol, is a very effective catalyst for hydro- 
genation of olefinic compounds such as cyclohexene and 1-heptene at  
ordinary pressure and room temperature. The rates of hydroFeenation 
of cyclohexene by this catalyst in benzene-ethanol solution is faster 
than by Adams catalyst. 

Homogeneous hydrogenation using RhCl (PPhJ3 has many ad- 
vantages as compared with other reduction methods : 

(1) functional groups such as keto, nitro, chloro, azo or ester are not 
reduced; (2) terminal olefins are reduced more rapidly than internal 
olefins, e.g. I-hexene > 2-hexene; (3) cis olefins are reduced faster 
than trans olefins, e.g. cis-2-hexene > trum-.2-hexene; (4) conjugated 
olefilis, such as butadiene, are not reduced at  ordinary pressure, though 
they are reduced at higher pressures (ca. 60 atm); (5 )  ethylene is not 
reduced, however, propene, butene and higher olefins are hydrogen- 
ated at atmospheric pressure; (6) XhCl(PPh,), is still an active 
catalyst in the presence of sulphur compounds such as thiophenol or 
sulphide, which are poisons for the heterogeneous catalyst 76. 

Homogeneous hydrogenation with RhCI(PPh,) shows some selec- 
tivity when more than one double bond is present. (+)-Carvone (50) 
was rapidly and specifically hydrogenated on the isopropylidene 
group, to give carvotanacetone (Ed)?': 

(50) (51) 

Also A1~4-nndrostadiene-3, 17-dione (52) and A4*6-androstadiene-3, 
17-dione (53) are converted into the A4-3-ketone 54?'. Unhindered 
olefins such as A1-, Az- and A3-chloestene were reduced to 5a-choles- 
tane, however, more highly substituted olefins such as A4-androstene 
were not hydrogenated. Deuteration of 41-cholestcn-3-one prcceded 
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(52) (54 (53) 

from the a-face. The reduction75 with deuterium of 2,2-dihydro- 
ergosteryl acetate led to 5a,6-d2-ergost-7-en-3/?-ol, indicating stereo- 
specific cis addition. 

The complex RhCl(PPh,) , dissociates in benzene solution and reacts 
reversibly with molecular hydrogen according to the process of in- 
sertion of hydrogen to form the cis-dihydro species RhCI(H,) (PPh,),. 
The mechanism proposed to explain the above observation is shown in 
reaction ( 13y4, where P and S represent a triphenylphosphine and a 
solvent ligand respectively : 

I 

7f-77: 
P H 

H 
k 

CI (5 (13) 

CI 

The reaction of molecular hydrogen with a d8 complex to give a d s  
species involves the raising of electron density in an acceptor orbital 
at one of the hydrogen atoms of the hydrogen molecule at the expense 
of electron density in filled metal orbitals. In this case N y h ~ l r n ' ~  
suggested that an anti-bonding orbital of the acceptor could be used. 

D. lrridiurn Complex 

The planar irridium complex Ir(CO)(PPh,)zC1 is a very reactive 
one towards hydrogen to give the octahedral IrH,CI(CO) (PPh,), 
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(reaction 14) and also forms adducts with alkenes, aikyl and 2cyl 
halides, sulphur and hydrogen ch!oride. This irridium complex is an 
effective catalyst for the homogeneous hydrogenation of ethylene and 
propylene in benzene or toluene solutions at sub-atmospheric pressure 
and at  mild temperature (60"c). The rhodium analogue [Rh(CO)- 
(PPh3)zCi] of this irridium complex is slightly less effective catalyst79. 

oc 
H 

E. lris(triphenyfphosphine)dichlororuthenium 

Tris(tripheny1phosphine) dichlororuthenium, RuCI,(PPh,),, is ef- 
fective for homogeneous hydrogenation in benzene-ethanol solutions 
A more active and highly selective catalyst 81, the hydrido-complex 
RuCI(H) (PPh,), can be readily prepared in situ in benzene solution 
by hydrogenolysis of tris (triphenylphosphine) dichlororuthenium at 
25"c and 1 atm using an organic base such as triethyl amine: 

R~Clz(PPh3)j f H, + E t 3 N  RUCI(H)(PPh3)3 + Et3HNCI 

Tlh hydride complex is highly specific for terminal olefins such as 
I-pentene, 1-hexene, and 1-decene and is more active than RhCI- 
(PPh,), in benzene, although it is ineffective for the hydrogenation of 
internal olefins such as 2-hexene and 3-heptene. 

F. Platinum Complexes 

Polyolefins such as methyl linolenate and cyclooctadiene were selec- 
tively hydrogenated a t  ca 40 atm of hydrogen, at 9O"c, in the presence 
of chloroplatinjc acid, hydrido-chlorobis(tripheny1phosphine)plati- 
num(11) and dichlorobis(triphenylarsine)platinum(~~) each in mixture 
with stannous chloride in methanol-benzene solution 82-84. Bidentate 
diene-Pt-complexes such as dichloro- 1,5-~yclooctadiene platinum 
PtC12(C8H,,) also behave similarly. The product of hydrogenation 
is specifically a monoolefin in all cases. Hydrogenation proceeds via 
metal-hydiide (MH) formation (reaction 15) , stepwise migration of 
double bonds to attain conjugation (reaction 16) and conversion of the 
conjugated diene to monoolefin (reaction 17). 
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L H 
H, \ / 

L CI 

L/ ' CI L' SnCI, SnCI, 
A Pt + HCI (15) 

L\ 2' \ /  
?., L/ '. Pt + SnCi, ==== 

\ I I  \ 1 1  I l l  1 1  / 
T C=C-C- + MH ----+ C C-C- e - C - C - C -  -C-C C\ 

MH I l l  
H M H  

' 7  I 
MH H 

I 
H 

/ 

H 

C. Metol-Carbonyl Catalysts 

Unsaturated fatty esters such as methyl linoleate and methyl lino- 
lenate were also selectively hydrogenated a t  ca 80 atm ofhydrogen and 
180"c, in the presence of iron carbonyl in cyclohexane to monoolefinic 
ester 85*86. Intermediates in the reduction include conjugated dienes- 
Fe(CO), complex formation. Cobalt carbonyl tri (n-buty1)phosphine 
complex was also an effective and selective catalyst for the homo- 
geneous hydrogenation of cyclic polyenes such as cyclododecatriene 
and cyclooctadiene, to cyclic monoolefins 87. 

H. Ziegler-Type Catalysts 

Some Ziegler-type catalyst such as bis(cyclopentadieny1) titanium 
dichloride-triethylaluminium, triisobutylaluminium-tetraisopropyl- 
titanate and triisobutylaluminium-acetylacetonate of chromium, 
manganese and cobalt, were found to be reactive for the hydrogena- 
tion of olefins 88. As an example cyclohexene reduced quantitatively 
with triisobutylaluminium-tetraalkyltitanate in heptane solution at 
room temperature under an initial hydrogen pressure of 4.4 atm using 
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an aluminium-titanium ratio of 3-3 : 1. A mechanism involving the 
addition of a metal hydride complex to the olefin followed by hydro- 
genolysis of the metal-carbon bond was proposed. 

111. CHEMICAL REDUCTION 

A. Dissolving Metals 

The electron released when a metal is dissolved in acid, neutral or 
basic solution can reduce carbon-carbon double bonds conjugated 
with carbonyl groups, aromatic systems or other carbon-carbon 
multiple bonds. The dissolution of zinc in acetic acid generally 
reduced ay/3-unsaturated carbonyl compounds to saturated carbonyl 
compounds. The treatment of 7,ll-diketolanosteryl acetate (55) 
with zinc in boiling acetic acid affords diketolanostanyl acetate (56) 89. 

(55) (56) 

Because of its widespread application, the reduction of conjugated 
carbon-carbon double bonds is frequently carried out with sodium or 
lithium in liquid ammonia (Birch reduction). The reactions involve 
the transfer of electrons with the formation of a carbanionic species. 
The primary product of the Birch reduction of a,,%unsaturated ketones 
is enolate anion (58) formed by ammonia protonation of a dianion (or 
anion radical) intermediate (57). I n  a subsequent step, the addition 
of a proton donor stronger than ammonia (e.g. ethanol, t-butanol or 
ammonium chloride) ketonizes the enolate anion (58) and leads to the 
saturated ketones (50)90. 

\s a I 
/ I  / 

2c- \- I I - c=c-c=o - > C - C = C - O d  

(57) 
O I -  I I  

I I  I 

(58) (59) 

-c-c=c-o - > -c-c-GO 
H H  H 

The.presence of an enolate anion (58) in the reaction mixture has been 
proved by mcthylation to form a C-methylated product 
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This reduction is stereospecific. Thus 9-methyl-A5(10)-octalin-l ,G- 
dione (60) leads to a trans-diketone (61) which is different from the 
major product obtained on catalytic hydrogenationg2. Cholest-5-en- 
7-one (62) forms cholestan-7-one (63)g3. 

0 d-od H 

(60) (61) 

&-& (62) H (63) 

It was noted early that the Birch reduction leads to the formation of 
the thermodynamically more stable isomer 93. However, the stereo- 
chemistry of the product at the p-carbon is governed by the stereo- 
chemistry of the protonation of the anion radical 57. In the transition 
state for the protonation of57, the developing# orbital at the p-carbon 
overlaps continuously with the carbon-carbon double bond of the 
enclate system and must remain perpendicular to the O=C-C=C 
plane (i.e. 65). In  an octalone system, the proton will be introduced 
at the p-carbon from the axial direction with respect to ring A (con- 
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taining the carbonyl group) and the reduction of a A1(9)-octal-2-one 
derivative such as 64 affords a trans-decalone system 6694. 

The configuration at  the a-carbon atom of the reduction product 
is determined in the kinetically controlled ketonization step. The 
enolic system is still s j 2  hybridized in the transition state (i.e. 68), and 
the proton will attack the trigonal a-carbon atom from less hindered 
side of the enolic system. Thus the lithium-liquid ammonia reduc- 
tion 95 of 2-methyl-3-phenylindone (67) leads to the formation of cis-2- 
methyl-3-phenylindanone(69). 

(67) (69 (69) 

The reductiong6 of the phenanthrene derivative 70 by lithium and 
ethanol in ammonia leads initially to the cis isomer 71 which is con- 
vertible into the more stable trans isomer 72. Although the ketoniza- 

(70) (71) (72) 

tion intermediate 73 is the more stable anion, the path of proton 
approach is hindered due to its bcing axial to both fused rings, while in 
74 it is axial to one ring and equatorial to the other. Lithium-liquid 

(73) (74) 

ammonia reduction of conjugated dienes or trienes to olefins, usually 
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affords the thermodynamically more stable product. 
be represented as a carbanion protonation 93 : 

The process can 

In  the sodium-liquid ammonia reduction of butadiene (reaction 18) 
at the boiling point of ammonia ( - 33"c) the yield of cis-2-butene was 
13% while at  -78"c it was 50%. The reduction of 1,3-pentadiene 
was more specific (68% cis)"7. I t  was asstimed therefore that this 

dielie reduction bears high cis specificity due to the participation of 
intermediates such 3s butenyl sodium (75). 

H H  
(75) 

B. Metal Hydrides 

Metal hydrides such as sodium borohydride or lithium aluminium 
hydride normally cannot reduce carbon-carbon double bonds. 
However, the reduction of /3-aryl-c+unsaturated carbonyl compound 
such as cinnamaldehyde (76) to the saturated compound 77 was 
reported 98. Furthermore, the reduction of cinnamyl alcohol (78) 

LIAIH, 
C,H,CH=CHCHO ---+ C,H,CH,CH,CH,OH 

(76) (77) 

(78) 

C, H, C H= C H C H, 0 H -' (CoH,CH=CHCH,O),AI- H - 
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with lithium aluminium hydridc affords hydrocinnamyl alcohol (77), 
involving an intei-mediate organo-aluminium compound such as 79. 
Syn-7-hydroxyiiorbornenc (80) was reduced with lithium aluminium 
hydride to form 7-norbornanol (81), whereas anti-7-hydroxynorbor- 
nene (82) under more severe conditions, did not undergo double-bond 
reduction 99. Double-bond reduction with lithium aluminium hy- 
dride occurred with 7-hydroxynorbornadiene (83) to form 82. Results 
from deuterium-labelling experiments indicated the occurrence of t l ~ o  
deuteridc addition followed by formation of an exo aluminium-carbon 
bond. Deuterolysis of this intermediate (84) resulted in exo, exo- 
dideuterio-atl&7-hydroxynorbornene (85) 99. 

+ no reduction product LIAIH, 70hr. 
Et,O 25" 

LiAIH, 3 0 6 3  min. 

EtrO 25" 

(W (82) 

1 LIAID, 
I 

&3Li -> J-$-*,&; 
D 

H H 
(fw (85) 

cr,/l-Unsaturated aldehydes and ketones (e.g. 86) were reduced to 
the saturated carbonyl compounds by cobalt hydrocarbonyl through a 
n-oxa-propenyl tricarbonyl intermediate complex (87) looa 

Triphenylstannane, prepared from triphenyltin chloride and 
Lithium aluminium hydride, can reduce the double bond of mesityl 
oxide Iol. 

(CW,),C=CHCOCH, + 2Ph,SnH 

Low-valent transition-metal spccies such as CrxT102 or Ti"' Io3 can 

(CH,)2CHCH,COCH3 + Ph,SnSnPh3 
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reduce carbon-carbon double bonds conjugated with carbonyl 
groups. The reduction of cinnamic acid or mesityl oxide with 
chromium (11) in concentrated aqueous ammonia was rcportedlo4. 
Dimethyl ZY3-dimethylmaleate is reduced to dimethyl meso-2,3- 
dimethylsuccinate by a solution of chromous sulphate in aqueous 
dimethylformamide at  room temperature. The mechanism involves a 
Cr“ attack on an olefin-Cr* complex105. 

C. Diimide 

l’t was considered that diimide (HN=NH) is the active hydrogen- 
ator in the reduction of carbon-carbon double bonds by hydrazine 
in the presence of oxidizing agents such as oxygen-copper ion or 
hydrogen peroxide-copper ion lo6. Since then, many other sources of 
diimide have been found : acid decomposition of azodicarboxylate 
salts lo7-110, alkali decomposition of certain sulphonyl and acryl- 
hydrazides l1 l, thermal decomposition of anthracene-9,lO-diimide, 
alkali decomposition of hydroxyamino-0-sulphonic acid (NH; 
OS03H)l12 and alkali decomposition of chloroamine l13 .  

Reduction with diimide is a stereospecific cis addition of hydrogen, 
giving no migration or cis-tram isomerization of double bonds, which 
is advantageous when compared with catalytic reduction. The re- 
duction114 of maleic acid (88) and fumaric acid (90) either by deuter- 
iohydrazine-oxidizing agent or by potassium azodiformate-deuterium 
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oxide, affords stereospecifically meso- (89) and df-2,3-dideuteriosuc- 
cinic acid (51), respectively, indicating cis addition of hydrogen. 

HO,C C02H DOZC COaD 

I- NaDp + D--- Ct - ---D 

+ NZD, -> D- - -  L I  -C--.D 

\ /  c=c 
H ’ \H L A  

(89) 
HOpC H DOpC H 

\ /  

/ \  
r--C 

I I  

(90) (91) 

C02H H COZD H 

Cis hydrogenation was also observed in the reaction of diniethylmaleic 
acid (92) which afforded only meso-2,3-dimethylauccinic acid (93) l14. 

HO,C C02H HOZC CO-H 
\ /  

/ \  
+ H--.C-C-- H 

\ /  

/ \  
c=c 

CH3 CH3 H JC 
(99) (93) 

H 3C 

Attack by diimide takes place more easi!y a.t trans double bonds. 
Thus, fumaric acid is reduced more rapidly than maleic acid115. 
The hzns double bonds of &,~rans,tra~u-cyclododeca-1 ,5,9-triene (94) 
can be selectively reduced yielding cis-cyclodoecene (95)IIe. 

@-++ 
(W (95) 

The hydrogen cis addition in general occurs from the less hindered 
side of the molecule. Thus, 2-norbornene-2,3-dicarboxylic acid 
(96) leads to the endo-cis product 971°7. 

(96) 
~ + c . A .  2 
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The hydrogen cis addition and the observed stereoselcctivity both 
support the mechanism involving a synchronous transfer of a pair of 
hydrogens through a cyclic transition state (98) 107*110b*114. 

HN-NH '"-N'' H H  
N=N 

('38) 

The platinum-catalysed hydrogenation of 7-substituted norbornadienes 
(99) yields sytr-7-substituted norbornenes j100)117, whereas diimide 
reduction of these dienes gives anti-7-substituted norbornenes (101) as 
the exclusive products l 1 8 .  This anomalous result has been tentatively 
rationalized by the suppression of adverse steric factors by a potent 
clectronic effect involving stabilization of the syn-double bond- 
diimide transition state. The stabilization is believed to arise from 
coordination of thc partially positively charged nitrogen-nitrogen 
double bond of diimide with an electron-donating atom (oxygen) 
in the 7-position l18. 

X 
/ 

(99) 

X = OH, OAC, 

I 
0- t-BU 

IV. REFERENCES 

1 .  A. Farkas, L. Farkas and E. K. Rideal, Proc. Roy. SOC. (London), 146, 630 

2. J .  Horiuti and M. Polanyi, Trans. Furaduy Soc., 30, 1164 (1934). 
3. G. H, Twigg and E. K. Ridcal, Trans. Faraday SOL, 36, 533 (1940). 
4. D. K. Fukushima and T. I?. Gallagher, J .  Am. Chem. SOL, 77, 139 (1955). 
5. I .  Jardine and F. J. McQuillin, J .  Chm. SOC. (C), 458 (1966). 
6. J. Chatt and L. A. Dancanson, J. Chem. Soc., 2934 (1953). 

(1934). 



4. Hydrogenation of Alkenes 211 

7. J. J. Rooney, F. G. Gault and C. Kemball, Proc. Chem. Soc., 407 (1960); 
F. G. Gault, J. J. Rooney and C. Kemhall, J. Catalysis, 1, 255 (1962). 

8. J. J. Rooney, J .  Calalysis, 2, 53 (1963). 
9. A. Farkas and L. Farkas, J .  Am. Chem. SOC., 60, 22 (1938), Trans. Faraday 

SOL, 35, 715 (1939). 
10. G .  H. Twigg and E. K. Ridcal, Proc. Roy. Sac. (&nrfon), 171, 55 (1939). 
11. D. E. Eley, Proc. Ray. SOC. (Lundon), 178, 452 (1941). 
12. T. I. Taylor, Catalysis, Vol. V, Reinhold Publishing Corp., New York, 

13. 0. Becck, Rev. Mad. Phys., 17, 61 (1945), 20, 127 (1948). 
14. G. I. Jcnkin and E. K. Rideal, J .  C h m .  Sac., 2490 (1955). 
15. G. T. Twigg, Discuss. Faraday Soc., 8, 90 (1950). 
16. A. Farkas and L. Farkas, Trans. Faraday SOL, 33, 837 (1937). 
17. K. N. Campbell and B. K. Campbell, Chem. Rev., 31, 77 (1942). 
18. R. I<. Greenhalgh and M .  Polanyi, Trans. Faraday Soc., 35, 520 (1939). 
19. R. P. Linstead, W. E. Docring, S. B. Davis, P. Levine and R. R. Whetstone, 

20. C .  L. Arcus, L. A. Cort, T. J. Howard and Le. BULOC, J.  Ckem. SOC., 1195 

21. H. J. Ringold, M. Gut, M. Hayano and A. Turner, Tctrahedron Leffers,  

22. H. J. Brodee, M. Hayano and M. Gut, J .  Am. Cliem. SOC., 84, 3766 (1962). 
23. J. B. Brcam, D. C. Eaton and H. B. Hembest, J .  Clzcm. SOC., 1974 (1957). 
24. G. V. Smith, J. Catalysis, 5, 152 ( 1  966). 
25. S. Siegel and B. Dmuchovsky, J .  Am. Chein. SOL, 86, 2 192 (1964). 
26. S. Siege1 and G. V. Smith, J .  Am. Chem. Soc., 82, 6082 (1960). 
27. S .  Siegel and G. V. Smith, J .  Am. Cliern. Soc., 82, 6087 (1960). 
25. S. Siegel and G .  V. McCalel, J .  Am.  Chem. Sot., 81, 3655 (1959). 
29. S. Mitsui, Y. Nagahisa, G. Tomornura and R.1. Shionoya, Shokubai 

!957, p. 257. 

J .  Am. Chcm. Sac., 64, 1985 (1942). 

(1960). 

835 (1962). 

(catalyst) 13, 74 (1968). 
30. J.-F. Sauvage, R. H. Baker and A. S. Hussey, J .  Am. Cliem. SOC., 82, 6090 

31. 3.-F. Sauvage, R. H. Baker and A. S. Hussey, J .  Am. Chem. SOC., 83, 3874 
(I 960). 

(I96 1). 
32. S. Siegcl, Advances in Catalysis, Vol. 16, Academic Press, New York, 1966, 

33. S. Siegcl, P. A. Thomas and J. T. Holt, J .  Cata/ysis, 4, 73 (1965). 
34. J. J. Rooney and G. Webb, J .  Catalysis, 3, 488 (1964). 
35. J. J. Rooney, Cliem. Brit., 2, 242 (1966). 
36. G. V. Smith and J. R. Swoap, J .  Org. Chem., 31, 3904 (1966). 
37. R. D. Schuctz and L. R. Caswell, J .  Org. Ckem., 27, 486 (1962). 
38. G. V. Smith and J. A. Roth, J .  Am.  Chem. SOC., 85, 3879 (1966). 
39. S. Sicgel, M. Dunkcl, G. V. Smith, W. Halpern and C .  Cozort, J .  Org. 

40. C .  Kemball and E. K. Rideal, Proc. Roy. SOC. (London), 187, 53 (1946). 
41. W. Cocker, P. V. R. Shannon and P. A. Staniland, J .  Chenz. Soc.(C), 41 

42. H. 0. House, R. G. Carlson, H. Muller, A. W. Noltcs and C .  D. Slatcs, 

p. 123. 

Chem., 31, 2802 (1966). 

( 1966). 

J .  Am. Ckem. SOC., 84, 2614 (1962). 



212 Sekio Mitsui and Akira Kasahara 

43. T. J. Howard, Chem. Ind. (London), 1899 (1963). 
44. S. Mitsui, Y. Senda and H. Saito, Bull Cfiem. SOC. Japan, 30,694 (1966). 
45. S. Mitsui, K. Hcbiguchi and H. Saito, Chem. Znd. (London), 1746 (1967). 
46. B. Fucks and R. G. Habcr, Tetrahedron Letfers, 1447 (1966). 
47. S. Mitsui, K. Iijima and T. Masuko, J .  Chem. SOC. Japan (pure chemical 

section), 84, 833 ( I  963) ; S. Mitsui, Y. Scnda and K. Konno, Chem. Ind. 
(London), 1354 (1963). 

4.8. L. Crombie, P. A. Jenkins, D. A. Mitchard and J. C. Williams, Tefrahedron 
Letters, 4297 (1967). 

49. G. C .  Bond, G. Wcbb, P. B. Wells and J. M. Winterbottom, J.  Cfiem. SOC., 
3218 (1965). 

50. E. F. Meycr and R. L. Burwell, Jr., J. A m .  Chem. Soc., 85,2881 (1963). 
51. W. B. Smith and3. L. Massingill, J. Am. Cltem. SOC., 83, 4301 (1961). 
52. Y. DuPont, Bdl. SOC. Chim., 3(5), 102 1 (1936). 
53. L. \V. Kern. R. L. Schunes and R. Adams. J .  Am. Chem. SOC., 47, 1147 

(1925). 
54. B. A. Kazanskii and I. E. Grushko, DOH. Akad. Nauk. SSSR, 87,767 (1952). 
54a. G. C. Bond, Catalusis by Metals,  Academic Prcss, London, 1962, p. 291. 
55. N. A. Dobson, G. Eglinton, K. A. Raphael and R. G. Wils, Telrahedron, 16, 

56. G. V. Smith and R. L. Burwcil, Jr., J. An;. Chem. SOC., 84,925 (1960). 
57. A. W. Wcitkemp, J .  Catalysis, 6 ,  431 (1966). 
58. W. F. Newhall, J. Org. Cfienz., 23, 1274 (1958). 
59. B. A. Kazanskii, I. V. Gostunskaya and H. M. Granat, Izu. Akad. Nauk. 

SSSR, Otd. Khim. Nauk., 4, 670 (1953). 
60. E. Ereitner, E. Roginskii and P. N. Rylander, J .  Org. Chem., 24, 1855 

(1959). 
61. W. F. Tuley and R. Adams, J. Am. Chem. SOC., 47, 3061 (1925); P. N. 

Rylander, N. Himelstein and M. Kilroy, Engelhard Ind. Tecfi. Bull., 4, 
49, 131 (1963). 

62. S. Yada, K. Yamauchi and S. Kudo, Catalyst (Japan), 5 ,  2 (1963); K. 
Yamagishi, S. Hamada, H. Arai and H. Yokoo, J .  Syn. Org. Chem. (Jafian),  
24, 54 (1966). 

63. H. S. Broadbent, G. C. Campbell, i V .  J. Bartley and J. H. Johnson, J. Urg.  
Chem., 24, 1847 (1959). 

64. J. A. Osbcrn, F. H. Jardine, J. F. Young and G. Wilkinson, J. Cfiern. Snc. 
(A),  1711 (1966). 

65. J. Halpern, Anti. Reu. Phy. Chem., 16, 103 (1965); Chcm. Eng. News Oct. 31. 
68 (1966). 

66. J. Halpern, J. F. Harrod and B. R. James, J.  Am. Cficm. SOC., 83, 753 ( 1961) ; 
88, 5150 (1966). 

67. R. F. Heck, Mechanism of Inorganic Reactions, Advances in Chemistry Series, 
No. 49, American Chemical Society, Washington D.C., 1965, p. 181. 

68. J. Kwiatch, I. L. Mador and J. K. Seyler, J.  rim. Cftem. SOC., 84, 304 
(1962). 

69. J. Kwiatch, I. L. Mador and J. K. Seyler, Reactions of Coordinated Ligaiids 
and Homogeneous Catalysis, Advances in Chcmistry Series, No. 37, American 
Chemical Society, Washington D.C., 1963, p. 201. 

16 (1961). 

70. M. Murakami and J. I V .  Kang, Bull. Chem. SOC. Japan, 34, 1243 (1962). 



4. Hydrogenation of Aikenes 213 

7 1. N. K. King and M. E. CVinfield, J, Am. Cheni. SOC., 83,3366 (1961). 
72. J. Kwiatch and J. K. Seyler, J. Orgmotnetal. Chem., 3, 421 (1965). 
73. J. F. Young, J. A. Osvorn, F. H. Jardinc and G. Wilkinson, Chem. Comm., 

74. A. J. Birch and K. A. M. Walker, J. Chem. SOC. ( C ) ,  1894 (1966). 
75. A. J. Birch and I<. A. M. Walker, Tetrultedron Letters, 4939 (1966). 
76. A. J. Birch and K. A. M. Walker, Tefrahedron Letters, 1935 (1967). 
77. C. Djcrassi and J. Gutzwiller, J. Am. Chem. SOC., 88, 4537 (1566). 
78. R. S .  Nyholm, Proc. 3rd. Infernat. C O R ~ .  Catal. (Ed. W. M. H. Sachtcr, G. C .  

A. Schutt and P. Zwictering), Vol. 1, North Holland Pub. Co., Amsterdam, 
1965, p. 25. 

131 (1965). 

79. L. Vaska and R. E. Rhodes, J. Am. Chem. SOC., 87,4970 (1965). 
80. D. Evans, J. A. Osborn, F. H. Jardine and G. Wilkinson, Nafurc, 208, 1203 

81. P, S. Hallman, D. Evans, J. A. Osborn and G. Wilkinson, CJiem. Comm., 

82. E. N. Frankel, E. A. Emken, H. Itatani and J. C. Bailer, Jr., J. Org. Chem., 

83. J. C. Bailer, Jr. a n d  H. Itatani, J. Am. Chem. SOC., 89, 1592, 1600 (1967). 
84. H. A. Tayim and J. C. Bailer, Jr., J .  Am. C h m .  SOC., 89,4330 (1967). 
85. E. N. Frankel, E. A. Emken, H. M. Pzters, V. L. Davison and R. 0. 

86. E. N. Frankel, E. A. Emken and V. L. DaLison, J. Or#. Chem., 30, 2739 

87. A. Misono and I. Ogata, Bull. Chem. SOC. Jufian, 40, 2718 (1967). 
88. M. F. Sloan, A. S. Matlack and D. S. Breslow, J. Am. Chem. Sac., 85, 4014 

89. C. Doree, J. F. McGhie and F. Kurzer, J. Cliem. SOC., 988 (1948). 
90. A. J. Birch and H. Smith, Quart. Rev., 12, 17 (1958). 
91. G. Stork, P. Rosen and N. L. Goldman, J. Am. Chem. SOC., 83,2965 (1961) ; 

M. J. Weiss, R. F. Schaub, G. R. Allen, Jr.,J. F. Polctto, C. Pidacks, R. B. 
Conrow and C. J. Cuscia, Tetrahedron, 20,357 (1964)- 

(1965). 

305 (1967). 

32, 1447 (1967). 

Butterfield, .I. Org. Chem., 29, 3292 (1964). 

( 1965). 

(1963). 

92. C. B. C. Boyce and J. S. Whitehuist, J. Chem. SOC., 2680 (1960). 
93. D. H. R. Burton and C. H. Robinson, J. CJiem. Soc., 3045 (1954). 
94. G .  Stork arid S. D. Darling, J. Am. Cltem. Soc., 82, 1512 (1960); 86, 1761 

95. H. E. Zimrnerman, J. Am. Chern. SOC., 78, 1168 (1956). 
96. A. J. Birch, H. Smith and R. E. Thorton, J. Chon. Soc., 1339 (1957). 
97. N. L. Bauld, J. Ant. Chem. SOC., 84, 4347 (1962). 
98. F. A. Hochstein and W. G. Brown, J. Am. Cliem. SOC., 70, 3484 (1948). 
99. B. Franzus and E. I. Snyder, J. Am. Chenz. SOC., 87, 3423 (1965). 

100. R. W. Goetz and M. Orchin, J. Am. Chcm. SOC., 85, 2782 (1963). 
101. M. Pcrcyre and J. Valade, Comfit. Rend., 260, 581 (1965). 
102. W. Traube and W. Passarge, Chem. Ber., 49, 1692 (1961). 
103. P. Karrer, Y. Yen and I. Reichstein, Helv. Chim. Acta, 13, 1308 (1930). 
104. K. D. Kopple, J. Am. Chem. SOC., 84, 1586 (1962). 
105. C. E. Castro, R. D. Stephens and S. Moje, J. Am. Chem. SOC., 88, 4964 

106. C. E. Miller, J .  Cliem. Education, 42, 254 (1965). 

(1964). 

(1966). 



214 

107. S. Hiinig, R. H. hluller and  \V. Shier, Tcfruhcdron Lelfcrs, 353 (1961). 
108. E. J. Corcy, W. L. hfock and D. J. Pasto, (a) Tefrahedron Leflers, 347 (1961). 

lC9. E. E. Van Tamelan and R. J. Timmons, J .  Am. Chem. Soc., 84, 1067 (1962). 
110. (a)  E. E. VanTamelen and R. S. Dewey, J. Am. Chem. SOC., 83,3725 (1961). 

(b) E. E. Van Tamclcn, R. S. Dewey, M. F. Lcass and W. H. Pirkles, J .  
Am.  Cfiem. SOC., 83,4302 ( 196 1 ) . 

1 1  1. R. S. Dewey and E. E. Van Tamclen, J .  Am. C h n .  SOL, 83, 3729 (1961). 
112. R. Buylc, A. Van Overstractem and  F. Floy, Chem. Inn. (London), 839 

1 13. E. J. Corey and W. L. Mock, J. Am. Chcm. SOL, 84,685 (1962). 
114. E. J. Corey, D. J. Pasto and W. L. Mock, J .  Am.  Chem. SOC., 83, 2957 

115. S. HCnig and H. R. Miiller, Angew. Chem., 74,215 (1962). 
116. M. Ohno, M. Okamoto and S. Torimitsu, Bult. Cftem. SOC. Jupon, 39, 316 

117. B. Franzus, W. C .  Baird, Jr., E. I. Snyder and J. H. Surridge, J .  Org. 

118. W. C. Baird, Jr., B. Franzus and J. €3. Stirridge, J .  Am. Chem. SOC., 89, 

Sekio Mitsui and Akira Kasahara 

(11) J .  Am. Chcm. SOC., 83, 2957 (1961). 

(1964). 

(1961). 

( 1966). 

Chenz., 32, 2845 (1967). 

410 (1967). 



CHAPTER 5 

JEAN-FRAN~OIS BIELLMANN 
Facuite des Sciences, Strasbourg, France 

HENRI HEMMER 

and 

JACQUES LEVISALLES 

Sociiti Nationale des Pitroles d’Aquitaine, Lacq, France 

Facultc des Sciences, Nancy, France 

I, INTRODUCTION . 216 
11. STRUCTURE OF THE COhSPLEXES . 216 

A. Alkene Complexes . . 216 
1. Dewar’s a10 Picture . . 216 
2. An Organic Chemist’s Picturc . 218 
3. Stability . . 219 

B. v-Ally1 Complexes . . 221 
111. DYNAMIC STEREOCHEMISTRY OF THE COhiPLEXES . . 222 

A. The  Kinetic Trans Effect . . 222 
B. The  Cis Migration Reaction . . 223 

I v .  DOUBLE BOND h‘fICRATIoNS . . 224 
A. The Metal Hydride Addition-Elimination Mechanism . 225 

1. The Iron-Carbonyl Catalyscd Reaction . . 228 
2. The Palladium Catalysed Reaction . . 230 

C. Other Reactions . 230 
\r. HYDROGENATION OF ALKENES . . 230 

A. The  Pentacyanocobaltate Catalyscd Reaction . . 231 
B. The  Rhodium(1) Cataiysed Reaction . . 232 
C. The  Rutheniurn(1r) Catalysed Reaction . . 235 

2. Tris(triphcnylphosphine)hydridochlororuthenium(~~) . 236 
D. Other Catalysts . 236 

B. The  T Ally1 Complex Mechanism . . 228 

1. Ruthenium(r1) Chloride . 235 

215 

The Chemistry of Alkenes 
Edited by Jacob Zabicky 

Copyright 0 1970 John Wiley & Sons Ltd. All rights reserved. 



2 16 Jean-Francois Biellmann, Hcnri Hcmmcr and Jacques Lcvisalles 

VI. NUCLEOPHILIC REACTIONS OF THE COMPLESES . 
A. Oxidation of Alkenes 

1. Experimental Facts . 
2. Reaction h4echanism . 
3. Reaction in Acetic Acid 

B. Other Reactions . 
VII. CARBONYLATION REACTIONS . 

A. The Reaction of Carbon Monoxide within the 

B. Reactions of T Ally1 Complcxes . 
C. Reactions of Alkenc Complexes . 
A. Oligomerization of Ethylene . 
B. Oligomerization of Higher Alkenes . 
C. Oligomerization of Conjugated Dienes . 

Complex . 

VIII. OLICOMERIZATION AND MIXED OLICOMERIZATION 

1. Linear Oligor-ierization . 
2. Cyclic Oligomerization . 
1. Linear Condensations . 
2. Cyclic Condensations . 

D. Condensations (Mixed Oligomerizations) . 

E. Dimerization of Alkenes (Cyclobutanation) . 
IX. REFERENCES . 

Alkene 

236 
236 
237 
238 
240 
240 
242 

243 
244 
245 
247 
247 
248 
2 49 
249 

253 
253 
255 
255 
256 

250 

1. INTRODUCTlOM 

Alkene complexes of transition metals were known at a very early stage 
of chemistry1, but their significance as reactive intermediates is com- 
paratively recent and can be traced down to the famous work by Reppe 
and his coworkers, on the chemistry of the related acetylene2S3 and 
o!efin cornplexes4. In the last ten years the growth of the field has 
been exponential, and there are no signs at the moment of any slacken- 
ing in this expansion. Therefore it is perhaps timely to survey the 
present state of the chemistry of alkene complexes of transition nzetals. 
As there are many excellent reviews on various aspects of this 
the present chapter will be more critical than exhaustive. 

I I .  STRUCTURE O F  T H E  COMPLEXES 

A. Alkene Complexes 

1. Dewar’s PI0 Picture 

Although many complexes have been postulated as intermediates 
in the reaction of alkenes, comparatively few complexes have been 
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isolated. The structurcs of some of them are reviewed in Chapter 6 
of Volume 1. Light was first shed on their electronic structure, when 
Dcwarlg suggested in 1951, 2. picture for the silver complexes, which 
has subsequently been largely confirmed. Detvar's picture, which was 
soon extended by Chatt and Duncanson 2o to platinum complexes, 
is as follows: 

(Q) The metal has an empty orbital (s or sp in the case of Ag+, dsp2 in 
the case Pt2 +), which can share an  electron pair donated by a ligand. 
I n  the case of a ligand alkene, the electron pair is the n-electron pair, 
with the appropriate energy and symmetry to overlap with the vacant 
orbital of the metal (Figure 1A). 

The situation is tlius very similar to what happens in a sulphoxide. 
A formal positive charge is placed on the alkene, a formal negative 
charge on the metal. 

8 
Figure 1. Orbital overlap in metal-olcfin complexes. A, hybrid sp or &k2 
orbital of mctal with 7r orbital of olefin; B, d orbital of mctal with 7r.* orbital of 

olefin. 
5* 
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( I r )  The electric balance can be restored, when the metal hasjfled d 
orbitals, by back donation of a d electron pair from the metal to the 
T* vacant orbital of the dkene, which has the appropriate energy and 
symmetry (Figure 1B). 

The situation is thus similar, but opposite to what happens in a sul- 
phoxide, when the oxygen can donate back electrons to an empty d 
orbital on sulphur. It is also similar to what happens with a tri- 
phenyl phosphine complex of a transition metal, when the phosphorus 
gives to the metal a sp3 electron pair, and receives back a d electron 
pair from the metal, into one of its vacant d orbitals. 

This molecular-orbital picture thus distinguishes a u bond between 
the metal and the alkene (cf. Figure 1A) , which is a spa-pa bond, and a 
T bond (cf. figure lB), which is a dn-x*n bond. 

2. An Organic Chemist’s Picture 

Dewar’s picture of an alkene complex of a transition metal is thus 
quite clear and most useful, but it suflers from the slight inconvenience 
of not providing us with a shorthand notation. The organic chemists 
prefer to keep the old picture, i.e. the double dash (C=C) and curved 
arrows (-), for instance : 

-4 + 
CH,-CH==CH, H +  - CH,--CH-CH, 

An analogous picture of the transition metal-alkene complex can 
be drawn, thus for instance 1 expresses the fact that the alkene shares 

C C 

4 electrons with metal M (2  from the alkene, 2 from M), as in cyclo- 
propane (2). 

Now a cyclopropane can be formed by reaction of a carbene -4th an 
alkene21.22. Indeed, there is an interesting analogy, .tvhich was first 
drawn by Halpern 23, between a singlet carbene and a transition-metal 
derivative: both have a low-lying vacant orbital, and an unshared 
electron pair; both will undergo either addition to a multiple bond 
(e.g. an alkene), or insertion into a single bond (e.g. H-CL or H-H). 
There is howe‘ver a significant difference: the bonds formed by the 
carbene-alkene interaction are usually much stronger than the bonds 
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formed by the metal-alkene interaction, as shown by the cnthalpy 
differences." 

kI2C 

H,C 
C,H, + Ag' -' I> Lg -3.5 kcal 

H,C - 86 kcal 

H2C 

I t  must be strcssed here that the 'organic chemist's picture' has 
one draw-back, because it may lead one to think that the alkene 
occupies two coordination sites, one site for each carbon atom. This 
is not true: each alkene molecule occupies only one coordination site, 
exactly in the same way as the oxygen atom occupies only one coordi- 
nation site of the sulphur in a sulphoxide. 

3. Stability 

The stability of the transition metal-alkene complexcs depends 
both on the metal and on the alkene, and certain generalizations 
can be made: 

(a )  For complexes of the same general composition the complex is 
stronger the lower the metal is in the periodic table. Thusin the series 
[ (alkene)MX,] -,Zeise's salt [Pt (C,H,) CI,] -, the first olefin com- 
plex ever recorded in the chemical literature,l is quite stable and 
fairly unreactive. The corresponding palladium complex has been 
detected kinetically, and, under some circumstances, will be trans- 
formed into [(C,H,) PdCI,],, a bimetallic complex which can be 
isolated 26-28.  The corresponding nickel complex has never been 
detected, and no nickel-alkene complex is known, unless the alkene 
is chclating (e.g. 1,5-cyclooctadiene or norbornadiene) 29; 

( b )  For metals of the same periodic row, stability differences for various 
olefin complexes are the more pronounced, the lower the oxidation 
state (Table 1); 
( 6 )  The more elcctron donating the alkene, the less stable is the com- 
plex, at least for negatively substituted or even slightly positively sub- 
stituted ligands, fluorine being more effective than chlorine (Table 1 
and rhodium(1) complexes of Table 2) ; 

0 1 ' -  18 kcal 
CZH, + CH, -* I > Ct-4 

* The -86 kcal valuc is based on the cstimatcd enthalpy of formation of 
cyc10propane~~ and the - 18 kcal value is based on the additivity of bond 
energiesa5. 
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( d )  Symmetrical withdrawal of negative charge by the alkene stabilizes 
the complex better than dissymetrical withdrawal (Table 2) ; 
(e) Stcric strain (e.g. cis as compared to trans) in the alkene stabilizes 
the complex (Table 1) ; 

TABLE I. Relative stabilities of various simple 
olefin-metal complexes (ethylene = 1000) 

Olefin Rh' Pd" A$ 

Ethylene 1000 1000 1000 
Propylene 78 830 430 
1 -Butene 92 640 500 
cis-2-Butene 4.1 490 280 
trans-2-Butene 2.0 260 91 
iso-Butene 0.35 very small 

a At 25"C30. 
At 25OCJl. 
At 25"CJa. 

(f) For a diene, the chelating power is at maximum efficiency when thc 
double bonds are separated by two sp3 carbon atoms (Table 2). The 
mutual disposition of the two double bonds may beimportant (Table 2) ; 

Indeed these are the facts which make the chemistry of transition 
metal-alkene complexes both fascinating and frustrating : fascinating 
because ofthe wide scope, which is left to the chemist, but frustrating 

TABLE 2. Relative stabilities of various substituted olefin-metal complexes 

Complex" Complex* 
Olefin with Rh' Olefin with AgI 

Ethylene 
Fluoroe thylene 
Chloroethylene 
Methoxyethylene 
Phenylet hylene 
Cyanoethylene 
cis- I -2-Dichloroethylenc 
cis- I -2-Difluoroethylenc 
Tetrafluorxthylene 
Tetrachloroethylene 

1 
0.32 
0-17 
0.0 18 
0.08 

0-07 
1.59 

No reaction 

> 50 

59 

Ethylene 
1,3-Butadiene 
1,4-Pentadienc 
1,5-Hexadiene 
1,6-Heptadiene 
1,5-Cyclooctadiene 
I ,4-Cyclohexadicne 
Norbornadiene 

1 
0.19 
0.45 
1.29 
0.66 
3.36 
0-22 
1.51 
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because it has not yet been very easy to work with known complexes 
toward derinite products. 

0. rc-Ally1 Complexes 

The chemistry of transition metal-alkene complexes is complicated 
by the fact that alkencs with allylic C-H or C-X (X = halogen 
usually) can exhibit further transformations to give n-ally1 complexes 
3 and 47 according to equations (1) and (2). 

(4) 

In fact, the structure of a 7-ally1 complzx will depend on the metal 
(and its attached ligands), and on the physical state. At low tem- 
p e r a t ~ r e , ~ ~  in crystalline bis (n-allyl) nickel complexes, the structure 
is symmetrical with regard to the allyl moiety: i.c., for a propene 
derivative, both C - C  bonds are of equal length ( 1.376 A) and hydi-o- 
gen atoms in symmetrical positions cannot be distinguished (by 
n.m.r for instance). X-ray studies35 have shown that the allyl 
moiety occupies two coordination sites, and, in bis- (n-allyl) nickel 
complexes, the two allyl fragments are symmetrically situated, with 
regard to the nickel atom, which is a centre of symmetry. This is the 
so-called trans complex (Figure 2A). 

Such a centrosymmetric structure is of course only compatible with 
a dsp2 (square-planar) hybridization of nickel, and not with sp3 
(tetrahedral) hybridization. Contrary to other statements this must 
mean that nickel is at the + 2  oxidation level, and not at  the zero 
oxidation level (as it is in tetrahedral nickel tetracarbonyl). 
The change in oxidation level is adequately expressed in eq~~&Un 
(l).* I t  has been shown that in solution, bis (n-allyl) nickel is an 

* I t  should be stressed, however, that 3 and 4 do not depict quite accurately 
the structure of 3 n-ally1 complex, in that only two, and not three, coordination 
sites arc occupied by the allyl moiety, but they are very useful for the undcr- 
standing of reaction processes. 
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A B 

Figure 2. A: bis(n-a1lyl)nickel: trans isomcr. B: bis(n-ally1)nickel: cis isomer. 
C : bis(a-ally1)nickeI: trans isomcr. 

equilibrium mixture of two s p e c i c ~ , ~ ~ * ~ ~ * ~ '  the trans and the cis com- 
plexes (Figure 2B). 

Another structure of rr-ally1 complexes is suggested by n.m.r. 
stu.dirs: the so-called o-ally1 structure (Figure 2C) which contains an 
unsymmetrical allyl group, one of the terminal carbon atoms being 
bonded to the metal by an ordinary, although probably highly ionic, 
o bond, the other two being probably bonded to the metal by the type 
of double bond described in Section A. In  some cases a t  least the 
a-allyl structure is more stable at elevated temperatures than the X-  

allyl structure: the loss in heat content (resonance energy) of the n- 

allyl grouping is then cornpensatcd by the higher entropy of the o-ally1 
grouping. 

For the understanding of chemical reactions, it does not seem at 
present that a m-ally1 complex behaves very differently from a o-ally1 
complex. Therefore the simple representations 3 and 4 are satisfac- 
tory and will be used in the following sections. 

111. DYNAMIC STEREOCHEMISTRY OF THE COMPLEXES 

A. 7he Kinetic Trans Effect 

Detailed kinetic and stereochemical studies on substitution reac- 
tions with square-planar and octahedral ti-ansition-metal complexes 
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have shown that some ligands L on metal M powerfully accelerate, in a 
predictable way, the departure of another ligand X, provided that X 
and L are located in trutts positions with respect to M, i.e. X-M and 
M-L bonds are c01inear.~~ Some idea of this effect can be gained 
from examination of Table 3, in which a parallel behaviour is seen 
between the kinetic trans effect and the substituent influence in the 
unimolecular decomposition of p-substituted benzensdiazonium ions. 

TABLE 3. Trans effect in dspa complexes and substitucnt effect inp-substituted 
benzenediazonium iom 

Relative rates 
trans displacement in dspa unimolecular 

coniplcxcs N2 loss in p- 
substituted 

Relative Similar benzenedia- 
Ligand or substitucnt rates" ligands zonium ionsb 

H 
CH3 
c1 
OH 

105 CC), CN- 530 
! 02 I-, CJ35 26 

1 Br- 1 
10-1 C5H5N,NH3 0.66 

~~~ ~ ~ 

From reference 40. 
From refcrcncc 41. 

Since the origin of this effect is not yet completely understood, a full 
The following sequence of the trans discussion will be avoided here. 

effect should be kept in mind: 

\ /  

/ \  
C=C > C I - > O H -  

It should be emphasized that cis ligands usually have no predictdde 
effect. 

B. The Cis Migration Reaction 

This has been termed frequently the cis ligand insertion reaction 4 2 * 4 3  

and can be represented, for instance, by equation (3) for the case of a 
doubly bonded ligand (here an alkene). The akene is inserted into 
the M-R bond, yielding a meta.1 complex with carbenoid properties. 
For such an electronic reorganization to take place readily (i.e. 
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without large nuclear displacements) , both ligands, R and the alkene, 
must be cis and not trans with respect to M. Of course equation (3) 
is just a special case of the formally simpler reaction equation (4a) , e.g. 
the last step of the decarbonylation of aldehydes by RhCl(PPh,), 
equatinn (4b) 44*46. 

O R  
T2L M:+ L I 
M’ 

H-R 

L =‘Ph3P 

Now it is obvious that equation (4a) is just the reverse of equation 
(5), which an organic chemist would call an insertion reaction (in 
carbene chemistry). I t  seems therefoie more appropriate to discard 

the term ‘ligand insertion reaction’ for equation (3) and to keep the 
term ‘ ligand migration reaction,’ which encompasses similar reac- 
tions such as the Pummerer r e a ~ t i o n * ~ - ~ ~  (equation 6 )  or the Hillman- 
Brown reaction 49*50 (equation 7). 

H2C 

H3C H3C H3C 

/ /d / Y-0-R (6) 
HzC;+\ 

S-OR - H3C\+ 
S-OR - 

IV. DOUBLE BOND MlGRATIOYS 

Transition-metal compounds are able to transform olefins into 
This interesting reaction must always be borne double-bond isomers. 
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in mind when working with transition metal-alkene complexes, 
because the product of a reaction may be very different from the one 
expected from the structure of the substrate alkene. 

Two mechanisms have been proposed for these double-bond migra- 
tions, the metal hydride addition-elimination and the rr-sllyl complex 
intermediate. 

A. The Metal  Hydride Addition-Elimination Mechanism 

R-CH-CH-CH, 

'M' 
/ 
H 

R-CH=CH-CH, + H M  

The rhodium(1) catalysed isomerization of butene is the reaction 
Cramer first showed that the reaction is which is best understood 51. 

reversible and that the rate equation has the form 
rate = k (alkene) (Rhx)(H+)(CI-) 

The reaction is strongly inhibited by ethylene and other strongly 
Moreover, U.V. spectral data show that a 

The following schemes 

(8) 

(9) 

I t  is not known whether equations (8) or (9), or both, are involved, 
but this is not very important. The intermediacy ofa rhodium hydride 
complex was not dcfinitely established, but other works with rhod- 
i~m5~-55, cobalt 66-58*,  iridium60-62 or platinum 63-64 compounds 
and U.V. spectral data support the assumption of the presence of a 
rhodium hydride. Inhibition by ethylene is easily understood , since 
ethylene can compete very efficiently for the metal with the alkenc. 

coordinating ligands. 
hexacoordinated rhodium species is involved. 
can explain these facts : 

Alkene + Rhs + [(alkene) Rh'] 
[(Al~ene)Rh'] + H+ + CI- + [(alkene) Rh1lx HCI] 

or 
Rhz + H+ + CI- + (Rhnx HCI) 

Alkene + (RhrU HCI) & [(Alkene) Rhm HCI] 

* For a conclusion to thc contrary, see Reference 59. 
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The reaction is intermolecular, as shown by the work of Harrod and 
Chalk52-53 : deuterated 1-heptene and undeuterated 1-pentene, 
exchange deuterium. In deuteratcd solvents, 1-butene is deuterated 
(at C(J and isornerized (to undeuterated 2-butenes) at about the 
same rates. This can be explained in terms of equations (10-13). 

CI 

H 
\ Et D H Et 

D Et E t  

Me 

The transition metal-alkene complex can be isomerized to an alkyl 
rhodium compound : primary carbanions being more stable than 
secondaiy ones, the preferred step should be the one shown in equation 
(10). If  the C(,)-C(z, bond is rotated by 120", the complex which can 
then be.formed will have protium bonded to rhodium, instead of 
deuterium (equation 10). Ligand exchange (equation 11) will thus 
produce specifically deuterated I-butcne and a hydride complex. 
As the reaction proceeds, the concentration of this hydride complex 

will increase. At this stage the alternative isomerization of the hydride 
complex can make itself felt (equation 12). Now I-alkene forming 
more stable complexes than 2-alkenes (table l ) ,  the 2-alkene will be 
replaced by more 1-alkene in the complex. In  a deuterated solvent, 
cis-2-butene initially gives trans-2-butene, which is partly deuterated 
a t  This is de- 
picted in equations (14-19). 

and 1-butene which is fully deuterated (at CC3)). 
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Me 

\ 
Me D 

DAH Me 

H 
CI 

(19) 
+ M), + D  ,, 

D H Me Me / 3 )-H 
Gi 

Me 

Cis-2-butene first undergoes complex formation, followed by hydride 
migration to give the alkyl rhodium (equation 14), which may react 
by three paths: 
(Q) Give back the cis-2-butene complex; 
( b )  Undergo rotation around the C,,,-C,,, bond (equation 15) to give 
another conformer, which can revert 'now to the trans-2-butenc com- 
plex (equation 16); the latter will undergo ligand exchange to give 
trans-2-butene deuterated a t  Cc2) (equation 17) ; 
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(c) Isomerize to the more stable I-alkene cornplex (equation 18), which 
can undergo ligand exchange with the far more abundant cis-2-butene, 
to give I-butene deuterated at C,,,. 

The fact that 2- and 3-heptene and hexenes are isomerized more 
slowly than 1-hexene is easily accounted for by an unfavourable pre- 
equilibrium for complex formaiion. Eowever there is one reaction 
which still remains to be explained: Harrod and Chalks2 noticed that, 
in the isomerization of 1 -hexene, cis-2-hexene and cis-3-hexene are 
initially formed much faster than the trans isomers, although they form 
more stable complexes (this is again true of the heptenes). As the 
greater stability of the cis-alkene coniplexes has reasonably been 
assigned to the higher energy of the cis-alkene, the reason behind 
Harrod and Chalk’s results remains unclear. 

B. The x-Ally1 Complex Mechanism 

The .rr-allyl complex mechanism exhibits features which distinguish 
it very clearly from the hydride addition-elimination mechanism: 

1. I t  does not require external hydrogen, i.e. hydrogen which could be 
exchanged with the solvent; 
2. I t  involves 1,3 shifts and not a 1,2 shift. 

There are at the moment two well-authenticated such reactions : 

1. The iron carbonyl catalysed reaction; 
2. The palladium catalysed reaction. 

I .  The iron-carbonyl catalysed reaction 
This reaction 65-6g requires a coordinatively unsaturated iron 

carbonyl, Fe(CO),, which can be generated by thermal or by photo- 
chemical means. 

Fe(CO), + Fc(CO)~ + CO 
Fe2(CO) Fe(CO), + Fe(CO), 

As expected, carbon monoxide and strongly coordinating ligands, 
like amines or phosphines, inhibit the reaction by preventing the alkene 
to coordinate with the metal complex. Acetone and isopropanol also 
inhibit the reaction by competing with the alkene 67. 

The second condition (1,3 shifts, no 1,2 shift) has not been con- 
clusively demonstrated, but the first condition (no exchange with 
external hydrogen) has been shown to be fulfilled69. Thus 3,3- 
ditritio-I-octene is isomerized in the presence of unlabelled 1 -hexene 
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The reaction can b e  
The complex of tAe isomerized alkene 

The latter will 

or undecene, without exchanging tritium. 
represented by equation (20). 
can react further according to equations (21) or (22). 

\ 

R' 

lead to a 2-alkene while equation (21) leads to olefins isomerized 
further down the chain. From the result of Asinger and coworkerssg, 
it seems that the forward rate of reaction (21) is faster than the fonvard 
rate of reaction (22), so that the equilibrium is established very fast. 

The rates of the whole series of reactions increase with the concen- 
tration of the catalyst when this is low, but at high concentrations there 
seems to be a strong inhibition of the reaction, which should probably 
be ascribed to recombination of the unsaturated iron-carbonyl frag- 
ments, with saturated iron carbonyls which compete efficiently with 
the alkene molecules. 

This type of isomei-ization has been uscd to convert unsaturated 
alcohols to ketones 70-71, for instance 
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In  this casc the reaction is madc irreversible by the much larger 
stability of the ketone compared with that of thc unsaturated alcohol. 
Cobalt carbonyl is also an efficient catalyst 72. 

2. The Palladium catalysed reaction 

working with deuterated 1-heptene and undeuterated 1-pentene 
no exchange ofdeuterium was found, and, by working with deuterated 
1-heptene alone, or deuterated I-pentene alone, only 1,3 deuterium 
shifts and no 1,2 shift53 were found (the catalyst was (PhCN),PdCI2). 
Apparently all possible isomers appear simultaneously and at com- 
parable rates: all these facts are accommodated again by equations 
(21) and (22) provided the forward rate of equation (21) is larger than 
the forward rate of equation (22). 

This has been examined by various research groups 5 2 * 5 3 9 7 3 - 7 5 .  BY 

C. Other Reuctions 

Many other transition-metal catalysts 56-64*76 have been examined, 
but no mechanism has been suggested, except in one case. The 
CoH(CO), catalysed isomerization of alkenes is usually regarded as 
proceeding by the hydride addition-elimination mechanism : for 
instance Asinger 69 and coworkers found tritium partial exchange 
between tritiated octene and unlabelled undecene. However Roos 
and O r ~ h i n ~ ~  have adduced evidence for a n-ally1 complex mechan- 
ism : CoD(CO), isomerizes allylbenzene to propenylbenzene with no 
detectable kinetic isotope effect, and only very slight introduction of 
deuterium into propenylbenzene : 

CoD(C0)4 CBH6CH2-CH=CH, p> C6H,--CH=CH--CH, 

The very much enhanced acidity of the allylic protons in allylben- 
zene, comparated to those of octene, might well be the cause of a 
different mechanism for each of these two cases. 

V. HYDROGENATION OF ALKENES 

The use of transition-metal complexes as homogeneous catalysts for 
olefin hydrogenation has been developed quite recently with good 
success. For 
further details on the catalytic systems disccsscd here and dditional 
ones, see also chapter 4. 

For a review of these developments see rcference 77. 
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A. The Pentacyanocobaltate Catalysed Reaction 

A solution of cobalt(1r) chloride and potassium cyanide has been 
shown to absorb hydrogen78. Systematic studies of the reduction of 
different unsaturated groups by this solution have been undertaken 79. 

Simple olefins with non-conjugated double bonds are not hydro- 
generated 79n*c. Conjugated dienes are reduced to olefins mainly by 
1,4 addition: isoprene gives 2-methyl-2-butene (84%) and a mixture of 
2-methyl-1-butene and 3-methyl-1-butene (15%). Styrene is reduced, 
but not ~ t i l b e n e ~ ~ ~ .  A careful study of hydrogenation of unsaturated 
acids has been made79d. Sorbic acid gives a rnixture of 82% 2-, 17% 
3-, 1% 4-hexenoic acids. Acrylic acid is not reduced, but a higher 
temperature gives 2-methylglutaric acid when hydrogen is present, 
and 4-methylglutaconic acid in the absence of hydrogen 79c. Severai 
aY/3-unsaturated acids, aldehydes, esters and acetylenic acids have been 
reduced to the saturatcd derivatives 7gb*c. Because of the strongly basic 
medium the reduction of aldehydes is of limited use. 

The 
first observation of a hydride complex in a solution of pentacyano- 
cobaltate, which had been reduced by sodium borohydride, was made 
by n.m.r. measurements 80. Later it was shown that the same hydride 
occurs even in the absence of hydrogen or borohydrideg1. 

A recent careful study of the hydride solution has led to the isolation 
of several crystalline complexes from the hydrogenated pentacyano- 
cobaltate solution: the hydride [Co(CN),HI5 - whose existence has 
been proposed without convincing support, and two other complexes 
whose structures have been postulated to be of [CO(CN),H,]~- and 
[Co(CN),I5- 82*83. The catalytic activity of the three isolated species 
is yet unhown.  The formation of hydride may occur in the presence 
of either by direct splitting of the hydrogen mole- 
cule and a dimeric cyanocobaltate complex : 

The precise nature of the catalyst is beginning to be h o w n .  

2 [Co(CN),, H Z 0 l 3 -  
[CO~(CN),O]'- + H z  ~==2 2 [Co(CN),HJ3- 

[Co2(CN),o]"- + 2 Hz0 

or by previous formation of a dihydride complex 
[Co(CN),, H Z 0 l 3 -  + H2 

[Co(CN),H2l3- + [Co(CN),, H z 0 I 3 -  
[Co(CN),HZl3- + HzO 
2 [Co(CN),H13- + H z 0  

the reaction : 
[ C O ~ ( C N ) , ~ ] ~ -  + H 2 0  d [Co(CN),HI3- + [Co(CN)60H13- 

would explain the slow appearance of the cobalt hydride in the penta- 
cyanocobaltate solution i:i the absence of hydrogen or buro'nydride. 



232 Jean-Francois Biellmann, Henri Hemmer and Jacques Levisalles 

In  solution, the hydride [Co(CN),HJ3- adds, for example, to 
butadiene, forming first a a-ally1 cobalt derivative. This organo- 
cobalt intermediate has been prepared in two other ways: addition of 
the hydride to butadiene, and alkylation of pentacyanocobaltate ion 
with crotyl bromide. In  the presence of an excess of cyanide this 
Ir-ally1 complex is stable and gives on protonation or by reaction with 
[CO(CN),H]~- mainly 1-butene. If no excess of cyalzide is present, 
the complex dissociates to a n-ally1 complex according to: 

which on protonation gives mainly trans-2-butene. Tllis explains the 
influence of the ratio Co/CN on the nature of the hydrogenation 
products. The reaction with Ensaturated ketones seems to be more 
complexs7. The kinetics of the addition 3f the pentacyanocobalt- 
hydride C O ( C N ) ~ H - ~  to substituted olefins have recent1.y been 
studied242 and the use of this catalytic system in solvents other than 
water has been made possible by the use of the lithium cyanide243. 

More definite studies on the mechanism of hydrogenation by the 
pentacyanocobaltate system are needed for a better understanding 
of the process. 

B. The Rhodium(/) Catdysed Reaction 

The rhodium complex RhC1(Ph3P)3 forms with hydrogen a dihyd- 
ride, which hydrogenates olefinsss. The reaction is in general fast with 
mono- and disubstituted olefins, extremely slow with trisubstituted 
double bonds and no hydrogenation is observed for tetrasubstituted 
 one^*^*^^. For instance, olefins such as 1-octene, 1-decene, cyclo- 
hexene and 5a-2-cholestene are easily reduced. 3-Methyl-5a-2- 
cholestene is not reduced under normal conditions. The very useful 
possibility of reducing selectively in high yield one double bond in the 
presence of another which remains unchanged, has already been taken 
advantage 0 f ~ ~ 9 ~ ~ .  For example linalool (5) has been reduced to 
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dihydrolinalool6 in high yieldg0. Another example is the sesquiter- 
pene y-gurjunene (7) : on hydrogenation by heterogeneous catalysts, 
after absorption of one equivalent of hydrogen, a mixture of about 
equal amounts of the starting material, the tetrahydm and both 
dihydrogurjunenes, is obtained while using the rhodium complex the 
dihydro derivative (8) is quantitatively produc.zd 92. 

0) (8) 

The selective hydrogenation of the steroidaI 3-keto, 1,4-dienes has 
been questionedZ6O. Under certain conditions, in the presence of 
deuterium, there is a ch additions8*S2 of two deuterium atoms, almost 
without participation of protons from the solvent and without ex- 
change of the hydrogens of the molecule being hydrogenated 88*91 -93  

The experimental conditions for good deuteration with this catalyst 
are criticalZ5l. 

Being a molecular species, this catalyst is more specific in its reactions 
than the surface of a hetcrogeneous catalyst: for instance, derivatives 
of 1,4-cyclohexadiene and naphthoquinone may be reduced without 
disproportionation for the first, and aromatization for the second 
Hydrogenolysis is also strongly repressed : for instance benzyl cinna- 
mate is reduced without the formation of dihydrocinnamic acidE9 and 
olefinic thioethers are reduced without cleavage of the carbon- 
sulphur bond 95. The hydrogenation of thiophene derivatives by this 
catalyst has been described, the thiophene ring remaining unaltered 
during the process 244. 

Many func tiona i groups remain untouched during hydrogenation 
with this catalyst. Ketones, esters, acids, amides, nitro groups and 
aromatic systems are not reduced 88b*89*90. Aldehydes are decarbony- 
lated 96*97, but the decarbonylation reaction may be avoided by 
working with a small concentration of catalyst and with a high 
pressure of hydrogen 98. 

The mechanism of hydrogenation with RhCI(Ph,P), has been stud- 
ied a8b*9g. The complex RhCI(Ph,P), (9), prepared by reaction of 
hydrated rhodium trichloride with triphenylphosphine, dissociates 
in solution: 

RhCI(Ph,P), RhCI(Ph,P), + Ph3P 
(9) (131 
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Species 10 reacts reversibly with hydrogen to give a dihydride which 
may be isolated: RhH2Cl(Ph,P)2, whose structure in solution has been 
shown by n.m.r. to be 11. However, the dissociation of tris(tri- 
phenylphosphine) rhodium chloride in solution has been seriously 
questioned245. On the other hand, activation of the catalyst by a 
trace of oxygen may result from the oxidation of the phosphine, which 
leads to the complete dissociation of the complex246. 

Ethylene, carbon monoxide, oxygen and amines react with 10 to 
give complexes which are inactive in hydrogenation 98. According 
to kiaetic evidence, the dihydride 11 reacts with oIefins in the rate- 
determining step, folIowed by the transfer of hydrogen. A simul- 
taneous transfer of both hydrogens has been proposedg8, but one 
example where the isomerization is the main reaction path loo and the 
fact that besides dideuterated species, trideuterated molecules are 
obtained loo, are in favour of the formation of an alkyl rhodium hydride 
as an intermediate. The isotope effect on the rate agrees with forma- 
tion of a complex between 11 and the olefin as the rate-determining 

H 

step. Other examples of double bond isomerization by this catalyst 
alone 247 and during the hydrogenation 248 have been described. 
However, the hydrogenation of ethylene is possible. This fact and 
competition experiinents are consistent with the simultaneous ex- 
istence of two hydrogenation processes: reaction of the dihydride with 
the olefin and reaction of the catalyst first with the olefin, and then 
with hydrogen 249. 

The reactivity of RhT(Ph,P), is higher than that of RhBr(Ph,P), 
which is higher than that of the chloro complex. The rate is increased 
in more polar solvents, but solvents which can act as ligands may pre- 
vent reduction, e.g. pyridine, thiophene and acetonitrile 80b. The 
change of the substituent at phosphorus is of little value, phenyl 
seeming to be best at the present time252. 

Asymmetric induction during the hydrogenation by asymmetric 
phosphines has been denionstratcd 253. 



5. Alkcnc CompIcsc~ of Transition Metals as Reactive Intermediates 235 

C. The Rurhenium(l1) Catalysed Reaction 

1. Ruthenium(l1) chloridelo’ 

Ruthenium(11) chloride is prepared by reduction of aquochloro- 
ruthenite in aqueous hydrochloric acid solution by titanium (111) 

chloride. In the presence of hydrogen, reduction of fumaric, maleic, 
acryIic and crotonic acids is observed. If dimetlylacetamide or 
dimethylforniamide are used as solvents, ethylene and cyclohexene can 
be reduced. But it is not known if the same mechanism is operating 
in both groups of substrates. 

The use of ruthenium(I1) chloride in aqueous solution gives rise to 
an interesting observation: the formation of the hydride occuts after 
the formation of a 1:l complex between ruthenium and the olefin. 
This was detected spectroscopically in solutions of the above mentioned 
acids, dimethylmaleic anhydride, 5-norbornene-2,3-dicarboxylic an- 
hydride, ethylene and propylene. The last four olcfins are not re- 
duccd, but their complexes catalyse the exchange of D, with H20.  

In the reduction experiments of fumaric and maleic acids the fol- 
lowing observations were made: starting with fumaric acid, using D, 
and HzO, the succinic acid obtained contained no deuterium atoms but 
with D, and D20 or H, and D,O, ~~-2,3-dideuteriosuccink acid was 
obtained. The experiments with 
maleic acid indicate competition between isomerization to fumaric 
acid and reduction. In this case no experiments were undertaken 
where hydrogenation was interrupted before completion. 

The following mechanism of hydrogenation has been proposed : in a 
first step, formation of Run-olefin complex followed by a rate-deter- 
mining reaction between this complex and hydrogen to give a hydrido- 
ruthemum complex. The formation of this hydride is reversible in the 
case of olefins which do not undergo hydrogenation, expIaining the 
exchange between D2 and HzO. The next step would be hydride 
migmtion onto the olefin to give an alkylruthenium, which in a further 
step reacts with a proton to give RuIX and the saturated compound: 

This shows that the addition is cis. 

‘ c  
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It  is interesting to note than an  electron-attracting group on thc 
double bond is requircd for the addition of hydrogen to take place in 
the system Ru’bvater. 

2. Tris(triphenylphosphine)hydridochlororuthenium(~l) 

This complex has only recently been prepared in pure form lo2 and it 
is quite likely that catalysis observed with RuC1, in the presence of 
triphenylphosphine lo3 and with RuCl, (Ph3P), (n = 3 and 4) lo4 is due 
to this hydride. 

Monosubstituted olefins : 1-pentene, 1-hexene, etc., are reduced at 
high rates. Disubstituted olefins are very slowly reduced with rates 
about lo-, times lower than those of monosubstituted olefins lo2*lo3. 

The case of acetylenic compounds has been studied with RuC1, in the 
presence of triphenylphosphine : diphenylacetylene gives ck-stilbene lo3. 

The deuteride RuCl(Ph,P) ,D has been described as exchanging deu- 
terium with the hydrogen of mono- as well of disubstituted olefins. 
Surprisingly no isomerization of cis-2-hexene to trans-2-hexene was 
detectable in 24 hours lo2. The usefulness of this catalyst for selective 
hydrogenation is evident. The full paper has been published254. 

D. Other Catalysts 

Several derivatives of titanium lo5, chromium lo6, manganese Io7, 
kon 108-110 , O S m i U m l l l ,  coba~t109b.109d,112-117, rhodium 118-120 

iridium 62.89s85.120-123, nickel 110,124-127, palladium 128, platinum 64.89.- 
2 

12’-131 and copper 132, and Ziegler-Natta complexes 134-136, hzve also 
been used as catalysts for the hydrogenation of olefins. Selective 
hydrogenation of conjugated olefins by arene chromium tricarbonyl 
has been reported 255.  Nickelzs6 and cobalt 257 derivatives are active 
hydrogenation catalysts. The hydridocarbonyltris(tripheny1phos- 
phine)rhodium is a very effective hydrogenation catalyst for terminal 
olefins 258. 

Vi. NUCLEOPHILIC REACTIONS OF T H E  COMPLEXES 

A. Oxidation of Alkenes 

Most reactions of‘ transition-metal complexes are nucleophilic, as 
evidenced by the nature of the reagents: halides, water, alcohols, 
alkene, alkynes, dimes, and even carbon monoxide. This is readily 
understandable since the transition metal, like a singlet carbene, ex- 
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hibits electropldic properties. From the point of view of the alkene 
these reactions are electrophilic attacks at carbon, with retention of 
configuration, as evidenced by the isomerization and hydrogenation 
reaction described in the previous sections. 

Among these, the reaction which was perhaps best studied is the 
palladium-catalysed oxidation of ethylene to acetaldehyde, which 
acquired industrial importance in recent times 138. 

CZH4 + PdCI; + OH, + CHjCHO + 2 CI- + 2 HCI + Pd 

Therc are excellent reviews on this reaction and the following 
discussion will be a summary of the most important aspects. 

1. Experimental facts 

(a) The rate equation has the following form137 

rate = Klk'[Pd2 +][CZH,]/[CI-]~[H '3 

K ,  and k' are given in TaS!ct 4 for various simple olefins 31 ; 

TABLE 4. Ccmplex forniation 
constants, K1, and rate constants 
k' for the palladium-catalyscd 

oxidation of simple alkencs 

Olefin h-1 k' 

Ethylene 17.4 20.3 
Propylenc 14.5 6.5 
cis-2-Butene 8.7 3.5 
traru-2-Butcne 4.5 7.5 
I-Butcne 11.2 3-5 

( b )  The kiaetic isotope effect in D,O is kH/kD = 4-05130; 
( t )  Thc kinetic isotope effect for C,D, in D,O is X-H/kD = 1 ~ 0 7 ~ ~ ~ ;  
( d )  I-alkeries are oxidized mainly to methyl ketones, the isomeric alde- 
hydes being formed in minor a m ~ ~ n t ~ ~ ~ * ~ ~ ~ ~ * ~ ~ ~ * ~ ~ ~  ; (lUarkownikov- 
type reaction) 
(e) The reaction temperature for lower alkenes can be kept to 20- 
50°C 13612. 
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(f) When the reaction is carried out with ethylene in D20, no deute- 
rium is introduced141. 

2. Rcacticn mechanism 

k' = K2X3k. 
Equations (23-26) lead to the observed rate equation (fact a), with 

As K2 and K3 should not be very much affectcd by the 

/ti, .OH k H2O\* / x /.-;i""+ c,- 
H3CLPz***/ + OH, __f H,C-Pd 

G ' C I  
(26) 

*',I 
C H, Ck, 

olefin structure, the slight variation in k' probably expresses a similar 
variation in k for the slow step, indicating some kind of steric hindrance 
for the entry of the second water molecule (compare k' for cis and hzm 
2-htene in Table 4). 

The kinetic isotope effect in D 2 0  (fact 6) is of the expected size for 
equation (25)142. The very small isotope effect with C,D, (fact c) 
indicates that no C-H bond is broken before the slow step. Because 
of the small diffcrences in reactivity between ethylene and propylene, 
the preferred Markownikov orientation (fact d )  must mean that, in the 
product-determining step (equation 27), the Pd-C bond which is not 
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In  agreement with 

(18) 

broken has considerable carbanion character. 
this, C C , ~  unsaturated esters give methyl ketones136n (equation 28). 
CH3-CH=CH-CO,H - CH3-CH-CH-CO,H - t 

‘M’ 

> CH3COCHJ 
I 
M 

CH3- TH H-CH-COZH CH,-CO-CHZCOZH - 

Interestingly vinyl halides are hydrolyzed to acetaldehyde, and 
1-halo-1-alkenes give metlyl k c t ~ n d ~ ~ ~ .  This can again be explained 
by the carbanion character of the unhroken Pd-C bond, which is 
enhanced by halogen substituent (equation 29). 

1-Halo-1-alkenes having no hydrogen at C,,, give unsaturated 
aldehydes136n (equation 30). 

/ )- -> CI - 
The relatively low temperature of 

>- 
OCH 

the reaction (fact e) probably 
precludes any x-allylic in termecliate for higher alkenes; and explains the 
product ~ p e c i f i c i t y ~ ~ ~ - l ~ ~ .  With conjugated dienes, when .rr-allylic 
complexes are very probable, only aldehydes are formed 143: 

CH,CHdH-CH=CHZ - z CH3CHZ-CH=CH-CH---O 

Finally the absence of deuterium in acetaldehyde, when the reaction 
is run in D,O (factf) makes it compulsory that a proton from ethylene 
should be transferred intramolecularly from one end of the double bond 
to the other (equations 31 and 32). 

This scheme also agrees with the fzct that the strongest tram labiliz- 
ing ligand around palladium is ethylene: ethylene will make it very 
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HO, (H t i  
HC ),OH, HO- HC .,\ ,,OH, 

H,C' ' CI H,C CI 
I ' Pd - I )Pd, (3') 

easy for the first molccule of water to be linked to palladium144. 
However, this water molecule, being trans to ethylene is unable to 
react unless a second molecule of water is introduced into a cis position, 
a process known to be slow. 

Under industrial circumstances, palladium, is reoxidized by oxygen 
through the agency of an electron-transfer agent, quinone or cop- 
perjrr) 136. 

3. Reaction in acetic acid 

Acetic acid can also add to alkenes under the same conditions to give 
enol acetates and alkylidene diacetates 136a*145. The reaction is more 
complicated in the case of higher a l k e n e ~ l ~ ~  when isomerization (by 
hydrogen migration) takes place. 

B. Other Reactions 

the double bond, were observed for n ~ r b o r n e n e l ~ ~  (cquation 33). 
As for reactions discussed in the previous sections, cis additions onto 

& AcOHc PdCf, & 9 - O A c  - &sd OAc _3 

However, with chelating dienes (1,5 dienes) there are instances 
where addition trans to the metal has been found to be operative, as 
was shown from n.m.r. studies and X-ray data 150-154. 

Sodium acetate and amines can act in the same way155 and this 
inversicn of configuration at carbor? seems to be linked with the 
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electron-accepting power of the second double bond and the cage 
structures of the chelating dienes. The situation, however, is by no 
means clear, because Anderson and Burreson 16G have reported the 
following reactions 

Other nucleophiles like acetylacetone 157*158, e n a r n i n e ~ ~ ~ ~ ,  sodio 
malonic esters lS9 or dienes lS7 react with dienes, complexes, 7r-ally1 
complexes and alkene complexes. Equations (36-38) illustrate the 
behzviour of a /I-dikctone. 

+ RCOCH,COR 

2 

(37) - (RCO),CHCH,CH=CH T -7  (RCO),CHCH, 

M 

PdCI,.H 
PhCH=CH, + RCOCH,COR 

)r-JPh + Rcoy--A (38) 

RCO 

R O  R Ph 

Under alkaline conditions, the reaction may go further as exempli- 
fied in equation (39)16'. 

9-l-C.A. 2 
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COR 

Cyanide can also be used as a nucleophile as shown in equation 
The first four products may arise from the alkeiie complex (40)16'. 

(equations 41 and 42) , whereas 3-butenonitrile probably comes from 
the n-ally1 complex (equation 43). 

-,-,, + M+ 

(41) 

-cN 

'C N 

VDI. CARBONYLATION REACTIONS 

In carbonylation reactions a carbon monoxide molecule becomes 
linked to an allcene molecule through the agency of transition-metal 
catalyst, as shown in equation (44) , where 

(44) M(Co)n f RCHX-CH,COY + RCH-CH3X 
I 

COY 
co RCH=CH, 

X and Y are usually H, halogen, OR'. 
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I n  some cases, it has been possible to isolate an intermediate tran- 
sition metal-alkene complex 162. 

A. The Reaction of Curbon Monoxide within the Alkene Complex 

In  most cases carbon monoxide is already linked to the metal and 
the alkene has been transformed to an alkyl-metal derivative. I t  has 
been shown conclusively, with stable alkyl metal-carbonyl com- 

that the first reaction involves a migration of the alkyl 
group to a bonded carbonyl group, as in equation (45) 

The arguments in support of this are the following 

(a) The reactions follow first-order k ine t i~s~~~- l " ,  the metal-carbonyl 
complex only being involved in the rate equation; 
(6) Entering Ligands (CO, PR3) are cis to the newly formed acyl 

(c) 13C labell'ed CO, as entering ligand, will not end up in the newly 
formed acyl group 163. 

There is no reason to believe that the reaction should be different 
with alkyl-metal carbonyls which are too unstable to be isolated at  
room temperature. 

The reaction is usually reversible, in the absence of some substance 
which can strongly coordinate with the metal at the site which has 
become vacant. It can be made irreversible in the presence of com- 
pounds such as phosphines 169J70, phosphites 167*170, amines 170, 
alcohols 171, water 171, hydrogen 172 and carbon monoxide 173. 

After the alkyl migration has taken place, a second reaction can 
happen, which detaches the acyl grouping RCO from the metal. 
Under the usual 0x0 synthesis conditions, hydrogen is present and 
can coordinate with the metal to give an intermediate hydride, which 
will undergo a hydride migration to release aldehyde and a metal 
hydride17*. Similarly, the cleavage may be attained with water, 
alcohols or hydrogen halides, as shown in equation (46)14. 

group 163-167: 

R 
X = H, halogen, OH, OR 

R 
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Although these metal hydrides have only been isolated in some 
cases (Fe 176*176, Co 66-58, Rh52-55, Ir60-62, Pt 63*64), it seems reasonable 
to assume their intermediacy. 

0. Reactions of ~ A l l y l  Complexes 

These reactions have been mostly examined with nickel and pal- 
ladium derivatives. With the former, whereby n-allyl complexes are 
formed rapidly, the reaction is straightforward and gives fl,y-un- 
saturated acid derivatives 13114*177 (equation 47). 

R--CH=CH-CH,-CO,R' (47) 

The intermediacy of 12 has been established spectroscopically 178. 
In  the presence of acetylene, there is an additional reaction, coordin- 
ated acetylene being apparently more reactive towards the x-ally1 
moiety than carbon (equation 48). 

X - 6 0 

R 

It must be of mechanistic significance that, (a) the most substituted 
carbon is found at the far end of the product (from C02R) and ( I r )  
the acetylene moiety gives rise to a Cis double bond, but no explanation 
has yet been given to this fact. 
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The same is true for palladium complexes17Q, although in some 
cases, a complicating feature interferes: at low temperature (i.e. room 
temperature) the palladium complexes from allylic chlorides are 
rather of o type 147-148 and yield different products, i.c. 

X 

The high temperature reaction implies a reduction of allylchloride 
by C O ,  the mechanism of which has been established by Shaw and 
coworkers 1Q0,see also 181, 

A F' + CO, + H+ 

It  should also be borne in mind that dimerization can occur if CO 
pressure is too low IQ2. 

2 CHz=CHCH,CI Ni(C0)4 t CH,=CHCH,CH,CH=CH, 

This reaction has indeed been used synthetically 14. 

C. Reactions of Alkene Complexes 

In the case ofsimple alkenes, double bond shifts take place with most 
catalysts, and even with the most active ones, e.g. HCo(CO),, two 
products can be expected and arc indeed obtained. Although the 
reaction was first discovered with iron carbonyl", the reaction has been 
most extensively studied with cobalt hydrocarbonyl and the latter will 
be examined here with more details. 

Eleck and Ercs!ow183 have shown with ethylene, that the first steps 
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involve the reversible formation of an ethylcobalt carhonyl (sce also 
Karapinka and Orcllin 174) : 

C2H4 + HCo(CO), TL C,H,Co(CO), 

This reaction is inhibited by carbon monmide, a fact which indicates 
that the very first step must be a reversible dissociation of the tetra- 
carbonyl : 

HCo(CO), CO + HCo(C0)S 

The coordinatively unsaturated tricarbonyl can then be saturated 
by an ethylene molecule: 

HCo(C0)a + CzH4 (CzHI)HCo(C0)3 

which can reversibly rearrange to an alkyl carbonyl, by hydride migra- 
tion : 

(CZH~)HCO(CO)~ CzH,Co(C0)3 

The reaction can be made irreversible if an appropriate molecule is 
available as a ligar,d (e.g. Ph3P or CO)  

C~HSCO(CO)~ + CO - > CZH,Co(CO)* 

The reaction can then evclve towards the production of an acyl 
cobalt carlmyl (section VI1.A) : 

CO + C~H,CO(CO)~ 4 CZHSCOCo(CO), 

With symetrically disubstituted olefins cis isomers seem to react faster 
than trans c isomer^^^*^^, as expected from the equilibrium constants for 
the formation of transition metal-alkene complexes. 

With unsymmetrical olefins reports are contradictory: at low CO 
pressure (1 atm) isobutene and methyl acrylate are carbonylated 
mostly on the more substituted carbon at 0" la3, but mostly at the less 
substituted carbon at lZ0°184-187. At high CO pressure (over 
100 atm) and 120", I-alkenes are carbonylated mostly at  the least 
substituted carbon, although there is some double bond shift 57.172. 
These results cannot be explained presently in a satisfactory way. 

The reaction with Fe(CO), has been studied mostly by Wender and 
coworkers 184*188, and and the results are similar to those 
described above. 
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The stereochemistry of the reaction has been examined by Cookson 
and his colleagues lag who could show, with norbornadiene, that the 
reaction is a cis-ex0 addition. Other 1,4 and 1,5 dienes, have been 
used in these reactions lgO-lgl, for instance 1,5-~yclooctadiene (equation 
49) and 1,4-pentadiene (equation 50). With dicobalt octacarbonyl, 
allylic alcohoIs can be transformed into y-butyrolactones lg2 (equation 
51). 

Many other analogous reactions have been dcscribed. Industrial 
application has also been described lg3. 

VI I I. 0 LIGQ 1’1 ERI Z AT1 0 N A N  D PI I XED 0 LI GO M ERI Z AT1 0 N 

A. Qligomerizution of Ethylene 

formation of a n-ally1 complex. 
thoroughly studied is that of rhodium trichloride lg4. 

Cramerle5 could show that: 

1. Rhodium(m) must be reduced to rhodium(1) to be active. 
be brought about by ethylene itself in the presence of water: 

In this case there is no complicating factor arising from the possible 
The reaction which has been most 

This can 

6 C2H, + RhCI3 + 2 H 2 0  + 2 MeCHO + 4 HCI + [(C,H4),RhCl12 

I t  is also possible to use a preformed rhodium(1) catalyst such as 
Rh(C,H,),MeCOCH,COMe. Acetylacetone is instantly displaced 
on HC1 addition, as shown by n.m.r. experiments; 
2. The rate equation can be described as 

3. The intermediate [C,H,RhCl,(C,H,)] -, with a trivalent rhodium, 
can be detected spectroscopically and is formed reversibly (experi- 
ments with DCl) ; 
4. The rearrangement of this intermediate is rate determining. 

-d[CZHJ/dt = k[CzH4][H + J[CI-][Rh] 
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The reaction can thus be represented as follows, where s is a mole- 
cule of solvent : 

[CI,Rhx(C,H,),] - + H + + CI - + [C,H,RhllxCI,(C,H,)s]- 
s + [C2H,RhmC13(C2Hq)s]- C_ C2H, + [C2H6Rh*11Cl,s2]- 

s + [C,H,Rh*UC13(C2H,)s]- 5 [C,H,Rhx*xCl,s2]- 
[C,HgRhxUCI3s2]- + [(C4H,)HRhUC13s] + s 

B. Oligomerization of Higher Alkenes 

The reaction is complicated by the possible intermediacy of n-ally1 
complexes. Wilke and coworkers 1 6 9 1 7  made a thorough study of their 
n-ally1 nickel halide catalyst and have shown that both aluminium 
halides and phosphines accelerate the reaction. 

The role of aluminium halide seems to enforce dissociation onto the 
dimeric n-ally1 nickel halide 

t 

The n-ally1 nickel ion thus formed retains two vacant sites for co- 
ordination (dj2 hybridization) and is active for dimerization. I t  is 
made inactive by CO or excess phosphine. Nevertheless if only one 
mole of phosphine per nickel atom is added, the catalyst has a higher 
activity. The mechanism might be depicted as the sequence of steps 
in chart 1. 

The function of the phosphine can thus be understood: the strong 
trans labilizing effect of the phosphine should accelerate the migration 
of the hydride and the alkyl groups, and also the release of the olefins. 
In  agreement with this LGew, Wilke and coworkers could show that the 
isomerization of the initially formed olefins decreases with increasing 
electron-donating power of the phosphine 17*lg6. 

The nature of the phosphine does not seem to influence to any large 
extent the hydride migration to the z or the /3 carbon, but it does so for 
the migration of the alkyl group. The better electron donating is the 
phosphine, the greater is the proportion of alkyl migration to the /? 
carbon atoms, suggesting that this migration is probably rate deter- 
mining. This was found by Cramerlg5 for the dimerization of ethy- 
lene with a rhodium catalyst. 

Other nickel catalysts have becn employed Ig7-lg9 and ruthenium200, 
rhodium 194*201*202, palladium 201-202 have also been tried as catalysts. 
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C. Oligornerization of Conjugated Dienes 

Oligomerization of conjugated dienes is complicated by the oc- 
currence of interconversion between dimers, and uncertainties about 
products arising from kinetic or thermodynamic control of the reaction. 
A wide varicty of catalysts have been used, but only a few are well 
defined. 

1. Linear Oligomerization 

iron 203-205, cobalt 206-208, rhodium 194--209 and palladium 210-211. 
butadiene, three types of carbon skeleton could arise: 

Linear dimers can be formed from 1,3 dienes with conipleses of 
For 

n-octane 
3-methylheptane 
3,4-dimetliylhexane 

from 1,4 + 1,4 addition 
from 1,4 + 1,2 addition 
from 1,2 + 1,2 addition 

The last type seems to have never been observed. The 3-methyl- 
heptane type can be formed with iron or cobalt catalysts, and the n- 
octane type is formed nearly exclusively with palladium or rhodium 
catalysts. These facts agree with the X-ray structures determined for 
one cobalt and several ruthenium complexes which have been isolated 

9= 
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in these reactions. The cobalt compound is of the 3-methylheptane 
type206b, whereas the ruthenium compounds are of the n-octane or 
n-dodecane types 212-213. 

With the cobalt catalyst, the reaction has been interpreted as to 
follow chart 2 20'3b. 

Jean-Francois Biellmann, Henri Hemmer and Jacques Levisalles 

The fact that with cobalt catalyst the more substituted end of the 
x-a!lyl moiety is attacked by the coordinated butadiene molecule, 
and the less substituted end with other metal catalysts, has not been 
explained. 

2. Cyclic Oligomerization 

This reaction has been extensively studied with zero valent nickel 
mostly by Wilke and coworkers 16-l*. Other metals, 

like titanium216-220 and iron221, also give cyclic dimers and trimers. 
Actually the reaction is a special case of a linear polymerization, whcre 
the ends of the chain are linked together in the last step. 

Derivatives of zero valent nickel or bivalent nickel16-17 (plus an 
appropriate Lewis acid) will give with dienes an active catalyst 
(equation 52). 

The presence of only one strongly coordinating ligand P (phosphine, 
phosphite), as in equation (53) should not be disturbing because 
nickel still retains a low lying 4p orbital available for bonding, as in 
equation (54) leading to 13. 
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(13) 

However a second such ligand would prevent the formation of the bis- 
r-ally1 complex, and partially destroys the catalytic activity. 

In the presence of Excess butadiene at high pressure, a change from 
r-ally1 to a-ally1 structure takes place in 13, making 2 new coordina- 
tion site available on nickel, and the reaction goes on to incorporate a 
new molecule of butadiene, to give 14, as in the sequence (55). 

(14) 

In principle the last equilibrium ofequation (55) should be the more 
displaced to the right, the less strongly coordinated the ligand P is. 
Thus with AsR3 or PhC = CH the equilibrium is in favour of the bis 
m-ally1 complex and trimerization prevails. This must mean that 
ring closure (equation 56) of the bis r-ally1 complex must. be rate 
determining. 

(14) 

The cyclododecatriene complex can be isolated under the trans, 
trans,cis configuration (and not as one would expect the t~ms, t~am,kms 
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configuration) and its structure has been confirmed by x-ray determin- 
ations (for the ruthenium compound see rcferencc 212). 

When treated with CO, 14 undergoes carbonylation (equation 57). 

61'much interest is the fact that the analogous Pd compound givcs 
only the linear dodecatetraene 17. 

With lower butadiene pressure 13 will undergo ring closure to 1,5- 
cyclooctadiene, 4 - vinylcyclohexene and C I S  - 1,2 - divinylcyclobuta- 
dieneI8. 

The fate of 13 at moderate pressures and temperature depends on 
the medium. L41cohols give octatrienes, i.e. prevent cyclization. 
Depending on the nature of the ligand P various proportions of 1,5- 
cyclooctadiene and vinylcyclohexene are obtained. Heimbach and 
Brenner 222 showed that the reaction is actually more complicated. 
At low butadiene conversion, cis- 1,2-divinylcyclobutadiene is formed, 
whereas at  high conversion the latter has completely disappeared, as it 
can be transformed by a zeroth-order reaction into 1,5-~yclooctadiene 
and vinylcyclohexene, provided some of the catalyst is added. The 
better electron-donating the ligand P, the more vinylcyclohexene is 
formed. Electron donation will thus increase the o-allyi form over 
the n-ally1 and favour the formation of vinylcyclohexene, as shown by 
Table 5 for various phosphines. 

TABLE 5. Influence of electron dona- 
tion on the proportions of vinylcyclo- 
hexene (VCH) and 1,5-cyclooctadiene 

(COD) formed 

?hosphine %VCH %COD 

Analogous isomerization can also be brought about by other metals 
such as palladium 223. 
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D. Condensations (Mixed Oligomerizations) 

oligomers. 
tures of butenes, pentenes and hexenes. 
the reactions of dienes with alkenes. 
cyclic condensation ca; take place. 

I. Linear Condensations 

iron 224-225, cobalt 226-227, nickel 228 and rhodium 194*229 catalysts. 

Mixtures of alkenes or of dienes can be oligomerized to mixtures of 
Thus mixtures of ethylene and propene will afford mix- 

More interesting perhaps are 
Again linear condensation and 

Linear condensation of dienes and alkenes can be brought about by 

With rhodium catrrlysts, the ccrnp!ex 15 derived from biitadienc has 

(15) 

been i s ~ l a t e d ~ ~ ~ * ~ ~ ' .  In the presence of ethylene, which is a better 
ligand than butadiene, this could be expected to give 16, which could 

(16) 

undergo isomerization to 17. On further reaction with butadierte, the 
hexenyl moiety would be displaced to give an alkyl rhodium (18) 
capable of transferring a hydride to butadiene, thus releasing 1,4- 
hexadiene and an unsaturated n-ally1 complex. This would in turn 
be able to add up ethylene to carry the reaction further, 

/ 

2 
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The rate equation can be written"29: 

--[CzHJ/dt = k[CzHdCI -I[H +I[Rhl[C,HoI 

at about 50". This agrees with what is known for ethylene dimeriza- 
tion. It means that the rate-determining step is the release of hexa- 
diem, as the liydride tramfer has been shown to be a fast reaction. 
With rhodium some stereomutation to trans isomer and some iso- 
merization to conjugated dienes takes place. It is not so with ap- 
propriate cobalt 227 or iron 225 derivatives (with bidentate phosphine 
ligands, P) as shown in equation (58). 

/ 

TABLE 6. Condensation of Ethylene with 1,3-dienes 

Ratio (%) of attacked site in diene 

lY3-Butadiene Fe 
Ni 
Rh 

1,3-Pentadiene Fe 
Ni 
Rh 

2-Mcthyl-lY3-Butadiene Fe 
Ni 
Rh 

2-Chloro-1,J-Butadiene Ni 
Rh 

100 
100 
100 
30 

- 
57 
69 

100 
91 
- 

- 
x" 

- 225 
- 228 
- 194 
70 225 

228 
100 194 
43 225 
- 228 
- 194 
- 228 
- 194 

" x o r y  = 100. 
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The various condensation products of ethylene with conjugated 
dienes are given in Table 6.  It can be seen thnt usually the carbon 
atom in the diene, which is substituted is the one at which the electron 
density is greatest. 

2. Cyclic Condensations 
But Wilke and cowor- 

kersi6 could show that complex 13 will add to ethylene to give 
cyclodecadiene. 

These have been iess thoroughly studied. 

Acetylenes with 13 will give cyclododecatrienes 23z. 

E. Dimerizotion of Alkenes (tyclobutanation) 

Various alkenes have been dimerized to cyclobutanes in the presence 
of rhodium233, iron 234 or cobalt 234b1235 catalyst. Mango and Schacht- 
s ~ h n e i d e r ~ ~ ~  have suggested that the participation of the metal a' 
orbitals would make possible a concerted cyclization, which would 
otherwise be forbidden by the Woodward-Hoffmann rules 237. 

As pointed out by Heimbach222c, this is not necessarily true, 
because divinylcyclobutane seems to be formed from butadiene by two 
steps mechanisms, and not a one step (concerted) mechanism. In this 
respect, one should also notice the rhodium catalysed dimerization of 
norbornadiene 233, which, inter alia, gives a cyclobutane type dimer 
and also dimer 19 as shown in chart 3. 



256 Jean-Francois Biellmann, Henri Hemmer and Jacques Levisallcs 

This can be explained by a multistep mechanism, so that the actual 
status of the reaction still remains to be clarified. 

Finally it should be pointed out that the reversed reaction (cyclo- 
butme giving alkenes) is also catalysed by It  is quite 
conceivable that the remarkable metathesis depicted by equation (59) 

CH,CH=CHCHj + CzHbCH=CHCZHS + 2 CHSCH=CHCzH, (59) 
25% 25% 50% 

which readily takes place in ethanol solution at  room temperature in 
the presence of WCI, and AlC1,Et 241, is actually a cyclobutanation 
followed by the reverse reaction. 

IX. REFERENCES 

1. W. E. Zcise, PoggendorfAnnalen der Physik., 9, 632 (1827). 
2. W. Reppe, 0. Schlichting, K. Klager and T. Toepel, Ann. Chem., 560, 1 

(1948); W. Reppe, 0. Schlichting and H. Meister, Ann. Chem., 560, 93 
(1948); W. Reppe and W. J. Scheckcndieck, Ann. Cncm., 560, 104 (1948). 

3. W. Rcppc, Ann. Chem., 582, 1 (1953). 
4. W. Rcppe and H. Kroper, Ann. Chem., 582, 38 (1953). 
5. R. Pettit and G. F. Emerson, Aduan. Organomefaffic Chem., 1, 1 (1964). 
6. G. N. Schrauzer, Advan. Organomctaal. Chcm., 2, 1 (1964). 
7. M. L. €3. Green and P. L. I. Nagy, Aduan. Organomctaf. Chem., 2,  325 

8. E'. M. Maitlis, Auuan. Organometal. Chem., 4, 95 (1966). 
9. R. F. Heck, Aduan. Organometal. Chem., 4, 243 (1966). 

10a. A. Aguil6, Aduan. Organornefaf. Chem., 5 ,  321 (1967). 
lob. E. W. Stern, Catalysis REV.,  1, 73 (1967). 
11. M. A. Bennett, Chem. Rev., 62, 61 1 (1962). 
12. G. C. Bond, Ann. Rep. Progr. Chem., 53,  27 (1966). 
13. G. P. Chiusoli, Angew. Chem., 72, 74 (1960). 
14. G. P. Chiusoli and L. Cxsar, Angew. Chem., 79, 177 (1967). 
15. G. Henrici-Olive and S. OlivC, Angcw. Chem., 79, 764 (1967). 
16. G. Wilke, Angew. Chem., 75,  10 (1963). 
17. G. Wilke and 13. Bogdanovid, Angew. Chem., 78 ,  170 ( 1966). 
18. H. Muller, D. Wittenberg, H. Seibt and E. Scharf, Angew. Chem., 77, 318 

(1965). 
19. M. J. S. Dcwar, Buff. SOC. Chim. France, C79 (1951). 
20. J. Chatt and L. A. Duncanson, J .  Chcm. SOC., 2939 (1953). 
21. J. Hine, Dirafenf Carbon, Ronald Press, Ncw Ycirk, 1964. 
22. W. Kirmse, Carbene Ciremistq, Academic Press, New York, 1964. 
23. J. Halpcrn, Catalysis by Coordinafion Compounds, PreRtice Hall, Englcwood 

24. H. M. Frcy, in ref. 22, p. 218. 
25. J. D. Roberts and hf. C. Caserio, Basic Principles of Oiganic Chemistry, 

26. J. L. Kondakow, F. Bais and L. Vit, Clrem. Listy, 24, 1, 26 (1930). 

(1964). 

Cliffs, N.J., 1964. 

Benjamin, New York, 1964. 



-5 Alkenc Complexes of Transition Metals as Reactive Intermediates 257 

27. M. S. Kharasch, R. C. Seylcr and F. R. Mayo, J .  A m .  Chem. SOC., GO, 882 

28. R. Huttcl, J. Kratzer and M. Bcchter, Chem. Ber., 94, 766 (1961). 
29. B. BogdanoviC, hi. Kroner and G. \Vilke, Ann. Cllem., GOO, 1 (1966). 
30. R. Cramcr, J .  Am. Chem. SOC., 89, 462 1 (1967). 
31. 1’. M. Henry, J .  Am. Chem. SOL, 88, 1595 (1966). 
32. R. J. Cvetanovid, F. J. Duncan, W. E. Falconer and  R. S. Irwin, J .  Am. 

33. M. A. Muhs and F. T. Weiss, J .  A m  Chem. SOC., 84, 4697 (1962). 
34. G. IVilke and  B. BogdanoviC, Angew. Chem., 73, 756 (1961). 
35. H. Dietrich and R. Uttech, 2. Krist, 122, 112 (1965). 
36. J. K. Becconsall, B. E. Job and S. O’Bricn, J .  Chem. SOL, A ,  423 (1967). 
37. H. Bbrxemz~n, B. BogdmoviC and G. IVilke, Angcw.  Cficm., 79,817 (1957). 
38. J. C. W. Chicn and H. C. Dehm, Chem. Ind., 745 (1961). 
39. R. G. Schultz, Tetrahcdron Lelfers, 301 (1964). 
40. C. H. Langford and H. B. Gray, Lignnd Substittilion Processes, Benjamin, New 

41. J. F. Bunnett and R. E. Zahler, Chem. Rev., 49, 273 (1956). 
42. P. Cossce, J .  Calalysis, 3, 80 (1964). 
43. P. Cosscc, Rec. Trav. chim., 85, 1 15 1 (1966). 
44. M. C. Baird, C .  J. Nyman and G. Wilkinson, J .  Ciem.  SOC., A: 348 (1968). 
45. J. Tsuji and K. Ohno, Telrahedron Letfcrs, 3669 (1965). 
46. J. A. Smythc, J .  Chem. SOC., 95, 349 (1909). 
47. R. Pummcrer, Chem. Ber., 43, 1401 (1910). 
48. C. R. Johnson, J. C. Sharp and W‘. G. Phillips, Telrnhedron Leffers,  5299 

49. M. E. D. Hillman, J .  Am. C h m .  SOC., 84,4715 (1962). 
50. H. C. Brown and h.1. MI. Rathkc, J .  Am. Chem. SOL, 89,2737 (1967). 
51. R. Cramer, J .  Am. Cliem. SOC., 88, 2272 (1966). 
52. J. F. Harrod and A. J. Chalk, J .  A m .  Cliem. SOC., 86, 1776 (1964). 
53. J. F. Harrod and A. J. Chalk, J .  Am. Chcm. SOC., 88, 3491 (1966). 
54. F. Asinger, B. Fell and P. Krings, Tefraizedron Letfars, 633 (1966). 
55. J. C. Trcbcllas, J. R. Olechowski, H. B. Jonassen, and D. W. Moore, J .  

56. R. F. Heck and D. Breslow, J .  A m .  Chcm. SOC., 83, 4023 (1961). 
57. M. Johnson, J .  Chem. SOC., 4859 (1963). 
58. B. Fell, P. Krings a n d  F. Asingcr, Chem. Ber., 99, 3688 (1966). 
59. L. Roos and M. Orchin, J .  Am. Chem. SOC., 87, 5502 (1965). 
60. J. I(. Nicholson and B. L. Shaw, Tetrahedron Leffers, 3533 (1965). 
61. R. S. CoKcy, Telrahedron Leffers, 3809 (1965). 
62. G. G. Eberhardt and L. Vaska, J .  Catalysis, 8, 183 (1967). 
63. G. C. i3ond and M. Hellicr, J .  Catalysis, 7, 2 17 ( 1  967). 
64. H. A. Tayixn and .J. C. Baylar, J .  Am. Chem. SOC., 89, 31-20 (1‘367) 
65. T. A. hlanucl, J .  Org. Cheni., 27, 3941 (1962). 
66. F. Asingcr, B. Fell and G. Collin, Clrem. Ber., 96, 716 (1963). 
67. F. Asingcr, B. Fcll and K. Schragc, Chern. Ber., 98, 372 (1965). 
68. F. Asinger, B. Fcll and K. Schragc, C/iern. BET., 98, 381 (1965). 
69. B. Fell. P. Krings and F. Asingcr, C h t .  Ber., 99, 3688 (1966). 
70. P. W. Jolly, F. G. A. Stone and K. Mackenzic, J .  Chcm. Soc.. 6416 (1965). 

(1938). 

Chem. SOC., 87, 1827 (1965). 

York, 1965. 

(1967). 

Organomefal. Chetn., 9, 153 (1967). 



258 Jean-Francois Biellmann, Henri Hemmer and Jacques Levisalles 

7 la. R. Damico and T. J. Logan, J. Org. C h m . ,  32, 2.536 (1967). 
71b. Mi. T. I-Iendrix, F. G. Cowherd andJ. L. von Rosenberg, Chem. Conrm., 

72. V. Macho, M. Policvka and L. Komora, Chetn. Zvesti, 21, 170 (1967). 
73. N. R. Davies, Austral. J .  Chem., 17, 212 (1964). 
74. G. C. Bond and M. Hellier, J.  Catal., 4, 1 (1965). 
75. G. Pregaglia, M. Donati and F. Conti, Chim. Ind. ( M i l a n ) ,  49, 1277 (1967). 
76a. Y. Chauvin, N. H. Phung, N. Guichard-Loudet 2nd G. Lefebvre, Bull. 

76b. N. H. Phung, Y. Chauvin and G. Lefcbvre, Bull. SOC. chim. France, 3618 

77. J. Halpern, Developments in Homogeneous Catalysis, Proc. Intern. Congr. Catalysis, 

78. hl. Iguchi, J. CAenr. SOC. Japan, 63,  634 (1342j. 
79a. J. Kwiatek, I. L. Mador and J. K. Seyler, J.  Am. Cliem. SOC., 84, 304 

79b. M. Murakami, K. Suzuki and J. W. Kang, Chem. Abstr., 59, 13 868a 

79c. J. Kwiatek, I. L. Mador and J. K. Seyler, Reactions of coordinated ligands. 

79d. A. F. Mabrouk, H. J. Dutton and J. C. Cowan, J .  Am. Oil Chemists’ SOC., 

80. W. P. Griffith and G. Wilkinson, J .  Chcm. SOL, 2757 (1959). 
81. B de Vries, J. Catalysis, 1, 489 (1962). 
82. M. G. Burnett, P. J. Connolly and C. Kemball, J.  Chem. SOC. ( A ) ,  800 

83. R. G. S. Banks and J. M. Pratt, Chem. Comm., 776 (1967). 
84. N. N. King and M. E. Winfield, J .  Am. Cliem. SOC., 83, 3366 (1961). 
85. L. Simandi and F. Nagy, Cfzcrn. Abst., 44, 15037f (1966). 
86. J. M. Pratt and R. J. P. Williams, J .  Chem. SOC. ( A ) ,  1291 (1967). 
87. J. Kwiatek and J. K. Scylcr, J .  Organometal. Chem., 3, 421 (1965). 
88. J. F. Young, J. A. Osborn, F. H. Jardine and G. Wilkinson; (a) Chem. 

89. J. F. Biellmann and H. Liesenfelt, C . R .  Acad. Sci., Paris, Ser. C., 263, 251 

90. A. J. Birch and K. A. M. Walker, J .  Chem. Sot. ( C ) ,  1894 (1966). 
91. J. F. Bicllmann and H. Liesenfelt, Bull. SOL Chim., 4029 (1966). 
92. A. J. Birch and K. A. M. Walker, Tetrahedron Letters, 4939 (1966). 
93. W. Voelter and C. Djerassi, Chem. Ber., 101, 58 (1968). 
94. A. J. Birch and K. A. M. Walker, Tetrahedron Letters, 3457 (1967). 
95. A. J. Birch and K. A. M. Walker, Tetrahedron Letters, 1935 (1967). 
96. J. Tsuji and K. Ohno, Tetrahedron Letters, 3969 (1965) ; Tetruhedron Letters, 

2 173 (1967) ; J. Am.  Chem. SOC., 88, 3452 (1966) ; Tetrahedron Letters, 47 13 
(1966). 

97. J. Blum, Tetrahedron Letters, 1605 (1966); J. B!um, E. Oppenheimer and 
E. D. Bergmann, J.  Am. Chem. SOC., 89,2338 (1967). 

98. F. H. Jardine and G. Wilkinson, J. Cliem. Soc. (C), 270 (1967). 
99. F. H. Jardine, J. A. Osborn and G. Wilkinson, J .  Cfiem. SOC. ( A ) ,  1574 

897 (1968). 

SOC. chim. France, 3223 (1966). 

(1967). 

3rd Amsterdam 64, North-Holland, Amsterdam, 146 (1965). 

(1962). 

(1963). 

Advan. Chem. Sg., 37, 201 (1963). 

41, 153 (1964). 

(1967). 

Comm., 131 (1965); (b) J .  Cfiern. SOC. ( A ) ,  1711 (1966). 

( 1966). 

1967). 



5. Nkene Compleses of Transition Mctals as Reactive Intermediatcs 259 

100. J. F. Bicllmann and M. J. Jung, to bc publishcd. 
101. J. Halpern, J. F. Harrod and B. R. James, J .  Am. Clletn. Soc., 83, 753 

102. P. S. Hallman, D. Evans, J. A. Osborn and G. Wilkinson, Chem. Comm., 

103. I. Jardine and F. J. McQuillin, Tefrahedron Leffers,  4871 (1966). 
104. D. Evans, J. A. Osborn, F. H. Jardine and (3. Wilkinson, Nature, 208, 

!293 (1965). 
105. K. Sonogashira and N. llagihara, Bull. Chem. SOC. Japan, 39, 1178 (1966). 

K. Shikata, K. Nishino, K. Azuma and Y. Takegami, Chem. .4bsfr. 65, 
10 452b (1966); K. Shikata, K. Nishino and K. Azuma, Chem. Absfr., 63, 
7 1 1 19a (1965). 

(1961); 88, 5150 (1966). 

305 (1966). 

106. V. A. Tulupov, Cfiem. Abstr., 57, 14471b (1962). 
107. V. A. Tulupov, Chem. Abstr., 52, 14302c (1958). 
108a. E. N. Frankel, H. M. Peters, E. P. Jones and H. J. Dutton, J. Am. Oi l  

108b. E. N. Frankel, E. A. Emken, H. M. Peters, V. L. Davison and R. 0. 

108c. E. N. Frankel, E. A. Emken and V. L. Davison, J .  Org. Chern., 30,2739 

109a. Y. Takegami, T. Ueno and T. Fujii, Chem. Absfr. ,  GI, 13931g (1964). 
109b. Y. Takegami, T. Ueno and T. Fujii, Bull. Chem. SOC. Japan, 38, 1279 

109c. Y. Takegami and T. Fujimaki, Ciiem. Absfr. ,  57,42711 (1962). 
109d. Y. Takcgami, T. Ueno, and K. Kawajiri, Chem. Absfr., 62, 7661b 

109e. Y. Takegami, T. Ueno, and I<. Kawajiri, Bull. SOC. Chem. Jaban, 39, 1 

110. V. A. Tulupov, Chem. Abstr., 51, 17 776i (1957). 
11 1. P. Fotis, Jr. and J. 0. McCollum, Chem. Absfr., 67, 53 616v (1967). 
112a. L. Marko, Clzem. Ind., 260 (1962). 
112b. F. Ungvcry, B. Babos, and  L. Marko, J .  Organometal. Chem., 8 ,  329 

11 3. R. D. Mullineaux, Chem. Absfr., GO, 7504a (1964). 
114a. R. W. Goetz and M. Orchin, J. Org. Chem., 27, 3698 (1962). 
114b. R. W. Goetz and M. Orchin, J .  Am. Chem. SOC., 85, 2782 (1963). 
115a. E. N. Franlrel, E. J. Jones, V. L. Davison, E. A. Emken, and H. J. 

115b. E. A. Emken, E. N. Frankel and R. 0. Butterfield, J .  Am. Oil Chemisfs' 

116a. A. Misono, Y. Uchida, T. Saito and K. M. Song, Chem. Comm., 419 

116b. A. Misono and I. Ogata, Bull. Chem. SOC. Japan, 40, 2718 (1967). 
117. R. F. Heck, C'hem. Absfr., 65,  16 857d (1966). 
118. R. D. Gillard, J. A. Osborn, P. B. Stockwell and G. Wilkinson, Proc. 

119. B. R. James and G. L. Rempel, Canad. J .  Chem., 44, 233 (1966). 
120a. L. V'aska and R.  E. Rhodes, J .  Am.  Cliem. SOC., 87,4970 (1965). 
120b. L. Vaska. Inorg. Nucl. Chem. Leffers, 1, 89 (1965). 

Chemisfs' SOC., 41, 186 (1964). 

Buttcrfield, J .  Org. Chem., 29, 3292 (1964). 

(1965). 

(1965). 

(1965). 

( 1966). 

(1967). 

Dutton, J .  Am. Oil  Chemists' SOC., 42, 130 (1965). 

Soc., 43, 14 (1966). 

(1967). 

C'hem. SOC., 284 (1964). 



260 Jcan-Francois Biellmann, Henri Ilcinmcr and Jacques Lcvisalles 

121a. Y .  M. Y. Haddad, H. B. Hcnbcst, J. Husbands and T. R. B. Mitchcll, 

121b. J. Trocha-Grimshaw and H. B. Hcnhcst, Cfiem. Comm., 544 (1967). 
122. M. A. Bennctt and D. L. Milner, Cfiem. Cumnz., 581 (1967). 
123. R. S. Coffey, Cfiem. Comm., 923 (1967). 
124. H. Itataai and J. C. Bailar, Jr., J .  Am. Cfiem. SOL, 89, lGO0 (1967). 
125. M. G .  Burfictt, C h m .  C~mm. ,  507 (1965). 
126. S .  J. Lapporte and W. R. Schuett, J .  Org. Cfiem., 28, 1947 (1963). 
127. Palenf: Nefh .  Ap& 296 137 (Cfiem. Absf. ,  63,  9878b (1965)). 
128. H. Itatani and J. C .  Bailar, Jr., J. Am. Oil. Cfiem. SOC., 44, 147 (1967). 
129. R. D. Crarner, E. L. Jenncr, R. V. Lindsey and U. G. Stolberg, J .  Am. 

130. J. C. Bailar, Jr. and H. Itatani, Inorg. Chem., 4 ,  1618 (1965). 
131a. H. A. Tayim and J. C .  Bailar, Jr., J .  Am. Clem.  SOC., 89, 4330 (1967). 
131b. J. C. Bailar, Jr. and H. Itatani, J. Am. Oil Chemisfs' SOC., 43, 337 (1966). 
131c. J. C .  Bailar, Jr., A d a m  and Batley, Private Communication. 
131d. J. C. Bailar, Jr. and H. Itatani, J .  Am.  Chcm. SOC., 89, 1592 (1967). 
132. V. A. Tupulov and M. I. Gagarina, Cfiem. Absfr. ,  61, 11371g (1964). 
133. W. R. Kroll, Chem. Absfr. ,  67, 5362 1 t (1967). 
134. J. V. Kalcchits, V. G. Lipovicli a i d  F. K. Shrnidt, C/iem. Absfr., 66, 

135. M. F. Sloan, A. S .  Matlack and D. S. Brcslow, J .  Am. C h i .  SOC., 85, 

136a. J. Smidt, MI. Hafncr, M. Jira, R. Sieber, R. Ruttinger and H. Kojer, 

136b. J. Smidt, Chem. hid., 54 (1962). 
137. P. M. Henry, J .  Am. Chem. SOC., 86, 3246 (1964). 
136. I. I. Moiseev, M. N. Vargaftik and Ya. K. Syrkin, Izv. Akad. Nauk. SSSR, 

139. W. H. Clement and C. M. Selwitz, J .  Org. Cfzem., 29, 241 (1964). 
140. W. Hafner, R. Jira, J. Sedlmeier and J. Smidt, Chem. Ber., 93,1575 (1962). 
141. J. Smidt, W. Hafner, R. Jira, R. Sieber, J. Scdlmeier and A. Sabel, 

142. K. B. Wiberg, Chem. Rm., 55, 713 (1955). 
143. R. Huttel arid H. Christ, Chem. Rer., 97, 1439 (1964). 
144. R. Jira, J. Scdlmeier and J. Smidt, A m .  Cfmn., 693, 99 (1966). 
145a. I. I .  Moiseev, M. N. Vargaftik and Ya. K. Syrkin, Dokl. A h d .  iVuuk. 

145b. I. I. Moisecv and M. N. Vargzfiik, Izu. Akad. Nauk. SSSR, Ser. Kfiim., 

146. W. Kitching, Z. Rapoport, S. Winstcin and \V. G. Young, J .  Am. C h m .  

147a. G. L. Statton and K. C .  Ramey, J .  A m .  C/icm. Soc., 88, 1327 (1966). 
147b. K. C .  liamey and G. L. Statton, J .  Am. C/iem. SOC., 88, 4387 (1966). 
147c. M'. B. Wise, D. C. Lini and K. C. Ramcy, C / w n .  Conrm., 463 (1967). 
148a. K. Vriezc, C. MacLcan, P. Cosscc and C. W. Hilbers, Rec. Trau. Cfzim., 

14%. K. Vrieze, P. Cossee, C .  W. Hilbers, and A. P. Praat, Rcc. Trav. Chkx.. 

Proc. Cficm. SOC., 361 (1964). 

Cfiern. SOC., 85, 1961 (1963). 

94 632v (1967). 

4014 (1963). 

Angew. Cfiem., 71, 176 (196.5). 

Otd. Khim.  Nauk., 1144 (1963). 

Angew. Chem., 74, 93 (1962). 

SSSR, 133, 377 (1960). 

759 (1965). 

SOL, 88, 2054 (1966). 

85, 1077 (1966). 

86, 769 (1967). 



5. Alkenc Complexes of Transition Mctals as Reactive Intermediates 261 

149. 1.V. C. Baird, J .  Org. Chem., 31, 2411 (1966). 
15Oa. N. C. Baenziger, J .  R. Doyle and ’C .  Carpenter, Acta Cryst., 14, 303 

(1961). 
150b.”. C. Baenziger, C .  F. Richards and J. R. Doyle, Acfa Cryst., 18, 924 

151a. J. K. Stille, R. A. Morgan, D. D. Wliitehurst and J. R. Doyle, J .  Anr. 

151b. J. K. Stilk and R. A. Morgan, J .  Am.  Chem. SOC., 88, 5135 (1966). 
152. W. A. Whitla, H. M. Powell and L. M. Venanzi, Chem. Comm., 310 (1966). 
153a. R. G. Schultz, J .  Organomefal. Chcrn., G, 435 (1966). 
153b. M. Grcen and R. I. Hancock, J .  Chem. SOC. A . ,  2054 (1967). 
154. J. Chatt, L. M. Vallarino and L. h4. Vennnzi, J .  Chem. SOL, 3413 (1957). 
155. J. l’aiaro, A. de Kcnzi and R. Palumbo, Chem. Comm., 1150 (1967). 
156. C. 13. Anderson and B. J. Burreson, Chem. Ind.,  620 ( 1  967). 
157. Y. Takahashi, S. Sakai and Y. Ishii, Cllem. Comm., 1092 (1967). 
158. S. Uemura and K. Ichikawa, Bull. Chem. SOC. Japan, 40, 1016 (1967). 
159. J. Tsuji, H. Takahashi and hi. Morikawa, Telraliedron Lellers, 4387 (1965) ; 

160. J. Tsuji and H. Takahashi, J .  Am. Chm. SOC., 87, 3275 (1965). 
161. Y. Odaira, T. Oishi, T. Yukawa and S. Tutsumi, J .  Am. Clzcm. SOC., 83, 

162. A. J. Chalk, Tetruliedron Letters, 2627 (1964). 
163. K. Noack and F. Calderazzo, J .  Orgatromelal. Chem., 10, 101 (1967). 
164. P. J. Craig and Ri. Green, Cilem. Comm., 1246 (1967). 
165. R. J. Mawby, F. Basolo and R. G. Pcarson, J .  A m .  Chem. Soc., 86, 5043 

166. W. D. Bannister, M. Grcen and R. H. Haszeldine, Ctiern. Conzm., 54 

167. M. Green and D. C. W‘ood, J .  Am. Chem. SOL, 88, 4106 (1966). 
168. C. S. Kraihanzel and P. K. Maples, J .  Am. Chem. SOL., 87, 5267 (1965). 
169. F. Calderazzo and F. A. Cotton, Ctzim. Ind. (Milan), 46, 1 165 (1964). 
170. R.  J. Mawby, F. Basolo and R. G. Pearson, J .  Am.  Chem. SOL., 86, 3994 

171. J. Tsuji and K. Ohno, J .  Am.  Cllem. Soc., 90, 94 (1968). 
172. F. Piacenti, R. Pino, R. Lazzaroni and M. Bianchi, J .  Clem. SOC., C., 488 

173. F. Cn!derazzo and F. A. Cotton, Inorg. Chcrn., 1, 30 (1962). 
174. G. L. Karapinka and M. Orchin, J .  Org. Chem., 26, 4187 (1961). 
175. P. Krumholz and H. M. A. Stcttincr, J .  Am.  Chetn. Soc., 71, 3035 (1949). 
176. H. W. Sternberg, K. Markby and I. Wender, J .  Am.  Chem. SOC., 78, 5704 

177. E. 0. Fischer and G. Burger, 2. Natut$orsch, 17b, 484 ( 1  962). 
178. R. F. Heck, J .  Am. Chem. SOL, 85, 2013 (1963). 
179a. J. Tsuji, S. Iniamura, and J. Kiji, J .  Am. Clzem. Soc., 86, 4491 (1964). 
179b. J. ‘Tsuji and S. Imamura, Bull. Chem. SOC. Jaban, 40, 197 (1967). 
180. J. I<. Nicholson, J. Powell, and B. L. Shaw, Chcm. Comm., 174 (1966). 
181. J. Tsuji and N. Iwamoto, C h m .  Comm., 828 (1966). 
182. G. P. Chiusoli and G. Cometti, Chi~z. Ind. ( M i l a n ) ;  45, 404 (1963). 
183. R. F. Heck and D. S. Breslow, J .  Am. Cllem. SOL., 83, 4023 (1961). 

(1965). 

C/zem. SOL, 87, 3282 (1965). 

Ko.gjo Kagakrc Zasshi, 69, 920 (1 966). 

4105 (1966). 

( 1964). 

(1965). 

(1964). 

( 1966). 

(1956); 79, 6116 (195i). 



262 

184. 

185. 
186. 

187. 
188. 

189. 

Jean-Francois Bielimann, Henri Hemmer and Jacques Levisalles 

I. Wender, J. Feldman, S. Metlin, B. H. Gwynn and M. Orchin, J. Am. 
Chem. S‘oc.? 779 5760 (1955). 
H. Adkills and G .  Krsel:~ J .  Am. C5ein. SOC., 31, 3051 (1949). 
Y. Takegami, C. Yokokawa and Y. Watanabe, Bull. Cliem. SOC. Japan, 39, 
2430 (1966). 
A. Matsuda, Bull. C/iem. SOC. Japan, 40, 135 ( 1967). 
I. Wender, S. Metlin, S. Ergun, H. W. Sternberg and H. Greenfield, J .  
Am. Chem. SOC., 78, 540 (1958). 
C. V l .  Bird, R. C. Cookson, , J .  Hudec and R. D. Williams, J. Chem. SOC., 
410 (1963). 

190a. J. Tsuji, S. Hosaka, J. Kiji and T. Susuki, Bull. Chem. SOC. Japan, 39, 141 
(1966). 

190b.’J. Tsuji, S. Hosaka, J. Kiji and T. Nogi, Bull. Chem. SOC. Japan., 39, 146 
(1966). 

191a. S. Brewis and P. R. Hughes, C h n .  Comm., 489 (1965); 6 (l956). 
191 b. S. Brewis and P. R. Hughes, Chem. Comm., 71 (1967). 
192. S. Falbe, Angew. Cliem., 78, 532 (1966). 
193. N. von Kutepow and H. Kindler, Angew. Chem., 72, 802 (1960). 
194. T. Aldcrson, E. L. Venner and R. V. Lindsey, J.  Am. Cliem. SOC., 87, 

195. R. Cramer, J .  Am. Chetn. SOL, 87, 4717 (1965). 
196. B. Bogdanovid and G. Wilke, World Petrol. Cong., Proc., 7th, N.Y., 351 

(1967). 
197. M. Uchino, Y. Chauvin and G. Lefevre, C . R .  Acad. Sci. Paris, Ser. C ,  265, 

104 (1967). 
198. G. Hata  and A. Mikaye, Chem. Znd., 921 (1967). 
199. N. S. H. Feldblyum, N. Vobeshchalova, A. I. Leshcheva and T. I. Bara- 

200. J. K. Nicholson and B. L. Shaw, J .  Chem. SOC., A ,  807 (1966). 
201. A. D. Ketley, L. P. Fischer, C. R. Morgan, E. H. Gorman and T. R. 

202a. N. H. Phung, Y. Chauvin and G. Lefebvre, Bull. SOC. Chim. France, 3618 

202b. N. H. Phung and G. Lefebvre, C.R.  h a d .  Sci., Paris, Ser. C ,  265,5 19 (1967). 
203a. H. Takahashi, T. Kimata and M. Yamaguchi, Tetrahedron Letfcrs, 3173 

203b. H. Takahashi, S. Tai and M. Yamaguchi, J .  Org. Chem., 30, 1661 (1965). 
204a. M. Hidai, Y. Uchida and A. Misono, Bull. Chem. SOC. Japan, 38, 1243 

204b. M. Hidai, K. Tamai, Y. Uchida and A. Misono, Bu!!. Chem. SOC. Japan, 

205. A. Carbonaro, A. Greco and G. Dall’Agata, Tetrahedron Lettels, 2037 

206a. G. Natta, U. Giannini, P. Pino and A. Cassata, C/zinz. Ind. ( M i l a n ) ,  47, 

206b. G .  Allegra, F. Logiudice, G. Natta, U. Giannini, G. Faghcrazzi and 

207a. S. Otsuka, T:Taketomi and T. Kikuchi, J .  Am. Chem. SOC., 85, 3709 

5638 (1965). 

nova, Neftekhimiya, 7, 379 (1967). 

Steadman, Znorg. Chem., 6, 657 (l967). 

(1967). 

( 1964). 

(1965). 

39, 1357 (1966). 

(1967). 

524 (1965). 

P. Pino, Chem. Comm., 1263 (1967). 

(1963) ; Kogyo Kagaku Zasshi, 66, 1094 (1963). 



5. Alkene Coniplexcs of Transition Metals as Reactive Intermediates 253 

207b. T. Saito, T. 0110, T. Uchida and A. Misoni, Kogyo Kagaku Zasshi, 66, 

208. S .  Tanaka, K. Mabuchi and N. Shimazaki, J .  Org. Chem., 29, 1626 

209. K. C. Dcwhurst, J .  Org. Chtm., 32, 1297 (1967). 

1099 (1963). 

(1964). 

210. S. Takahashi, T. Shibano and N. Hagihara, Tetrahedron Leffers, 89, 2451 
(1967). 

21 1. E. J. Smutny, J .  A m .  Chem. SOC., 89, 6793 (1967). 
212a. J. E. Lydon, J. K. Nicholson, B. L. Shaw and M. R. Truter, Proc. Chem. 

212b. J. I<. Nicholson and B. L. Shaw, J .  Chem. SOC. A ,  807 (1966). 
212c. J. E. Lydon and M. R. Truter, J .  Cliem. SOC. A,  362 (1968). 
213. L. Porri, M. C. Gallazzi, A. Colombo and G. Allegra, Tetrahedron Letters, 

214. H. W. B. Reed, J .  Chem. SOC., 1931 (1954). 
215. L. I. Zakharkin and G. G. Zhigareva, Irv. Akad. Nauk. SSSR, Ser. Khim.,  

216. G. Wilke, Angew. Chem., 69, 397 (1957). 
217. H. Takahashi and M. Yamaguchi, J .  9rg. Chcm., 28, 1409 (1963). 
218. hl. Weber, W. Ring, U. Hochmuth and W. Frsnke, Ann. Chem., 681, 10 

219. L. I. Zakharkin and V. M. Akhmedov, Zh. Org. Khim., 2, 1557 (1966). 
220. G. Longiave, R. Castelli and A. Andreetta, Chim. Ind. (Mi lan) ,  49, 497 

22 la. A. Yamamoto, K. Morifuji, S. Ikeda, T. Saito, Y. Uchida and A. Misono, 

22 lb. A. Misono, Y. Uchida, M. Hidri and Y. Ohsawa, Bull. Chem. SOC. Japan, 

222a. P. Heimbach and W. Brenner, Angew. Chem., 79,813 (1967). 
222b. P. Heimbach and W. Brenner, Angew. Chem., 79,814 (1967). 
222c. P. Keimbach, Private communication. 
223. H. Frye, E. 'Kuljian and J. Viebrock, Inorg. Nucl. Chem. Letters, 2, 119 

224a. M. Iwamoto and S. Yuguchi, Bull. Chem. SOC. Japan., 39, 2001 (1966). 
224b. M. Iwamoto and S. Yuguchi, J .  Org. Chem., 31, 4290 (1966). 
225a. G. Iiata, J.  A m .  Chem. SOC., 86, 3903 (1964). 
225b. G. Hata and D. Aoki, J .  Org. Chem., 32, 3754 (1967). 
226. A. Misono, Y. Uchida, T. Saito and K. Uchida, Bull. Chem. SOC. Japan, 40 ,  

227a. M. Iwamoto, K. Tani, H. Igaki and S. Yuguchi, J .  Org. Chem., 32,4148 

227b. M. Iwamoto and S. Yuguchi, Chem. Comm., 28 (1968). 
228a. R. G. ivliller, J. Am. Chem. SOC., 89, 2785 (1967). 
228b. R. G. Miller, T. J. Kealy and A. L. Barncy, J. Am. Chem. SOC., 89, 3756 

229. R. Cramer, J. Am. Chem. SOC., 89, 1633 (1967). 
230. J. Powell and B. L. Shaw, Chem. Comm., 236 and 323 (1966). 
231. G. Paiaro, A. Musco and G. Diana, J .  Organornefal. Chem., 4, 466 (1965). 
232a. P. Heimbach, Angew. Chem., 78, 983 (1966). 

SOC., 42 1 ( 1964). 

4187 (1965). 

386 (1963). 

( 1965). 

(1967). 

J .  Am. Chem. SOC., 87, 4652 (1965). 

39, 2425 (1966). 

(1966). 

1889 ( 1967). 

(1967). 

(1967). 



264 

232b. P. Heimbach and M'. Erenncr, Angcw. Chem., 78 ,  983 (1966). 
233a. J. J. Mrowca and T. J. Katz, J .  Am. Chem. SOC., 88, 4012 (1966). 
233b. T. J. Katz, J. C. Carnahan and R. Boecke, J. Org. Chem., 62, 1301 

233c. T. J. Karz and N. Acton, Teirahedron Letters, 2601 (1967). 
234a. D. Lemal and K. S. Shim, Tetrahedron Letters, 369 (1961). 
234b. C. W. Bird, D. L. Colincsc, R. C .  Cookson, J. Hudec, and R. R. 

Williams, Tetrahedron Lefters, 373 ( 196 1). 
234c. P. W. Jolly, F. G .  A. Stone and K. Mackenzic, J .  Ctiem. Soc., 6416 

(1965). 
235a. D. R. Arnold, D. J. Treckcr and E. B. Whipple, J .  Am.  Chem. Soc., 87, 

2596 (1965). 
235b. G. N. Schrauzer, B. N. Bastian and G .  A. Fosselius, J .  Am. Chem. Soc., 

88, 4890 (1966). 
236. F. D. Mango and j. H. Schachtschneidcr, J .  Am. Chem. SOC., 89, 2484 

( 1967). 
237. R. B. Woodward and R. Hoffmann, J .  Am.  Chcm. Soc., 87,395,2046,251 1, 

4388 and 4389 (1965). 
238. W. Merck and R. Pcttit, J .  Am. Chem. SOL, 89, 4788 (1967). 
239a. H. Dichl and P. M. Maitlis, Chem. Comni., 759 (1967). 
239b. B. I. Booth, R. N. Haszcldine and M. Hill, C/zem. Comm., 1 1  18 (1967). 
239c. H. Hogeveen and H. C .  Volgcr, Chcm. Comm., 1133 (1967). 
240. H. Hogeveen and H. C. Volgcr, J .  Am. G e m .  SOL., 89, 2486 (1967). 
241. N. Calderon, H. Y .  Chen and K. W. Scott, Tetrahedron Letters, 3327 (1'367). 
242. J. Halpern and L. Y. Wong, J .  A m .  Chem. SOC., 90, 6665 (1968). 
243. G .  Pregaglia, D. Morelli, F. Conti, G .  Grcgorio and R. Ugo, Trans. 

244. A. B. Hornfelt, J. S. Gronowitz and S. Gronowitz, Acfa. chim. Scand., 22,  

245. D. R. Eaton and S. R. Silart, J .  Am. C/iem. SOC., 90, 4170 (1968). 
246. H. N. Bekbum, F. V. Rantwijk and T. V. de Putte, Tefrahedron Lctters, 

247. A. J. Birch and G .  S. R. Subba Rao, Tetrahedron Lelfers, 3797 (1968). 
248. J. J. Sims, V. K. Honwad and L. H. Sclman, Tefrahedroti Letters, 87 (1969). 

R .  Ruesch and T. J. Mabry, Tetrahedron Letters, 26, 805 (1969); A. S. 
Hussey and Y .  Takeuchi, J.  Am. CJiem. Soc., 91,672 (1969) ; G. C .  Bond and 
R. A. Hillyard, Trans. Furaday SOL, 1969, to bc published. 

249. J. P. Candlin and A. R. Oldham, Trans. Faraday SOC., 1969, to be published. 
250. P. Wieland and G. Anner, Hefv. chinz. Acta, 51, 1698 (1968). 
251. W. Voelter and C. Djerassi, Cliern. Ber., 101, 58 (1968). 
252. S. Montelatici, A. Van der Ent, J. A. Osborn and G.  Wilkinson, J .  Chem. 

SOC. ( A ) ,  1054 (1968). 
253. W. S. Knoivles and M. J. Sabacky, Chem. Comm., 1445 ( 1  968) ; L. Horncr, 

H. Siege1 and H. Buthe, Anp. Cliem., 24, 1034 (1968). 
254. P. S .  Hallman, B. R. McGarvey and G .  Wilkinson, J .  Chem. Suc. ( A ) ,  

3143 (1968). 
255. M. Cais, E. N. Frankel and A. Rejoan, Tetrahedron Letters, 1919 (1968); 

E. N. Frankel, E. Selke and C. A. Glass, J .  Am. Chem. Suc., 90,2446 (1 968) ; 
A. Miyake and H. Kondo, Atig. Chem., 80, 663 (1968). 

Jean-Francois Biellmann, Xenri Hemmer, and Jacques Lcvisallcs 

(1967). 

Faraday SOL., 1969, to be published. 

2725 (1968). 

1, (1969). 



5. Alkene Complexes of Transition Metals as Reactive Intermediates 265 

256. E. W. Duck, M. M. Locke and C. J. Mallinson, Ann.,  719, 69 (1968). 
257. R. Stern and L. Sajus, Teirahedron Letters, 6313 (1968). 
258. C. O’Connor, G. Yagupsky, D. Evans and G. Wilkinson, Chcm. ConiX., 

420 (1968) ; C. O’Connor and G .  Wilkinson, J. Chon. SOG. ( A ) ,  2665 (1968). 



CHAPTER 6 

K. J. CROWLEY 
Trim2y College, Dublin, Ireland 

and 

P. H. MAZZOCCHI 
University o f  Maryland, College Park, Ma yland, U.S.A. 

I. INTRODUCTION 
11. EXCITED STATES . 

A. T h e  Absorption Process . 
B. T h e  Immediate Fate of the Initial Excited State . 
C. Product formation . 

1. O n  direct irradiation . 
2. O n  sensitized irradiation . 

A. Cis- Trans Isomerizations . 
111. ISOMERIZATIONS 

1. Photosensitized stereomutation 
2. Unsensitized stereomutation . 
3. Stereomutation a n d  bond migration . 

B. Stereochemical Predictions (Woodward-Hoffman Rules) . 
C. Sigmatropic Isomcrizations . 

1. 1,3-Shifts . 
2. 1,5-Shifts . 
3. 1,7-Shifts . 

D. Electrocyclic Reactions . 
1. Cyclobutene formation . 
2. Bicyclobutanc formation . 
3. Photochemical ring opening and  1,3-cyclohexadiene 

formation . 
E. Complex Elcctrocyclic Transformations . 

1. Formal analogues of cyclobutene formation 
2. Bicyclo[3. 1 .O] hcxene formation 
3. Bullvalene and Semibullvalene 
4. Cyclooctatricne photoisomerizations . 

. 

Iv. INTRAhlOLECULAR hDIT1Olr ;S  . 
A. Carbocyclic Photoproducts . 

267 
1. From simple olefins 

268 
269 
269 
271 
273 
273 
274 
275 
275 
275 
277 
177 
279 
28 1 
281 
282 
284 
284 
285 
288 

289 
29 1 
29 1 
292 
295 
296 
297 
297 
297 

The Chemistry of Alkenes 
Edited by Jacob Zabicky 

Copyright 0 1970 John Wiley & Sons Ltd. All rights reserved. 



268 K. J. Crowley and P. H. Mazzocctii 

2. From morc complcx hydrocarbons 
3. From a,/3-unsaturate.d carbonyl compounds 
4. Cage products . 

, 

B. Hctcrocyclic Photoproducts . 

A. Sirnplc Addition. 
B. Cycloadditions to Conjugated Olefinic Bonds . 
C. Paterno-Buchi and Relatzd Reactions . 
D. Additions to Aromatic Compounds . 

A. Cyclobutanc Photodimers . 
1. From nonconjugated olefins . 
2. From co=ji;ga:cd olcfins . 

V. INTERMOLECULAR PHOTOADDITION REACTIONS 

VI. DIBIERIZATIOXS 

B. Other Photodimers . 
VII. REFERENCES . 

. 298 

. 299 

. 300 

. 302 

. 303 

. 303 

. 304 

. 308 

. 311 

. 312 

. 312 

. 312 

. 313 

. 315 

. 316 

1. INTRODUCTION 

The study of the photochemical reactions of olefinic compounds has 
now become one of the principal and most rapidly developing regions 
of olefin chemistry. An attempt is made here to indicate the range of 
photochemical reactions undergone by olefins, with particular attention 
being given to those relatively few cases which have been subjected to 
mechanistic study. Many aspects of this topic have been included in 
several recent publications and some features have been covered to 
considerable depth in reviews describing the photochemistry of ole- 
finsza:, conjugated dienes zb, ionones zc, conjugated carbonyl com- 
pounds2d, naturaliy occurring compoundsze, cyclohexadienones2f, 
stilbenes 3g, quinones 3h, photocycloaddition reactions 21, and intra- 
molecular additions 2j. Mechanistic aspects are dealt with in several 
recent texts3, and other reviews4. Those aspects of olefin photochem- 
istry which are adequately covered in recent articles have been de- 
emphasized and, in some cases, omitted. 

Topics such as the reactions of photochemically generated carbenes 
with olefins, and the photoisomerizations of cyclohexadienones, which 
seem generally to proceed via n -+ n* states, are beyond the scope of 
this chapter. 

Although a clear distinction should be made betwsen direct and 
sensitized photochemical transformations, since a comparison between 
the two provides a very important means of examining the mechan- 
isms involved, it has not been always possible to do so. Isomerizations 
and intramolecular additions are treated separately although the 
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division between them is blurred. Reactions involving valency iso- 
merization of conjugated groups are regarded as isomerizations, while 
those involving only groups having little or no conjugative interaction 
are regarded as intramolecular additions. 

I!. EXCITED STATES 

A. The Absorption Process 

The light absorption process is governed by two well-established 
laws : that of Grotthus and Draper, which states that only light which 
is absorbed by a molecule is effective in producing a photochemical 
reaction, and the more recent (1908-191 3) Stark-Einstein law, which 
states that each quantum or photon absorbed excites one molecule to 
the primary excitation state, so that the summation of quantum yields 
of the primary processes must be unity. This may not be strictly true 
with very high intensity sources when a single species can absorb two 
quanta in rapid succession, as in flash photolysis and laser photo- 
chemistry. The quantum yield is a quantitative measure of the effi- 
ciency of any photochemical process, and may be defined as the 
ratio of the rate at which molecules are undergoing the process, to the 
rate at which ground-state molecules are absorbing light. A simple 
alkene absorbs ultraviolet light in the 180-200 mp region. Tllis 
absorption is due to a T --> n* transition and corresponds to the pro- 
motion of an electron from a T bonding molecular orbital to a r* anti- 
bonding molecular orbital. 

E (kcal/einstein) = 28591/h (in mp) 

(1 einstein is 1 mole of quanta) the energy corresponding to the ab- 
sorption in the above wavelength range can be calculated at 158.8- 
142-9 kcal/mole. For a conjugated diene the absorption maximum 
shifts to 217 mp or more, and the energy required for the electron 
excitation is less (ca 130 kcal/mole). 

If the alkene contains a carbonyl group, or if a carbonyl sensitizer is 
used, then the lower-energy promotion of a non-bonding electron to a 
r* antibonding orbital becomes a possibility. Such n -+ 7r* transitions 
are symmetry forbidden, and thus givc rise to lower intensity absorp- 
tion bands than the permitted T + r* transitions. 

The ultraviolet absorption spectroscopy fandiar to organic chemists 
is due almost exclusively to transitions in the singlet manifold. The 
other relevant manifold, the triplct, is equally important but is not 

By applying the equation 
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accessible on direct irradiation, since a singlet-triplet transition in- 
volves spin inversion, which is highly forbidden by the selection rules 
and occurs particularly inefficiently in olefins5. In the ground state 
the electrons of most organic molecules are all spin paired, and the 
molecules are said to be in a singlet state (27,). Absorption of light 
results in the promotion of one of the two electrons in the highest- 
energy filled orbital to a vacant orbital. This normally occurs with 
spin conservation, giving an electronically excited singlet, but the 
highly forbidden singlet-triplet transitions can be detected in some 
cases as very weak absorptions. Theoretically this is explained by the 
borrowing of transition probability from an allowed transition, giving 
rise to the mixing of singlet and triplet states known as spin-orbital 
coupling. This effect becomes much more pronounced when the 
ecergy difference between the triplet and singlet states involved is 
minimal and when there is a heavy atom present in either the molecule 
or the solvent 6*7. 

I t  should be noted, however, that the Pauli principle does not 
require that the spins remain paired in most excited configurations, and 
spin inversion (intersystem crossing) may occur, giving rise to another 
excited state, a triplet ( T I ) .  Unlike the singlet, a triplet does not have 
a net spin angular momentum of zero, and it is actually triply degener- 
ate. In the singlet state a molecule is diamagnetic, but the parallel 
electron spins of the triplet state give rise to paraniagnetism, and in a 
magnetic field separation into three energy levels occurs. These 
changes can be represented for the case of ethylene as in Figure 1, 
where each arrow represents the spin of one electron. 

According to the Fmnck-Condon principle ( 1925, 1929) nuclear 
motion is so slow that, for the duration of an electronic transition (ca 
10-15 sec), there will be little change in nuclear position. Since the 
distributions of electrons differ in the ground and excited states, the 
equilibrium nuclear configurations are usually also different. Thus 

ltl Dl 

State 50 51 

F I G U R E  1. 
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the initial vertical (Franck-Condon) excitation of a vibrationally un- 
excited ground-state (S:) molecule usually gives rise to a molecule 
which is vibrationally, as well as electronically, excited. At ordinary 
temperatures most molecules are in the Sg state. Therefore, if the 
lowest-energy (0-0) band of a spectrum is strong relative to the higher 
energy transitions, it is probable that there is little difference in nuclear 
configuration between the ground and excited states. If one of the 
higher-energy bands (0-1, 0-2) is stronger, a change in nuclear con- 
figuration is to be expected. For example Srinivasan* has suggested 
that the 0-0 band for butadiene may be in the region of 256 mp, where 
the compound shows no detectable absorption. This suggests that the 
first excited state has a very different geometry from the ground state. 

B. The immediate fate of the Initid Excited State 

A typical relationship between the low-lying excited states of an 
organic molecule is indicated in the modsed Jablonski diagram 
(Figure 2) which gives the processes available after initial excitation. 
Fluorescence is a radiative transition between states of like multiplicity. 
I t  does not generally occur from higher singlets since these rapidly 
undergo internal conversion to lower excited singlets, but, owing to 
the relatively larger energy separation between S, and So, internal 
conversion is slower in this step. Phosphorescence, a radiative tran- 
sition between states of different multiplicity, is generally observed 
only fiom T, to So. In this case too, internal conversion from higher 
triplets is more rapid than emission, which here involves a (forbidden) 
change in spin multiplicity. Because of rapid bimolecular diffusion 
quenching of triplets by impurities, very few molecules phosphoresce 
at  room temperature, but at liquid nitrogen temperatures lifetimes af 
several seconds have been measured, and spectra recorded. A simple 
colour test for compounds having short-lived triplet states has recently 
been reported g. 

Non-radiative paths for energy redistribution of the initially excited 
molecule are internal conversion, intersystem crossing, transfer to 
other molecules and new bond formation. Internal conversion is the 
isoenergetic iadiationless transition between states of like multiplicity, 
(S, - ~ . 3  So; T, --+ T,) while iritersystem crossing is the related pro- 
cess involving spin inversion (S, - T,; T, --+ So). Internal con- 
version from upper electronic levels to So dominates fluorescence, so 
that it occurs in to IO-l3sec. I t  may produce ground-state 
molecules with much more vibrational energy than is available 
through normal thermal means. This has given rise to interesting 
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FIGURE 2. Manifold of excited states and intramolecular transitions between 
these states in a ‘ typical’ organic molecule. Radiative and nonradiative 
transitions are solid and wa\y lines respectively. IC = internal conversion 
bctween states of like multiplicity; ISC = intersystem crossing between states of 
unlike multiplicity; other wa\y lines indicate vibrational relaxation processes. 
Vibrational and rotational levels are shown approximately equally spaced only 
for ease in prcsentation; in reality the levels become closer as their quantum 

numbers increase. (Reproduced by kind permission from Referencc 3a). 

ground-state reactions of ‘hot ’ molccules produced photochemically; 
in fact an appreciable proportion of the photochemical reactions of 
alkenes, especially in the vapour phase, may occur in this manner, but 
in the great majority or” cases the mechanism involved has not becn 
investigated. Energy transfer in the vapour state from such ‘hot’ 
molecules lo to added quenchers seems to be normally less than about 
30 kcal/mole per collision, although the internally converted molecule 
may have as much as 115 kcal/mole of vibrational energy11.12 The 
high probability of collisional deactivation with solvent molecules 
should make such ‘ hot ground-state ’ reactions relatively unimportant 
in solution photochemistry. 

Lamola and Hammond l3 have developed a simple chemical method 
for measuring the quantum yield of intersystem crossing ((DISC), and 
obtained values in the range 0.15 to 1.0 for a variety of sensitizers. 
In  the case of olefins ISC does not seem to occur to any appreciable 
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extent, and access to the triplet from the singlet formed on direct 
excitation does not seem possible. 

The directly formed singlet has another path for energy dissipation 
-d i r ec t  energy transfer to another molecule. Singlet-singlet energy 
transfers in solution occur over distances of 50 to 150 A, which are 
much greater than the collision diameters of the molecules involved. 
Such long-distance transfers occur by a resonance mechanism which 
involves energetic coupling between the donor and acceptor mole- 
cules. This coupling depends on a certain overlap of the emis- 
sion spectrum of the former with tlie absorption spectrum of the 
latter, but the phenomenon is quite distinct from the energy transfer 
which occurs when emission of the donor is absorbed by the acceptor. 

C. Product Formation 

1. On direct irradiation 
After a T --+ T* transition, the excited molecule has several pathways 

open to it for return to an So state. Of especial interest to organic 
chemists are the pathways leading to new bond formation (i.e., 
product formation). Of the various factors which may influence 
product forrnationI4, one of the most important is the electronic dis- 
tribution in the excited state. Consideration of the simple nfo picture 
of butadiene shown below in Figure 3, shows, for the first two occupied 
(ground-state) molecular orbitals, that the electrons have a bonding 
contribution between all four carbons in t,bl and within the pairs 
C(l,-Co, and C(3,-Cc4, in t,h2. A x -> n* (So 3 S,) excitation of the 
molecules corresponds to the promotion of one electron from the 
highest occupied molecular orbital (&,) to the lowest unoccupied one 

IO+C.A.2 

FIGURE 3. 
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(g3). The form of t,h3 is such that there is now bonding between C,,, 
and CC3) and poten~ally between qCl) and C,,,. Thus if C;,,.and C,,, 
should come in close enough proximity to each other bonding takes 
place between two lobes of like sign, and there is a decrease in energy 
along the reaction pathway making bond formation in this manner a 
favoured reaction. Using the top (+ )  and bottom ( - )  lobes of 9b3, 
1,4 bond formation recults in a u* state and a large rise in energy 
along the reaction pathway. 

Steric factors can obviously be decisive when the two reacting atoms 
are sterically prohibited fi-om coming within bonding distance of each 
other. When the lifetime of the excited singlet approaches that of 
molecular motions (1O-l1  to sec), the ground-state geometry 
may become crucial in determining the reaction path. In such a case 
the initial excited molecule (SJ may either undergo internal con- 
version back to So (starting material) or, given the correct geometry, 
yield S o  (i.e. product in ground state;. Dauben and Wipke15 have 
pointed out that the product may possess more potential energy than 
the starting material, but that the reisomerization to the So state will 
be barred at  moderate temperatures if the product does not possess 
a chromophore. 

2. O n  sensitized irradiation 
Because of its relatively long lifetime the triplet state of a molecule 

is a p i o n '  more likely than the singlet to be involved in energy transfer. 
Exchange-energy transfer, the usual mechanism of sensitized organic 
photochemistry, requires that the donor and acceptor molecules be 
within collision diameters of one another. For efficient transfer 
relatively high concentrations of sensitizer are thus necessary, espec- 
ially in solid solution. This difficulty may be avoided in some cases 
by heterogeneous photosensitization 16. Kinetic arguments indicate 
that for high-energy sensitizers energy transfer occurs on every col- 
ision of donor and acceptor. Energy transfer sometimes occurs even 
if the triplet energy of the donor is insufficient to promote the acceptor 
to any known (spectroscopic) excited state. Hammond has con- 
cluded that such changes proceed by non-vertical transitions, 
which involve significant change in nuclear geometry, and thus do not 
obey the Franck-Condon principle. Whenever such transitions must 
be invoked the rate of energy transfer drops lo3  to lo5 below the 
diffusion-controlled limit, so that the average time required for the 
change is long enough to circumvent any quantum mechanical 
restriction to nuclear motion. 

K. J. Crowley and P. H. Mazzocchi 



6. Photochemistry of Olefins 275 

The difference in product formation from the first excited singlet and 
triplet states (compare, for example, the direct and sensitized dinieriza- 
tions of butadiene, Section VI) is governed by the difference in 
electronic distribution in those states. The distinguishing factor 
between the two states is the spin of one electron. When electrons are 
paired they tend to occupy the same region in space. However when 
they have parallel spins they tend to be as far away from each other as 
possible, giving rise to the 'diradical' character of triplets, demon- 
strated by their reactions. 

I I s . I so M E R I 2 AT I 0 N s 

A. Cis-Trans Isomerizations 

Photochemical cis-trans isomerization, which is also discussed in 
chapter (3), when sterically allowed is probably a universal photo- 
reaction of alkenes. I t  is a key process in the cheniistry of vision, and 
often affords the most convenient means of preparing a c L  isomer. In 
direct isomerizations the photostationary state can often be adjusted 
to give a preponderance of the cis isomer, since the photostationary 
state is dependent on the quantum yields of the two reactions, on the 
relative extinction coefficients of the isomers, and on the wavelength of 
the light used (the two isomers normally have their maxima at  different 
wavelengths). In some photosensitized isomerizations the cis-trans 
ratio can be varied by the appropriate choice of sensitizer. Thus 
hTozaki and colleagues report that cis, trans, trans- 1,5,9-~yclododeca- 
triene is isomerized to both the dl-tratts isomer and the cis, cis, tram 
isomer, in proportions which can be varied greatly by the choice of a 
suitable sensitizer. 

Quantum mechanical calculations indicate that both the S, and Tl 
states of ethylene have energy minima when the molecule is twisted 90" 
about the carbon-carbon bond, where the overlap of the T and m* 
orbitals is minima11g*20. I n  fact, for this twisted configuration, Tl is 
of lower energy than So, and is actually the ground statez1. Thus fbr 
an ethylene-like molecule the minimum energy pathway for cis-trans 
isomerization involves intersystem crossing to the triplet at about 60" 
and back to the other singlet at 120". 

I. Photosensitized stereomutation 

ijomerizations arc known. 
Both intermolecular and intramolecular photosensitized cis-trans 

The former have been subjected to detailed 
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study, particularly by Hammond and coworkers 17. 
the isomerization in terms of the following general mechanism : 

K. J. Crowley and P. H. Mazzocchi 

They consider 

R R \=/ + sens*(3) 

y 
triplet (or two or more rapidly 

interconverting low-lying triplets) 

k 

&A 
cis olefin truns olefin 

The rapidly interconverting triplets could be cisoid, transoid and non- 
planar (twisted, ‘phantom’). The stilbene (PhCH=CHPh) system l7 
has been studied most intensively, and the available evidence suggests 
that both transoid and phantom triplets are involved in the isomeriza- 
tion, but that the cisoid triplet has, at most, only a very transient 
existence. On  the basis of the above mechanism it can be predicted 
that the photostationary cis-tram ratios established in the presence of 
high-energy sensitizers will all be the same. -4s the available energy 
is reduced so that it falls below that of one of the isomers, the k,-k, ratio 
should alter, and thus also the cis-tram ratio. In  the stilbene case the 
So 3 T‘, excitation energy of the tram isomer is 49 kcal/mole, and that 
of the cis isomer is 57 kcal/mole. Thus as the available excitation 
energy goes below 57 kcal/mole the value of k2 will decrease, while that 
of k, will remain unchanged. As the sensitizer energy is decreased 
below 49 kcal/mole the value of k, should also start to decrease, and 
both k, and k, should then fall continuously as the sensitizer energy 
is reduced. Their ratio should again become constant however, so 
that with sensitizcrs of energy less than 49 kcal/mole, the cis-tram 
ratio should again become constant, although much higher than with 
high-energy sensitizers. As is shown in Fig. 4 these predictions are 
nicely borne out above 57, and in the 49-57 kcal/mole range, but not 
with low-energy sensitizers, where the value of k,  falls off much more 
slowly than predicted. This result, which is paralleled in all other 
cases examined, supports the postulate that energy can be transferred 
from sensitizer to acceptor by non-Franck-Condon excitation, giving 
rise directly to a twisted triplet. Subsequent workz2 involving flash 
photolysis of stilbene and of 1,2-diphenylpropene is in agreement, 
showing that the efficiency of energy transfer is still high even when the 
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FIGURE 4. Stationary state composition on irradiation of stilbene with various 
sensitizers. 

triplet excitation energy of the sensitizer is too low, by over 10 kcal/ 
mole, to produce any known optical transition in the olefin. 

Thc occurrence of intramolecularly sensitized photochemical 
&-tram isomerization has been observed spectros~opically~~ and 
directly 24. Morr%on 24 has reported instances of intramolecular cis- 
t ram isomerization involving light absorption by a carbonyl and an 
aromatic moiety, which results in isomerization at a non-conjugated 
olefinic bond in the same molecule. 

2. Unsensitized stereomutation 
Mechanistic examination of direct cis-trans photoisomerization has 

also centred on the stilbencs. I t  seems that the initially obtained S, 
state is not directly responsible for the isomerization. Planar and 
twisted triplets 17*25(a), twisted excited singlets 25(b), and a highly ener- 
getic freely rotating ground state resulting on S, --> So convcrsion28 
have been propos1:d as intermediates by various groups. The current 
situation has been recently discussed 27. 

3. Stereomutation and bond migration 
When cis-trans isomerization is sterically impeded, sensitized irrad- 

iation can give rise to positional rearrangement of the double bond. 
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Thus carene (lj28 and I-methene (3)28*29 give, irreversibly, the 
exocyclic olefins 2 and 4, as well as the corresponding ethers, formed 
by addition of the solvent alcohol (see Section V.A). This type of 
reaction 30 takes place with a variety of cyclohexenes and cycloheptenes, 
but does not appear to occur in cither rigid or acyclic systems. I t  

seems probable, particularly in the light of the results of Liu31 (see 
Section 1II.D. I )  , that these differences are connected with the relative 
ease with which the systems can accommodate a twisted olefin triplet 
and, perhaps, an unstable trans olefin. Relief of strain could be 
achieved via protonation followed by either elimination yielding 
starting material or exocyclic product, or ether formation2*. 

In the acyclic series double-bond migration and stereomutat: ion can 
be brought about photochemically using a tungsten filament lamp in the 
presence of iodine or iron carbonyl derivatives. Iodine is generally 
used to effect cis-trans isomerization 32 while the iron derivatives bring 
about positional rearrangement more e f f e ~ t i v e l y ~ ~ * ~ ~ ,  but complex 
mixtures frequently result with both. Thus irradiation 34 with visible 
light of pentane solutions of 1-octene in the presence of iron dode- 
cacarbonyl, gives cis-(2y0) and trans-2-octene (19%) , cis-(6%) and 
tram-3-octene (33%) and ciS-(8y0) and trarrs-4-octene (32%). The 
thermodynamic cis-trans equilibrium in non-conjugated olefins can be 
approached without double-bond migration by irradiation in the 
presence of diphenyl sulphide 35. 

A variety of other, more specialized, cases of olefinic bond migration 
are known, such as the unsensitized photoisomerization of 5 to 7.  
This has been shown 36 to take place via the cyclopropane 6 formed by 
a novel lJ2-methyl migration. 
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B. Stereochemical Predictions ( Woodward-Hoffmann Rules) 

Woociward and H ~ f f m a n n ~ ~  have proposed that the courses of'con- 
certed thermal and concerted photochemical valence isomerizations 
are governed, respectively, by the form of the highest occupied ground- 
state orbital and that of the first excited-state orbital. One of the 
simplest examples available is the photochemical cyclization of 
butadienes to cyclobutenes. Thus on cyclizatioil of traiu,trans-2,4- 
hexadiene, there are two possible products : cW- and tmns-3,4-dimethyl- 
cyclobutene. The two possible* modes of ring closure of the first 
excited state are shown in equations (1) and (2). Overlap of orbitals 

disrotatory closilrc H , C O C H ,  

H' 'H 

of like sign will have a bonding character, while overlap of orbitals of 
unlike sign will have an adbonding character (see Section II.C.1). 
I t  is apparent that the conrotatory closure will result in a + , - overlap 
between C,,, and C(5) and the reaction is 'disallowed'. Conversely 
disrotatory closure will take place with overlap of like signs between 
C,,, and C,,, resulting in net bonding interaction, and the process is 
' allowed '. The Woodward-Hoffmann rules have furnished numerous 
predictions on the ' allowedness ' and stereochemical course of con- 
certed reactions, and several of these predictions have since been 
vindicated. Thus the photochemical hexatriene-cyclohexadiene ring 
closure and opening should be, and is, conrotatory (equation 3)93*97. 
The somewhat more involved rearrangement of hexatriene to bicyclo- 
[3.l.O]hexene can also be deduced from the form of the triene T* 
molecular orbital, as illustrated (equation 4) for a trans,cis,trans-l,6- 
disubstituted triene38*117. 

The following reactions (equations 1-4) involve concerted electron 

* In fact therc are two pairs of possible modes of ring closure, but both con- 
rotatory modes give a single product, and both disrotatory modes give another 
single product; in the reverse of reaction ( l ) ,  however, the two possible con- 
rotatory ring opcnings would yield different products. 
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h 

redis 7ibution starting from, or yielding, a conjugated sys,-m, and are 
called electroqclic reactions 37. 

Another type of concerted reaction, termed sigmatrojjic, involves the 
migration of a sigma bond, Ranked by one or more n-electron systems39. 
This category includes reactions such as the Cope and Claisen rear- 
rangements, but only those aspects relevant to olefin photochemistry 
need be illustrated here. 

A concerted hydrogen migration in a terminally substituted cisoid 
cis-diene can, a priori, take place in two ways. The migration can 
proceed sufirafacially with the migrating group remaining on the same 
face (side of the plane) of the molecule (equation 5), or antarafacially 
with the group migrating from the top to the bottom face of the mole- 
cule (equation 6). The predictions for the course of some thermal 
and photochemical sigmatropic isomerizations are listed in Table 1. 

I t  should be pointed out that steric factors may thwart some of these 
processes. Thus it will be impossible for a reaction to OCCUT antara- 
facially in a normal cyclic system. The fact that in many cases 
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TAISLE 1. Allowed sigmatropic reactions 

28 1 

Hydrogen Thcrrnal Photochemical 
migration 

193 Antarafacial Suprafacial 
195 Suprafacial Antarafacial 
1,7 Antarafacial Suprafacial 

‘disallowed ’ processes are observed is not an argument against the 
validity of these concepts, but merely suggests that the reactions are 
multistep or non-concerted (radical intermediate) proccsses. 

There has been some disagreement about the validity of the above 
approaches, and several groups have offered alternatives 4b* 40.41. 

C. Sigmatropic Isomerizations 

1. 1,3-Shifts 
As described above, a concerted 1,3-shift in the first excited state is 

normally suprafacial. Only a small number of such shifts is known, 
possibly because higher-order changes are preferred whcn permissible, 
since they give a greater degree of linear conjugation in the transition 
::ate 39. The photoisomerization of the cr,&unsaturated ketone, ver- 
benone, to the cyclobutanone, chrysanthenone 42, afforded an early 
example, and a related isomerization (equation 7, n = 1,2 and 3) now 
gives a general synthesis of cyclob~tanones~~.  Among reports of 
reactions which may involve concerted photochemical 1,3-hydrogen 
shifts are the transformation of various phenylcyclopropanes to 4.- 
phenylbut- 1 -enes 44, the isomerization of 1,3- to 1,2-~yclononadiene 45, 

and the formation of 2-phenyl- 1,3,5-~ycloheptatriene from the 7- 
phenyl isomer46. The latter may proceed by successive 1,7-shifts, but 
this should give rise to :he 1-phenyl isomer as an intermediate and this 
was not detected. The overall result of the photoisomerization of 
ergostadiene (8) to 9lS is a 1,3-shift of hydrogen. This may formally 
proceed through the corresponding bicyclobutane, but this species, if 
formed, should be in such a high vibrationally excited ground state 
that it may be meaningless to ascribe to it a single structure before it 
cascades to a lower vibrational energy level (see also Section III.D.l) 15. 

Cookson has proposed the generalized 1,3-allyl migration (8) in the 
course of reporting a number of photoisomerizations such as equation 

1 0 +  
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(9)47. Deuterium labelling of 10 suggests that cis-trans equilibration 
ofthe migrating ally1 group is an integral part of the rearrangemer~t~~. 

The hydrogen shift which occurs in tlie photoisornerization of a,@- 
unsaturated acids to /I-lactones, (equation lo), is probably not 
photochemical but merely due to ketolization. This isomerization 
apparently involves tlie intermediacy of a hydroxyoxetene, in a 
reaction analogous 10 the photoisomerization of 1,3-dienes to cyclo- 
butenes. 

2. I ,EShifts 
Thermal 1,5-hydrogen shifts in conjugated carbon chains are widely 

recognized, occurring in cyclopentadienes 50, in cycloheptatrienes 51, 
and in acyclic systems5". In contrast with the thermal reaciion, 
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photochemical 1,5-hydrogen shifts should occur antarafacially, and 
are to be expected only in acyclic or large ring systems. Thus photo- 
chemical equilibria such as equation (1 1) are known to occur in 
several acyclic instances 53, but not in cyclic systems. 

These 1,5-hydrogen shifts may become photochemically non- 
reversible if the migrating dime system is conjugated with another 
unsaturated group in the starting material, but not in the product. 
Thus, in all-carbon conjugated systems several examples 54-56 of allene 
formation have been reported (14 from 13; 17 from 16) and the photo- 
isomerization of 2,4-dienoic to 3,4-dienoic acids 57 may proceed 
similarly, by way of the enolic form of the allenic product. 

1,5-Shifts yielding the enolic form of the product have been shown 
to be involved in the pho toisomerization of 5-methylhex-3-en-2-one to 
5-methylhex-4-en-2-one 58 and the same mechanism is probably ap- 

Et0,C 
(16) (17) 

plicable to analogous or,/3- to &y-unsaturated ketone photoisomeriza- 
tions 59-G2. 

C02Et 

(13) 

(18) (19) (20) 

The conversion of the ester 18 to its isomer may well occur by 
way of a 1,5-shiftY giving the enolic form of the product, but a 1,3-shift 
cannot be ruled out. A 1,5-phenyl migration from carbon to oxygen 
has been shown to occur64 in the phototransformation (in ethanol) of 
dibenzoylethyiene to ethyl 4-phenyl-4-phenoxy-3-butenoate. 
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A photochemical 1,5-homodienyl hydrogen shift may be involved in 
the isomerization shown in equation (14) (R = H or CH,)65, and an 
example of what is formally a lY5-homodienyl shift in a small ring 
system has also been reported (equation 15)60. The authors suggest 
that an intermediate diradical is involved. 

3. 1,7-Shifts 

cyclic systems, and the first reported instance 
lY3,5-cycloheptatriene (21) (equation 16). 

Photochemical lY7-hydrogen s L h ,  being suprafacial, can occur in 
dealt with deuterated 

Thermally, by contrast, 

this compound readily imdergoes 1,5-hydrogen shifts, but not 1,7- 
hydrogen shifts 51a. The well known calciferol-prccalciferol thermal 
equilibrium involves a 1,7-hydrogen shift, which is possible in this 
acyclic system antarafacially. Other photocliemical lY7-shifts have 
been reported more r e ~ e n t l y ~ ~ - ' ~ .  

D. Electrocyclic Reactions 

TI& type of isomeriza tion is exemplified by the conversion ( 17) of 
1,3-butadiene (22) to cyclobutene (23) and bicycle[ 1.1 .O]butane 
(24)71. Cyclobutene formation is a common reaction in organic 
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photochemistry, but few examples of bicyclobutane formation are 
known, partly because the high reactivity of such species complicates 
their isolation. 

1. Cyclobutene formation 
The first proven instance of cyclization clf a 1,3-diene to a cyclo- 

butene was given by Dauben arid Fonken in 195972. On irradiation 
of pyrocalciferol (35), the pentacyclic valence tautomer 26 was formed; 
the other q n  isomer of this structure, isopyrocalciferol, also gives the 

& &  \ H I  / 

(25) (26) 

corresponding cyclobutenc 72. Since then numerous cases of such 
isomerizations have been reported. I t  should be noted here that ring 
opening (Section III.D.3) competes with cyclobutene formation when 
even-membered (e.g. cyclohexadiene, cyclooctatriene) rings are in- 
volved, and the two anti isomers of 25 open to thc hexatriene, precalci- 
ferol. This difference is undcrstandable in that photochemical 
(conrotatory) ring opening of either syn isomer would result in a highly 
labile trans-cyclohexene, so that cyclobutenes result, while photo- 
chemical C(5,-Cc8! bonding in the anti isomers would give rise to a 
strained system with a trans fused cyclohexane-cyclobutane ring junc- 
tion. Ring opening reactions on the whole seem to be less common 
than ring forming reactions 73. This is to be expected in the nature of 
photochemistry, since the ring-formed products are, in general, more 
transparent to ultraviolet light than the opened products with more 
extended chromophoric systems. 

Some representative examples of cyclobutene formation are given 
in equations (18)74, (19)75", (20)78, (21)77, (22)78, and (23)79. Tro- 
polones such as a-tropolone methylether (27) give initially the cyclo- 
butenes expected, but these further rearrange as shown in reaction 
(24), and in some cases open up to a cyclopentenone75b. 

Acyclic dienes also yield cyclobutenes on irradiation. The yield 
is greatly influenced by the substitution pattern, 2- and 3-substitution 
raising, and 1-  and 4-substitution generally lowering the yield. Thus 
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Me0 oo 

x = 0 (100%) cAo m0 X = NMe (20%) 

(99%) 

ir“ 

2,3-dimethylbutadiene cyclizes in 7 1 yo yield, myrccne (Section IV. 
A.2) in 68%, I-cyclohexylbutadiene in 43% and hexa-2,4-dien-l-o1 
in 1 3y0, while 2,4-dirnethyl-l,3-pentadiene gives no detectable yield 
of cyclobuteneG3. The known quantum yields for the cyclization 
range from 0-12 to zeros0. 

The mechanism of the transformation is still unclear in most cases. 
On sensitized irradiation in the liquid phase no monomeric products 
are reporteds1, and in general the vapour-phase reaction cannot be 
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quenched8". Thus the triplet state does not appear to be involved. 
Exceptionally, cis,cis- 1,3-cyclooc tadiene gives bicyclo [4.2.0]oct-7- 

ene (85%) under photosensitizing conditions*1a. However, Liu has 
recently shown31 that the function of the sensitizer is to convert the 
cz>,ciS- to the cir,,trms-isomer, which then readily undergoes thermal 
(conrotatory) cyclization to the cis-fused cyclobutene. The same 
explanation rnay31 be applicable to rhe only orher known exception, 
the photosensitized isomerization of bicyclohexenyl (30) to 31 8 2 ;  

ci.~,trans-bicyclohexenyl should be very unstable, and would be ex- 
pected to undergo f a d e  thermal cyclization. The cyclobutene 31 is 
also formed on direct irradiation of 3063, and its stereochemistry has 
been determined by Dauben and coworkers82, who also identified one 
of the minor products of direct irradiation as the non-conjugated diene 
32. In the direct irradiation the ratio 31-32 decreases with shorter 
wavelength of incident light (6.5 with Vycor filter, 1.7 with quartz). 
The s-cis form of 30 should absorb maximally at  longer wavelength 

H H  m-m+m 
(30) ( s - C I S )  

(30) (s-trans) (33) 

SCHEME 1 

than the s-trans, so that the s-cis form apparently gives rise to the cyclo- 
butene, and s-trans to 32, perhaps via the bicyclobutane 33 (cf. 8 -+ 9, 
Section 111. C.1). However it is not necessary to invoke the inter- 
mediacy of 33, and Dauben a2 favours instead, two non-interconvertible 
excited states 34 and 35, the populations of which are wavelength 
dependent . 

(34) (351 

I n  all known cases the cyclobutene formed by irradiation of a cyclic 
conjugated diene is part of a cis-fused ring system. According to the 
Woodward-Hoffmann electrocyclization rules this system should 
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arise, in a concerted reaction, from either the first excited state of the 
cis,cis diene or the ground state of the &,trans diene. Since the above 
findings of Liu cannot be extrapolated to the extent of proposing 
cir,lrans intermediates on the cyclization of other cyclic conjugated 
dienes to cyclobutenes, only the first alternative needs be considered. 
However, consideration of the energetics led Dauben O2 to conclude 
that the first excited state of cyclobutene is probably not involved. 
He suggests that since the butacliene S, state will be 20-50 kcal/mole 
less energetic than the corresponding cyclobutene S, state, the latter 
will be formed only very inefficiently, and its intermediacy need not 
be invoked. By assuming a scheme (25) whereby partial lY4-bonding 
occurs (see Section 1i.C. 1) to stabilize a non-spectroscopic excited state 

51 51 so 
spectroscopic non-spectroscopic 

of the diene, the nuclear configuration of this state should persist 
during internal conversion to the vibrationally excited ground-state 
cyclobutene with cis geometry. 

that 
when the butadiene in its S, state possesses the correct geometry, it 
merely undergoes (adiabatic) internal c :;-;version directly to a vibra- 
tionally excited So state of the product. Collisional deactivation with 
solvent molecules would then afford the product in its So0 state. 

Alternatively, and perhaps more realistically, it is possible 

2. Bicyclobotane formation 

Appurtenant to this topic, the formation of the parent hydrocarbon 
has already been cited, as has the possible intermediacy of bicyclo- 
butanes in the isomerizations 8 4 9  and 30+ 32. Dauben's 
group15.83 has given several instances, such as (26), of the reaction oc- 
curring in rigid molecules in which the diene is held in the s-tram 
conformation. In  some cases l 5 s E 4  the bicyclobutane could not be 
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isolated owing to its high reactivity, but further reaction products 
analogous to 38 were identified. 

Bicyclobutanes can also be formed on irradiation of homoannular 
conjugated systems, at least in the aromatic series. Thus the benz- 
valene 39 was obtained, together with the prismane 40 and the Dewar 
benzene 41, in the course of the elegant studies of Wilzbach and 
Kaplan 85 on the photochemical interconversion of 1,2,4-tri-t-butyl- 
benzene (42) and 1,3,5-tri-t-butylbenzene (43), (Scheme 11). The 

(7-303 - (20.6:;) +- (64.87;) 

(42) 
SCHEME I1 

composition of the photostationary state mixture on irradiation with 
2537 ii light is given in parentheses; quantum yields for these reactions 
range fiom 0.43 (39 3 42) to 0-008 (43 -> 39). More recently the 
parent benzvalene has been obtainedE6. It  is formed together with 
fu lv~ne~~** ' ,  on photolysis of liquid benzene with 2537 A light; with 
1849 A light and in the vapour phase, fulvene and cis- 1,3-hesadien-5- 
y e E 7 *  are obtained. A common diradical precursor, ' prefulvene' (44) 
has been suggested 88 for these isomerizations and for 1,3-cycloaddi- 
tion The direct photoisomerization of benzene itself to prismane 
and to Dewar benzene has not been reported, and mayE8 require the 
intermediacy of a different biradical. (See also equation 3 1 .) 

(44) 

3. Photochemical ring opening and I,Ecyciohexadiene formation 

Photochemical ring opening of cyclobutenes to 1,3-dienes has been 
inferred53, but normally its extent is only slight or negligible. Ir- 
radiation of 1,3-~yclohexadienes frequently results in ring opening, 
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although since the reaction is reversible, and since both the diene and 
the ring-opened product may undergo further photochemical reaction, 
this may not always be evident. Many instances of such ring opening 
have been r e p o r ~ e d ~ - ~ * ~ ~ - ~ ~ ,  and only a few examples need be given 
here. 

..Although ring-forming reactions seem to be, in practice, more 
common (Section 1II.D. l ) ,  the preferred reaction would appeai to be 
ring opening when no constraint is present in the molecule. Thus, 
opening to the triene (46) apparently occurs on irradiation of both the 
cis and trans acids (45) , even though the corresponding anhydride gives 
the cyclobutene (equation 18)74. 

COZH CO,H GOZH (27) 

(4.5) (46) 

The reaction can be of considerable synthetic utility, affording, for 
instance, a key step (28) in Corey’s synthesis of dihydrocostun~lide~~. 
The synthesis of tetravinylethylene 98 by low temperature irradiation of 
2,3-divinyl- 1,3-~yclohexadiene illustrates the strength of the method in 
the preparation of highly reactive products. Like most othcr ring- 
opening reactions of similar type, this transformation cannot be effec- 
ted under sensitizing conditions, so that the triplet is probably not 
involved as an intermediate. 

(47) (48) 

Only a few cases of ring opening of heterocyclic analogues are known 
as yet l d e g 9 .  In  one of these 99a the unsaturated sultone 47 yields, in 
appropriate solvent systems, an ester and an amide which are ap- 
parently derived from the sulphen 48, although such a species has not 
been iselated. 
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The ring opening of 1,3,5-cyclooctatriene is mentioned in Section 
III.E.4, and the stilbene-dihydrophenanthrene cyclization has been 
discussed in detail elsewhere 2*100. 

E. Complex Electrocyclic Transformations 

are not known, and may well not be electrocyclic. 

I .  Formal analogues of cyclobutene formation 

Norbornadiene lol and its derivatives lo3, such as the dicarboxylic 
acid 491°2, and their oxabicyclic analogues lo* undergo the same type 

The mechanisms of some of the reactions described in this Section 

C02H CO,H 

of photoisomerization (equation 30) to yield quadricyclanes. The 
isomerization of the parent hydrocarbon has been examined by several 
groups. It can be effected in solution by direct irradiation, or under 
sensitizing conditions with a range of organic sensitizers l0lb and with 
cuprous chloride lo5. Norbornadiene shows strong ultraviolet ab- 
sorption in the conjugated diene region (ca. 220mp), due to con- 
jugative interaction of the two double bonds. This interaction has 
been discussed in molecular-orbital terms, and for the lowest excited 
state 51, of the diece, a bond order of 1-50 has been calculated for the 

a ................ 

C,,,-C,, bond and either 0.12 or 0-50, depending on the model used, 
for the C(2+2(61 bondlo6. Direct irradiation of the diene in the 
vapour state with 2537 A light gives a complex mixture, which seems 
to contain no quadricyclenelG7, and the diene triplet does not appear 
to be involved in the reaction. 

The preparation lo* of hexamethyl prismane affords a related 
example (equation 31) of this type of photoisomerization, while the 
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findingslog shown in equation (32), where both endo and e m  isomers 
give the same plycyclic product, affords another variation. 

Another reaction related at least formally to the butadiene-cyclo- 
butene isomerization is the photochemical vinylcyclopropane-cyclo- 
pentene rearrangement. Equations (33)l'" and (34)11' and the 
formation of 20 in equation (13), are among the few examples so far 

(33) 

CH,OH 

reported. While in some instances 110 the reaction proceeds under 
sensitizing conditions, in others112 it does not, so that a single mech- 
anism cannot be proposed to cover all cases. In  (33) evidence has 
been adduced 110 which indicates that both direct and sensitized 
reactions proceed via the same low-lying triplet. 

2. Bicyclo[3.I.O]hexene formation 
The formation of bicyclo[3.1 .O]hexenes on irradiation of cyclo- 

hexadienes and/or acyclic lY3:5-trienes represents another general 
reaction of this system. With this reaction Scheme 111, giving the 
known photoisomerizations of the system, can be completed. All 
except B -+ G are electrocyclic. 

The first example of bicyclo[3.1 .O] hexene formation, namely the 
conversion of calciferol (52) to suprasterol I1 (53), was reported by 
Dauben and coworkers in 1958113, and since then many others have 
been piiblished 96*114-117. Suprasterol I (a), a concomitant pro- 
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F G 
SCHEME I11 

duct, is now known118 to be a stereoisomer, and the steric course of 
these cyclizations has been explained in terms of the bonding proper- 
ties of the ex i t ed  orbital1l8. 

The  immediate precursor of the bicyclo[3.1 .O]hexene is not known 
in most instances, and there seem to be at  least two routes in different 
isomerizations. Meinwald and Mazzocchi 11* have shown, by deuter- 
ation experiments, that 1 , 1  -dimethylhexatriene is photoisomerized 
to 6,6-dimethylbicyclo[3.1 .O]hexene without passing through a vinyl- 
bicyclobutane, so that the pathway B-+E-+D in Scheme I11 can 

H-' 'CH, 
(52) 
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be discounted for this system, and probably for close analogues. 
Ullman's groupg6 has found that, in reaction (36), the cyclohexa- 
diene 55 gives 57 without the intermediacy of thc triene 56. O n  the 

other hand, studies of the irradiation of alloocimene (equation 12, 
Section III.C.2) 116 indicate that the direct route A -+ 3 is not the 
principal pathway for the isomerization of 13 to 15. Furthermore, 
since optically active a-phellandrene (58) gives an inactive 119 product 
(50) 120 (equation 37), some intermediate in which chirality is lost must 
be invoked. The results in equation (37) are in accord with the 
intermediacy of the trienes 61 and 62'l'. The former, which for 

I 

(614 (61) (62) 

steric reasons should predominate, will, according to the Woodward- 
Hoffmann rules, cyclize in its first excited state (6la) to yield the major 
product 59, and 62 should similarly give 60. 

The factors governing the direction of cyclization are not yet com- 
pletely understood. Whereas alloocimene (13) 116, a-pheilandrene 
(58) 117, and ' 1 ,I-dimethylhexatriene 114 cyclize essentially unidirec- 
tionally, leading in all cases to the corresponding bicyclo[3.1 .O] hexenes, 
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the parent 1,3-~yclohexadiene affords equal amounts of bicyclo- 
[3.1 .O]hexene and 3-vinylcyclobutene 121. However in the case of 

(39) 

methylhexatrienes the 3-methyl isomer affords mainly the bicyclo- 
[S.l.G]hexene (equation 38), while the 1-methyl isomer gives the 3- 
vinylcyclobutene (equation 39) as the predominant product 122. 

3. Bullvalene and Semibullvalene 

The interconversions of bullvalene (65) and its valence isomers 
affords what is currently one of the most intriguing aspects of olefin 
photochemistry. Several groups123-126*130 are working in the area, 
and the probable relationships so far reported are shown in Scheme IV. 

(71) (W (70) 
SCHEME IV 

With the exception of 7O,71 and cyclodecapentaene (66), all the com- 
pounds in this scheme have also been obtained by non-photochemical 
methods 124J25-127-129. A plausible intermediate is 72, the formation 
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of which is in accord with molecular symmetiy considerations. 
Physical and chemical evidence for 72 as an intermediate in the iso- 
merization scheme is now reported130a. 

Related to Scheme IV is the preparation (equation 40) of ‘semibull- 
valene’ (73)’”’. On further irradiation this product yields cyclo- 
octatetraene 133. Irradiation of hexadeuteriobarrelene indicates that 

(74) 

the rearrangement proceeds through the symmetrical allylic biradical 
74 which collapses to 73132. Photoaddition of acetylenes to benzene 
yields cyclooctatetraenes 134, probably by way of a bicyclo[4.2.0]octa- 
2,4,7-triene intermediate 135, whereas 1ow-tempei.ature sensitized 
photolysis of cyclooctatetraene gives sernibullvalene 136. 

4. Cyclooctatriene photoisomerizations 

The photochemistry of 1,3,5-~yclooctatriene (75) and 1,3,6-cyclo- 
octatriene (76) has been examined by several groups137*138*139. The 
former is obtained on irradiation of%, and, together with benzene and 
ethylene, on irradiation of bicyclo[4.2.0]octa-2,4-diene (77). Irradi- 
ation of 75 gives mainly 78 and 79, but the open chain octatetraenc 
80 can be detected under certain conditions139. Irradiation of the 
latter in solution gives the same two products, apparently by way of 
the triene 75, together with much polymer. Irradiation of 76 gives 
five new products (81-85), in addition to 78 and 79137*’39. 

Other examples of similarly complex photoisomerizations are 
known 45.93*140, but the mechanisms involved are, in gcneral, 
uncertain. 
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\ 
Y 

0 A (78) + (79) + a.0 I 

IV. INTRAMOLECULAR ADDITIONS 

This field has been recently reviewed2’. 

A. Carbocyclic Photoproducts 

I .  From simple olefins 
The mercury sensitized vapour-phase photoisomerizations of a 

variety of non-conjugated dienes have been examined. Irradiation of 
1,4-pentadiene (equation 43) and several methylated derivatives in 
the vapour state, afforded 86 and 87141*142 and in one case 88141. 
1,5-Hexadiene (89) gives mainly 90 and 91 together with a little 92, in 

(a) (86) (87) 

proportions varying with the p r e s ~ u r e ~ ~ ~ . ~ ~ ~ .  The synthetic utility of 
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(89) (90) (91) (92) 

vapour-phase irradiation is illustrated t.y the fact that 90 is obtained in 
18% yield on irradiation of 89 at atmospheric pressure, affording per- 
haps the most convenient method for its synthesis. The homologue, 

(93) 

ly6-heptadiene, behaves similarly, giving, apart from 95% free radical 
products and polymer, six isoniers145, four of which have been identi- 
fied (equation 45). I t  is not known whetiier the cyclopropanes 91 and 
93 are formed by hydrogen migration or by valence isomerization. 

The cyclic analogue of 89, 1,5-~yclooctadiene (94), behaves similarly, 
yielding 95 and 96 together with 95% polymer on mercury sensitized 
photolysis in the vzpour phase. In ethereal solution, with cuprous 

(94) (95) (96) 

chloride as catalyst, 95 is obtained in 30y0 yield146. After some 
dispute 14' it is now clear that the reaction proceeds intra.molecularly, 
and is not a free radical Irradiation of the 1,5-cyclo- 
octadiene-rhodium chloride complex in ether gives 1,3- and 1 ,It-cyclo- 
octadiene and bicycl0[4.2.0]0ct-7-ene~~~. 

2. From more complex hydrocarbons 

Unlike compounds containing only isolated olefinic bonds, which 
cannot be directly excited on a preparative scale, conjugated dienes 
can undergo direct as well as sensitized photoisomerizations on a scale 
permitting the isolation of the photoproducts. A comparison of the 
products may afford an insight into the nature of the intermediate 
excited states. Myrcene (98), on sensitized irradiation, gives ex- 
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clusively 97 149, while on direct cxcitation it yields mainly 99, together 
with small amounts of 100, 97 and unidentified p r o d u ~ t s ~ ~ ~ J ~ ~ .  

($7) (98) (99) (100) 

I t  is virtually certain that the triplet state of the dime is involved in the 
sensitized reaction. If we assume that there is only one pathway for 
tlie photochemical formation of 97 from myrcene, then the fact that 
97 is only a very minor product in the direct irradiation shows that 
intersystem crossing from the excited singlet to the triplet does not take 
place efficiently. 

Dauben has suggcstedl5 that since intersystem crossing fiom the 
excited singlet of a diene to the triplet has not been o b ~ e r v e d ~ * ~ ~ ~ ,  the 
convergence point of the pathways 98(S1) --+ 97 and 98( T1) + 97 is 
at  a vibrationally excited ground state which can descend the vibra- 
tional energy cascade to either starting material or product. 

Several analogous instances (equation 48) of this type of reaction 
have been reported 153*154, and it appears to be a fairly general reaction. 

GR2 & / -% 61 (48) 

R, R2 R2 

These bicyclic photoproducts, as well as those from the above non- 
conjugated dienes, are apparently formed in a two-step process fiom 
biradical intermediates. In the formation of the latter a strong 
preference for five-membered ring formation is apparent 141*149. 

3. From a,@-unsaturated carbonyl compounds 

When conjugation is achieved with a carbonyl group rather than an 
olefinic bond, loss of carbon monoxide becomes another possible 
photoreaction, although cyclobutane formation is still the usual 
reaction on direct irradiation in solution155-157, and 101 gives the 
corresponding bicyclo[2.1. llhexanone (49) (30%) 155. 

The first instance of photoche-~cal cyclobutane formation was the 
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0. 
/ 2, o\() (49) 

(101) 

isomerization of carvone (102) to carvone camphor (103) 167-158; 
this has recently been shown to undergo cleavage, on prolonged ir- 
radiation, to a series of bicyclic products such as 104 159. 

CO, H 1 

Several instances are known of cyclobutane formation on irradiation 
ofa,@-unsaturatecl esters containing another olcfinic bond 160.161, while 
the a$-unsaturated aldehyde, citral, yields both an analogous cyclo- 
butane and an isopropylcyclopentene aldehyde 162. Exceptionally, 
one of thesc esters (105) 160 cyclizes equaI!y well (55% yield) with or 

(105) 

without a sensitizer (equation 51). This reaction, in common with 
that of other esters having three saturated carbon atoms between the 
two olefinic bonds 161, proceeds only by head-to-head addition, while 
only head-to-tail products have been reported in other such intra- 
molecular cycloadditions 160.161. 

4. Cage products 

A classic example of this type of reaction occurs in Eaton’s cubane 
synthesis163. This is the isornerization, in 35% yield, of the a,/l- 
unsaturated ketone BOG to 107. Several analogous a,/l-unsaturated 
ketones have since been cyclized similarly 164-167. In one case167 
(equation 52) a competing reaction (105+109) was observed when 
7r -> 7r* excitation (high pressure lamp, quartz apparatus) was 
zchieved, but with n --t 7r* excitation (Pyrex filter and potassium 
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n 

A$ 0 

Br 

OA\ 

0 
/, 

(110) 

hydrogen phthalate filter solution) the normal cycloaddition process 
(108+110) predominated. This cycloaddition can also be effected 
by triple-energy transfer from added acetophenone sensitizer. The 
rearrangement 10hP09 was shown, by deuteration experiments, not 
to involve dissociation in to two cyclopentadienone molecules, but to 
be intramolecular 167. 

Acetone sensitized photocycloaddition 168*169 has been used recently 
by three groups170-172 to obtain the 1,l '-bishomocubane system. 
Daubenl" has extended the process (equation 53) to obtain the 

(CH,),C-0 
COZCHj 

CO,CH, CO,H 

homocubanecarboxylic acid 111, which is readily converted into the 
remarkably stable parent hydrocarbon homocubane. 

Non-conjugated dienes can also undergo this type of cycloaddition 
on direct irradiation if substituents are present which shift the ab- 
sorption region to longer wavelength. Halogen substitution is most 
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common173-176, 
product 113 173. 
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and isodrin (112) yields the cyclobutane photo- 

CI CI 

hu -> (54) 

B. Heterocyclic Photoproduc~s 

On n 4 T* excitation hex-5-en-2-one (114) gives the oxabicyclo- 
[2.l.l]hexane 315 in both gas and liquid and a number of 
derivatives behave similarly 178*179. The alternative internal cyclo- 
addition product (1lG) appears to be formed on irradiation in pentane 

solution, but is unstable, although a dimethyl homologue has been 
isolated 179. The quantum yields for such oxetane formation are low 
( -= 0.01) in all the cases where these were d e t e r ~ n i n e d ~ ' ~ . ' ~ ~ .  These 
y,bunsaturated ketones do'not undergo the normal 'type 11' fission1ao, 
to any appreciable extent. This fission occurs universally in the 
corresponding saturated ketones with y-hydrogen atoms. 

Another type 181*182 of intramolecular reaction yielding heterocyclic 
products is exemplified by reaction (56). Treatment with acid gives 
the same products, generally in better yield. 

Intermolecular analogues of these reactions are described in Section 
V.C, but in generaI, surprisingly little work has been published in this 
field. 
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V. INTERMOLECULAR PMOTOADDlTlON REACTIONS 

A. Simple Addition 

Photoaddition of various compounds (H2S, HBr, ROH, 02, etc.) 
to simple olcfinic molecules has long been recognized, and has been 
reviewed.2a (For recent leading references see refs. 183-187.) Such 
additions usually proceed by radical intermediates, and may invdve 
chain reactions. 

Acetone sometimes adds across a double bond as a side reaction 
when it is used as a s e n ~ i t i z e r ~ ~ ~ J ~ ~ .  Two modes of addition are 
illustrated in equation (57)lgo; the more common mode, exemplified 
by 117 ---f 119, probably occurs by a radical mechanism, and there is 

0 

(121) (122; 

evidence that the aldehyde 120 is formed via the unisolated oxabicyclo- 
hexane 121. The analogous oxabicycloheptene has been obtained 
on irradiation of cyclopentadiene in acetone 191. 

Formamide adds photochemically to the olefinic bond in various 
environments, to give good yields of amides192*193. Photoaddition of 
N-nitrosodialkylamines affords a method of cleaving unhindered 
carbon-carbon double bonds 194.195, and photoaddition of bromo- 
acetic acid offers a convenient method for carboxymethylation of 
olefins lg6. 

Irradiation of several 3,5- and 4,6-steroidal dienes and related 
c o m p o ~ n d s ~ ~ J ~ ~ * ~ ~ ~  in the presence of alcohols (or water) results in 
ether (or alcohol) formation as in equation (58)15. In some of these 
additions an excited polar species abstracts a proton from the alcohol 
to give an intermediate carbonium ion which reacts subsequently with 
the olefin lg7, and in others, not strictly photochemical, the alcohol 
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reacts with an unstable bicyclobutane formed photochemically 15. 

(See 36 -+ 35, Section III.D.2.) Alcohols also add photochemically 
to flexible cyclic cis olefins28-29*198 to yield ethers such as 122 [from 
carene (I)] 28. 

a$-Unsaturated ketones may react with alcohols on irradiation 
according to equation (59)lg9. This is thought 2oo to proceed $om 
a T-T* triplet, but it is not clear whether an intermediate ground- 
state species is also involved. 

B. Cycloadditions to Conjuguted Olefinic Bonds 

The intermolecular addition of isobutylene to 2-cyclohexenone 
(equation 61) was investigated by Corcy and used as a key step in his 
synthesis of caryophyllene201. Further investigations indicated that 

thc reaction is quite general 203 for cyclopentenone and cyclohexenone, 
affording in many cases a mixture of cis- and transfused bicyclo- 
[7~.2.0]alkanones~~~. On the basis of these results Corey202 has 
suggested the preliminary formation of an excited state n-complex 
such as 123. Complex formation would then be followed by stepwise 
bond formation to give either one of a pair of diradicals 124 and 125 
which could then collapse to the observed products (Scheme V). 
This mechanism clearly explains the orientational specificity of 
addition on the basis of the known polarity of the excited states4b, of 
c+unsaturated ketones. I t  is also consistent with the fact that cis- 
and trans-2-butene afford identical product mixtures (Scheme VI) . 
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0 

0 + 

I 0 

hr 

SCHEME VI 

The intermediacy of a trans-cyclohexenone is unlikely in view of t h e  
fact that 2-cyclooctenone and 2-cycloheptenone, which are known to 
photoisomerize to their tram do not undergo an 
analogous reaction. 

11 + C.A. 2 
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The reaction has been used by de Mayo207 as a route to substituted 
y-tropolones. Irradiation of the enol acetate of 1,3-~yclopentandione 
in the presence of lY2-dichloroethylene (equation 62) affords the bicy- 
clo[3.2.0]octane 126 which on basic hydrolysis undergoes a con- 
comitant reverse aldol condensation to afford a seven-membered 

OH 
CI 4 CI 0 

diketone that spontaneously dehydrochlorinates under the reaction 
conditions to the tropolone. 

Cyclobutane formation by addition of various cthylenes to cry/3- 
unsaturated keto steroids has been reported 208-210. 

Acetylenes also add to cyclohexenones and cyclopentenones to give 

CH3 
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the corresponding bicyclic211 (equation 63) or tricyclic212 (equation 
64) olefins in good yield. The tricyclic compounds are mixtures of 
rearranged products. 

A formally similar reaction is the photoaddition of maleates or 
maleic anhydride to olefins. Addition of dimethyl maleate213 and 

0 + I \  

LJ 

3) 

h r  

Estcriliution 
\ - - I  

oric,Me C 0 2  Me 

inaleic anhydride 214 to cyclohexene gives mixtures of cis- and trans- 
fused bicyclo[4.2.@]octanes. 

An investigation of this reaction by de Mayo215 has led to the con- 
clusion that the sensitized reaction takes place via a triplet intermediate 
(equation 67), in agreement with the fact that maleate and fumarate 

/ jCO2 R 

afford the same product mixtures. I t  is concluded, however, that for 
direct irradiation, a duality of mechanisms including both singlet and 
triplet intermediates is in effect. 

The reaction has been extended to acetylenes in a number of 
cases21e-219 (equations 68 and 69) affording bi- and tricyclic products 
in good yield. 
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0 FH3 . It 

C. Paterno-Buchi and Related Reactions 

The intennoIecular reaction of ketones or aldehydes with olefins to 
form oxetanes, the Paterno-Buchi reaction220*221, is exemplified by 
the reaction of benzaldehyde with 2-methylbut-2-ene. Buchi 221 

4. 0 +>=/A QZ, 
\ C0HZ.C 

I-! c0 H, 
ti CH, 

\, / (70) 

[ c8HJ*Tj 
has rationalized the orientational selectivity on the basis of the forma- 
tion of the most stable diradical. 

Subsequent investigations have led to numerous instances of oxettane 
f ~ r r n a t i o n ~ ~ ~ " ~ ~  including, for example, equations (7 (72)222" 
and (73)226. 
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(72) 

When an acetylene is substituted for the alkene (equations 74 and 
75), the expected oxetenes (127) cannot be isolated as they rearrange 
to cz,&unsaturated ketones (128)z30-232. 

(127a) (1 B a )  

The Paterno-Buchi reaction has been the subject of several mechan- 
istic studies. Arnold and coworkerszz2 came to the conclusion that 
the n -+ v* excited state of the ketone is the reactive one, since only 
those ketones which undergo photoreduction in isopropanol (n --t n*) 
are reactive. They pointed out, however, that in those cases where 
the olefin n-+n* state lies below the ketone n 4 n *  state, only 
ketone to olefin energy transfer takes place. Yangz33 came to the 
same conclusion as to ?z -+ n* being the reactive excited state, but 
also suggested that the orientational specificity was a function of the 
relative electron deficiency of carbonyl oxygen in the ketone n -j n* 
state. 
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An olefiii triplet has been found to bc the reactive intermediate in at 
least one case. Energy transfer from benzophenonc triplet to a dime 
should be very efficient (see Section 11). Wher, an equimolar mixture 
of benzophenone and 2,3-dimethylbutadiene is irradiated, 1,l- 
diphenyl-2,3-dimethylbutadiene (130) is formed in a clean reaction, 
apparently via the unstable oxetane 129225. The mechanism is 
forniulated as n + T* excitation of benzophenone, intersystem crossing 
to the triplet and triplet transfer to the diene (equation 76). D a ~ b e n ~ ~ ~  
suggests that the diene triplet then reacts with ground-state benzo- 
phenone to form the oxetane (equation 77). 

1 

(76; 

(77) 

More recently two groups have obtained evidence that both singlet 
and triplet states are involved in some cases. Yang234 has suggested 
that a singlet state might be in part responsible for the Paterno-Buchi 
reaction on the basis that 9-anthraldehyde addition to 2,3-dimethyl- 
bu t-2-ene is only partially quenched by di-t-butylnitroxide. Turro 236 

has also used the absence of both quenching and sensitization in the 
reaction of cis- or trans-dicyanoethylene with alkyl ketones as evidence 
for a singlet. intermediate. He further found that reaction (78) is 
stereospecific, in ag,reement with predictions for a singlet state. 
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D. Additions to Aromatic Compounds 

Olefins have been found to undergo addition to aromatic compounds 
an irradiation. Maleic anhydride and benzene form a 2:  1 ad- 
duct 131 236-238 presumably through the initially formed bicyclo- 
[4.2.0]octane intermediate (equation 79). It has been shown 236 that 

0 

the first step is the result of excitation cf a bcnzene-maleic anhydride 
charge-transfer complex. I t  is suggested233 that addition of the 
second molecule of maleic anhydride is a simple Diels-Alder reaction, 
but no intermediate 1 : l  adduct could be characterized. Several 
groups have obtained related 2: 1 adducts using a variety of ben- 
z e n e ~ ~ ~ ~ * ~ ~ ~ ,  anhydrides 242 and maleimides 243*244. 

Addition of 2-methyl-2-butene to benzonitrile affords only a single 
bicyclo[4.2.0]octadiene (132) 135 (equation 80), while with a range of 
chloroolefins, sevcral benzenes have given the correspnding open- 
chain tetraenes 245. Photoaddition of cyclobutene and benzene has 
been reported to give tetracyclo[4.4.0.0 a.6.07*10]dec-3-ene 246, but this 
is now in doubt247. 

(132) 

While the 1,2-modes of addition of olefinic bonds to aromatic groups 
are the most common 8 9 9 2 4 8 * 2 4 0 ,  1,3-and IY4-photoadditions 89 are also 
known. The 1,3-photoadduct 133 is formed in good yield249 from 
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cyclooctene and benzene on direct irradiation, and a variety of 1,4- 
adducts result on irradiation of a mixture of benzene and 1 ,3 -d iene~~~ .  

Addition of alkyl acetylenes 260 (equation 81), dimethyl acetylene- 
dicarboxylate 251s252  (equation 8 1, R = C02Me), phenyl acetylene262 
and methyl propiolate 252 lead to the corresponding substituted cyclo- 
octatetraenes. 

R 

V 1. D I M E RI EAT1 0 N S 

A. Cyclobutme Photodimers 

1. From nonconjugated olefins 
Photodimerizations of olefins to cyclobutanes have been carried out 

in the vapour, liquid, and crystalline phases. Well over one hundred 
instances are known but the great majority involve conjugated olefins. 
Of the remainder, most are dimerizations of small-ring olefins and 
only a very few examples of the dimerization of simple alkenes are 
Itnown. 

Irradiation of ethylene in the presence of mercury vapour gives 
cyclobutane together with several other products 253, while tetra- 
methylethylene gives octamethylcyclobutane on direct excitation.254 
The latter, which occurs only under non-sensitizing conditions, seems 
to involve the T ---f T* singlet. 

Irradiation of cyclopentene in acetone affords the cyclobutane 
photodimer, tr~ns-tricyclo[5.3.0.O~~~]decane in 56% yield, along with 
four other C,,,, products probably derived from a diradical inter- 
mediate 256. Cyclopentadiene behaves similarly, in giving the cor- 
responding trans-tricyclic diene 256*257. 

A closely related reaction is the dimerization of norbornene to the 
exo-tram-exo dimer 134, via the cuprous bromide complex. Sensitiza- 
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tion through cuprous halide complexation was found to be quite 
specific and is reminiscent of the 'criss-cross' reaction of 1,5-cyclo- 
octadiene (Section IV.A.1). 

A few cyclopropenes have been shown to dimerize to tricyclo- 
E3.1 .O.O 2*4]hexanes. In the case of the 1,3,3-trimethylcycIopropene 

(1351 (136) 
a 4:l ratio of 135 to 136 is obtained269. It  is not clear whether 
benzophenone or acetone sensitizes the reaction. 

3-Acetyl- ly2-diphenylcyclopropene affords an analogous tricyclic 
product, which further photolyses to 1,2,4,5-tetraphenyl benzene 260. 

2. From conjugated olefins 
The photodimerization of thymine is one of the most important 

reactions in photobiology261. In  the course of a study on the photo- 
cheinistq of 2,3-diphenylbutadiene, White and Anhalt 262 have 
shown that the tricyclo[4.2.0.02~5]octane 138 is a secondary product 
formed by photodimerization of the originally formed cyclobutene 137. 

Ph 

Ph 

hv 
-? phjJ Ph 

(137) 

Ph +o 
Ph Ph 

+ 
Ph Ph 

Ph Ph 

(138) 

Ph 
I 

C CH, 

c CH, 
I 

Pi1 

+ I / (  + It (85) 

Cyclopent-2-enoney dimerizes to give a 1 : 1 ratio (solvent dependent) 
A triplet of ~ y n  and anti dimcrs in yields up to 90% (equation 86). 

was indicated as the reactive intermediate a63. 

The most complete study of a photochemical dimerization reaction 
was carried out by Hammond and c o ~ v o r k e i ~ ~ ~ ~ ~ ~ ~ ~  on the dimeriza- 
tion of butadiene and isoprene. Irradiation of concentrated solutions 
of butadiene in the presence of triplet sensitizers gives a mixture of 

11' 
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products containing cis- and trans-divinylcyclobutane and 4-vinyl- 
cyclohexene (cquation 87). They found that, with both dienes, the 

ratio of cyclobutane to cyclohexene products varies with the triplet 
energy of the sensitizer used. When E, = 60 kcal/mole cyclobu- 
tane products account for about 95% of the total, but this value 
drops steadily to about 55% with E, = 53 kcal/mole sensitizers. 
These rcsults are interpreted on the basis of stereoisomeric triplet 
~ t a t e ~ ~ ~ ~ . ~ ~ ~ . ~ ~ ~ .  Butadiene is an equilibrium mixture of s-cis and the 
predominant s-trans conformers. Simple MO theory predicts that the 
first excited state of a diene should be bonding between C (2) and C (3) 
and that there should be a distinct barrier to rotation about the C (2)- 

C (3) bond. Franck-Condon excitation of s-cis- and s-trans-butadiene 
should then give two stereoisomeric non-interconvertible excited 
states. 

Reaction of the s-trans-triplet with ground state s-trans-diene would 
be reasonably expected to form a predominance of cyclobutanes 
(equation 88), while the s-cis-triplet would be more prone to form 
cyclohexenes (equation 89). 

7 + 1' --z cl) .. -' cyclobutanes. 
I f .  

(88) 

/ + +-m.+ - fy) - cyclohexenes. (89) 

..? 
The dependence of product ratios on ET of the sensitizers, can be 

rationalized on the basis of the measured triplet energy of s-trans- 
butadiene (ET = 60 kcal/mole) and that of s-cis-butadiene (estimated 
to have ET = 53 kcal/mole, using cyclohexadiene as a model). When 
a sensitizer has ET > 60 kcal/mole energy transfer to s-cis- and s- 
trans-butadiene takes place at each collision and the relative amount 
of each triplet formed is dependent only on the concentration of each 
rotomer. As E,  of the sensitizer drops below 60 kcal/mole energy 
transfer to s-tram-butadiene becomes increasingly inefficient, the ef- 
ficiency of excitation of s-cis-butadiene remains unchanged, and the 
ratio of cis triplet to trans triplet irici-eases with a concomitant increase 
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in the cyclohexene-cyclobutane product ratio. At ET < 53 kcal/mole 
energy transfer takes place via non-Franck-Condon excitation (see 
Secticn 1II.A. 1). 

I n  contrast to the sensitized dimcrization, the unsensitized dimeriza- 
tion of butadiene affords 2-vinylbicyclo[3.1.0]hexene as the major 
product, in addition to the ‘normal’ vinylcyclohexene and butane 
dimers of equation (87)267. 

Cyclohexa-l,3-diene, like 1,3-butadiene, gives cyclobutane and 
‘ Diels-Alder ’ dimers on sensitized irradiation 268. This is also a 
multistep process, but it does not show the same variation in pmduct 
composition with sensitizer energy, since transoid forms are not 
possible. 

B. Other Photodimers 

chemical cycloaddition is the dimerization of 2-pyridones 260*270 

One of the few examples of the ‘allowed’ (4 + 4 rr electron) photo- 

4,6-Dimethyl-2-pyrone (139) yields the dimer affording 140-142, 

R 
I 

I N-R 
R 

R = H.CH, 

A 

(139) 

Me xo 
Me 0 



316 

but de has shown that dimer 141 is the product of a Cope 
rearrangement of 140 and not a direct product of 139. 

Tropone dimerization has been studied by two groups and has been 
found to form (6 + 2 T electron) (143), (4 + 2 electron), and 
(6 + 4 n electron) dimers on272*273 direct irradiation in acetonitrile 

K. J. Crowley and P. H. Mazzocchi 

(143) 
K 
0 

(144) 

solution. In 2~ sulphurid acid only a (6 + 6 7r electron) dimer (144) 
is formed274. The formation of the (6 i- 4 T electron) d h e r ,  which 
should be photochemically disallowed, has recently been shown to 
involve triplet intermediates 275. 
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1. INTRODUCTION 

When an electron of energy between 5 and 100 eV and greater than 
the ionization potential collides with a molecule in the source of a mass 
spectrometer, the molecular ion either in its ground state or one of its 
excited electronic states is produced. Since an electron has been lost, 
this process may be represented as 

+ 
e f  M + M ' + 2 e  

where the signifies the odd electron in the ion. Evidenct is now ac- 
cumulating to the effect that the charge may be regarded as localized 
in the molecule1-6, especially where a heteroatom is present. Thus 
in n-propylamine, Shannon3 explains the formation of m/e 30 by pro- 
cess (1). 
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The fish-hook (n) is used2l3 to represent one-electron transfer, the 
curved arrow (n) represents a two-electron transfer as used in ground- 
state physical organic chemistry'. McLafferty8 has quoted the pro- 
duction of m/e 15 and 45 in the mass spectrum of methyl ethyl ether as 
examples of the two types of processes (2,3). In the case of the double 

+ 
CH3-CH,-O-CH3 '-7 nr-+ - ' CH,* + CHZ=O-CH, 

m/e 45 .q 
CH3-CHz-O-CH3 - CH3-CI-12-0- + CH3+ (3) 

m/e 15 

bond, the representations of the molecular ion are either a or b. 
The latter will be seen to be important when we come to consider 
double-bond migration in molecular ions. 

+ .  
[CH3-CH==CW-CH3] ' CH3-CH-CH-CH3 

(4 (b> 

Figures 1 4  show the mass spectra of the straight-chain terminal 
Figxes 5 and 6 show the effect of branching 

In all the molecules past propylene, fission /3 to the 
The modes of 

olefins up to I-pentene. 
at the $-position9. 
double bond plays an important role (Table 1). 
fragmentation (4) and (5) are thus of considerable importance. 
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Figure 1 .  Mass spectrum of Figure 2. Mass spcctrum of 
ethylene. propylcnc. 
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TABLE 1. Fragmentation p to the double bond" 

329 

Moleculc ni/e yo base m/e yo base 
- 

I-Butene 41 100 15 4 
1-Pentenc 41 45 29 28 
4-Methyl-I-pcntene 41 72 43 100 
4,4-Dimethyl-l- 41 53 57 100 

2-Hcxcne 55 100 29 27 
pentene 

2-Heptene 55 100 43 22 

a Fu and F,  rcprcscnt the unsaturated and saturated ions 
produced by B-fission. 

R1 @-CH2R4 R' I CH, \. t /  \ .'/ 
\ /' \ 

R' RJ R2 R3 
,c-c - C't + CH,R' (4) 
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20 

10 20  30 40  50 60 
rn - 
e 

Figure 3. Mass spectrum of 1-butene. 
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Figure 4. Mass spcctrum of I-pentcne. 

Figure 5. Mass spcctrum of 4-methyl-I-pcntene. 
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Figure 6. Mass spectrum of 4,4-dimethyl-l-pentene. 

While the picture presented works reasonably well for the terminal 
olehs,  difficulties arise when the other isomers are considered. 
Table 2 shows the partial mass spectra or the 11-hexene isomers. I t  
would appear that 3-hexene possibly undergoes extensive isomerization 
prior to fra-omentation. The others must as well, as evidenced by 
mie 55 in 1-hexene. This assumes that allylic fission is the main mode 
of fragmentation. 

The case of 1-pentene (Figure 4) is cf great interest, since the base 
peak now moves to the odd electron ion, m/e 42. This may be formu- 
lated as a McLafferty rearrangement lo (equation 5a). 

TABLE 2. Abundance (% base) of various ions in the 
mass spectra of n-hexene isomerse*a 

Molecule m / e :  69 15 55 29 41 43 

I-Hexene 19 7 59 28 100 59 
2-Hexene 19 5 100 22 41 12 
3-Hcxene S a 100 25 77 16 

a The peaks underlined arc those that would bc expected on 
the basis of P-fission. 
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In certain cases, e.g. 4,5-dimethyl- 1-pentene the charge may appear 
on the other fragment (equation 5b). 

Some fragmentations involving this rearrangement are shown in 
Table 3. Care again has to bc taken regarding interpretation in this 
case, because 3-hexene gives m/e 70, 13% but m/e 56, 66Yo9. This 
again would be expecied, assuming the McLafferty rearrangement, if 
there was isomerization prior to fragmentation. 

The last route to be discussed is observed in cyclic olefins, the retro- 
Diels-Alder fragmentation l1 (equation 6). This occurs to the extent 

mle 54 

of 76% in cyclohexene-it is the second most abundant peak". I n  
1-methylcyclohexene the abundance of m/e 68 is 45%, but there is also 
a peak at m/e 54 In the case of 1,Z-dimethylcyclohexene the 
abundances of m/e 82,68 and 54 are 25%, 40% and 14% respectively9. 
Again it would appear that assuming the retro-Diels-Alder reaction, 
isomerization of the double bond occurs prior to fragmentation. 

TABLE 3. The McLafferty Rearrangement 

Molecule mle % base Process 

1-Pcntene 42 100 5a 
1-Hcxene 42 75 5a 

4-Methyl-1-hcxcne 56 82 5b 
3-Methyl- 1 -hexcne 56 64 5a 
2-Methyl- 1-hexcne 56 100 5a 
2-Heptene 56 94 5a 

5-Methyl- 1-hescne 56 100 5 t  
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We have seen that a fundamental problem behind the interpretation 
of the mass spectra of the unconjugated olefinic bond is the possibility 
that an electron-impact induced migration occurs before fragmentation 
takes place (equation 7a). The Erst stage of electron impact is con- 
sidered to be the removal of a m-electron and subsequent migrations 
are accomplished by 1,3 hydrogen migration12 (equation 7a). HOW- 
ever, there is also evidence that 1,2 hydrogen shifts occur resulting in 
the separation, in the case of a straight-chain olefin, of the two carbon 
atoms carrying one hydrogen only12*13*14 (equation 7b). The 
location of the charge is then a matter of conjecture. 

The implications of the existence of these processes, as far as the in- 
terpretation of the mass spectra fragmentation patterns and physical 
data such as ionization and appearance potential measurements are 
concerned, are considerable. So before discussing these points in 
detail, the nature and extent of these rearrangement processes requires 
examination. 

Such migrations were postulated by many early w o r . k e r ~ ~ ~ * ~ ~ ,  based 
mainly on the observations of many similarities between the mass 
spectra of double-bond isomers. McLafferty 15, in discussing the mass 
spectra of 4-noneneY attributed the formation of the large peak at 
n / e  84 as being due to a McLafferty rearrangement to give the ion c 
(equation 8). The presence of a metastable at nz*/e 37-3 (calc. for 
84+ + 5 € +  + 28, 37-3) showed the further loss of ethylene from this 

---+ [CH3CH2CH,CH2CH=CH3])t + C,H, 
(c) m/e 84 

1 

[CH3(CH2),CH=CHCH3]' [CH3CH2CH=CH,]t + CZH, 
(a) m/e 56 
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ion to give the ion d at m/c 56. I t  was suggested that t h i s  involved a 
hydrogen migration followed by a second McLafferty rearrangement. 
The results of Millard and Shaw l4 suggest that, owing to the extensive 
hydrogen migration in simple olefin systems14, the presence of a 
McLafferty rearrangement cannot be proved by labelling, so this 
evidence is not valid. 

The concrete evidence for such hydrogen rearrangement has been 
obtained by the study of labelled compounds. The work of McFad- 
den l2 on the inass spectra of propene-2-d, propene- 1 , 1-d, and 
propene-3,3,3-d3 was considered to show that only 1,3 shifts were im- 
portant as far as the loss of a hydrogen or a dcuterium were concerned. 
The loss of a methyl group from the molecular ion was considered to 
be slightly faster than the occurrence of complete hydrogen scramb- 
ling by 1,3 and 1,2 shifts. 

Smith and coworkers l3 reexamined the mass spectra of propene-I-d, 
propene-2-dand propene-3-d; in these cases the [Ad-HI + and [M-D] + 

ions had the same relative intensities, which contradicts the work of 
McFadden, and would be best explained by complete proton scramb- 
ling before fragmentation. In agreement with McFadden they 
suggest a lower rate of randomization between C,,, and C,,, than 
between C,,) and C,3j to explain the slower amount of scrambling 
before the loss of a methyl group in the l,l-d2 compound. The 
randomization, although still not complete, is more extensive in the 
case of the other two compounds. 

Thi: work of Voge and coworkers1' on 3-l3C:-propene indicates that 
the equilibrium represented by (equation 9) is reached before the 

A. G .  Loudon and Allan Maccoll 

[CH2=CH-13CH3] ' a [CH3-CH=13CH2] ' (9) 

methyl radical is lost, but that the rate of formation of the methyl 
cation is a little faster than this equilibration. This would seem to 
imply charge location such that the electronic rearrangement required 
for the methyl cation formation is faster than that for the loss of a 
methyl radical. Alternatively, these ions could come from different 
excited states of the molecule ion. As suggested by Smith, the dif- 
ference between this and the result for the deuterated compmnds is 
due to the fact that any 1,3 migration in the 13C compund will pro- 
duce complex randomization, but in the case of propene-2-d the 
migration of the deuterium atom on C,,, is necessary to give random- 
ization. This will be slower due to both the deuterium isotope effect 
and also possibly to it being ncarer to being J"," hybridized. The 
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situation of propene-3-d is a little, better off, since only deuterium 
transfer will not produce complete randomization. In propene-1-d it 
is not quite clear why the randomization is slower than for the 13C 
compound, save that the first hydrogen transfer leads to propene-3-d 
and only hydrogen transfer leads back to propene-1-d. 

The work of Bryce and Kebarle18 on 1-butene-4,4,4-d3 shows that 
in this case as well, the [M-Me]+ ion is formed after considerable 
hydrogen scrambling. Interestingly it appears that the amount of 
scrambling decreases on increasing the electron voltage. The ex- 
planation put forward is that with more energetic electrons the loss 
of methyl occurs from more highly excited states of the molecular ion 
and is thus faster'. The rate of hydrogen rearrangement as judged by 
the ratios of the abmdances of the [C3HnD5 - n] + ions seems much less 
dependent on the electron voltage?. 

Recently the work of McFadden l2 has been reinterpreted by Mil- 
lard and Shawl4. On the basis of his data they suggest that the for- 
mation of [C2H,D3_,] + ions involve both 1,2 and 1,3 shifts, and that 
the former are faster than the latter in contradiction to McFadden's 
ideas. The mass spectrum of trans-2-butene- 1,4-d2 determined by 
these authors, shows a significant [M-CHD,] + ion approximately 
consistent with a complete random distribution of hydrogen and deut- 
erium atoms. This is to be compared with the incomplete randomiza- 
tion of 1-butene reported by Bryce la. The latter result may be due to 
the fact that more than one deuterium transfer from one carbon atom 
(C(*J has to happen for randomization, or may be due to the slower 
loss of a methyl group from the 2-bute1ieY since vinylic cleavage would 
be required in the case of the original molecular ion. Millard and 
Shawl4 have also examined the mass spectra of several deutero-l- 
pentenes and have come to the conclusion tliat the [M - 281 t ion in 
the spectrum of 1-pentene (Figure 4) cannot be shown to arise by a 
McLafferty rearrangement or by any other one exclusive rearrange- 
ment. They suggest that due to the existence of 1,3 hydrogen shifts, 
not only C (1) and C (: but also C (4) and C (5 ) can be lost as ethylene 
from the molecular ion. In these compounds the loss of ethyl and 
methyl radicals occurs at about the same rate as randomization of the 
hydrogen atoms. 

The 
work of Weinberg and Djerassilg on A4@) menthene (1) was the first 

The situation seems to be the same in the case of cyclic olefins. 

* For an alternative explanation see Reference 23. 
f For more recent work see Reference 44. 
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to show that hydrogen migration under electron impact occurred in 
simple monocyclic olefins. The evidence for the fragmentation of this 
menthene shown below, was supplemented by thc spectra of the 
labelled compounds 2 and 3. 

! Tb 
(1') I 

I. 
A 

(2) 

CD, CD, 

D 

D DQ D 

(3) 

Djerassi considers that the4: 1 ratio for the lossofan isopropyl methyl 
to yield e, compared with the loss of the C,,, methyl group to yield e', 
shows that the hydrogen migrations are relatively slow. This appears 
to be based on the idea that the ratio would be about 1: 1 if the 
migrations were fast relative to fragmentatim. However, the ion 1" 
can undergo two different allylic fragmentations either losing the C(l, 
methyl group or the isopropyl group. So the second fragmentation 
would be expected to be preferred, since it is a well-known rule in mass 
spectrometry that the larger radicz! is lost preferentially. So the 
proper comparison to show whether fragmentation is fast or slow 
compared with isomerization, is to compare the ion current due to the 
loss of the C,,, methyl and the isopropyl group, with that due to the 
loss of a methyl from the isopropyl group. These are in the ratio of 
7 : 1 approximately. This would suggest that double-bond migration 
is fast compared with fragmentation. The ratio would not be ex- 
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pected to be 1 : 1 since the rate of loss of an isopropyl group may be 
faster than that for a methyl group. 

More recently the work of Kinstle and Starkz0 on some deuteratcd 
1-methy!cyclohexenes has confirmed the existence of such hydrogen 
migrations in cyclic olefins. This work will be considered in more 
detail in the discussion of' the retro-Diels-Alder reaction. With 
compound 4 the absence of any peaks corresponding to the loss of 
CH,D and CHD, suggests that the rate of transfer between the ring 
and the methyl group is very slow. This is perhaps as might be 
expected since primary hydrogen transfer is in general known to be 
slower than secondary hydrogen transfer 21. In contrast, in the case of 
the exo-methylene compound 5, the spectra of deuterated analogues 6 
and particularly 7 show that hydrogen transfer to the exo-methylene 
group is fast, since there is a large [M--CH,D]+ peak in the latter 
compound. 

6 0" dc) 'GD 
D 

(4) (5) (6) (7) 

The explanation of most of the experimental results pertaining to 
double-bond migration has been made on the basis of ground-state 
ions and radicals; the possibilities ofexcited states and unusual valency 
states has been ignored. This is rather an arbitrary restriction but 
what is dear is that extensive hydrogen rearrangements occur prior 
to the fragmentation of the molecular ion in the case of many olefins. 
This has many implications in the mass spectrometry of the double 
bond. 

I I .  IONIZATION AND APPEARANCE 

When the energy of the electron beam is greater than the ionization 
potential of the substrate, the following processes may occur: 

* 
e +  M __f M ' +  2 e  
e +  M + A +  + B- + 2 e  

+ 
e + M __f MI. + Mz + 2 e  (12) 

The lowest energy for which reaction (10) occurs is the ionization 
potential of M, f (M),  while the lowest energy for which ( 1  1)  or (12) 

1 2 + C . A .  2 
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occur is thc appearance potential of A +  or M,?, A(A+) or A(Ml?). 
These quantities are usually deterniined by plotting the ionization 
efficiency curves of the unknown and of a standard, that is the ion 
current as a function of electron-beam energy. The plot may either 
be linear or semi-logarithmic. Such a semi-log plot is shown in 
Figure 75. If the 
horizontal distance between them is AZ and if the ionization potentials 
of the standard ( S )  and the unknown (X) are I ( S )  and I ( X ) ,  then 

I ( X )  = I (S )  + A1 

The same technique may be used for determining appearance po- 
tentials of fra,o;ments, but the position is sometimes complicated by the 
ionization efficiency curves not being parallel. 

Electron-impact ionization potential data for many olefins have 
been determined and collected 22*24*25. The gradual decrease in the 
difference between the ionization potentials of homologues of the 
type R1-CH=CH2 with increasing size of R1 (Table 4), would 
suggest some considerable degree' of charge location on the initial 
double bond when the molecule collides with electrons of energies 
near the ionization threshold. 

A similar effect is noticeable for olefins of the type Me-CH=CHR 
(Table 5). 

The point made by Stevenson26 that the difference between the ion- 
ization potentials of propene and 1-butene ( -  0.1 eV) is small com- 
pared with that between butane and propane ( -  0-4 eV), suggests a 
different type of ion in the two cases, which is in accord with the idea of 
charge localization on the double bond. 

1 , 1-Disubstitution of the double bond seems slightly less effective 
than 1,2-disubstitution in reducing the ionization potential of the 

It will be seen that the two curves are parallel. 

TABLE 4. Variation in the ioniz- 
ation potentials of olefins of t h e  

type R1-CH=CH2 

R' I(M)(eV) AI 

H 10.6 - 
CH3 9-84 0.76 
C2H5 9-72 0.12 
n-C3H7 9-66 0.06 
n-C4HB 9-59 0.06 
n-CsJ317 9.51 0.08 
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Figure 7. The  ionization efficiency and electron bcam energy plots for 
thiourea. O,o, Thiourea runs I and  2 ;  &a, methyl iodide runs 1 and 2. For 
the pair of duplicate runs a t  the right-hand side of the diagram the scale has 
been shifted by + 3 eV. (Reproduced by permission from Ckemislry and Industry.) 

double bond. 
2-butene are 9.23 and 9.13 eV respectively. 

However propylene has been hlly investigated (Table 6 ) .  
culated values are derived as described below. 

Thus the ionization potentials of isobutene and tram- 

Relatively little appearance potential data is available for olefins. 
The cal- 
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TABLE 5. Variation in the ioniz- 
ation potentials of olefins of the 

type trans-Me-CEI=CHR2 

R2 Z(M)(cV) AZ 

H 9.84 - 
CH3 9.27 0.57 
CZH.5 9-06 0.21 

n-CBHl1 9.11 0.05 
n-C3H7 9.16 -0.10 

TABLE 6. Appearance potentials of fragment 
ions from propylcne" 

A(eV) 

Ion Ncutral species obs. calc. 

C3H2 H' 11.9 11.8 

C3Ili Ha 12.5 12.1 

CzHd CH;' 12.9 12.8 
CZHZ CH3 13.7 13.2 
CH,f C2H3 14.9 14.8 

f 

a Ionization potcntial 9.7 eV. 

Field and Franklin22 recommend the tabulation of heats of forma- 
tion of ions. These are defined by 

M f ( M + )  = I(M+) + AHf(M) 

AHf(A+) = A(A+) - AHf(B) + AH,(AB) 

(13) 

(14) 

AHf(M,+) = A(M,+) - AHf(M2) + AHf(M,:M,) (15) 

for the processes (lo), (11) and (12) respectively. Thus tabulated 
values of AHf(M+), AHf(A+) and M , ( M , + ) ,  together with corre- 
sponding values for AH,(B) and the normal thermodynamic heat of 
formation of molecules, enable the calculation of appearance potentials. 
Some values are given in Table 7. I t  is of course assumed that 
fragments are formed with no kinetic energy release. Stevenson 27, 
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TABLE 7. Hcats of fornzation of ions and radicals (kcal/rnole)2a 

Ion (A+)  CH,+ CH: C2H$ C2H,C CzHf C3H,’ C3H2 
5 H , ( A + )  333 262 280 224 225 27ga,280b 225 

Radical(@ H CH2 CH3 C2HJ C2H5 &HG 
A H , @ )  52 59 33 83 24 33 

from a study of the alkanes, has proposed that for the alternative 
process 

A+ will be produced in its iowest-energy state only if I(A) < I(B). 
This implies that 

AH,(A+) = A(A+)  - AHf(B) + AHf(AF3) 
but 

AH,(B+) I A(B+)*: - AHf(A) + Mf(AB) 
where now A(B+)* is the appearance potential for an excited statet. 
Care has thus to be taken in using the above type of argument. 

A difficulty underlying the energetics of fragmentation, which has 
already been discussed when considering mechanisms of fragmentation, 
is the possibility of isomerization of the molecular ion and the structure 
of the fragment ions. Some evidence is provided by the work of Bryce 
and Kebarle l8 who examined the mass spectrum of CD,CH,CH=CH, 
at varying electron energies (Table 8). A major route of fragrnenta- 
tion is the splitting off of CH3 to give m/e 41 in the hydrogen com- 
pound. 

It is apparent that the C, fragment contains a considerable amount of 
deuterium resulting from the transfer from the CD, group to the rest of 
the molecule. What is more surprising at first sight is that the amount 
of deuterium transfer increases as the electron-beam energy is reduced. 

This can also be due to the fact that B+ is not produced from the molecular 
ion. 
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TABLE 8. Variation of C3 ion intensity with electron-beam energy 

Rclative Abundance 
Electron beam 

encrgy (eV) m/e 41 42 43 44 (42 -I- 43 + 44)/41 

13-0 
15.0 
17.0 
50.0 

1.0 3.0 5.0 2.0 10.0 
4.0 8.0 14.0 6.0 7.0 

12.0 20.5 32.0 16.0 5.7 
74.3 67.0 99.3 59.0 3.0 

Bryce and Kebarle explain this in terms of the more highly energized 
ions having shorter lifetimes and hence less time for rearrangement*. 
This work confirms the prediction of Stevenson and Wagner 2g that the 
rearrangement of H and D atoms would be more extensive in the 
alkenes than in the alkanes. 

More work will be required, especially with labelled (D or 13C) 
compounds, before a detailed understanding of the energetics of frag- 
mentation of alkenes is achieved. 

111. LOCATION O F  DOUBLE BONDS BY MASS 
SPECTROMETRY 

The direct location of double bonds by mass spectrometry is made 
difficult by migration of the double bond under electron impact30. 
This problem is particularly important in the field of lipid chemistry. 
To overcome this problem simple chemical transformatioiis involving 
a minimal amount of material have been developed. Reduction of 
the double bond with deuterium and examination of the spectrum of 
thc corresponding saturated compound was the first method investi- 
gated. I t  was hoped that the two deuterium atoms would go on to the 
carbon atoms of the original double bond (equation 16) and that 
fragmentation as in equation (17) would lead to the location of the 
double bond. This means that the deuterium must be introduced 
specifically and that there must be no hydrogen or deuterium migra- 
tions under the experimental conditions. However, these conditions 
were not fulfilled, since double bonds migrate under catalytic hydro- 
c qenation conditions 31 (see Chapter 4). Secondly, catalytic exchange 
ofhydrogen for deuterium also occurs, thus introducing more than two 
deuterium atoms per double bond. Even without the first two com- 

For an alternative explanation see Reference 23, see also footnote p. 335. 
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plications the hydrogens and deuterium atoms of the saturated com- 
pound will migrate under electron-impact conditions 14-32. Finally 
the fragmentation of long-chain paraffins i s  known not to be as simple 
as first described. Previously it was considered to be due to straight 
cleavage of the carbon-carbon bonds giving simple hydrocarbon ions 
ofthe type [CnH2n+ 1] +. However, for CD,(CH,)2,CD3 the mass spec- 
t r ~ m , ~  shows a base peak a t  m/e 57 [C,H,] +, although on the basis of 
direct cleavage the largest four carbon containing peak would be ex- 
pected at m/e 60 [C4HBD3]+. The latter is indeed large but the 
presence of the former implies the expulsion of polymethylene units 
with a hydrogen capture, from the middle of the molecule. Indeed 
the [C,,H,,] + ion is sGIl noticeable in +he spectrum of this compound. 
This expulsion reaction is imagined to proceed through a coiling 
mechanism. 

To overcome the problems introduced by catalytic hydrogenation 
the use of perdeuterohydrazine in dioxan as a reducing agent, for the 
double bond in unsaturated fatty acid esters (reaction 16) was devel- 
oped by Ryhage and coworkers ,O. However, the fragmentation 
patterns of saturated fatty acid esters were shown by the same workers 
to involve not only the simple cleavages (reaction 17) but also the 
expulsion of alkyl radicals from the centre of the chain, as in the case of 

RICH=CH(CH,),COOMe - R'CHDCHD(CH,),COOMe (16) 

! [(CHD),(CH,),COOMe]+ 
[R&i D+CHD(CH,),COOMe] tr (17) 

I I* [CHD(CH,),COOMe]' 

the saturated paraffins. Again, for CD,(CH,),,COOCH3 the mass 
spectrum shows there is an ion at m/e 143, [(CH,),COOCH,]+, but 
there is also an ion at m/e 146 corresponding to [C8Hl,D30,] + and the 
intensity of the ion at m/e 199, [(CH2)l,COOCH,] +, is the same as 
that at m/e 202 (the corresponding trideuterated ion). Other labelled 
esters produced the same results under electron impact, so other 
methods were sought 

The first successful method was developed by Fetizon and his co- 
workers 33 for simple olefins. The olefin was converted to the epoxide, 
which on heating with dimethylamine in a sealed tube gave a mixture 
of two compounds (reaction 18). 

R'CH(OH)CH(NMe,)R2 

R'CH(NMe,)CH(OH)R2 
(18) R'CH=CH R2 
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These compounds fragment as expected under electron impact to give 
the ions R-CH=NH2. These ions further fragment as shown in 
reaction (19), so any substitucnt on the carbon atoms a or to the 
double bond can be detected. This method can also be applied to 

+ 

[RICH(NMea)CH(OH)R’]’ ___f RICH=iMea CH2=CH-CH=6Me2 

[R1CH(OH)CH(NMe2)Rz’J+’ __t RaCH=kMe2 CH2=CH-CH=NMe, 
+ (19) 

cyclic olefins such as cholestene. Often in this type of olefin only one 
of the two possible compounds is formed for steric reasons (neglecting 
conformational isomers), but the fragmentation patterns are more 
complicated. However, the fragmentation patterns of steroidal 
amines have been worked out33 and can be applied here with one 
simplification, the hydroxyl function favours cleavage OK the bond 
between the two carbon atoms carrying the functional groups. An 
example is outlined for the hydroxy amino derivative (8) of cholest-5- 
ene. 

This method gives large ions corresponding to the cleavages pre- 
viously discussed, as well as a molecular ion. There is no evidence as 
to the geometry of the double bond. With esters or amides the 
chemical transformation produces the substituted amide. 

Another method has been developed by McCloskey and his co- 
w o r k e r ~ ~ ~ * ~ ~ .  The method was first used for locating the double bond 

mle. 268 



7. The Mass Spcctromctry of the Double Bond 345 

in unsaturated fatty acid esters3". The material (1 mg) was treated 
with osmium tetroxide which gave the cis-diol. Subsequent reaction 
with acetone gave the isopropylidene derivative, which is then intro- 
duced into the mass spectrometer via a chromatographic column. 
The mass spectrum shows a large [M-15]+ ion thus allowing the 
determination of the molecular weight. The double bond is located 
by the small ions formed by the cleavages shown in reaction (20). 
Use of hexadeuteroacetone or l 8 0  enriched osmium tetroxide allows 
identification of these peaks by the appropriate shifts in the m/e ratios 
of these ions (g,h). Also the relationship between the mass of g (tn,) 

I .  0 5 0 ,  R1w(CH,).CO,Me 
2. Me,CO 

R l--C H=C H-(C H,),CO, Me - 
O X 0  

(20) 

and of h(mh) is given by equation (21). The ion g containing the ester 

mg + mh = 100 + molecular weight (21) 
grouping is always the more intense. The added advantage of this 
method is that comparison of the spectra of the cis and trans isomers 
allows geometrical assignment. In all these cases the ion j, formed by 
successive loss of ketene and methanol from the [M - 153 + ion, is about 
twice as intense for the erythro derivative formed from the cis oleSn than 
for the threo derivative formed from the corresponding trans olefin. 
Reaction (22) was substantiated by deuterium labelling. 

The proton originally belonging to acetone is lost in the last stage 
whatever the chain length. This probably reflects the ability of these 
types of chains to coil round themselves as postulated in the mechanism 
for the expulsion of alkyl radicals from the middle of the hydrocarbon 
chains. 

The spectra36 of the same derivatives of straight-chain olefins are 
much simpler, showing [M - 151 + ions and the two prominent k and P 
ions (reaction 23). From these three ions the moleciilar weight car! 

12* 
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R1\ /(CH,).C=O 

0 

I 

dR2 
+ O X 0  

(23) 

0 
Confirmation of tlic 

rn, + xl = 100 + molecular weight of R1CH=CHR2 (24) 
identity of the ions k and 1 comes from the relationships given in 
equations (25) and (26). The routine use of hexadeuteroacetone and 

easily be determined by use of equation (24). 

m, = 101 + 14 ( r ~  + 1) 

ml = 101 + 14(m + 1) 
(25) 

(26) 

if necessary high resolution mass measurements, can also be used to 
identify these ions. As a general rule if R1 > R2 then the intensity 
of the ion k is greater than that of the ion 1. 

The intensity of k or 1 can be expressed as a fraction of the total ion 
current 2% above m/e 40. For the cis and trans forms of the same 
olefin the intensity ratio is governed approximately by equation (27). 
Also 

trans 

(Intensity of k / z  hi Intensities) /(Intensity of k / z  M Intensities 

40 cis 40 
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the ion i formed by the loss of ketene from the [M - 151 + ion, has a 
different value expressed as a percentage of the total ion current for the 
& and trans isomers, as given by equation (28). 

M M 

\ 40 cis 40 

(Intensity of i l ~  Intensities) /(Intensity of i/x Intensities 

- 4.0 (28) 

The use of hexadeuteroacetone in the case of the 2-alkenes shows 
that there is no contribution to the ion current at  [M - 151 + due to the 
ion k(R2 = Me). The problem of location of the double bond when 
k or 1 is small can be overcome by identification of the ion m of moder- 
ate intensity when R' or R2 5 C,H,. The ion m always has an m/e 
value 29 units above that expected for the ion 1. 

PRZ. "X" 

Mentior. is also made 36 of compounds containing two double bonds. 
The derivative 9 shows only ions corresponding to fragmentations (1) 
and (21, the ions corresponding to fragmentations (3) and (4) are not 

O x "  O x 0  

(9) 

seen. This may be due to the nearness of the two isopropylidene 
derivatives, but this has yct to be investigated and more work is 
required before these methods can be appiied to polyene systems. 

IV. THE RETRO-BIELS-ALDER REACTION 

I n  general as discussed in the previous section, the migration of 
double bonds under electron impact causes difliculties in the inter- 
pretation of the mass spectra of olefins, but this is not always so. In  
some cases this migration does not occur. Alternatively if it occurs, 
either it does not affect the fragmentation pattern or it affects it in a 
reco%gnizable manner. 
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The retro-Diels-Alder reaction, first so-called by Biemann 37, exem- 
plifies these points. The general structural requirement for this re- 
action is a six-membered ring containing one double bond. Formal 
diallylic cleavage as shown for cyclohexene (reaction 30) is the char- 
acteristic of this reaction. In molecules of unknown structure this can 
often be recognized by the fragmentation pattern involving the ex- 
pulsion of a neutral molecule, leaving an ion corresponding to a 
rnolccule, i.e. all the classical valencies are satisfied. However, in 
other cases further bond fragmentation may be required to give a 
fragment ion at  all, making identification of this reaction more 

difficult. Also it is not clear that a11 so-called retro-Diels-Alder re- 
actions go by the same mechanism, and it is not possible to check this 
save by confirming that the correct atoms are in the ions formed by a 
suspected retro-Diels-Alder reaction. This should perhaps be con- 
tras ted with the McLafferty reaction, where labelling shows whether 
it is the y hydrogen which is transferred. In neither case are the 
details of the electronic rearrangement completely known*. 

Examination of the mass spectra of several alkyl derivatives of cyclo- 
hexeneg reveals that the mass spectra can be explained, in part, on the 
basis of bond migration before the retro-Diels-Alder reaction occurs. 
In  the spcctrum of the three monomethyl cyclohexenes the major peak 
corresponds to a retro-Diels-Alder reaction on the rearranged mole- 
cular ion (Table 9). The existence of large peaks corresponding to 
this reaction on rearranged molecular ions (Table 9), would suggest 
that here, migration of the double bond and this reaction proceed at  
about the same rate. Notice that the large difference between the 
4-methyl compound and the other two rules out complete equili- 
bration before fragmentation. 

Djerassill postulates that the first stage in the reaction is an allylic 
fission (reaction 31). In  the case of cyclohexene he estimates the 
appearance potential for such a reaction by considering the bond 
energy of an allylic carbon-carbon bond in cyclohexene as ca. 70 kcal. 
(3-0 eV) and the ionization potential for the diradical nas  bcing 7.7 eV. 
This leads to the appearance potential for such a mechanism to be 

* See references 42 and 43. 
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TABLE 9. Contribution of rctro-Diels-Alder reactions to the spectrum 
of rncthylcyclohexencs 

retro-Diels-Alder reaction retro-Dick-Aldcr reaction on 
Compound on molecdar ion rearrangcd molecular ion 

1 % base 
4 1  

2% base mle 
4 1  

mle 

I -Me 68" 10 54= 5.2 
3-Me 68 10 54d 6-4 
4-Me 5 4 b  16.7 68d 6.6 

a Can be formed via 1,3-migration giving the molecular ion of thc 3-methyl compound. 
Can also still be formed aftcr a 1,3 migration. 
This rcquires n minimum of two 1,3-hydrogcn shifts. 
Requircs one 1,3-hydrogen shift. 

> 10.7 eV. The experimental value of 11.2 eV is thus consistent with 
the postulatecl mechanism. However, these estimates are quite crude. 
The  thermal retro-Diels-Alder reaction of cyclohexene is regarded as a 
one-step process and the energy required for this is known (0-78 eV). 
Coupled with the ionization potential for butadiene this would require 
an appearance potential of only 10.1 eV. So the intermediate is 
regarded as being straight-chained n' rather than a ring-expanded 
transition state, where the two bonds to be broken are equally stretched, 
since the former calculated value is better than the lattefl. 

T h e  relatively high intensity of the retro-Diels-Alder reaction of the 
unrearranged molecular ion in the 4-methyl compound, may on this 
basis represent the extra stabilization of the radical ion 0, lowering the 
activation energy for this reaction. 

(0) 

* RecentlyzB, evidence has been produced for a concerted rctro-Diels-Alder 
reaction. 
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A similar argument may account for the fact that in the spectra of 
lY2-dimethylcyclohexene the largest peak corresponding to a retro- 
Diels-Alder reaction is at  m/e 68. If the double-bond migration is 
relatively fast, then the important factor will be the energy of the 
various possible transition states. Of all the possibilities p will be 
expected to be the most stable and would give rise to an ion at m/e 68. 

Djerassi advances a similar argument to account for the appearance 
of a large [M - 541 ? ion in the spectrum of 9-methyl-trans-Az-octalin 
which is very small in the case of the parent octalin. He suggests that 
of the ions g and r wher R = Me, r is favoured but when X = H then 
g is Favoured ll. Evidence for double-bond migration can be found in 
the spectra of the two compounds. Rearrangement to the cation s 
would requirc methyl migration when R = Me. When R = H but 
not when R = Me, an appreciable [M - 281 + ion is seen. Notice in the 
case of the or-methyl compound the ion s' which could give ar, [M - 281 + 

ion and would be formed without methyl migration is not formed, 
perhaps due to a preferential migration of the double bond towards 
the methyl group. 

The retro-Diels-Alder reaction of 1 -methylcyc!ohexene has recently 
been studied by the means of deuterium compounds 10 and 1lZo. 

t 

On the assumption that the ion at m/e 66 [M-C,H,] + in the spectrum 
of 1-methylcyclohexene does not come by a loss of the hydrogen from 
the [M-C,H,] ? ion (the retro-Diels-Alder ion), the minimum degree 
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of rearrangement before production of the ion at  m/e 68 can be cal- 
culated. This assumption is probably reasonable since cyclohexene 
shows a large [M-Me]+ ion which cannot come from the retro- 
Diels-Alder reaction in that compound. A detailed study of the dis- 
tribution of the labelling in the two compounds also indicates that at 
least a considerable portion of the [M-C2H5]+ ion does not come 
fram the corresponding retro-Diels-Alder ion. 

From the ratio of [M - 281 ? /[M - 291 + in the parent compound and 
the labelled compound 10, it was calculated that the percentage re- 
arrangement before retro-Diels-Alder fragmentation was 53%. This 

is the minimum amount due to a retro-Diels-Alder fragmentation 
before hydrogen migration, since the isomerization shown in reaction 
(31), although a hydrogen migration, gives the same molecular ion 
and therefore will lead to the ion at m/e 7 1 , and therefore part of the ion 
current at m/e 71 is also due to fragmentation after rearrangement. 

Similar calculations on the deuterated compound 11 give again a 
minimum figure of 28% due to the isomerization shown in reaction (32) 

Djerassi in his paper on the menthenes l9 suggests that part of the ion 
at m/e 81 is due to a retro-Diels-Alder reaction on the ion t, followed by 
the loss of a methyl group (reaction 33). 

(t) 

In  general the retro-Diels-Alder reaction seems a fairly high-energy 
process and if other simple fragmentations are available, these often 
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take precedence. Thus in the mass spectra of 1- and 4-acetyl cycio- 
hexenes the only large fragment ion is the [M - 152 + ion. 

Most of the above arguments have neglected the possibility of fur- 
ther fragmentations affecting the relative abundance of these processes. 
This rests on the stability of conjugated olefins to fragmentation under 
electron impace, as well as the fact that the simple explanations seem 
adequate as far as a qualitative picture is concerned. 

The retro-Diels-Alder reaction is important for other reasons, particu- 
larly for structure determination by mass spectrometry. This is partic- 
ularly so in the fieid of triterpene chemistry. The A12 compounds of 
general structure 12, fragment as shown in reaction (34) giving the ion 

(13) 

u. However, if the ring junction changes to 18a, the corresponding ion 
u', is less abundant, The corresponding retro-Diek-Alder peak (v) 
shown in reaction (35) is small in the case of the AI2-lupene series (13). 
If, because of steric strain, the energies of ions u' and v are slightly 
greater than that of u, then i t  could be that the activation energies of 
the subsequent transformations are smaller for u' and v than for u, thus 
resulting in a greater amount of subsequent fragmentations of the 
former ions relative to u. So in this case it may well be that it is the 
decomposition rates of the retro-Diels-Alder ions which are important. 

In  other respects modification of the structure 12 still leaves the 
retro-Diels-Alder ion, or a simple recognizable decomposition product 
of it, as the largest peak in the spectrum. Thus the main peaks in the 
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mass spectrum of a triterpene of molecular formula C,oH500, were 
at m/e 234, 216 and 201. This suggested the partial structure 14 
fragmenting as shown in reaction (36). This leads to the identification 
of this compound as m a n i l a - d i ~ l ~ ~ .  Many other examples have also 
been described. & + H I 0  -3Hlo 

- 
OH 

0 H 
(14) m/e 23$ 

HO 

The retro-Diels-Alder reaction has also been invoked to explain the 
mass spectra of many alkaloids. One example in this context, that of 
the production of the base peak of vincadiformine (15) 40 will suffice. 
I t  should be pointed out that a similar reaction is also shown by the 
dihydrocompound. 

(37) 

CO,CH, 

(15) CQ,CH, 

V.THE EXPULSION OF ALKYL RADICALS FROM 
CYCLIC OLEFlNS 

I n  the case of straight-chain olefins, the loss of alkyl radicals by allylic 
fission has already been discussed. Mention has also been made of the 
fact that the base peak in cyclohexene is due to the ion [M- 151 +. 
Djerassi and coworkers have studied this particular fragmentation 
and on the basis of thermochemical data have come up with the 
mechanism depicted in rcaction (38). The appearance potential of 
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H 

[C,H,] + observed is 10.8 k 0-2 eV. The thermochemical data below 
yield A(C,H,+) 2 10-7 eV in excellent agreement with the observed 

2 H -  --+ Ha, dH = -4.5eV 

--+ c+ , AH = 7-7eV 

value. 
ments of Kinstle aild Starkz0. 

The alternative mechanism (39) is ruled out by the experi- 
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Figxe  8. M a s s  spectrum of cyc1opcn:cne. 
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The mass spectra of cyclopentene 9, cyclohexene and cyclooctene 41 

are shown in Figures 8-10. Notable is the fact that the base peak in 
all three cases is at  in/e 67. i n  other words, the three compounds lose 
He, CH3* and C3H7* respectively, with ease. This presumably 
reflects the stability of the system [C,H,] + . 

+ + 
CH2=CH-CH=CH-CH2 CHZ-CH=CH-CH=CHz 

The retro-Diels-Alder peak is outstanding in cyclohexene at  m/e 54 
(76%). In  cyclooctene at m/e 82 and 54 appear peaks that could be 
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Figure 9. Mass spectrum of cyclohexene. 
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Figure 10. kfass spectrum of cyclooctene. 
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due to fragmentations (40) and (41) respectively. The  peak a t  m/e 67 
is also of interest in this compound, formed possibly by hydrogen trans- 
fer as in reaction (42). 

[Qt H 

The mass spectrometry of the alkencs is one of the most obscure 
chapters in the mass spectrometry of organic molecules. However, 
carefully designed labelling experiments have shed some light on 
fragmentation processes but much more work will need to be done 
hef9re the varin1-i~ mechanisms are finally elucidated, 
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1. INTRODUCTION 

The elucidation of the mechanism of product formation in radiolysis 
is complicated by the simultaneous contribution of reactions of ionic 
intermediates, excited intermediates, and free radicals to the totality 
of observed end products. In the carliest experiments only ionic 
species were thought to be important participants in radiolysis 
mechanisms l v 2 .  Later, a theoretical analysis suggested that free- 
radical intermediates were also highly importmt 3, and for many years 
thereafter, product formation in olefin radiolysis was interpreted in 
terms of free-radical reactions a l o ~ e ~ , ~ .  Mass spectrometric studies 
of the reactions of ions with neutral molecules called new attention6-8 
to the participation of ionic species in product formation, and extensive 
work in all phases B-17 soon revealed that the contributions of ionic and 
neutral precursors to product formation in olefin radiolysis were ap- 
proxi ma t ely equal. 

The irradiation of olefins by any form of ionizing radiation leads to 
the formation of fragmentation products of molecular weight less than 
that of the starting compound, and to the formation of condensation 
products of molecular weight exceeding that of the starting compound. 
Polymer formation is also frequently observed, but constitutes the pre- 
6ominant course of product formation only under particularly chosen 
conditions. 

81. EXPERIMENTAL TECHNIQUES 

A. General Aspects 

Nigh-energy radiation is frequently also referred to as ionizing 
radiation, or as penetrating radiation. As such it encornpasscs both 
corpuscular and electromagnetic radiation, capable of producing 
ionization and excitation in molecules. Since energies in excess of 
24 eV (1 eV/molecule = 23.06 kcal/mole) can ionize all stable atoms 
and molecules, such a value might be set as the lower limit for the 
range of high-energy radiation. On the other hand, most organic 
compounds and certainly olefins can be ionized at  much lower ener- 
gies, even as low as 8-5-10 eV (Table 1)18. Such ener,ees are 
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'TADLE 1. Jonization potentials of some simple olefins* 

Compound Ionization potential (ev) Refercnce 

E thylcne 
Propylene 
1 -Bu tene 
2-Metliylpropcne 
Irans-2-Butene 
cis-2-Bu tene 
I-Pentene 
2-Methyl- 1-butene 
3-Methyl- 1 -butcnc 
3-Methyl-2-butenc 
cis-2-Pen tene 
fram-2-Pentex 
1 -Xexene 
trans-2-Hexene 
trans-3-Hexene 
2,3-Dirnethyl-2-butenc 
3-Ethyl- 1-butcne 
1 -Heptenc 
1-Octene 
2-Octcne 
1 -Decene 
Isoprene 
Cyclopcntene 
Cyclohexene 
4-Methylcyclohexene 
4-Vinylcyclohexene 
Cyclooctatetraene 
1 -Methylcyclohexene 
3-Mcthylcyclohexene 
Me thylenecyclohexanc 

10.515 
9.73 
9.58 
9-23 
9.13 
9.13 ' 

9.50 
9.12 
9.5 1 
8.67 
9.1 1 
9.06 
9-46 
9-16 
9.12 
8.30 
9-2 1 
9.54 
9-52 
9.1 1 
9.5 1 
8.85 
9.0 1 
8.95 
8.9 1 
8.93 
7-99 
8.67 
8.94 
9-04 

a 

a 

4 

a 

a 

a 

a 

a 

0 

a 

b 

b 

a 

C 

C 

d 

C 

C 

C 

C 

C 

a 

a 

a 

a 

a 

a 

C 

C 

C 

~~ ~ ~~ ~ ~ ~~ ~ 

* The determination of ionization potentials of complex molecules is complicated by thc 
Most values must be accepted with reservations. 

a Rcferencc 18, probable crror f 0.02 eV or less, by photoionization. 
J. Collin and F. P. Lossing, J .  Am. Chem. Soc., 81, 2064 (3959) ; probable error 50.2 cV, 

R. E. Honig, J .  Chcm. Phgs., 16, 105 (1948); probable error kO.02 c'V, by elcctron impact. 
J. P. Tccgcnand and A. D. IValsh, Trans. Furoduy Soc., 47, 1 (1951) ; probable error +- 0.01 cV, 

e R. E. \Vinters and J. H. Collins, J. Ani. Cllcm. SOC., 90, 1235 (1968); probable error & 0.1 eV, 

possible presence of vibrational statcs, etc. 

by electron impact. 

by spcctroscopy. 

by electron impact. 
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accessible with far vacuum ultraviolet (600-1400 A") photolysis equip- 
ment 19-22 and such techniques are therefore used to complement 
infarmation obtained by irradiation at higher energies, where the com- 
plexity of intermediate formation is greater. Perhaps a good opera- 
tional definition of high-energy radiation is one which relates the 
lower-energy limits to the mechanism of energy deposition leading to 
product formation. For both corpuscular and electromagnetic 
radiation in excess of approximately 100 or 200 eV, the predominant 
mode of energy loss' is the ejection of an electron from the target mole- 
cules or atoms. The secondary electrons then have sufficicnt energy 
to cause further ionization and excitation, and are the predominant 
particles leading to the formation ofreactive species. From a practical 
point of view, however, both electromagnetic and corpuscular energy 
in the region between 10 eV and several lo4 eV's is accessible only with 
difficulty because of the limited penetration of these types of radiation 
through vessel walls. Optical devices (such as lithium fluoride and 
calcium fluoride windows) can be employed at energies up to 11.5 
eV2i*22 and in the energy range beyond 40,000-50,000 eV it is possible 
to use thin metal foils, such as those made of aluminium. In the 
intermediate range, windows only a few hundred nanometers thick 
or windowless arrangements are required 20*21, which are experimental- 
ly very difficult to achieve. We shall therefore restrict our discussions 
to devices capable of producing radiation of at least 50 keV energy. 

B. Electrons 

Electron accelerators range from simple high voltage power supplies, 
suitable for operation up to several hundred kilovolts, through electro- 
static machines of the moving belt (VandeGraff) type, cascaded 
rectifier (Dynamitron) and resonant transformers, to the very high- 
energy machines such as Betatrons, Synchrotrons, Linear Accelerators , 
etc. (Table 2). From the radiation chemist's point of vicw, the most 
important of these are those which covcr the energy range of approxi- 
mately 0-6 to 10 meV (VandeGraff, Dynamitron, Febetron, Linac, 
Resonant Transformer). The electron beams typically emerge 
through thin aluminium or titanium foils (0.001-0-005 inch thick). 
Beam diameters are usually of the order of 1 cm or less. Electrostatic 
accelerators and cascaded rectifiers provide a continuous (steady) 
flow of electrons. Resonant transformers and linear accelerators 
inherently provide bursts of radiation 24. The differences in the timc 
characteristics have no appreciable efkct on the penetration and 
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TABLE 2. Characteristics of sonic electron accelerators 
~~~ ~ 

M aximuni 
Accclcrator type Energy range beam current Beam characteristics 

VandeGraaff 0.6-3-0 meV 

Dynamitron 1-5-50 meV 

Resonant 
Transforrncr 1.0-2.0 meV 

Febetron 9-6-2.0 meV 

Linear Electron 3.0-15.0 meV 
Accelerator (Linac) 

Betatron 10-300 meV 

1 0 - 3 ~  

10-2A 

10-2A 
4 x 1 0 3 ~  

(per pulse) 

1 0 3 ~  
(per pulse) 

1 02A 
(per pulse) 

Continuous (steady) 
can be modified for 
pulsed beams. 

Continuous (steady) 
can be modified for 
pulsed beams 

Sinusoidal 
Pulsed, pulse duration 

3-20 nsec, single pul- 
ses only. 

Pulsed, u p  to 500 p.p.s., 
Tulse duration 3-30 
nsec, fine structure 
pulses to  -31 nsec. 

Pulsed, 300-500 p.p.s., 
pulse duration ca. 1 
nscc. 

absorption characteristics of high-energy radiation. However, they 
require a different kinetic examination of reactions occurring in the 
vessels, as in one case one deals with steady-state kinetics, and in the 
other with the equivalent of 2 rotating-sector experiment, or flash 
photolysis if single pulses of radiation are employed 25. Electrons may 
also be provided from radioactive sources such as tritium, nickel 63, 
cesium 137, etc. These are primarily used for special purposes such 
as mass spectrometry, 26 hot atom reaction studies27 and physical 
measurements 28. 

In order to minimize the attenuatio,i of the electron beam through 
the gas, which dl lose approximately 6 keV/inch at  1 atm., the sample 
vessels employed for gas-phase irradiation should not provide a path 
length for the incident electrons of more than approximately one inch. 
While the energy loss per unit path length is small, the scattering of the 
beam outside of the radiation chamber is considerable if such chambers 
are long and narrow29. On the other hand, the total amount of 
radiation energy deposited varies approximately linearly with path 
length of such systems, and in order to obtain amounts of product 
sufficient for quantitathe analysis, it is occasionally necessary to 
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extend the length to a few inches. In such cases allowance must be 
made for the dimculty in assessing the total energy deposition. One 
type of irradiation vessel extensively used for gas-phase radiolysis of 
olefins is shown in Figure lz9. 

Irradiation vessels for the radiolysis of liquids may simply be open 
beakers if the accelerator beam is vertical, and if the presence of air in 
the liquid can be tolerated. Since dissolved oxygen will inhibit free- 
radical reactions, vessels incorporating thin aluminum walls or other 
metallic foil windows are usually employed. Radiolysis usually leads 
to the sizeable formation of gases such as hydrogen, methane, etc., 
so that an expansion volume must be provided to forestall bursting of 
the vessel after prolonged irradiation. Moreover, cooling or com- 
plete temperature control must be provided, since even at  relatively 

I I inch 4 

Figure 1 .  Irradiation cell assembly for gas-phase radiolyses with electrons in 
the meV range. A-Apiezon wax potting, G-guard rings, L-lead gaskets, 
MI-Micarta insulator, hf F-Micarta fitting, P-Pyrex cylinder, R-retaining 
bolts, SS-steel pressure rings, W-aluminum window (Ref. 29). The upper 
portion is filled with the sample while the lower serves as a reference ionization 

chamber. 
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low dose rates the rate of heating in liquids is considerable. A typical 
irradiatior. vessel used for liquid radiolysls under controlled tempera- 
tures is shown in Figure 230. I t  is noteworthy that the irradiation 
should not proceed through the gas phase into the liquid, as energy 
absorption in the gas will lead to products which will be analysed 
together with those formed in the liquid, possibly leading to confusion. 

Actually, radiolysis investigations in the condensed phases are 
seldom carried out with particle irradiation because of their limited 
penetration. Exceptions are of course pulse radiolysis studies 25, one 
of the methods of kinetic spectroscopy, where the intense radiation 
and limited penetration are desirable because a large amount of energy 

Figure 2. Irradiation cell and temperaturc regulating device for radiolysis of 
liquids a t  sub-ambient temperatures. C-copper ceU, 0- 1 ml intcrnal volume; 
T-thcrrnocouplc, W-aluminum, brass or titanium foil window. B-coo!ing 
block with junction to irradiation cell. R-support rod ; I-precooled nitrogen 

passing through hcatcrs H to cooling loop L i t )  cooling Mock (Rtf. I+). 
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is deposited in a small volume. 
mediates directly by spectroscopic absorption measurements. 
most bulk studies, however, X-rays or y-rays are preferred. 

This permits the detection of inter- 
For 

C. Electromagnetic Radiation 

Electromagnetic radiation can be produced either by the impact of 
highly energetic particles on solid targets, such as tungsten or gold, or 
by the y-decay of radioactive isotopes. Cobalt 60 sources, up to 
several tens of thousands curies (1 C = 3-70 x 10 lo disintegrationslsec) 
are most frequently employed. This isotope emits y-rays of 1.1 73 and 
1.332 meV energy, and dose rates up to several megarads per hour can 
be achieved. I t  is not necessary to use thin 
windows as this type of radiation has an excellent radiation penetration 
capability. Either glass vessels or metal vessels can be employed, and 
it is relatively easy to provide temperature control, and to extend 
measurements to high pressures31. 

(1 rad = 100 erg/g). 

D. Dosimetry 

Yields in radiation chemistry are usually expressed in terms of 
‘G values’, that is, the number of molecules produced or decomposed 
per 100 eV deposited in the system (1 eV = 1.602 x erg = 
3-838 x In  the gas phase, the i m  pair yield (M/N) ,  
that is the number of molecules produced or decomposed per ion pair 
formed in the system, is a convenient measure of the yield, if the total 
rate of ionization is measured directly by an applied field29*32-34. 
This measure is equivalent to the quantum yield in photochemistry. 
If the energy required to form an ion pair ( W )  in the gas phase is 
known, as it is for many olefins (Table 3)29*35-39, the G-value can be 
obtained directly from the ion-pair yield, and vice-versa (equation 1). 

cal.). 

100 A4 
W N 

G = -  . - (molecules/ 100 eV) 

This method is of course not applicable to condensed systems. 
In order to put radiation chemical-yield determinations on a quanti- 

tative basis it is necessary to determine the total amount of energy 
deposited in the substance under investigation. This can be ac- 
complished by several means. The first is an absolute method, and 
relies on the rise of temperature of a sample under investigation. 
Aq,ueous systems are normally chosen since here one can, under 
appropriate conditions, convert all the energy deposited to heat 40. 
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Electron energies required to form an TABLE 3. 
ion pair in some olefins 

Compound CV, eV/ion pair* Reference 

Ethylene 26.1 f 0.2 a.b .c .d  

1 -Butene 2 4 4  f 0.2 

2-Methylpropcne 2 4 4  f 0.2 b 

cis-2-Bu tene 23.6 2 0-4 d 
b truns-2-Butene 23.9 c 2 

1 -Hexene 23.9 C 

2-Hexene 23-4 C 

Allene 25.2 f 0.4 
1,3-Butadiene 25.0 +. 0.4 c! 

Fluoroethylene 28-3 f 0.4 
Chloroethylene 24-7 k 0.4 
Brornoe thylene 23.7 0.4 J 

Iodoethylene 20.9 & 0.6 

Propylene 24.8 s 0.2 b.* 

23.8 f 0.4 

23.8 k 0.4 

23.6 f 0.4 

367 

Errors arc thosc indicated by the authors, cxcept for ethylene 
where the average dcviation of thc values reported by all inves- 
tigators was takcn. 

Work prior to 1963, chiefly that of Jesse, sutnmarizcd by 
 whit^^^. 

* G. G. hIcisels2Q, 1 rncV clcctrons. 
P. Adler and H. K. Bothc3', 03Ni 8-rays. 
M. Lcblanc and J. A. Herman3*, Cornpton clcctrons from 

aoCo y-rays. 

This is a difficult and inconvenient method, and is employed only to 
establish a secondary standard, or dosimeter. Popular dosimeters for 
y-rays have been the oxidation of ferrous ion in aerated solutions of fer- 
rous sulphate in 0 . 8 ~  sulphuric acid [G(Fe+ + +) = 15.6 ion~/ lOOeV]~~ 
and the hydrogen yield from cyclohexane [G(H2) = 5-6 molecules/100 
eVJ41*42. In the gas phase one can measure the number of molecules 
produced per ion pair in the system ( M / N )  using an applied electro- 
static field to collect the total i o n i ~ a t i o n ~ ~ * ~ ~ - ~ ~ .  The nitrogen yield 
fi-om nitrous oxide has been employed as a secondary standard, but 
there appears to be considerable contiaversy over the exact yield in this 
instance, the most probable value being G(N,) = 10.0 molecules/100 
eV43. At present the use of hydrogen formation from ethylene is pre- 
ferred, with G(H2) = 1.3 molecules/100 eV, as independently evalu- 
ated by several investigators 12.13*29*44*45. 
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When the substance in the radiation vessel is changed, it is necessary 
to ,make allowance for differences in stopping power of the medium 
under irradiation froin that of the dosimeter. For y-rays and highly 
energetic X-rays this is readily accomplished by comparing the relative 
electron densities [(number of moles/unit volume) x (number of 
electrons/molecule)] . The absorption of electromagnetic irradiation 
at energies of 1-2 meV is primarily by the Compton effect, and a simple 
consideration of electron densities is therefore sufficient. For particle 
irradiation the matter is more complicated. When isotopic sources 
are employed where the total energy is expended in the system, stop- 
ping power considerations will not enter, although back scattering into 
the source may be important for weak p-rays 46. When beams of high- 
energy radiation are employed, stopping powers must be calculated by 
the Bethe e q u a . t i ~ n ~ ~ ~ ~ ~ ,  and values substantially different from 
electron densities may be obtained. Moreover, one must allow for 
attenuation of the beam by both absorption and scattering. These 
problems are readily overcome for electrons, but are not as easily 
accounted for when heavy ions are employed, and these are therefore 
usually permitted to expend all their energy in the sample. 

111. RADlOLYSiS MECHANISMS AND REACTIVE 
INTERMEDIATES 

A. General Aspects 

The interaction of high-energy radiation with chemicals in all phases 
leads to the formation of neutral excited states, and of ionic species in 
their gromd and electronically excited states. All these may fragment, 
leading to the formation of free radicals and fragment ions. An eluci- 
dation of the nature and the reactions of these species is one of the chief 
goals of the radiation chemist. 

Approximately one-half of the product formation occurs via ionic 
intermediates in the gaseous olefins 49. In the liquid phase, reaction of 
ionic species competes with neutralization since the electron does not 
fully escape the influence of the parent ion50-55. The chemistry is 
therefore more complex in the latter case, but is still dominated by 
reactions of ionic species, since the lifetime of the ion before neutraliza- 
tion is long compared to collision frequency. Even though physical 
measurements may not be able to determine the total number of ion 
pairs, chemical measurements 56-59 indicate clearly that the yield of 
ionic species is nearly that in the vapour phase and can characterize 
iiiu&i of the c:ieniistry ob~er-v~d. 
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Radiolysis mechanisms involve the same initial energy absorption 
processes, and the same types of intermediates in all phases. Only the 
rcla.tive importance of these, the time sczk, and the spatial distribution 
of these events are affected by a change in density or phase. We shall 
therefore examine, primarily, energy absorption processes and the 
types of intermediates produced in the radiolysis of gases, and indicate 
differences for condensed-phase systems as required. I t  is necessary 
to exercise considerable caution when attempting to apply gas-phase 
mechanisms to liquids or solids. Major dif3ercnces arise fi-om reduced 
ion-pair lifetimes, from non-uniform energy deposition in spurs and 
from subsequent diflusion-controlled reactions. The effect of solvation 
on ion-stability, ionization potential, and ion-electron recombination, 
and collective excitation and ionization, increased probability of inter- 
system crossing and vibrational deexcitation, and solvent effects on the 
rate constant are also important factors. 

Our presentation shall attempt principally to develop a generalized 
mechanism for the sequence of events lcading from the first steps of 
energy absorption'to the final, stable products. 

B. Historical Aspects 

The early mechanisms of olefin radiolysis, based on the formation of 
ionic clusters, did not take account of the participation of exited or 
radical species at all. A major advance was made in the mid-1930's 
when Eyring, Hirschfelder and Tailor suggested that the initial 
formation and reactions of ionic species might lead to free radicals, 
and that escitation processes lead to the same species with approxi- 
mately equal efficiency. Further chemical changes could then be 
ascribed to the radicals produced by either mechanism. This view 
was eagerly accepted, since it allowed the reduction of radiation chem- 
istry to the much better known areas of photochemistry and free- 
radical chemistry. Although ionic reactions leading to intermediates 
or products were considered in detail by these authors, this possibility 
was almost totally neglected for the next twenty years. The re- 
discovery of ion-molecule reactions by Tal'rose 6, by Stevenson ', and 
by Franklin, Field and Lampe8 demanded allowance for ionic 
reaction steps in chemical product formation, and demonstrated their 
importance in olefins 60-68. Although the relativc importance of the 
two types of reaction initiation varies with the nature of the compound, 
no systems are known where one of thcm fails to make any contribution 
at all. 

13 -!- c.4. 2 
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The recent progress in ar, Iznderstanding of radiz:isn chemistry can 
perhaps be traced by following the meaning associated with the 
‘ wiggly arrcw ’ (->) , a symbol which is normally read as ‘ on irradia- 
tion yields’, and stands, in effect, for our ignorance and our un- 
certainty. Decades ago, the ‘wiggly arrow’ could have been used to 
connect the starting materials to the final end products. Later, it led 
to the listing of intermediate radicals, and then to specific intermediate 
ions and excit.ed species. Thus, some of the steps which the arrow 
had covered were removed and put into separate categories. The 
fiontiers today are largely attempts to separate additional steps, such 
as unimolecular dissociations of excited and ionized species, detailed 
descriptions of precursors, and analysis of non-homogeneities in reactive 
species formation, which will further reduce the significance of the 
‘wiggly arrow ’. 

C. Generalized Mechanism 

There are several ways of discussing the mechanism of radiolysis 
generally, bGt we shall follow the one based on the time scale of events 
as an approximate guide line. The first stage, which we shall term 
the initial stage, and which is often called the physical stage6”, refers 
to all events which occur within a time period short in comparison to 
a molecular vibration, that is, within less than about sec. The 
species produced within that time will be called the initial species. In 
the gas phase we can convcniently define a second stage in which only 
reactions ofisolated species may occur, that is, a period of unimolecular 
processes before the energized initial entity experiences a collision. 
The duration of this ‘primary unimolecular’ stage will depend on the 
pressure in the system, but is typically of the order of 10-s to 
sec. In  liquids, a period of the order of 10-l2 to sec would be 
involved. Lastly, there will be a period in which bimolecular events 
can occur, and contribute to ultimate product formation. The dura- 
tion of this ‘bimolecular’ period will depend on the pressure and the 
dose rate to which the radiolytic system is subjected, as well as on the 
kind of the reacting species. At dose rates of approximately l O I 5  eV 
cc- sec-l, roughly equivalent to high-energy electrons from an ac- 
celerator, ions will have lifetimes on the order of microseconds, and 
free-radical species will survive for as long as milliseconds. At the 
much reduced dose rates when Co60 y-radiation is employed, these 
lifetimes will normally be increased by an order of magnitude or more. 
The present definitions differ slightly fror, the physicochemical and 
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chemical stage definitions of Platzman 80, but lend themselves more 
readily to a systematic discussion in the gas phzse. It should be noted 
that unimolecular dissociation or rearrangement processes can occur 
during the bimolecular period as well, but can involve ‘primary’ 
species (those undergoing their first collision) only when the collision 
process does not affect them at all. 

1. Initial event and initial species 

The initial event occurs within a time period very short with respect 
to a change in interatomic distances, a r d  in this stage therefore, no 
ultimate product formation can occur. The physical event of de- 
positing energy in a molecule can lead to the excitation of a species to 
levels below and above the ionization limit (‘super-excited states’) 70*71, 

and to immediate ionization. 
The optical approximation 47*70 suggests that the initial event 

induces primarily allowed transitions from the ground state of the 
molecule. The cross-section for excitation of spin or otherwise for- 
bidden levels is large only when the incident electron energy is at near- 
resonance with the level to be attaized. Only a small portion of the 
initial events should fall into this category. Although one would thus 
expect essentially no contribution of forbidden levels to radiolytic 
action, there is virtually no verification of this from chemical measure- 
ments. The reason for this is several-fold. First, there are few 
systems in the gas phase where the formation of triplet states can be 
unequivocally established a t  the exclusion of the participation of 
singlet states. Secondly, the chemical identification of triplet states is 
generally based on dissociation or rearrangement processes which are 
fi-equently quenched at the pressures convenient for radiation chemical 
investigation. Lastly, and most importantly, intersystem crossing may 
occur in complex molecules leading to the formation of triplet states, 
not in the initial event, but in subsequeilt intramolecular processes. 

There have been a few chemical examples where it was relatively 
certain that super-excited species were formed and dissociated into 
neutral products. In all those instances the dissociation process in- 
variably led to the same products as those arising from excitation of 
singlet states below the onset of ionization 72.73.74. Although chemical 
measurements can be helpful in assigning the proper choice of dis- 
sociation path75, they can yield little additional information on the 
competition between ionization and dissociation to that obtained by 
physical measurements. 

The formation of ions and secondary electrons by first-order 
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processes can occur as a consequence of direct or immediate initial 
ionization, including autoionization within 10 - l4 sec., 

CZH, --F C,H: + e (1) 

or as a result of preionization processes from highly excited states 

C2H, --> C,Hf 

C,H,* d C,H; + e-  

or by ion-pair formation 

CZH( -- C,H,* (4) 
CzH$ - > C2H3+ + H -  (5) 

The last type of process is uniiliportant in all olefins not containing 
heteroatoms. Autoionizing levels exist even in the rare gases. Their 
lifetimes in H, are probably on the order of 10 - l3 to nearly 10 - sec 76. 
Therefore, they clearly span both the initial unimolecular and the 
bimolecular reaction stages, in which chemical product formation may 
occur. 

A question of considerable importance conccrns the distribution of 
excess electronic energies with which the parent ions are formed. 
This knowledge is required because it permits an estimate of the life- 
time of the ion before mimolecular dissociation, and a better extra- 
polation of mass spectrometric data to the higher pressures typical of 
radiation chemistry experiments. It is usually assumed that energy 
transfer from 70 eV electrons is representative of energy transfer from 
high-energy radiation 49. Calculations of an average excess energy 
can then be bascd on the relative abundance of fragment ions in a 
mass ~pectrometer’~. Another approach is the evaluation of the 
electron-energy deposition distribution function. Chupka and Kam- 
insky have carddly analysed the excited state and fragment ion- 
production in butane and propane, and arrived at an approximate 
distribution function. In  order to do so they have assumed that the 
probability of ionization is linearly proportional to energy above the 
threshold, at least for a limited range. There is some uncertainty 
associatcd with this assumption 70-80,  but thc main features are prob- 
ably correct. The excess energy is usually rather small, peaks at  1-2 
eV above threshold, and the distribution falls off rapidly at  transferred 
energies in excess of 4 or 5 eV. Moreover, the energy distxibution is 
thought to be essentially independent of incident electron energy at 
sufficiently high energies. This is supported by the classical observa- 
tion that fragmentation patterns, cvcn of relatively complcx molecules, 
are fairly insensitive to electron energies for scverai hundred volts 
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No allowance was made for super-escitcd states 
No analogous attempt has been 

above 50 eV02*83. 
(Section III.C.2.d) in either method. 
made for olefins. 

2. Classification of unimolecular events according to energy de- 

Excitation to an allowed state may lead to 
essentially immediate dissociation ( - 10- l2 sec.). Delayed fragment- 
ation may result if the breaking of the bond required predissociation 
or a series of complex processes to degrade electronic to vibrational 
excitation energy by radiationlcss transitions, including intersystem 
crossing and internal conversions. When dissociation occurs from 
highly vibrationally excited states, one can estimate rate constants from 
unimolecular rate theory. This assur.ies that the vibrationally excited 
molecules can be regarded as a collection of loosely coupled oscillators, 
dissociation occurring when sufficienr energy is localized in the dissocia- 
ting bond 84. Although the physical picture is almost certainly correct, 
quantitative mathematical treatments are complicated by the energy 
dependence of the effective number of osciIIators and anharmonicity 
effects, to name but tw085*86*87. The same considerations and the 
same difficulties apply to the fragmentation of ions 88*89. 

O u r  chief concern here is a qualitative discussion of the possible 
events leading to chemical product formation. This can be done con- 
veniently by separating the initial events according to the amount of 
energy deposited in the molecule. Appropriate dividing points for 
the discussion are the lowest energies required for fragmentation, and 
the ionization potential of the molecde. 

b. Energies below the least endoergic dissociation. The interaction 
of the degradation spectrum electrons with molecules does not lead 
to appreciable vibrational and rotational escitalion The small 
extent to which such processes might occur should not lead to 
deposition of enough energy to cause chemical changes. There- 
fore we need concern ourselves only with electronic excitation. The 
lowest excited states of olefins are spin-forbidden triplet states, 
and range from somewhat less than 4-1 eV for ethylene, to less than 
3.5 eV in the butenesgl. Although such states are not produced 
abundantly in die initial process, they may be reached by inter- 
system crossing, possibly followed by internal conversion and 
degradation to the lowest state of the system, and can therefore con- 
tribute to the chemistry. If the level is below the least endoergic 

posited 

a. Theoretical aspects. 
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fragmentation process, chemical changes may still occur if thc triplet 
state has a molecular configuration different from the ground state. 
The triplet state of olefins has a minimum energy configuration at  
right anglesg2, so that cb-tram isomerization can result readily”. If 
the molecule has insufficient energy to dissociate it must eventually lose 
its energy by a low probability radiative process, or by intersystem 
crossing and eventual vibrational degradation. 

c. Energies above the least endoergic dissociation process, but below the 
ionieationpote,rtiaZ. Most excitation processes are well above the lowest 
fragmentation energy, and the isomerization, degradation, and re- 
arrangement processes mentioned above will therefore be in com- 
petition with dissociation. This may occur either by the breaking 
of a simple bond, producing two radical species, or by the elimination 
of a stable entity such as molecular hydrogen. Such processes then 
produce either two stable entities, or a stable species and a diradical. 

In  ethylene radiolysis, the neutral excited precursors dissociate by 
one of the three paths: 

~, C,H, + 2H (64  

C,H,’ -* (CHCH,CH,C) + H, 
‘A C,H3 + H 

with relative probabilities of 0.87 : 0.10 : 0.03 16. A sizeable fraction of 
the C2H2 is probably initially formed as CH2C:, but rearranges 
rapidly to acetylene as suggested from the isotopic constitution of 

CH,C --+ CHCH (7) 
hydrogens produced in the radiolysis of CH,CD2, and CHDCHD 13. 
The radiolysis of other olefirs has not been investigated in sufficient 
detail to permit such an assignment, although photolytic studies in the 
far vacuum U.V. have suggested the following initial steps for propy- 
lene 19.22.94 * 

The relative probabilities of isomerization-degradation processes 
and dissociation depend on the state from which the two processes 
originate. Excitation to a repiilsive state clearly will produce im- 
mediate dissociation and no rearrangement. Non-disso:iauve states, 
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where radiationless transitions are required, can be expected to have 
lifetimes sufficiently long to allow competition between radiation- 
less transitions, radiative return to the ground state, and collisional pro- 
cesses. An excellent summary of the pesssible photophysical processes 
is given by Calvert and Pittsg5, and the reader is referred to their gen- 
eral chapters for a very lucid and detailed description. 

The dissociation of molecules can yield radicals with an epithermal 
energy distribution, and such species are referred to as ‘hot’ radicals 
or ‘hot’ atoms. If the dissociation occurred from a highly vibration- 
2lly excited ground state, appreciable excess kinetic energy is not to be 
expected in the products, on the basis of unimolecular dissociation rate 
theory 96. However, any fragmentation resulting from a dissociative 
state may easily lead to retention of excess translational energy in the 
dissociating partners. Evidence for the participation of ‘ hot’ species, 
particularly hydrogen atoms, has frequently been sought 97*98, but no 
definitive evidence for olefinic systems has been reported. Hydrogen 
atoms add readily to olefins 99-101, for example : 

H + CH3--CH=CH, + CH3-CH-CH3 (9) 

but can also abstract a hydrogen atom from the hydrocarbon molecule: 

H + CH3-CH=CH, __t Hz + CHZCHCH, (10) 

The latter process is preferred for ‘hot’ atoms, and inconsistencies in 
the ratios of abstraction to addition are sometimes ascribed to the 
participation of ‘hot’ atoms in mechanisms. The reactivity of radio- 
lytically produced hydrogen atoms has been used to estimate rate 
constants for processes such as reactions (9) and (10) for various 
o1efinslo2, but the method is suspect because of the complications of 
energy and charge t r a n ~ f e i * ~ ~ * ~ ~ ~ .  

d. Energies above the ionization potential. Platzman 69*104*105 has 
repeatedly emphasized an important consequence of the optical 
approximation 45 : the most abundant radiation interactions are those 
with the greatest values forf(E)/E, the ratio of the oscillator strength 
to the energy of the transition. Therefore, the major portion of 
excitation processes involves outer shell and bonding electrons. The 
bulk of the oscillator strength lies very high, between 10 and 30 eV 
above the ground state. Even when low states, resulting from double 
bonds and conjugation, exist in a molecule, the oscillator strength 
is larger a t  energies above the ionization potential. While the 
optical approximation thus leads to the conclusion that perhaps 60- 
70 percent of thc total oscillator strength resides at  energies where 
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ionization is possible, experimental values of W can be analysed to 
show that ionization and excitation in olefins are frequcntly equally 
important. I n  addition to this discrepancy, it has been observed that 
the increase in ionization when gases of low ionization potential are 
added to rare gases under irradiation (Jesse Effect)lo6 depends on 
molecular parameters other than the ionization potential. This has 
been attributed to the formation of neutral molecules excited beyond 
the ionization potential. This class of states has been termed 'super- 
excited states', and includes inner-shell excitation, two-electron excita- 
tion, and outer-electron vibronic excitation. The latter may result 
from large vibronic ~verlap '~.  The Franck-Condon envelope should 
lead to excitation relatively high on the repulsive portion of the energy 
surface, since highly excited states of bonding electrons have a looser 
configuration than in the ground state of the molecule. Since the 
mode of excitation appears to be immaterial Io6, ionization eficiencies 
can be assessed by studying photoiocization efficiency as a function of 
photon energy107-109> or by studying the Jesse effect with a series of 
rare gases of different, discrcte long-lived excited states lo6. The 
latter method employs energy transfer from metastable states and 
trapped resonance radiation, but suffers from the simultaneous popula- 
tion of several energy levels1l0 and limited energy values. 

Platzmari lo4 suggested that competition between ionization and 
dissociation occurred and depended on the energy of the super-excited 
state. Ionization of the super-excited state leads presumably only to 
the molecular ion. The ionization efficiencies, defined as the number 
of ion pairs produced per quantum absorbed, show an isotope effect. 
This supports the competitive model since the rate constant k, for 
ionization should be unaffected by the difference in zero-point energies 
of the species involved, while the rate constant for homolytic dissocia- 
tion (kd) should show a typical isotope effecte4, kd = k A / e ,  where 
k i  is a collection of terms independent of isotopic substitution and m* 
is the reduced mass orthe dissociated portions A and By m* = m,m,/ 

If a portion of S of the energy deposition processes leads to direct 
ionization without competitive dissociation, the overall ionization cf- 
ficiency a t  a particular energy should be given by 

(m* + %I- 

Platzman suggested that all ionization is competitive with dissccia- 
iion (S<< 1) and it seemed reasonable that the modes of decoinposition of 
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a molecule could be predicted from the magnitude of the isotope effect 
on thc ionization efficiency. For example, in the case of ethylene 
activated by collision with excited argon, the measured value for 
q D / ~ a  was 1 e085, suggesting that the predominant mode of dissociation 
of super-excited ethylene was a symmetrical split into two CH, (or 
CD,) radicalslll. The value for qD/qH predicted for this process was 
1-05, while a ratio of 1-27 would be expected if the reaction were H- or 
D-atom elimination. 

The species CH, is not, in fact, an important intermediate in the 
argon-sensitized radiolysis of ethylene 73. Analysis of radiolysis pro- 
ducts showed that the super-excited ethylene molecule dissociates 
predominantly through the reactions 

C,H: - [H + CzH3] or [H, + CzH,] (1 1) 

More recently, Person and Nicole114 have measured the total ab- 
sorption cross-section (0) and photoionization quantum yields of 
ethylene as a function of energy (Figure 3). They observed absorp- 
tion peaks above the ionization threshold for C,H, and C,D,. T h e  
ionization cross-sections do not increase in the region of these peaks, 
indicating that the excited state resulting from the photon absorption 
does not contribute to ion formation. These authors point out that in 
this energy region, the isotope effect on the ionization efficiency can be 
interpreted solely by the difference in energy thresholds to reach the 
ionizing excited states, that for C,D, being 0.1 eV higher than that for 
C,H,. Indeed, the ionization efficiency of the deuterated molecule 
is lower (qD/q, < 1) for ethylene and other hydrocarbons a t  energies 
close to the threshold for i o n i ~ a t i o n ~ ~ .  This cannot be predicted on 
the basis of the competitive model. I t  appears that one can relate the 
reversal of the isotope effect on the ionization efficiencies at  energies 
near threshold to die fact that the ionization potentials of some 
deuterated compounds are higher than those of their perprotonated 
analogues. 

If 7 could indeed be described simply in terms of competition be- 
tween ionization and dissociation, one would expect that the ratio 
qD/q, would, generally speaking, decrease continuously with in- 
creasing energy (i.e. as both yD and yH approach unity). Such a trend 
in T ~ / T ~  was observed by Jesselo6 for ethylene. However, the precise 
reverse should be observed near the onset of ionization if differences in 
ionization potential contribute to the isotope effect, and such a reversal 
has indeed been reported 23*106. Ionization eficiencies are thought to 
approach unity as the photon energy of excitation becomes very high, 

l Y *  
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Figure 3. Photon absorption cross-section (0) and ionization efficiencies (7) 
for ethylene (subscript H) and deuteroethylene (subscript D) (Ref. 114). 

and this appears to be correct for many r n o l e c u l e ~ ~ ~ ~ * ~ ~ ~ .  However, 
the ionization efficiencies of olefins apparently do not exceed 0.8 even 
at 2 1 eV l15. At higher ionization efficiencies the isotope efTect should 
diminish, and one would therefore expect a maximum in qD/qH for 
most molecules. 
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It is clear that the intorpretation of values qD/qIi is of great com- 
plexity. Besides the effects caused by the existence of nonionizing 
super-excited states in some systems, and the possible crossover of 
energy due to differences in ionization potential behveen the deuter- 
ated and non-deuterated analogues, both autoionization l6 and direct 
ionization 117 may exhibit slight isotope effects which are difficult to 
evaluate. 

Ionization of complex organic molecules by 50-100 eV electrons 
leads to a distribution of excitation energies which has a maximum 
at the ionization potential and then essentially decreases with increas- 
ing After the electron is ejected and if there is sufFicient 
excitation energy, the ion may dissociate into fragment ions and neutral 
products, which then may dissociate further. Important ions in the 
mass spectra of simple olefins are summarized in Table 4. This area 

TABLE 4. Most important ions in the mass spectra of some 
simple olefinsa 

percent of total ion current 

Ion Ethylene Propylene I-Butene cis-2-butene Isobutylcnc 1-Pcntcnc 

CH; 
CH; 
CZH + 

2.4 0.9 
0.2 1.4 
4.5 0.6 

23.8 2.7 
24.2 10.0 
38-9 0.4 

18.6 
26.1 
17.7 

0.5 
1-4 
0.3 
3-1 
9.3 
9.1 
4.1 

10.7 
30.9 

1.0 
5.4 

11.4 

0.3 
1.2 
0.5 
3.5 
9.3 
8.8 
4.3 
9.9 

27.7 
0.1 
6.1 

13.3 

0.6 
1.5 
0.3 
1.7 
6.4 
6.7 
3.4 

13.6 
31.2 

0.1 
5.0 

13.3 

0-3 
1.4 
0.1 
1-4 
8.3 
1.3 
6.9 
8.8 

11-5 
25.2 
14.8 
0.1 
8-1 

a From the catalog of hlass Spcctral data, API Projcct 44, Tcxas -4 6: hi, College Station, 
Texas, 70 eV elcctrons. 

has been one of considerable interest to mass spectrometrists, and is the 
general subjcct of the quasi-equilibrium theory of mass spectral frag- 
mentation 85*88*89. Application of this theory to real systems suffers 
somewhat from a lack of characterization of the ionic species involved, 
and from problems common to all unimolecular dissociation rate 



380 G. G .  Meisels 

theory. It has, however, proved highly successful in explaining ionic 
fragmentation processes. 

An important aspect of mass spectral theory is its ability to suggest 
the rate constant of the fragmentation process. In the mass spectro- 
meter, ion lifetimes are usually on thc order of 
sec, while typical collision-free periods in radis tion chemistry are on 
the order of to sec, and perhaps sec in condensed 
phases. The frequently ernployed practice of using mass spectral 
fragmentation patterns and W values to calculate the distribution 
of primary ions in radiolysis is therefore subject to considerable un- 

Application of the statistical theory of mass spectra shows that the 
fragmcntation of the parent ion is rapid and does not change mater- 
ially between and sec119. This indicates that the parent- 
ion abundance should show little dependence on pressure, the chief 
factor determining the collision-free period. This is reasonably well 
borne out by studies of t1l.t radiolysis of hydrocarbon systems, where the 
yield of parent ions appeared to be close to that predictcd from mass 
spectromctry 17*120*121. The situation regarding the abundance of 
fragment ions, however, is considerably more complex, since in this 
case one must also consider the possibility of fui ther fragmentation. 
Secondary fragmentation appears to be considerably slower, and 
should therefore show a sizable pressure dependence, which finds 
experimental support in the work of A u s l ~ o s ~ ~ ~ ~ ~ ~ ~ .  One may as- 
sume, therefore, that mass spectral fragmentation patterns are applic- 
able to radiation chemistry wit! the following provisions. The yield 
of fragment ions arising from two or more successive fragmentation 
processes may be expected to be drastically dependent on and chiefly 
decreased under radiation chemical conditions. The yield of second- 
ary ions arising from only one fragmentation process may be enhanced 
if they undergo considerable further fragmentation in the mass spectro- 
meter, but will remain relatively unchanged if they do not. Super- 
imposed on this will be a general but slow trend towards stabilization 
of the parent ion a t  elevated pressures. I n  liquids and solids extensive 
parent-ion stabilization may be expected. 

sec or 

certainty 77.1 18.119. 

e. Sub-excitation electrons. When the energy of the electron falls 
below that required to cxcite the lowest electronic level o f a  molecule, 
further energy loss can only be by excitation of vibrational and rota- 
tional modes, slow processes 122 unless intermediate ne-ative ion states 
U&L o-p A I I V V L V L U  :...,nl.,oA 90.123. Evzn then, theoretical consideraticjns for hydro- 3. 
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gen”, have shown that the cross-section peaks a t  7.5 eV and drops 
to zero at  4-5 eV. Apparently electrons typically lose the last few eV 
of energy inefficiently, as originally pointed out by Platzman 12*. 

T h e  role of sub-excitation electrons is particularly important if 
attachment processes can occur at  resonant energies only, and in 
mixtures. Allowance for their contribution requires a knowledge of 
their yield and energy distribution function. While the former must 
be less than the ion-pair yield, the distribution function is not directly 
accessible. El Komoss and Magee 125 have suggested the function 

With the condition 0 c E -= E,, for the number of sub-excitation 
electron:; formed per unit energy interval a t  energy E. E, and I are 
the lowest electronic excitation and ionization potentials, respectively. 
This relationship is consistent with the empirical analysis of Platzman 
and J ~ s s ~ ~ ~ ~ * ~ ~ ~  based on enhancement of ionization in helium and 
neon by the addition ofother rare gases. These authors suggested that 
the total population of electrons in  the energy range E to Eo was pro- 
portional to (1 - E/E,). This corresponds to a linear decrease with 
energy, and may be compared with the El Komoss and Magee func- 
tion integrated between E and E, or ([(I + Eo/ l ) / ( l  + - 1}/ 

Electrons in the sub-excitation energy range may either be unreactive 
towards the substrate molecule, attach themselves with the formation 
of stable negative molecule ions, or undergo a dissociative attachment 
process123*126. Little is known about such processes for simple olefins, 
and these are probably unreactive (see Section III.C.4.f). In  com- 
plex systems also containing heteroatoms attachment processes become 
dominant 126. 

f. Summary and relative abundance of primary species. T o  recapitulate, 
primary species are all those which have not experienced a collision 
after their formation by the initial radiation impact. These consist of 
excited states, both at  forbidden and allowed levels, super-excited 
states. parent ions, fragment ions, and the molecular and radical species 
resulting fiom the primary unimolecular dissociation. Moreover, the 
free electrons a t  energies below the lowest excited level must be re- 
garded as primary species. Am a priori assessment of their relative 
probabilities of formation could be made if one knew the total de- 
gradation spectrum of electrons, thc energy transfer I’urzction to the 

(E,/21 + E0“/412). 
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molecule at each energy, and lastly, the detailed chemical fate of the 
molecules excited at a particular energy70*104*127. Our knowledge 
in the first area is satisfactory down to energies of a few hundred elec- 
tron volts, however, we know little about the most important range of 
even lower energies“. Information in the second area is avcilable 
but incomplete. Lastly, information on the exact chemical conse- 
quence of energy absorption at  any particular energy is only very 
slowly becoining available. An alternate and more successful ap- 
proach has been that of Platzman 104p106, who bases his consideration 
essentially on the optical approximation, that is, he assumes that high- 
energy radiation is ‘white light’ of all frequencies, with equal inten- 
sities at  all wavelengths, corresponding to the distribution n(v)  of the 
number of photons per energy (frequency) interval 

n(v)  II constantfu (W 
Since each frequency is absorbed in proportion to its generalized os- 
cillator strength, this approach also requires a% estimate of the oscil- 
lator strengths for the possible transitions of the outer shcll and valence 
electrons. This avoids the complications in the first two areas above. 

A priori estimates are helpful in guiding our approach to an under- 
standing of the detailed events, but at  present lead only to the crudest 
estimates of product yields. Hatano, Shida and l n ~ k u t i ’ ~ ~  have 
attempted to correlate hydrogen yields in butene radiolysis with esti- 
mates based on the optical approximation with reasonable success. 

The division of 
initial energy absorption between the components of a mixture has 
often been estimated on the basis of ‘electron fractions’. These are 
calculated by multiplying the number of moles of each component in 
the mixture by the number of electrons of the corresponding molecule, 
and dividing by the ’total, for example 

g. Diutsion of primary energy absorption in mixtures. 

(V) 
m ~ n ~  

~ A ? I A  -I- mBnB 
F* = 

where FA is the electron fraction ofcomponent A in a mixture ofm, and 
mB of spccies A and B, containing nA and nB electrons per molecule, 
respectively. This approximation arose from the well-known attenua- 
tion coefficient for 6oCo y-rays, where the Compton effect is the chief 
absorption process and is proportional to the electron density. Total 
electron density is therefore a reasonable approximation to total 
energy deposition in the cell under irradiation. The use of electron 
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fractions to estimate energy division between mixture components is 
seldom satisfactory, since this would be a special case of the optical 
approximation'". The partition will to same extent depend on the 
portion of the oscillator strength residing at lower energies, and this 
method d . l  lead to aprion' estimates of the energy division which must 
be considered as rough guidelines only. Experimental evidence 
suggests that electron fractions are adequate only when comparison is 
made between compounds of a homologous series lZg. 

The energy division is actually determined by the degradation 
spectrum of electrons in the mixture, and the cross sections for indi- 
vidual processes under these specific conditions 104*105*130. As a 
compromise one can use cross-sections (0) calculated for electron- 
molecule interaction using polarizabilities 130, 

where a is the angle-averaged poIarizability, e the chargt: of the elec- 
tron and I the ionization potential. Alternately, one may calculate 
stopping power on the basis of the Bethe stopping-power equation for 
 electron^^^*^^. Stopping power for other molecules can be calculated 
on the basis of Bragg's rule of summing stopping powers of' the indivi- 

TABLE 5. Mcan stopping-power ratios relative to air for electronic equilibrium 
spectra generated by monoenergctic initial electrons131 

Hydrogen Carbon Nitrogen Oxygen 

at 
Initial at satu- unsatu- highly 
energy rated ratcd satu- unsatu- chlori- amines, hctero- 
(r.reV) sitc site rated rated nated nitrates cyclic -0-- =O 

0.1 2.52 2.59 
0.2 2.52 2.59 
0.3 2-48 2.55 
0.4 2.46 2.53 
0.5 2.44 2.51 
0.6 2.44 2.50 
0-7 2.42 2.48 
0.8 2-40 2.46 
1.0 2.39 2.44 
1.2 2.37 2.42 
1.3 2-36 2.42 
1.5 2.35 2.39 

1.016 
1.015 
1.014 
1.014 
1.013 
1.012 
1.010 
1 -009 
1 -004 
1.001 
0.999 
0.995 

1 -02 1 
1.019 
1-018 
1.018 
1.017 
1.016 
1.013 
1.012 
1 -008 
1 -004 
1.002 
0.998 

1 a047 
1 *043 
1 *040 

1.037 
1.035 
1.033 
1 *03 1 
1.026 
1.022 
1.019 
1-015 

i .038 

0.976 
0.978 
0.979 
0,980 
0.980 
0.980 
0-978 
0-978 
0.975 
0.973 
0.97 1 
0.967 

1.018 
1.016 
1.016 
1.015 
1.015 
1-013 
1.01 1 
1.010 
1.005 
1.002 
1 -000 
0-996 

0.978 
0.979 
0.98 1 
0.98 1 
0.982 
0.98 1 
0.980 
0.979 
0.977 
0.974 
0.972 
0-969 

0.994 
0.995 
0.995 
0.996 
0.996 
0.995 
0.993 
0.992 
0.988 
0.985 
0.983 
0.980 
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dual atoms. This, of course, neglects the influence of binding on 
the stopping powci- which is known to be considerable at  lower energies. 
Nlciwance for this dificulty can be made if different stopping powers 
are assumed for the atoms in saturated and unsaturated compounds 
(Tables 5 and 6)131. When mixtures consist of olefins only, most 

TABLE 6.  Mean mass stopping-power ratios relative to air for electronic equilib- 
rium spectra generated by Compton recoil electrons from monocnergetic y-raysI3l 

Hydrogen Carbon Nitrogen Oxygen 

at 
y-ray unsatu- at satu- highly 
energy rated rated satu- unsatu- chlori- amities, hctero- 
(sfev) site site rated rntcd natcd nitratcs cyclic -0- =O 

0.15 
0.25 
0.4 
0-6 
1.0 
1.5 
2.0 
2.5 

2-73 
2.62 
2-55 
2.50 
2.44 
2-39 
2.36 
2.32 

2.85 
2.72 
2-63 
2-57 
2-50 
2.45 
2-42 
2.37 

1.020 
1.017 
1.016 
1.014 
1.008 
1 -00 1 
0.994. 
0.987 

~~ ~~ 

1.027 
1 *022 
1 -020 

1.012 
1 a005 
0.997 
0.990 

1.018 

1 -058 
1.050 
1.045 
1 *040 
1.032 
1.023 
1.014 
1 *007 

0.970 
0.974 
0-977 
0-979 
0.977 
0.972 
0.966 
0.960 

i.022 
1.019 
1.017 
1.016 
1.009 
1.003 
0.995 
0.988 

0.972 
0.976 
0.978 
0.980 
0.978 
0.973 
0.967 
0.962 

0.992 
0.994 
0.995 
0.995 
0.99 1 
0.985 
0.978 
0,973 

approximations to the calculation of energy division will be adequate. 
When mixtures contain alkanes or compounds with other functional 
groups as well, the simple approaches will not suffice because the 
greater oscillator strength for the lower-lying allowed states of the T 

bond should lead to a preferential excitation of such states in mixtures 
with alkanes. There is at  present no reliable way to estimatc energy 
division between dissimilar components in a mixture. 

3. Spatial distribution of initial events 

In the gas phase all but the heavy-particle irradiations by a-particles 
and fission recoils essentially lead to homogeneous distributions of 
energy deposition processes and initial species. At high pressures and 
with heavy particles, energy deposition occurs in  the columns of 
dense ionization accompanying the track of the particle 13?, but such 
compiicatioiis have received little attention, as fission-recoil studies of 
olefins have barely been initiated133, and a-particles have not been 
used widely at pressures where non-homogeneity of energy deposition 
could he an important factcr in the subsequent c’iicinical fate of the 
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reactants. I t  is important, however, that energies required to form an 
ion pair ( W values) differ substantially for a-particles and electrons, 
and indiscriminate use of W values is therefore not permi~s ib le~~.  
The difference arises almost certainly from effects along the end of the 
c-particle track, where some of the energy losses will not be by excita- 
tion and ionization in the usual fashion, but b y  head-on collision and 
electron acceptance. While such phenomena are not too well under- 
stood, it is clear that for fission recoils, which originate with up to 20 
positive charges and energies of ca 80 meV, partial neutralization will 
occur along the track. Even modifications of the simple stopping- 
power equations do not give satisfactory agreement with experiment 134. 

I n  the condensed phases even y-rays and electrons will lead to an 
inhomogeneous distribution of initial species. This arises from con- 
siderations of the energy-deposition characteristics of the secondary 
electrons. The degradation spectrum of electrons (Figure 4) 135*136, 

Ide 11 ' ' I l l l l J  I a l l l l l '  I ' ' 1 1 1 1 1 '  ' ' ' ' ' I !L 

10' lo2 lo3 lo4 lo5 
I 

lo6 
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defined as the number of electrons passing through unit area per unit 
time, contains a large fraction with energies low enough so that their 
further energy loss will occur over a sniall region of a few angstroms 
only, as originally pointed out by Samuel and These 
regions of energy depositions are called ‘spurs’, and contain initial 
species in a relatively high local concentration, and in varying num- 
bers depending on the energy of the electron which has caused the 
formation of a particular spur. Thus spur sizes vary, and thcir distri- 
butions have been estimated for various media 138. 

The general picture of initial events may thus be one of a distribu- 
tion of regions of high densities of small numbers of initial species 
(Figures 5 and 6). If these species are ions and electrons, their re- 
combination will compete with diffusion into the bulk of the liquid 
(or solid). A great majority of the ions and electrons will undergo 
recombination after a very short period, and this recapture of the 
electron by the parent ion is termed geminate neutralization. How- 
ever, a small fraction of these species escape their mutual Coulombic 
attraction. Of course, the proportion of ions that escape should be 
much smaller than for neutral radicals in irradiated hydrocarbons. 
Onsage:.139 has shown that the escape probability for a single pair of 

-_ _----- --. .--. ,’ 

:J = lsoloted ionizations and spurs 
-- - - Trock of lowenergy secondory electron 
+ =: Positive ion 
e- =: Free electron 
* = Excited molecule 

Distribution of ions and excited molecules within Figure 5. sec, after 
passage of a fast particle through a liquid (not to scale) (Ref. 24). &Rays are 
energetic clectrons ( > 200eV) ejected by passage of the primary radiation. 
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Figure 6. Distribution of spurs in particle tracks. Typica! spur diameter would 
be of the order of 20 A (not to scale) (Ref. 24). 

ions undergoing Brownian motion and separated by a distance r varies 
as exp( - r,/r) , where r, is a ‘ critical ’ radius, so that the ‘free ’ or sep- 
arated ions are not derived merely from those few ions and electrons 
which have achieved rather large initial charge separations. 

The theoretical justification for the application of such a diffusion 
model to the probleni of ion-electron separation in radiolysis depends 
on the existence of trapped and escaped electrons during the initial 
stage of the process. The most direct evidence for ‘free’ ions conies 
from conductivity studies on hydrocarbons during irradiation 54 - ja; 

these results indicate that the G value for separated (escaped) ions is 
about 0.1, a.nd therefore considerabIy less than the total yield (ca 2.6) 
of ion pairs as determined by chemical methods at high scavenger con- 
centration56-58.140*141. It  should be added that it is most unlikely 
that the escaped electron itself survives as such into the steady state, 
because of the relatively long time available during which it can be 
scavenged by trace impurities such as oxygen, and it is thus probably 
a negative ion 53-55. Strong chemical evidence for free ions also comes 
from the results of ionic polymerization 142 which show that kinetic 
chain lengths can be as high as lo6 in well-purified systems. 
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Since initial events in condensed phases are thus inhomogeneously 
distributed, the initial distribution of free radicals produced by dis- 
sociation of excited states and by geminate neutralization will not be 
uniform as well. 

4. Classification of Bimolecular events 

a. Prima79 prodids  and original products. Chemical product forma- 
tion can occur by a variety of mechanisms. The analysis of the events 
can be simplified somewhat by distinguishing between: (1) primary 
species and products, formed in the initial unimolecular stage before 
the activated molecule or ion has experienced a collision; (2) original 
products, arising in an ultra-pure system at infinitesimally small con- 
versions ; and (3) obserued products, corresponding to the actual product 
distribution in the radiolytic experiment. One of the very difficult 
tasks of radiation chemistry is the extrapolation of observed products to 
the original product and primary species distribution. As has been 
pointed out by Back143 and by A u s l o o ~ l ~ ~ ,  this extrapolation is ex- 
ceedingly difficult to achieve even at conversions of the order of 0.001 
percent. Since olefins have a high reactivity towards intermediate 
radical and ionic species this difficulty is a less severe complication here 
than it is for many other types of compounds. 

When the primary species is an ex- 
cited state, the collision process may assist the spectroscopic processes of 
internal conversion, intersystem crossing, vibrational degradation, etc. 
The relative enhancement of a given process such as induced predis- 
sociation or intersystem crossing will depend on the particular system 
involved. A non-chemically reactive collision process will, however, 
inirariably affect trznslational, rotational, and vibrational excitation. 

When the excitzd primary species is an ion its capabilities of further 
dissociation may be quenched by the coliision. This process will fre- 
quently be accompanied by an ion-molecule reaction and one normally 
assumes that the excited parent ion will undergo the same reactions as 
parent ions in their ground state. I t  is, however, quite possible that a 
molecular ion, sufficiently excited to give a characteristic fragment ion, 
may yield those ion-molecule reaction products one would have ex- 
pected from the fragment ion formed previously. I t  is well known that 
large amounts of translational energy in the ion-molecule collision lead 
to a different product distribution 145* 146 often including reactions 
less exothermic or even endothermic for thermal ions and molecules. 
This is an important complication, since the relative abundance 

b. Physical eflects of collision. 
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of parent ions and fragment ions in radiation chemistry is generally 
assessed from the neutral products resulting from their ion-molecule 
reactions. These products can often be assigned to a particular 
primary ion by comparison with mass spectrometric studies of ion- 
molecule reactions. This conclusion, however, will be invalidated 
if excited primary ions and their derived fragment ions give the sane 
ion-molecule reaction produck. An example where mass spectro- 
metric information is probably inapplicable to radiolysis systems is the 
charge transfer 

CZH: + CzH, - > CZK2 + C2H,+ (12) 

which has been reported repeatedly 65*66, but probably requires epi- 
thermal energies147 and thus may not be important in the radiolysis. 

c. Chemically reactive c01lisioiz.r of excited states. Atom-abstraction 
reactions and excimer additions in condensed-phase photochemistry 
are well known”, but little if any evidence hzs been presented that 
such processes are important contributors to radiation chemistry. 
I t  is, however, quite conceivable that such reactions, and particularly 
atom abstractions, contribute to radiolysis mechanisms. 

Highly excited molecular species may participate in associative 
ionization. Such processes have been reported in acetylene 14*, 
(equation 13), but the: veracity of this report has been questioned 
seriously 149. 

C2H ;+ C,H, + C,H: + e (13) 

Prereqtlisite for associative ionization of olefins are the existence of 
high-lying metastable or resonance states (excited states). Since life- 
times of states which may return to the ground state by allowed tran- 
sitions may be even on the order of sec, such processes might be 
more important in radiation chemistry than one would anticipate 
from the absence of mass spectrometric evidence. This method re- 
quires a lifetime of ca 

d. Ion-moZecde reactions. The reactions between ions and neutral 
molecules frequently occur with collision efficiency. Because of 
ion-induced dipole forces, rate constants for the collision process are 
about one order of magnitude larger than those involving only neutral 
species. They are recognized as being important contributors to rad- 
iation chemical mechanisms in olefins and evidence for their participa- 
tion has been presented in a number of gaseous and condensed-phase 
systems. Most of our knowledge derives from mass spectrometric 

sec for the detection of reaction. 
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evidence and most simple olefins have been investigated by this 
technique 150. 

The application of mass spectrometric data to radiation chemistry is 
again complicated by the change in time scale. The studies of 
Wexler 151, Field and Munson 152-154, and Kebarle 65*66 indicate 
clearly that at the higher pressures typical of radiation chemistry, 
gas-phase solvation of ions may occur. Moreover, the lifetime of 
the intermediate complex in condensation reactions appears to be 
considerably greater than the collision-free period at one atmo- 
sphere 17*67*155, suggesting the possibility of collisional deactivation of 
the intermediate ionic complex and further reactions of the complex 
itself. 

Most ion-molecule reaction pairs yield more than one product ion. 
Studies with tandem mass spectrometers and ion cyclotron double 
resonance have shown that competition between the various processes 
depends on ion energy 145*146*147. Most experimental investigations 
have been carried out in the presence of repeller or draw-out fields in 
the ion source. Since the median cnergy at which ion-molecule 
reactions resulting from ion-induced dipole forces occurs is 1/4 of the 
ion energy at the exit siit, average energies for which such reactions are 
reported are typically on the order of a few tenths of an eV or 
considerably above thermal. Although most reactions are relatively 
insensitive to energy in this range, major differences betwecn mass 
spectrometry and radiation chemistry can be expected if the alternate 
reaction paths are nearly thermoneutral. 

Ion-molecule reactions can be divided into two general classes: atom 
or ion transfer and condensation reactions. The first class is quite 
common and because of the ease of investigation has been extensively 
studied. Condensation reactions are of dominant importance in ole- 
finic systems, and are important contributors to product formation 
and to polymerization. 

Reactions of ethylene ion have been studied most extensively 1 5 * 1 7 s 6 1 -  

68*74*155.156*157 and proceed via a relatively long-lived intermediate 

(14) 

(15) 

(16) 

complexwitlikl,/k16 = 10and k l 5 + k l 6  = 3-2 x 10'sec-l 17*72. The 
square brackets denote that the species it encloses is metastable towards 
dissociation. The internicdiaie complex ion or the secondary frag- 

CzH,' + CzH, h [C4H,+] 

[C4H,+I - > C3H; + C H 3  

[C,H,+I - > C,H; + H 



8. The Radiolysis of Olefins 39 1 

mcnt ion produced in reaction (15) may react further with ethylene: 

[C,H,+I + CZHC - C,H,C + CZH, (17) 

[c,:+,'] + CzH, d [C~H:Q! (18) 

C3Ht + CzH, 4 [CSH,'] (19) 

C,H,C appears highly unreactive towards ethylene (collision efficiency 
c 10-3)*47*155. The importance of the direct process of intermediate 
hcxcne ion formation by step (18) is in serious question, and it niay not 
occur at a1163*64,68.147*168. The ion produced in reaction (19) is long 
lived (lo-, sec)14? and survives as an entity under all conditions of 
radiation chemical interest. 

The stabilized intermediate butene ion may undergo further ion- 
molecule reactions, but the successive addition steps of higher oiefin 
ions to ethylene are inefficient17*65-67 and butene ion survives more 
than 100 collisions before forming a hexene ion reaction complex, 

C,H,+ + C P H ~  (CoHL) (20) 
which may dissociate 

(C6H:g) -3 CbHi + CH3 

(C,H:,) 4 other products 

where (C&,+,) indicates a metastable entity whose internal energy 
differs from that of [C,H,+,] produced by reaction (18). The rate 
constant for this dissociation has been estimated on the assumption that 
the competitive deactivation by ethylene occurs with collision efficicncy 
and is probably on the order of 4 x 1 O8 sec - 67*135. Further addition 
reactions of stabilized C,H,+, to ethylene occur with a ccllision ef- 
ficiency of well below 1 yo 67, and the intermediate product octcne ions 
probably dissociate rapidly with a rate constant of 5 x lo9 sec-l or 
greater 67*155. 

Mass spectrometric experiments cannot readily distinguish whether 
the reaction sequences (14), (17), (19) and (21) or (14), (15) and (19) 
are dominarit under radiation chemical conditions. Not even the 
recent studies by ion cyclotron double resonance (ICDR) are helpful. 
At very low pressures in the ion source, C4HB+ cannot survive before 
collisions 159. However, under all radiation chemical conditions of 
interest the intermediate formed in reaction (14) must survive, and is 
presumably deactivated by collision, as shown by the ability of charge 
acceptors (molecules of low ionization potential) to enhance the yield 
of stable butenes (Figure 7),  prcsumably by an electron transfer 
(see also section III.C.5.b) 

C,H,+ + CA - > C,Ho + CA+ (23) 
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Figure 7. Enhanccrrxnt of total butene yields in radiolysis of ethylene at  100 
torr. Additives present in 10% concentration and oxygen (3%) added when 
necessary to inhibit free radical reactions. The ionization potentials of the linear 
butenes are indicated as vertical lines for comparison (Ref. 17). Additives in 

order of increasing ionization potential: 

(a) Triethylamine (7.50) (n) Nitric oxide (9.25) 
(b) Trimethylamine (7.82) (0) Benzene (9.25) 
(c) Diethylamine (8.01) (p) Diethylether (9.53) 
(d) Dimethylamine (8.24) (4) Dich1,xoethylene (9.66) 
(e) Dihydropyran (8.34) (r) Acctonc (9.69) 
(f) 2-Methylfuran (8.39) (s) Propylene (9.73) 
(9) Isopropylamine (8.72) (t) Cyclohexanc (9.88) 
(h) Toluene (8.82) (u) Cyclopropane ( 10.06) 
(i) Ethylamine (8-86) (v) Ammonia (10.15) 
(j) Furan (8.89) (w) Acetaldehydc (10.2 1) 
(k) Methylamine (8.97) (x) Ethylene (10.52) 
(1) Cyclopcntcne (9.01) (y) Methanol (10.85) 
(m) 2-Methyl-1-butcne (9.12) ( z )  Oxygen (12.08) 
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The complete reaction sequence arising from vinyl ion is unknown. 
Tile only important first-order process is the proton transfer (reactions 
24 and 25). 

+ CZH, __j [C,H++] (24) 

[C,H:] + CzH:! + CzH,+ (25) 

The lifetime of intermediate C,H: is unknown, and i t  has been sug- 
gested that the formation of ethyl ion proceeds in part by a stripping 
type mechanism which would not involve an intermediate ionic com- 
plex whose dissociation may be quenched by collision67. There is 
rclatively little convincing evidence on the mechanism by which the 
higher-order reactions of vinyl ions occur. One of the difficulties in 
studying these reactions is the inability to produce vinyl ions exclusively 
in an atmosphere of ethylene. While an attempt to do so has been 
made with the charge-exchange technique, the results, even for the 
parent-ion reactions, ase at such variance with established mechanisms 
that little weight can be placed on the ICDR experi- 
nients 147 have shown that at low pressures the reaction 

CZH: + CZH, - C3H: + CH, (26) 

contributes, but this technique does not see complexes of lifetimes 
less than ca sec, well below the range of radiation chemical 
interest. Evidence in the radiolysis of ethylene suggested that methane 
formation occurs by ionic processes 16*155, and this has been zscribed 
to reaction (27), 

[C4H7+] + C2H4 + CSH; + CH4 (2 7) 
first suggested by Field63, based on the observation of C5H,C in the high- 
pressure mass spectrometry of ethylene. In view of the doubt cast on 
this step63*147 this detailed assignment of a reaction step in the radio- 
lysis must be accepted with reservations. 

Acetylene ion can exchange charge with ethylenc 

CZH,+ + CZH, CzHz + C2H: (28) 

since the ionization potentials are favourable. This reaction has been 
reported rcpeatedly63.64.67,147 but it is not known whether it involves a 
long-lived complex. Moreover, it probably is not very important at 
thermal energies 147. The condensation-type ion-molecule reactions, 
however, involve more than the transfer of a simple species and there- 
fore almost certainly a long-lived complex 

(29) 

(30) 

(31) 

CZH; + CZH, -> [CaH,'] 

[C,H,+] + C3H: + CH3 

[C,H,'! ---+ C,Hf -!- H 
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Once again, higher-order ion-molecule reactions may involve either 
the complex ion formed in reaction (29) or the products of its dissocia- 
tion in a series analogous to that for ethylene ion. I t  should be noted 
that addition of C3H$ to ethylene and collisional quenching of the 
product leads to the same ion (C5Hq) as does reaction (27), and some 
investigators ascribe the formation of this ion to the sequence originat- 
ing with acetylene ionG2.66. 

Mass spectrometric studies have also revealed higher-order ion- 
molecule reactions in this system with molecular weights corresponding 
up to 10 or more ethylene units in the ion63-65. However, there is no 
convincing evidence for the participation of long-chain ion-molecule 
reactions in the radiation-induced polymerization of this compound116. 
I n  fact, at  least over a limited range of up to ca 25 atm, an excellent 
fit of the data can be obtained by application of simple homogeneous 
competition kinetics, with the insertion of rate constants known to be 
applicable to free-radical reactions 15. However, when studies are 
extended to pressures up to 70-400 kg/cm2, the high pressure radiation- 
induced polymerizaticn cannot be described by such a simple model. 
Ionic reactions may Lc xsponsible for this deviation 161. 

In  the liquid phase at - 168 to - 110"c ionic reactions appear to be 
less important l4 and much of the chemistry can be explained in terms 
of free-radical reactions ; only dimerization and trimerization appear 
to proceed significantly via ionic intermediates. In solid ethyleneg*10 
at  - 196"c neutral products of the type C,,H4, with up to 5 are most 
important, and this has been ascribed to a mechanism of ionic con- 
densation competing with geminate neutralization, i.e. return of the 
parent electron to the growing ion : 

> CGH;, - > etc. + CZH, + C2H4 CZH: ___ > CdHs+ ~ 

(32) k -  
CBH12 

1.- 
C,H, 

k- 
CZH * 

While this appears to be an adequate explanation for species con- 
taining more than 2 ethylene entities, A ~ s l o o s ' ~ ~  has recently sug- 
gested that butenes may also result by a free-radical reaction, with a 
neighbouring ethylene molecule adding the hydrogen atom produced 
simultaneously with a vinyl radical and then combining with the 
vinyl radical. In  mixtures of ethylene and perdeuteroethylene, the 
isotopic composition of the adducts would be C4H8, C,H4D4 and C4D8 
and hence indistinguishable from those produced by ionic dlmerization. 

The vacuum ultraviolet photochemistry of propylene hzs beer? in- 
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vestigatcc! 1 9 s 9 *  and the studies have been cxtcnded into the region 
where the parent ion is forrrxd and its reactions are amenable to 
elucidation 22. Ion-molecule reactions in this compound have becn 
investigated by Fuchs 6o and Harrison 16j, and lead exclusively to 
condensationions with four- and five-carbon atom skeletons. The gas- 
phase radiolysis 49*97 has shown that hydrogen, ethylene, and 2,3- 
dimethylbutane (or 2-methylpentane) are formed with yields in excess 
of 1.0 rnolecules/100 eV, with ethane, propane, allene, n-hexane, 1- 
pentene, propyne, and several other products formed with G values 
less than one. 

The radiolysis of liquid propylene has been studied chiefly by 
Wagner ll. Detailed analysis of the dimers support an ionic reaction 
mechanism, and 4-methyl- 1-pentene, 1-hexene and 2-hexene are 
formed in appreciable fractions by an ionic mechanism similar to 
equation (32). However., Abramson and Futrell 166 have seriously 
questioned the validity of this experiment for 1-hexene, and this is also 
not consistent with results of the vacuum ultraviolet photochemistry 22. 

The gas-phase radiolysis of the butenes has been investigated as an 
adjunct to liquid-phase studies 167, particularly with a view towards 
establishing ionic condensation steps. Very little dimer formation was 
observed, and this is probably in part attributable to the low dose rate 
employed, which would lead to longer free radical and ionic condensa- 
tion chains than in the liquid phase, where parent-ion recapture j s  im- 
portant. In the liquid the dimer and trimer are again thought to 
result from ionic condensation. Another study of liquid butene 
radiolysis98 concerned itself iargely with the mechanism of hydrogen 
formation, and a correlation of the yields of alternate processes with 
theoretical predictions by the optical approximation 127. 

This 
system, as all other ionic systems, is exceedingly sensitive to the pres- 
ence of impurities of high proton affinity, such as water or ammonia, 
and only meticulously dried starting materials give appreciable ionic 
chain lengths 161.169. An excellent demonstration that polymerization 
in isobutylene occurs by a cationic mechanism has been given by the 
ion-injection technique 170*171. Ions are produced in the gas phase 
by photoionization, and are drawn into the liquid with a weak electro- 
static field. Only when positive ions are in contact with the liquid 
does polymerization occur. 

The radiolysis of branched higher-molecular weight olefins, par- 
ticularly that of 3,3-dimethyl- 1 -butene 162.163 gives skeletally isomer- 
ized products d t h e  s?.me molecular weight and of a specific structure, 

Ionic reactions are also highly important in isobutylene 168*169. 
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most likely by an ionic mechanism which presumably proceeds through 
a cyclopropyl ion derivative. This is particularly indicated because 
cyclopropane derivatives are actually observed in the product distri- 
bution. An intramolecular hydrogen rearrangement accompanies 
dimerization. The new double bond is formed between originally 
double bonded carbons end-to-end, but sometimes between the end 
carbon of one molecule and the second carbon of another. Ionic 
condensation appears to be not simply head to tail, but considerably 
less ordered. Studies of the efiects of additives which can trap elec- 
trons or accept charge provided further evidence for the suggested 
mechanism. I t  is doubtful, however, that such processes account for 
the major portion of the radiolysis mechanism, since the isomerized 
products are formed with yields of less than 0.2 molecules/lOO eV. 

e. Neutralization. The neutralization process can be between posit- 
ive ions and electrons or negative ions. In the gas phase it normally 
occurs homogeneously as a result of ambi-polar diflusion. However, 
a t  very low dose rates and therefore very small steady-state con- 
centrations of charged species in the radiation vessel, the dominant 
neutralization process is diffusion to the walls and neutralization 
thereon. Neutralization rates have been studied extensively for in- 
organic gases because of the importance in upper-atmosphere chem- 
istry, but only a few measurements have been made for hydrocarbons. 
Back 172 has used the application of intermittent voltages to determine 
the steady-state concentration of charged species, and hence the 
rate constants for recombination by physical means. Mahan and 
coworkers 173 used pulsed photoionizatiori of gaseous lead and thal- 
lium halides. Lawrence and F i r e ~ t o n e l ~ ~  on the other hand, have 
used chemical means to assess the rate of neutralization. As a general 
rule, rate constants for ion-electron neutralization processes are of 
the order of mole-I cc sec-l, while those for recombination 
of positive and negative ions are about one order of magnitude 
smaller 173*175. Little is known about the chemical consequences of 
neutralization and this remains one of the major frontiers in the 
radiation chemistry of olefins. 

Neutralization in the condensed phases requires distinctioa between 
two types of processes ; parent-ion-electron recapture (geminate 
neutralization), and bulk or homogeneous neutralization 50-58J37. 
While the electron is typically ejected with some excess energy, it nor- 
mally does not travel far enough to escape the influence sphere of the 
positive ion, and only some 2-5% of the electrons escape the field of 



8. The Radiolysis of Olefins 397 

the parent ion when no external electrical fields are present. Even 
the recaptured electron sweeps out a considerable range or volume 
before it returns to its parent, and electron attachment reactions can 
therefore be observed at relatively low concentrations. An example of 
the participation of negative ions in radiolysis mechanisms is the 
radiation induced cis-trans isomerization ofstilbene in solutions ofben- 
zene or c y ~ l o h e x a n e ' ~ ~ .  G values of up  to ca 210 isomerization/lOO 
eV have been reported131. This can only be explained in terms of a 
chain process. A negative ion formed by attachment of 'free elec- 
trons' to the stilbene molecule was proposed as a chain carrier for 0.02 
to 0.6 hi solutions. 

When the energy of the free electron 
falls below that of the lowest excited state of the compound under ir- 
radiation, further energy loss is slow. All electrons pass through the 
sub-excitation energy range and they may either be unrcactive to- 
wards the substrate molecule, attach themselves with the formation of 
stable negative molecule ions, or undergo a dissociative attachment 
process. A thermodynamic equilibrium will be reached if the electron 
affinity of the molecule is not too large, and if the cross-section for the 
attachment process is not too small. Based on the assumption of 
equilibrium conditions, measurements have been made by pulsed 
removal of free electrons to estimate electron affinities 126. Results 
were in adequate agreement with those obtained by other techniques123. 

However, there 
appears to be substantial evidence that such a process is possible in the 
liquid, and has been suggested for propylene". 

e -  + C,H, - C3H; (33) 

This could be expected if the double bond is weakly attractive and 
collisional stabilization is required to retain the electron on the mole- 
cule. Therefore it seems plausible that in the low-temperature radio- 
lysis of ethylene in very dilute solutions of liquid argon, electron at- 
tachment would contribute to the radiolysis mechanism 178. 

In olefin radiolysis radicals are chiefly produced 
by simple bond scission, and by hydrogen atom addition to the double 
bond. Radicals can either react with other radical species, or with 
substrate molecules. Their reactions with charged species are norm- 
ally disregarded, hut these can occur when the rate of primary radical 
formation is about the same as that of charged species (i.e. When G 
-.- valbr;a --.. a1 --- L.vl,,k,arab!c). ----o Ea&ca!-ion ktCrZdGES ShGdc! GCCUY iL'hCii 

f. Electron Attachnierit Reactions. 

Olefins do not attach electrons in the gas phase177. 

g. Radical reactions. 



398 G. G .  Mcisels 

electron-capture is the dominant process for electron disappearance, 
which would lead to equal probabilities of radical-charged species and 
radical-radical interactions. No evidence for such reactions exists. 

The reaction of radicals with each Gther can lead to combination or 
to disproportionation. The  relative extent of these rcactions depends 
largely on the availability of hydrogen atoms at /3 positions, and on 
C - H  bond strength in the radical. Thus hydrogen atoms at a 
tcrtiary carbon lead to easier disproportionation than at a primary 
one. These reactions lead to the destruction of the radical character 
of the interacting species and occur approximately with collision 
efficiency (k,+n 21 10” 1 mole-l sec) for most simple hydrocarbon 
 radical^^^^^'^. 

Free-radical species may also rcact with their molecular substrates 99. 

This may be by an abstraction reaction (metathesis) which may change 
the nature of the radical. Activation energies for metathetical rc- 
actions vary frcm 1 to 2 to as much as 11 kcal/mole. In  olefins, ad- 
dition is an important process. Activation energies for addition are 
very low for the addition of hydrogen atoms to olefins 99-101, while the 
addition of alkane radicals is normally competitive with abstraction 
reactions. Radical addition reactions may lead to polymerization, or 
to telomerization, if the chain length is very short or if chain transfer is 
important. Such reactions are of interest because they provide a 
possible means for utilizing radiation for the synthesis of polymers and 
telomers a t  relatively high pressures, or in the condensed phases and 
at low dose rates. 

Radical reactions in ethylene radiolysis are dominated by the for- 
mation of hydrogen atoms produced in reactions (6a), (6c),  and (16) 
etc., and that of methyl radical possibly produced in reactions (21) 
through (30). 

H + CZH, CzHG (34) 

and this reaction accounts quantitatively for hydrogen atoms under 
most conditions. 

H + C2H5 + C,H,* (35) 

may set in and lead to additional ethane and some methyl radical 
formation if the dissociation 

CZH,* - > 2CH3 (36) 

The collision efficiency of 
and the ethyi radical produced in this step 

Hydrogen atoms immediately add to ethylene 

At very high dose rates 

is not quenched at  elevated pressures. 
reaction (341 is about 0.i 
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has excess energy. Under normal conditions this is rapidly removed 
by collisions, so that the species participating in reactions (35) and (36) 
is in thermal equilibrium with its surroundings. The vinyl radical 
produced in reaction (6c) is most likely to add to ethylene yielding 
butenyl 

CZH, + CzHI C,H, (37) 

and since the yield of this radical is normally minor, it will chiefly dis- 
appear by reaction with ethyl radicals: 

CZH, + C4H7 - > CzHo + C4HO (40) 

The direct combination of vinyl radicals cannot be disregarded as a 
possibility of butadicne formation la0. Ethyl radicals not partici2ating 
in reactions (38)-(40) combine or disproportionate 

with k41/k42 z U.14.99*179J81. 
At low dose rates and high pressures free-radical induced poly- 

merization will be important. Kinetic analysis of pressure and dose 
rate effects on polymerization has shown thzt the rate constant for 
termination must be on the order of lo7 times greater than that for ad- 
dition to ethylene 182, in agreement with the known values for the rate 
constants of these radical processes, but a t  variance with estimates for 
possible corresponding ionic processes. This agreement has been 
extended l5 to cover the radiation-induced polymerization of ethylene 
at high pressure and very low dose rates. By taking the rate constants 
for radical propagation and termination to be 2 x lo3 1 mole-I sec and 
1 x 10" 1 mole-I sec respective?y, the yield of ethylene disappearance 
G( - C2H4) can be expressed by the equation 

G(-C2H4) = 20 + 0.9 x lo3 d[C2H4]/l 

where [C2H,] is the ethylene concentration in moles cc-l and l i s  the 
dose rate in Mrad/hr. The constant term 20 in equation (VII) repre- 
sents the substantial yield of ethylene disappearance in the absence of 
any propagation by radical addition to ethylene. This equation 
agrees extremely well with the polymerization data of Hayward and 
Bretton la3 which satisfies the relation, 

G (  -C2H4) = 16 + 1 x lo3 .\/'[C2H4]/l (VIII) 
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The constant term here is smaller because the formation of hydrogen 
and acctylene was not deductzd Xhcii the rate of polymerization 
(ethylene disappearance) was followcd by observing the decrease in 
pressure. 

Thus it appears that although processes involving ions and excited 
molecules play an important role in determining the distribution ofpri- 
mary radicals in the radiolysis ofethylene, particularly in the gas phase, 
the stepwise formation of higher alkanes a t  low pressure and of polymer 
at high pressure (up to at  least 40 kg/cm2) are both adequately de- 
scribed by kinetic parameters characteristic of free-radical reactions in 
this system. This interpretation does not dispose of the eventual fdtes 
of the higher-molecular weight ions seen in the mass spectrometric 
studies 63*67. 

In the condensed phases, or a t  very high pressures where densities 
approach those of the liquid, radicals will be produced in spurs di- 
rectly and by geminate neutralization. Since the majority of ions 
appear to undergo geminate recombination in hydrocarbons, the dis- 
appearance of the ions should give rise to a distribution of free radicals 
generally similar to that envisaged by Samuels and Magee13'. 

Magee 184 has summarized the chronological order of processes in a 
spur. As the time increases, the diffusion of the neutral radicals leads 
to an increase in spur size until ultimately a homogeneous distribution 
is reached (steady state). Thus the reactions between neutral radicals 
must be treated by diffusion theory to take account of the time de- 
pendent growth of the spur137*185. In  particular, the competition 
between radical-radical and  radical-solute (scavenging) reactions 
dcpends on the local radical concentration during the expansion of the 
spur, and it is clear that for any given solute concentration, radical 
scavenging assumes increasing importance in the approach to the steady 
state, where homogeneous kinetics apply. I n  other words, very high 
values of k,[S], where k, is the rate constant of the scavenging reaction 
and [S] is the scavenger concentration, are needed to scavenge those 
radicals which otherwise would undergo combination in the early 
history of the spur, whereas the scavenging of radicals undergoing 
homogeneous recombination is effective a t  k,[S] values which are 
lower by several orders of magnitude186. 

While the applicability of the diffusion model to reactive inter- 
mediates in the condensed phases is now well established, experi- 
mental tests have been largely restricted to aqueous systems185 and to 
simple hydrocarbons141, and little is hiown about the importance of 
nonhomogeneous initial-species forma tion in the radiolysis of olefins. 
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For example, geminate neutralization could be effectively inhibited 
in liquid and solid olefins if the double bond can act as an efficient 
electron trap as suggested by Freeman". O n  the other hand, the 
apparently short lifetime of ethylcne ions in the solid-phase radiolysis 
would strongly support rapid neutralization 9*10. It is not surprising, 
therefore, that most radiolytic investigations have so far not attacked 
this problem in olefins, but have restricted thcmselves to seek evidence 
on particular intermediates. 

5. Mixtures 

The degradation of electron energy once 
it is below the lowest electronic state of the molecule is slow. The 
sub-excitation electrons constitute a constant fraction of the energy loss 
and the addition of even a small amount of gas having energy lcvels 
lower than the niajor component, can lead to selective excitation and 
to product formation essentially independent of the concentration. I t  
follows that a detailed estimate of the energy division must be made. 
Although approximate stopping powers may apply to the gross energy 
distribution between highcr excited and ionic states of a binary system, 
the contribution of the lowest excited state of one compound to product 
formation will differ substantially from that in pure components. 
Mixtures of olefins and alkanes should show a preferential excitation 
of the n-bond system of the olefin since sub-excitation electrons in the 
energy interval between lowest excited states of the olefin and the 
alkane can induce excitation evcn to forbidden levels. 

Energy transfer may take any of three forms; 
excitation transfer, charge transfer, and the formation of a new ion 
pair. The last requires the existence of an excited state whose level is 
above the ionization potential of the substrate molecule. Alter- 
nately, an associative ionization process may occur as discussed in 
Section III.3.4.c and may involve preferentially a highly excited state 
of one molecule and a different ground-state molecule. 

Excitation transfer from a super-excitcd state may decrease the 
overall ionization if the ionization efficiency of thc energy acceptor is 
smaller than that of the energy donor. This is one mechanism by 
which reduction of ionization may occur in gaseous mixtures. An in- 
crease may result if the efficiencies are reversed. Interference with 
associative ionization is another posssible process. I n  this case, energy 
transfer from the excited state to a molecule will again lead to a de- 
crease of ionization, or a negative Jesse effect 129. 

a. Sub-excitation electrons. 

b. Energy tramfir.  

i4+c.,x. 2 
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The processes summarized above constitute the principal non-trivial 
differences fi-om pure system. In mixtures there will also be a wider 
variety of ionic and free-radical reactive species, and the sequence of 
reactions may become more complicated. A simplification may 
occur if the added component is a scavenger of free radicals, for 
example, nitric oxide, iodine, and hydrogen iodide, or a charge 
acceptor-that is, a species whose ionization potential is lower than 
that of the reactant ion. Both types of reactions can be used to 
advantage in attempts to elucidate mechanisms of radiation chemistry. 
Since free-radical scavengers normally also have low ionization poten- 
tial, care must be taken in the interpretation of results. 

A good example of the complication of the use of scavengers is the 
effect of nitric oxide on the radiolysis of ethylene. While it may be 
expected that this substrate will inhibit the formation of all products 
arising from reactions of free radicals in the system, its addition leads 
to a sizeable enhancement in the yield of butenes, which can in fact 
be correlated with the yield of ethylene ions originally produced 17.156. 

This can be ascribcd to the interaction of nitric oxide with an inter- 
mediate collision complex C,H,f, as follows 

C4H,+ + NO - C4H, + NO+ (43) 

which is a particular example of reaction (23). Strong support for this 
mechanism was presented from kinetic examinations, deutericm 
labelling, and the ability to correlate the butene yields with the ioniza- 
tion potentials of some twenty additives17. Charge-transfer tech- 
niques can only give a minimum value for the yield of butene and 
therefore ethylene ion, since the additive may reduce the extent of 
butene ion formation by charge transfer from parent ethylene ion, and 
because competitive reactions such as H; transferla' and other ion- 
molecule reactions with the additive C,H,+ not leading to neutral bu- 
tenes, can affect yields. The charge-transfer reaction was confirmed 
for nitric oxide as the charge acceptor when C,H,+ ion was created in 
the vacuum ultraviolet photolysis of cyclobutane at 1047-1065 A"'. 
Butenes were observed with an ion-pair yield ( M / N )  slightly above 1 
when NO was added, but with a yield of less than 0.1 molecules/ion 
pair when it was absent. Also, the distribution of the isomers was 
identical to that in radiolysis. The effect of other additives in cyclo- 
butane radiolysis provided further confirmation lE9. 

Mass spectrometric investigations, however, have indicated little 
charge transfer of butene ion to nitric and have pointed 
instead chiefly to the adduct C,H,NO+. I t  is conceivable that this 
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ion yields stable butene on neutralization as well, and the two 
mechanisnis (charge transfer and addition-neutralization) would there- 
fore give the same yield of butene. I t  is difficult to see how this could 
apply to all other additives as well. Sieck and Futrelllg0 have rz- 
cently demonstrated that olefin ions do indeed exchange charge 
with nitric oxide with an efficiency which depends on structure. 
Perhaps the observation of C,I-I,NC+ arises from reactions of 
2-hutene ions for which the charge transfcr is endothermic, and is not 
observed even in the vacuum U.V. photochemistry1". 

IV. YIELDS O F  PRODUCTS AND INTERMEDIATES 

The mechanisms described in the preceding section lead to a large 
variety of products. Only in one or two instances has an attempt been 
made to obtain a complete product distribution, or to arrive at a 
material balance. This is not surprising since even in the radiolysis 
of the simplest olefin, ethylene, more than twenty-nine compounds 
have been identified and measured quantitatively15, but even then 
with a material balance of only some 60% to 70% of the ethylem con- 
sumed by radiation (since conversions are only on the order of one or 
two-tenths of a percent, more than 99.8% of the starting material are 
always recovered). A comparison of the yield for some systems where 
such estimates can be made are given in Tables 7-9. 

TABLE 7. Some products in the radiolysis of ethylene 

Yield, molccules/lOO eV absorbed in 
ethylene 

Product 

Gas phase, 
100 toma Liquid phasch Solid phasec 

2 5 ° C  - 1 6 5 " ~  - 196°C 

Ethylene 
Hydrogen 
Methane 
Ethane 
Acetylene 
Propane 
n-Butane 
Isobutanc 
Cyclobutane 
1-Butene 

- 20 
1.3 1.7 0-6 
0.22 0.0 1 
0.85 0.7 0.6 
3.5 1.8 0.6 
0.56 
2-32 0.45 0.1 
0.1 1 
0.10 0.12 
0.09 0.60 0.2 



404 G. G. Meiscls 

TADLE 7- (continued) 

Yield, molecules/100 eV absorbed in 
ethylenc 

Product 

Gas phase, 
100 toma Liquid phaseb Solid phasec 
25"c - 165"~ - 196°C 

fraiis-2-Butene 
cis-2-Butene 
cis-2-Butene 
Butadiene 
n-Pen tanc 
Isopcntanc 
1 -Pentcne 
n-Hcxane 
2-Methylpentanc 
3-Mctbylpen tanc 
1 -1-Iexe.ne 
tr-am-2-Hexenc 
cis-2-Hesene 
3-Hcxenc 
3-Methyl- 1 -pentene 
3-Methyl-2-pentene 
2-Ethyl- I-butenc 
3-Ethylhexene structure olefin 
3-Mcthylheptene structure olefin 
n-Octenc structure olcfin 
Other octenes 

0.03 
0.03 
0.03 
0.003 
0.04 
0.0 13 
0.05 
0.3 1 
0.02 
0.05 
0.046 
0.03 

0.0 1 

trace 
trace 
tracc 
0.03 

0.00 1 

0.018 
0-15 0.0 14 
0.08 0.023 
0-08 0.006 
0.30 040 1 
0-30 0.0 17 
0.30 0.019 
0.30 0.013 

0.03 
0.03 
0.0 1 
0.0 1 

From rcf. 15; obscrvcd rate 2 x 10'9 c\.'/g sec. 
From ref. 14; ca. 1017 eV/g sec. 
From ref. 9 ;  a. G x 1017 cV/g scc; 

TABLE 8. Yields of primary processes (C2H, -4 primary products) in 
ethylene radiolysis a t  100 torr (gas p h a ~ e ) l ~ - l ~ * ' ~  

~ ~ ~~ 

Yicld 
Primary products Encrgy required (cV) (Moles/100 eV) 

C2HZ + H Z  1.8 
C2H3 + ii 4.6 
CzHz + 2 H 6.3 
C2H: + e-  10.5 
C2H: + H, (or 2 H) + e -  13.5 
C2Hj + H + c-  14.0 

0.5 
- -=0-1 

2-8 
1.5 
0.8 
1.0 
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Products of radiolysis of liquid pro- TABLE 9. 
pylcnc at  - 7 8 " ~ "  

405 

Yield 
Product (molecules/ 100 e V )  

Hydrogen 
Methane 
Proparie 
Butane 
1 -Bu tcne 
2-Butenc 
Pentenc 
Pentadienc 
2,J-Dimethylbutanc 
2-Methylpentane 
n-Hexane 
4-Methyl- 1-pentene 
4-Methyl-2-pen tene 
2-Methyl- 1 -pentene 
1 -Hexene 
trans-2-Hexene 
cis-2-Mexcne 
lY5-Hexadiene 
0 thcrsb 

0.6 
0.04 
0.2 
0.02 
0.02 
0.02 
0.02 
0.02 
0.054 
0.080 
0.022 
0.375 
0.055 
0.033 
0.14 
0.030 
0.022 
0.17 
0.08 

~ ~- 

Ref. I I .  
Rcf. 6. 
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9. GENERAL COMMENTS 

Although numerous review articles and many chapters in monographs 
have been written about individual reactions of polyrncrs, both of the 
saturated and unsaturated t p c s ,  and scvcral recent tests i-7 present 
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useful surveys of various reactions of iinsaturated polymers, tnere is 
apparently no unified review of the many different types of polymers 
formed with C=C bonds and of their chemical reactions. The 
present chapter aims to provide an up-to-date account emphasizing 
the latest developments in this field. Little or no attention will be 
paid to polymers with saturated main chains even if they do contain 
occasional olefinic double bonds in long branches. The macro- 
molecules to be discussed here will be largely restricted to compounds 
of sufficiently high molecular weight that they display the customary 
physical properties of elastomers, or plastics. The topic of poly- 
merization of aikenes or diolefins is outside the scope of this chapter, 
and will not be discussed here except to make brief mention of some of 
the synthetic routes to the various unsaturated polymers. 

II. CLASSES OF POLYMERS CONTAINING C=C B O N D S  

A. Diene Homopolymers 

By far the most important class of polymers containing C=C bonds 
are the natural and synthetic elastomers, the latter being derived from 
the polymerization of diolefin monomers either alone (homopoly- 
merization) or with other monomers (copo!ymerization) , generally of 
the monoolefin type. The term ‘elastomer’ is a generic one applied 
to all polymeric materials exhibiting ‘long-range’ elasticity, i.e., the 
ability to undergo gross elongation or distortion under stress and to 
return rapidly to virtually its original dimensions upon removal of the 
stress. The main classes of unsaturated elastomers, besides natural 
rubber (Heuea), are the stereoregular rubbers derived from isoprene 
or butadiene, the non-stereoregular homopolymers of these same mono- 
mers, the butadiene-styrene and butadiene-acrylonitrile copolymers, 
neoprene (or polychloroprene), butyl rubber (isobutylene-isoprene 
copolymer), and ethylene-propylene terpolyniers. These unsaturated 
elastomers and the various classes of saturated elastomers are the sub- 
ject of a very recent two-part monograph 3*8, and an encyclopaedia 
article”. 

Depending upon the particular structure or microstructure of the 
unsaturated polymer or copolymer, the material may have plastic 
instead of elastomeric properties. Thus, while Herlea (an all-cis 
1,4-polyisoprene) is a rubber, its naturally occurring geometric isomer, 
balata or gutta-percha (an all-trans lY4-polyisoprcne), is a leathery, 
crystalline thermoplastic; likewise, depending upon the ratio of 
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butadiene to styrene in the copolymer, the properties range from elasto- 
meric to plastic, with the optimum elas'iomeric composition corres- 
pondins to around 2574 styrene in the random butadiene-styrene 
copolymer. In this section, our attention is addrcssed to the variety 
of unsaturated polymers, whether elastomers or plastics, which can be 
obtained by the homopolymerization of different diolefin monomers. 

1. Isoprene polymers 

Depending upon the catalyst and the reaction conditions employed, 
isoprene (or 2-methyl-lY3-butadiene) can be made to undergo 1,4- or 
1,2- (or 3,4-) addition polymerization to yield macromolecules in which 
the monomer units have one or more of the configurations 1 4 .  To 
add to the possibilities for stereoisomerism, these units can be linked 

n CH,=C-CH=CH, - > c=c 
H3C H HJC CHZ- 

\ /  c=c 
/ \  

\ /  

/ \  
H CH2- -HZC -H 2C 

I 
CH3 

cis- I .4 trans- I ,4 

(1) 2) 
CH3 H 

I 
C 

I 
CH 

CH2 II HZC 'CH, 

together in either head-to-tail or head-to-head configurations, while 
the head-to-tail 1,2- or 3,hddition units, by virtue of the presence of 
an asymmctric carbon atom, can also exist in isotactic, syndiotactic or 
atactic (random) structures: 

isotac t ic syndiotactic 

R R R' R 
I I I I 

atrictic 
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where R is -CH=CH2 or -C(CH,)=CH, and R' is CH, or H, 
respectively. The mechanisms and catalysts for the polymerization 
of isoprene and othcr monomers to various stereoregular as well as 
non-stereoregular polymer structures, havc been reviewed reccntlylo-l2 
and need not be discussed here. I t  should be noted, however, that 
only three of the six possible stereoregular forms of polyisoprene 
have been synthesized: two have structures nearly identical to those 
of the natural polyisoprenes, i.e., > 98% cis- 1,4 (corresponding 
to Hevea) and 99-100yo t~ans-1~4 (corresponding to balata), and the 
third one has a very high (- 95%) 3,4-configuration, of uncertain 
tacticity. 

Polyisoprenes containing various proportions of all four kinds of 
addition units (14) have been prepared. The relative proportions of 
the different addition units in any soluble polyisoprene can be deter- 
mined quite accurately by a combination of infrared13-16 and 
n.m.r.17*18 spectroscopy. Thus, uniis 1 and 2 are very well deter- 
mined by means of characteristic n.m.r. peaks at  8-33 and 8-40 -r 
associated with the cis and trans methyl protons, respectively, and by 
means of infrared spectroscopy using the 12 p absorption band (C-H 
out-of-plane deformation of the &C(CH3)=CH- unit is about 1.6 
times as intense as that of the corresponding trans unit) or the bands 
at around 7-5-7-7 p19 and in the 8-10 p r e g i ~ n ~ * * ~ ~ .  On  the other 
hand, units 3 and 4 are detcrrnined by their characteristic infrared 
bands at 11.0 and 11.3 p, respcctively, and are also indicated by n.m.r. 
peaks at  - 4 . 5 4 6  (-CH=CH,) and 5-05 7 (-CH=C_H,), for tile 

vinyl units, and a t  5-34 T (\C-CH,), for the vinylidene units. 

Other features of the n.m.r. spectra of the different polyisopreries worth 
/ -  

notifig here are peaks at  - 9- 1 T ( C H 3 - d  in 3) ; 8-75 T (-CH2--C- / 
\ I \ 

in 3 and4) ; 8.45 T (-C(CH3)= in 4) ; 8.05 T (-CH,C= in 1 and 2; 

-CH-C= in 4) ; and 4.95 T (-CH= in B and 2). 
Although the essential cis- and trans-1,4 structures of Heuea and 

balata have been recognizcd for many years, thcre has been some con- 
troversy recently concerning thcir microstructural purity. Because 
the infrared spectra of these natural polyisoprcnes show a weak 
absorption at 11 a 3  p, it has been assumcd by Binder15s20*21 and others 
that the unsaturation in IIeuea and balata consists of 2.2 and 1.3yo, 
respectively, of the 3,4 units (4). However, this assumption has been 

I I  
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contradicted by near infrared 22 and high resolution n.m.r. studies 18, 
which indicate that il" such units are present they constitute less than 
0.3% of the total unsaturation. Very recently, C l ~ e n ~ ~ ,  using even 
more sensitive n.m.r. analysis, showed that the 3,4 content in these 
polymers was below the minimum detectable level of O.lyo. At the 
same time he showed that there was less than 0.5% of the opposite 
geometric isomeric form present in their microstructures. Accord- 
ingly, Hevea and balata can really be considered to have the lOOyo 
cis- and trans-1,4 structures assumed originally, largely on the basis of 
the much less exact X-ray diffraction analysis 24. 

Despite this compelling evidence for the microstnictural purity of 
the natural polyisoprenes, Chakravarty and Sircar 25 have renewed the 
claim for the presence of structure 4 in the rubber molecule. Their 
claim, based on the observation that formic acid was a product of the 
ozonolysis of rubber followed by oxidative hydrolysis, was challenged 
by Bevilacqua26 on the premise that small amounts of formic acid are 
an inevitable consequence of thermal and catalysed reactions of poly- 
isoprene with molecular oxygen. 

Polyisoprcnes with more than 90% cis- 1,4 content are rubbery, 
those with more than N 90% trans-1,4 content are hard, crystalline 
materials, while those with intermediate cis-tram contents are resinom. 
The physical properties of vulcanized polyisoprenes as a function of 
the initial cis-tram content have been described 27, and the properties 
and applications of synthetic and natural ~ is -1 ,4~* and trans-1 ,429 
polyisoprenes have been reviewed recently. 

2. Butadiene polymers 

Four different stereoregular polymers arc possible from butadiene, 
on the basis of 1,4- or 1,2-addition polymerization, and all have been 
achieved using Ziegler-Natta catalysts 10.30. These are the (nearly) 
all-cis and all-trans 1,4-polybutadienes (5,6) and the isotactic and syn- 
diotactic 1,2-polybutadienes based on the microstructural unit 7. 
Variation in the Ziegler catalyst formulations, or the reaction con- 
ditions, or the use of diffcrent ionic and free radical catalysts31, can 
lead to the preparation of polybutadienes containing various pro- 
portions of these units, as well as an atactic 1,2-polybutadiene. The 
cis- 1,4-polybutadiene is a soft, easily soluble elastomer having pro- 
perties comparable to those of Hevea, and enjoying increasing attention 
as a replacement for natural rubber in many applications. The 
tram-l,4-polybutadienc, on the other hand, is a hard, difficultly soluble 
crystalline polymer closely resembling balata. The isotactic and 
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\ /  
H H 

n CH,=CH-CH-CH, __t c,=C 

417 

H CHZ- 
\ /  c--c 

cis- I .1 
(5) 

H 
I 

-CH--C- 

-H,C ’ ‘H 
trons- I .4 

(6) 

I 
C H  
II 

CH, 

(7) 

syndiotactic 1,2-polybutadienes are rigid, crystalline and dificu!tly 
soluble, while the atactic ones are soft elastomers. Interestingly, it was 
also found that a nezrly all-trans crystalline polybutadiene was formed 
in aqueous emulsion using rhodium chloride as a ~ a t a l y s r ~ ~ - ~ ~ .  A 
survey of the various butadiene polymcrs and copolymers, their micro- 
structures, properties and types of polymerization, has been presented 31. 
The effcct of czs-trans ratio on the physical properties of 1,4-polybuta- 
diene vulcanizates has been described35, as has also the use of cis 
polybutadicne-natural rubber blends 36. 

T h e  analysis for the microstructural units 5-7 in polybutadiene is 
based largely on infrared ~ p e c t r a ~ ~ . ~ *  which show characteristic 
absorptions a t  13.6 (cis -CH=CH-), 11.0 (vinyl unit) and 10.4 p 
(tram -CH=CH-). Although high resolution :i.m.r. spectroscopy 
has been used to analyse butadiene-isoprene  copolymer^^^, it is not 
possible to distinLsuish cis and trans butadiene units by this means. 
The n.m.r. spectra do show, however, olefinic proton peaks a t  - 4-7 -r 
(cis and tram -CH=CH- in 5 and S ) ,  and in the 4-5-5-3 1: region 
(for both tcrminal and non-terminal protons in -CH=CH2 in 7), 

besides the peaks at  8.05 7 (-CH,-C= in 5 and 6; -CH-C= in 7) 

and 8.75 T (-CH2--CL in 7). Although the olefinic proton peaks 

of the vinylene and vinyl units overlap considerably, thus complicating 
the determination of the relative amounts of 1,2- and 1,4-addition 
units in polybutadiene, Mochcl 30 has recently provided an accurate 
n.m.r. method for the microstructural analysis of these and other units 
in butadiene-isoprene copolymers and butadiene-styrene block 
copolgmers. 

I I I  

\ 
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3. Chloroprene polymers 

The first commercial synthetic elastomer was polychloroprene, 
obtained by the free radical emulsion polymerization of 2-chloro- 1,3- 
butadiene (chloroprene) . This polymer, discovered by Carothers 40, 

was introduced as DuYrene by the DuPont Company in 1931, and 
later assigned the generic name, neoprene. The polychloroprenes 
prepared by free radical initiators are rather uniform in structure, 
being predominantly (78-96%) tranr-1,4 (8) and having some (4-18%) 
cis-1,4 units (9) and only traces (0-2-2y0 each) of 1’2 (10) and 3,4 (11) 
polymerization units 419J2. 

CI H -CHz-CCI- -CHz-CH- 
I I 

It II 
cc I CH 

\ /  

/ \  
c=c \ /CHz- 

CI 

c - C  

-H2C ’ ‘H -H2C CHZ- CHZ CH, 
trans- I ,4 cis- I ,4 192 3.4 

(8 )  (9) (10) (11) 

Analysis by n.m.r. indicated 42 that there was sequence isomerism in 
the polychloroprenes as a result of ‘ head-to-tail’ (12), ‘ head-to-head’ 
(13) and ‘ tail-to-tail’ (14) 1,4-addition of successive monomer units. 
The typical sequence isomer conccntrations were found to be 70430% 
12, and 10-15y0 each of 13 and 14. 

(12) (13) (14) 

The chlorinated olefm backbone of neoprene is less reactive than thc 
backbone of natural rubber and polybutadiene, and its vulcanizates 
are thus more resistant to ozone and oxidative degradation than those 
of the other diene polymers. These properties combined with its good 
strength, non-flammability and good solvent resistance have kept poly- 
chloroprene in first place among the special purpose elastomers (as 
opposed to the general purpose elastomers like styrcne-butadiene 
rubber). 

In 1964 Aufdermarsh and P a r i ~ e r ~ ~  reported an elegant four-step 
synthesis of cis- 1 ,4-polychloroprene starting with the monomer, pro- 
ceeding via a Grignard reagent obtained from it to 2-(tri-n-butyltin)- 
1,3-butadiene which is made to undergo a cis-1,4 polymerization; the 
resulting polymer is then subjected to chlorinolysis to yield the desired 
polymer. By means of ozono!ysis, and infrared and n.m.r. spectro- 
scopy, the unsaturation of the cis-polychloroprenc was shown to be at 
least 95%, and possibly as high as 99oh, of type 9, with negligible 
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amounts of 8, and only traces of LO and 11, with an overall unsatura- 
tion of 80-97y0 of the theoretical. Also, the sequence isonier con- 
centrations were of the order of 50-60y0 12 and 20-25y0 each of 13 
and 14. 

The infrared a n a l y ~ i s ~ l * ~ ~  for structures 8 and 9 has been based for a 
long time on the C=C stretching frequencies at 1660 and 1653 cm-l 
( - 6-02-6.05 p) for the trans- and cis-1,4 units, respectively, but a more 
reliable analysis is based on the n.m.r.olefinic proton peaks a t  4-65 
and 4-49 T re~pectively~~, which are more cleanly separated than are 
the corresponding infrared bands. The units PO and 11 are deter- 
mined by means of infrared bands at 10.8 and 11.3 p, respectively. 

4. Piperylene po!ymers 

Considerable interest has been shown recently in the preparation 
of stereoregular polymers from lY3-pentadiene (or piperylene) , using 
anionic coordinate polymerization techniques lo.ll. The presence of 
the 1-methyl substituent on 1,Sbutadiene admits the possibility of 
forming polvpers with steric regularity of higher order than that of the 
polymers previously discussed, namely, those showing ditacticity due 
to the possibility of exhibiting both optical and geometric isomerism. 
Thus, on the basis of the 3,4-addition polymerization, 

n CH3CH=CHCH=CH2 + -cH-LH- 

CH, 

I 
CH 

three stereoisomeric polymers (15, 16, 17) are possible. 
R R R R R  

H H H H H  R' R' R' R' R' 
threo-diisotactic erythro- diisotactic 

(15) (16) 
H R H R H '  

R ' H  R ' H  
disyndiotactic 

(17) 
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Also, there are four stereoisomers possible involving the 1 ,Z-poly- 
rnerization unit (18), namely, isotactic polymers with cis or t ram 

-CHZ-CH- 
I 

CH, 
(1% 

double bonds in the side chain, and syndiotactic cis and trans polymers. 
Likewisc, there are four stereoisomers possible from 1,4 polymeriza- 
tion: cis-l,4-isotactic or -syndiotactic; and trutls-l,4-isotactic or 
-syndiotactic polymers. Of the eleven stereoregular possibilities, only 
the first three isomers from J,4-addition (19, 20 and 21) have been 

H H H, H\ / /Cd\ / CH, C=C’ H 
H H\ / 

,C=C H 
\ /  /’ \ / 

,“I -CH, ,C- CH, ,c- CH, 
CH3 H CH, 

(20) 

-CP. 14 
\’” / 

C-=C ,CH, 

H‘ ‘C =:C’ CH, 
/-  - \ /  - 

. /=- H 

experimentally realized. These crystalline ditactic I ,4-poIy( 1,3- 
pentadienejs were first reported by Natta and his scho01~*-~~,  who 
subsequently obtained similar polymers from 1,3-hcxadiene (22, 
R=Et), 1,3-heptadiene (22, R = n-Pr) and other 1,3-alkadienes4?. 
Polymers of 1,3-pentadiene which are predominantly cis- or trans-1,4 
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but which are amorphous because of insufficient order in the con- 
figuration of the asymmetric carbon atoms, have also been prepared 44. 

(22) 

A variety of plastic and rubbery butadiene-pentadiene copolymers 
have been p ~ c p a r e d ~ ~ ,  and other copolymers of pentadiene with iso- 
prene, cthylene, propylene and 1 -butene reported”. 

CH a d  HCH=CH R 

5. Polymers from other butadiene derivatives 

A general survey of the polymers obtained from various substituted 
butadienes bcsides those from isoprene or chloroprene has appeared49. 
Because of their close relationship to isoprene, the 2-alkylbutadienes 
have received much attention in the past a5 potential candidates for 
new synthetic rubbers. Thus, free radical emulsion polymerization 
(of the well-known butadiene-styrene or SBR type; see below) of 
2-ethyl-, 2-isopropyl-, 2-n-amyl-, and 2-tert-butyl- 1,3-butadienes, to 
indicate just a few monomers, have yielded polymers whose micro- 
structures contained mixtures of all four kinds of addition units: 1,2; 
3,4; and cis- and trans-1,4 units. With the advent of stereoregular 
polymerization tcclmiques, it has become possible to obtain high cis- 
1,4 polymers of a variety of substituted butadienes, e.g., 2-ethyl-, 
2-isopropyl- and 2-n-propylbutadienes 60.  These particular polymers 
are rubbery and display elastic properties comparable to those of 
natural rubber. Among the many other stereoregular polymers 
which have been preparcd may be mentioned crystalline cis- 1,4-poly- 
(2-tert-butylbutadiene) 51, crystalline trans- 1,4 polymers of I-ethyl- 
butadiene 52, 1-cyanobutadiene 53 and 1 -medioxybutadiene 54, cis- 1,4 
and tra?ls-1,4 polymers of 2,3-dimethylbutadiene 55, and high ~is-1~4-  
poly(2-ph~nylbutadiene)~~*~~. Non-stereoregular dimethylbutadiene 
polymers were the ‘metliyl rubbers’ of World War I. Other diolefin 
monomers which have been polymerized include various halogen- 
substituted butadienes, such as 1-chloro-, 2-chloro-3-methyl-, 1,2- 
dichloro-, 2,3-dichloro- and 1-phenyl-2-chlorobutadienes 49. 

6. Other diene homopolymers 

Another interesting diene monomer which 
can yield polymers having C=C bonds is cyclopentadiene (23), which 
has been shown to undergo both 1,4- and 1,2-opening of the double 
bonds. Thus, cationic polymerization 58 yields mixtures of 24 and 25, 
while a homogeneous Ziegler catalyst system59 was reported to yield 

a. Polycyclopentadiene. 
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predominantly structure 24. A very recent n.m.r. study60 has called 
attention to the possibility of additional microstructural units in poly- 
cyclopentadiene, namely 26-29. Structures 24-27 are characterized 
by having two olefinic protons in each unit, while 28 and 29 have 
none. 

(26) (27) (28) (29) 

b. Vinykyclohexene polymers. 4-Vinylcyclohexene polymerizes to a 
structure having a C=C bond in the cyclohexyl ring of each repeating 
unit in the chain. Being a 1,5-dieneY this monomer is capable of 
undergoing also a cyclopolymerization61, and indeed with a cationic 
catalyst 62 it undergoes both vinyl polymerization and bicyclic ring 
formation, producing a polymer with structural units 30 and 31 in 
apprcximately equal amounts. 

I 
CH=CHz -CH-CHZ- 

(30) (31) 

The use of a Ziegler catalysts2, on the other hand, leads to a polymer 
which is made up almost entirely of the structural unit 31. 

Butler and Raymond 63 have recently 
shown that lY3,6,8-nonatetraene, 1,3,9,1l-dodecatetraene, and 3,6- 
dimethylene- 1,7-0ctadiene undergo a cumulative 1,4-1,4 cyclic poly- 
merization with a Ziegler catalyst, resulting in the formation of the 
novel, soluble, unsaturated polymers having predominantly the 
structures 32-34, respzctively. These findings on the tetraenes are 

c. Various tetraenc polpmers. 

n - o - [ v 1 .  (32) 
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(34) 

analogous to prior observations by Butler and Brooks6* that 1,3,7- 
octatriene and 1,3,8-nonatriene undergo cumulative 1,2-1,4 cyclk 
polymerization to yield poPjmers possessing five- and six-membered 
rings, respectively. 

5. Diene Copolymers 

1. From butadiene 

An extremely wide variety of copolymers containing C=C bonds in 
the backbone have been prepared from pairs of monomers one or both 
of which is a diolefin. One of the most important classes of such 
copolymers is that based on butadiene, and indeed the styrene-buta- 
diene rL:bbers (known originaliy as Buna S, Liter as GR-S, and cur- 
rently as SBR), a family of random copolymers consisting of about 
25% styrene by weight, represent the most extensively employed 
synthetic rubber developed to date. The major use for this general 
purpose elastomer is in tyres for passenger automobiles. The linear 
backbone of the styrene-butadiene rubber contains -CH,CH ( C6H5)- 
units in combination with butadiene units 5-7, the relative amounts 
of which depend somewhat on the catalyst and conditions of 
polymerization. 

Another important butadiene copolymer is the nitrile rubber, 
(known originally as Buna N, later as GR-A, and currently as NBR) 
consisting of about 25-35% acrylonitrile. Because of their excellent 
solvent and oil resistance, the nitrile rubbers find application where 
natural rubber and styrene-butadiene rubber are unsuitable. 

Much attention has been given by polymer 'chemists in the past, to 
the random copolymerization of butadiene with many different con- 
jugated dienes and vinyl and acrylic monomers, in order to obtain 
polymers having desirable and possibly even unique properties. 
There is little to be gained here in reciting a number of examples of 
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such butadiene copolymers, but one recent example is worthy of 
mention in the SBR context. Marconi and coworkers65 have pre- 
pared copolymers of butadiene and 2-phenylbutadiene in which the 
two monomers have undergone substantially cis- 1,4 polymerization. 
The  mechanical properties of a typical copolymer having 25% by 
weight of 2-phenylbutadiene show some improvements as well as some 
disadvantages over the properties of cis-1,4 polybutadiene, and on 
balance are interesting for a general purpose elastomer. 

Special interest has been shown recently in the preparation of so- 
called A-B-A block copolymers containing an elastomeric segment 
(B = butadiene or isoprene, for example) flanked by two plastic seg- 
ments (A = styrene, for example). The  A-B-A block copolymers 
behave like vulcanized elastomers but flow like plastics above the glass 
transition temperature of the end blocks. These ‘ thermoplastic’ 
elastomers, first reported by workers a t  the Shell Chemical Company G6, 

may be processed by conventional thermoplastics techniques, such as 
injection moulding, and without the usual chemical vulcanization step 
they display the high resilience, high tensile strength, highly reversible 
elongation and abrasion resistance characteristic of vulcanized rubber. 
Thc  synthesis of A-B-A block copolymers is based on anionic poly- 
merization procedures 67,  which can yield polymers having predictable 
A and B block lengths. 

2. From isoprene 

T h e  main and perhaps only important use of isoprene for copoly- 
merization, is in the preparation of the predominantly isobutylcne 
polymer, butyl rubber (GR-I or IIR), an elastomer having out- 
standing low pcrmeability to gases. The  function of the isoprene 
units, incorporated a t  a level of about 1 .5-4.5y0 by weight and with an 
essentially 1,4 configuration c*, is to provide the necessary unsaturation 
sites for vulcanization. Because of the Limitcd unsaturation, butyl 
rubbers have greater stability against ozone or oxygen attack than 
natural rubber or SBR. 

3. Ethylene-propylene terpolymer (EPT) 

A rather recent development in the synthesis of new elastomers is the 
preparation with Ziegler-type catalysts of random copolymers of 
ethylene and propylene, which are amorphous and elastomeric over a 
composition range of about 35-65y0 of either Interest 
in the ethylene-propylene rubber stems fiom the appreciation that 
a 5Oj50 alternating copolymer of these two monomers is identical in 
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structure with the polymers (37), obtained by hydrogenating 1,4- 
polyisoprene (35) or lY4-polypiperylene (36). These elastomers (37) 

CH3 
I 

CH3 
I 

-CH-CH=CH-CH,-CH-CH=CH-CH,- I 
(36) 

I CH, : CH, 
/ I  : I  

--CH-CH,+CH,-CH,-CH-CH,+CH,-CH~- 

has led tc, the prcparation of 
rubbers) containing a small 

are difficult to vulcanize, a fact which 
ethylene-propylene terpolymers (EPT 
amount ( c 5%) of a non-conjugated diene as a third monomer, to pro- 
vide the required C=C bonds for conventional sulphur vulcani~at ion~~.  
Among the various non-conjugated dienes which have been employed 
for EPT lubbers are 1 ,4-hexadieneY dicyclopentadiene, 5-methylcne-2- 
norbornene and 1,5-~yclooctadiene. The principal feature of these 
dienes is that one double bond enters into the polymerization while the - -  
other ends up in a pendant group; since the unsaturation is not in the 
main chain of the terpolymer, the excellent. ozone resistance of 
the ethylene-propylene copolymers is retained. A typical EYT rubber 
containing dicyclopentadiene as the third monomer, has the structure 
38. Hank7' has recently discussed the determination of double bonds 
in EPT rubbers, and Tyler 7 2  has reviewed the microstructural analysis 
of these and other rubbers. 

CH3 
I 

CH, 
I 

-CH-CH2-CH,-CH2-C~-CH-CH-CH2-C~,-~~,- 
I \  
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4. Graft copolymers 

A wide assortment of polymers containing C=C bonds can be pre- 
pared by graft copolymerization of various diene monomers onto 
existing saturated or unsaturated macromolecular chzins. The graft 
copolymers can be depicted by the general structure 39 where the 
sequence of A units (which may be homo- or copolymeric) is referred 
to as die backbone, and the branches of B units (which may also be 
homo- or copolymeric) as the grafts or side chains. Strictly speaking, 

-AAAAA. . . * . . AAAAAAA- 
I 
I 

B 

B 

I 

I 
B 

B 
I 

I 
0 

0 

I 

I 
0 

I 
(39) 

--AAAAABBB* * .  BBAAAAAA- 

(401 

these polymers are ‘grafted block copolymers’ in contrast to the ordin- 
ary block copolymers (40) which can be regarded as ‘linear block 
copolymers. ’ Using a variety of established grafting techniques, 
copolymer structures can be obtained having C=C bonds in the side 
chains or backbone or both. For a general survey of this topic and 
for leading references, reference 73 may be consulted. 

c. Other Polymers Containing C=c Bonds 

1. From allcyncs 

Acetylene and many substituted acetylenes undergo both addition 
and condensation homopolymerization, as well as copolymerization 
with different olefins. The products from the two kinds of homo- 
polymerization are, respectively, linear unsaturated polymers, and 
cyclic trimers (benzene and various aromatic compounds) and tet- 
rarners. Although linear dimers, trimers and oligomers of acetylene 
were prepared by Nieu~vland’~ as early as 1931, by passing the 
monomer into an acidic cuprous chloride solution, the first synthesis of 
a ‘high ’ molecular weight linear conjugated polyacetylene was 
realized by Natta and co~orkers’~ about 10 years ago, using a transi- 

of polymerization of around 40, is a black, crystalline, insoluble, in- 
fusible, oxygen-sensitive material having a single infrared absorption 

-- 
L _  &a-iiieial catalyst system. 1 he h e a r  poiyaceryiex, with a degree 
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peak a t  9.85 p, indicative of a stereoregular hzns configuration (41). 
Extraction of the black polyacetylene yields soluble, oily oligomers 

(411 
of structure 4!276, wllich differ from the low molecular weight Nieuw- 

(42) 

land polyacetylenes. The latter are generally of the ene-yne type, 
i.e., the dimer is vinylacetylene, CH,=CHC=CH, the trimer is 
divinylacetylene, CH,=CHC=CCH=CH,, etc. 

In the case of substituted acetylenes, such as but-I-yne and hex- 
1-yne, it is possible to obtain, using Ziegler-Natta catalysts, rubberlike 
polymers which are generally soluble in organic solvents 77. 

Considerable attention has been given to the polyacetylenes and 
polyalkynes because of their interesting electronic properties arising 
from their long sequences of conjugated double bonds, and which 
suggest the possible use of these compounds as organic semiconductors76. 
I t  is generally accepted that electronic conductivity in organic systems 
with highly conjugated molecules is associated with delocalization of 
n-electrons. I t  is also noted that practically all semiconducting 
polymers exhibit an e.s.r. spectrum, but generalizations regarding the 
concentration of unpaired spins and the electrical conductivity are very 
difficult to establish. Thus , the Ziegler-type polyacetylenes men- 
tioned above have conductivities much higher than those for the linear, 
soluble polyphenylacetjrlenes (43) of molecular weight - 1 100-1 500, 
even though the spin concentrations in these different polyalkynes are 
comparable ( N 1018-1019 ~pins/g)~*. 

-c=cli- 

CH~CHZ-(CH=CH)-CH-ZCH, 

I 

(43) 

Another use for polyacetylenes, by virtue of their facility to add 
oxygen, 1s 2 s  gxygec sczvenGcrs. 3 
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2. From cyclic olefins 

Cycloolefins can undergo two types of polymerization depending 
on whether the addition involves opening of the doubie bond or 
cleavage of the ring11*79. In the former case, this leads to saturated 
cyclic monomeric units containing asymmetric carbon atoms (44) , 
while in the latter case the monomeric units arc linear and unsatur- 
ated (45). Homopolymerization according to path I, can occur only 

-CH=CH-(CH2)n- 

(45) 

with cyclobutene, but where n > 2 copolymerization with ethylene is 
possible, such as 46 for n = 3, both cases in the presence of Ziegler- 
Natta catalysts. 

(46) 

Cyclopentene, again using Ziegler-Natta catalysts, yields by path I1 
two different polypentenamers (47, 48) having cis and trans configura- 
tion, respectively, about the C=C bond. As with polybutadiene, the 

C H 2 C Hz C Hz- 

H 

,c=c 
\ 

CHZCHZCHZ- 

H 
\ 

(48) 

infrared spectra of thc trans- and cis-polypcntenamers show character- 
istic absorption at  10.35 p and at 13.8113.9 p, respectively, due to the 
-CH=CH- unit in the corresponding geometric confi,prations. 
On the basis of ozonization and oxidation degradation analysis, the 
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polypentenamers were considcred to have a head-to-tail s t ru~ tu re l ' *~~ .  
The presence of the additional methylene group in the repeat unit 

of the polypcntcnamers (47,48) over those in the repeat unit of the 
polybutadienes (5,6) , is responsible for an appreciablc depression in 
the melting points of the former polymers compared to the latter. 
Thus, the melting point of the trans-polypentenamcr is 23"c. whereas 
that of trawpolybutadiene is 145"c., while the melting points of the 
corresponding cis polymers are < - 50"c. and + 2"c., respectiveiy. 
Just as cis-polybutadiene is a very good elastomer, so also is the trans- 
polypentenamer which has properties approximating those of natural 
rubber (cis-polyisoprene) . 

Another type of cyclic olefin which can produce a polymer contain- 
ing C=C bonds in the main chain is norbornene (49) which, on ring 
cleavage in the presence of an anionic coordinate polymerization 
catalyst , yields a flexible polymer containing vinyl cyclopentane 
kgroups (50)80. 

(49) (50) 

The fact that the infrared spectrum of such a polynorbornene shows 
the characteristic absorption band at 10.37 p indicative of trans 
-CH=CH- unsaturation, but no band at 13.5 p due to cis ethylenic 
units, demonstrates that the coordination polymerization of norbor- 
nene proceeds via a highly stereospecific reaction. On the other hand, 
with ruthenium halides as polymerization catalysts, polymers of struc- 
ture 50 but having appreciable amounts of cis as well as trans -CH= 
CH- units can also be prepared 81. 

3. From conjugated trienes 

Bell 82 has recently described the polymerization of 1,3,5-hexatriene, 
1,3,5-heptatriene and 2,1,6-octatriene with a variety of catalysts to 
give unique unsaturated polyolcfins. Soluble, high molecular weight 
polymers with a predominantly 1,6-enchainmentJ and containing con- 
jugated 1,3-dienyl groups within the backbone (51), were prepared 
with a soluble coordination catalyst system. Other triene polymers 
were obtained having mixtures of all three possible kinds of enchain- 
ment in the same macromo!ecule: 1,4 (52),  1,2 (53) and 1,6. More- 
over, for each of the conjugated trienes, l ,6-(fimu,tim~ and ci,r,iians) 
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CH=CHCH=CH-Rz 

(R, = R, = i-l, hexatriene) (53) 

(R, = H; R, = CH,, heptatriene) 
(R, = R, = C&, octatrfene) 

structures were obtained, as well as, in the case of hexatriene, a 1,6-ciS, 
t7ans amorphous polymer and a stereoregular, crystalline 1,6-traiu,trans- 
polyhexatriene. 

The infrared spectra of the various 1,6-pclytrienes showed intense 
absorption bands at 10.15 and 10.31 p which wcre identXed with 
tratz-s,trans and ck,trans diene structures, respectively, in 51, partly on the 
basis of their response to Diels-Alder reactions of the polymers with 
reactive dienophiles 83. Thus, the 10- 15 p band disappcared while the 
10.31 p band was unaffected by dienophile reactions. Likewise, a 
strong band at  11.0 p was assigned to non-conjugated vinyl groups 
(as in 52, R,=H), since it was not affected by dienophiles, while a 
band at  11.1 t;l was assigned to conjugated vinyls (as in 53, R,=H), 
since it was easily removed by Diels-Alder reactions. 

4. Unsaturated polyesters 

Condensation polymers of various types (e.g., polyesters, polyarnides, 
polyurethanes) can be prepared having C=C bonds in the backbone 
from unsaturated condensation reagents. Thus, for example, un- 
saturated polyesters (54) can be formed if the R group in the dibasic 
acid and/or the R' group in the glycol, contains ethyleriic units. 
Such compounds arc of interest commercially since the C=C bonds 
in the R 0: R' groups can then be made to undergo radical chain poly- 
mcrization with a vinyl monomer (e.g., styrene), to yield thermo- 
setting polyester resins, crosslinked through the ethylenic unsaturation. 
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x HGOC-R-CCOH + x HO-R'-OH 

H ~o-co-R-co-O-R'~OH -t- ( 2 x  - 1) HzO 

(54) 

5. Unsaturated polymers formed through polymer reactions 

Polyvinyl chloride under- 
goes a progressive elimination of hydrogen chloride, with the forma- 
tion of a conjugated pclyene system : 

a. Dehydrochlon'natiotz of polyvinyl chloride. 

- HCI 
-CHz-CH-CHz-CH-CH,-CH- _I, -CH=CH-CH=KH-CH=CH- 

I 
CI 

I CI CI 

under the influence of heat, ultraviolet or high energy radiation, or 
certain catalysts. Except in the catalysed case, this dehydrochlorina- 
tion reaction, which has been extensively reviewed recently 84, is an 
autocatalytic, free radical chain reaction in which the unstable radical, 

-CHCHCI-, is considered to be the propagating species 85  : 

-CH*-CH-CH-CH-CHz-CH- -CH2-CH-CH=CH-CH2-CH- 

+ CI. 
CI I CI c, CI 

I 
CI 

CI. + -CHZ-CH-CH=CH-CHZ-CH- 
I 

CI 
I 

CI 

-CH,-CH-CH=CH-CH-CH- + HCI 
I 

CI 
I 

CI 

I 
CI 

-CHz-CH-CHdH-CH-CH- 4 
I 
CI 

-CH,-CH-CH=CH-CH=CH- + CI- . * 4 
I 

CI 

-CH z-CH-(C H =CH)O--CH-CH- 
I 

CI 
I 

CI 

Formation of a double bond in the backbone activates the adjacent 
methylenic hydrogen for abstraction by chlorine, with the result that 
the unsaturation takes the form of long sequences of conjugated double 
bonds, (--CH=CH-),,. Since the latter structures absorb in the near 
ultraviolet through the visible spectrum, polyvinyl chloride becomes 
quite coloured as a result of the dehydrochlorination reaction. Similar 
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non-chain scission reactions occur in various other vinyl polymers 
(e.g., polyvinyl acetate, polyvinyl alcohol, polyvinyl b i f i ~ ~ i i d ~ )  ~.:-L:z v 

to C=C bonds in the backbone. 
I t  is worth noting that polyvinylidene chloride undergoes an anal- 

ogous thermal or catalysed dehydrochlorination to yield conjugated 
double bondsa6. The resulting polyvinylene chloride (55) can be 

.. 

-CH 2-CCI2-CH 2-CCI 2- -CH=Z=CCI-CH=CCI- 
(55) 

further dehydrochlorinated to yield some triple bonds, but the reaction 
is attended by crosslinking due to intermolecular elimination of HC1. 

Another route to the formation 
of conjugated double bonds in the macromolecule is through the zinc 
dechlorination of chlorine atoms on adjacent carbon atoms, if present 
in the polymer: The further dehydrochlorination is assisted by the 

b. Dechlorination o f  1,Z-vicinaZ units. 

Zn - HCI 
-CH-CH-CH2-CHCl- j -CH=CH-CH2-CHCI-- + ZnCI, -> 

I I  
CI CI 

-CHdH-CH=CH- 

presence of the first double bond and tends to supplant the ,competing 
ring formation involving the reaction of zinc and 1,3-di~hlorideunits~~: 

c. From polyac ylonitri le.  This polymer or polymethacrylonitrile 
undergoes an important cyclization reaction on heating or by treat- 
ment with base, followed by high temperature oxidation, to yield a 
' ladder ' or double-stranded polymer having semiconducting pro- 
pertiesa8 arising from the conjugated C=C and C=N bonds: 

I I 
I I c c  
N N I\! 
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I n  this connection, it should be noted that Peebles and Brandrup89 
have discussed a chemical means for distinguishing betxvcen polymers 
containing conjugated (C=C) bonds (polyenes) and polymers con- 
taining (C=N), bonds (polyimines). 

When polyethylene is 
exposed to high energy radiation in uacuo, in addition to crosslinking, 
evolution of hydrogen and disappearance of vinylidene and vinyl 
unsaturation (formed during the fiee-radical polymerization of ethy- 
lene) there is an important formation of new tram (and presumably 
also some cis) vinylene unsaturationgO. It is generally assumed that 
the formation of -CH=CH- units arises from the loss of hydrogen 
by molecular detachment: 

by detachment and abstraction of atomic hydrogen : 

d. Radiation induced formation of C=C bonds. 

-CHZ-CHZ- -- -CH=CH- + HZ 

-CHZ-CHZ-- -- -CHZ--CH- + H .  

-CHa-CH- + Ha w -CHTCH- + H z  

or by disproportionation of chain radicals: 

-CHZ-CH- + -CH2-CH- -> - C H d H -  + -CHZCH*- 

Although trans -CH=CH- units are destroyed during irradiation 
(by hydrogen addition, crosslinking or other reactions), a steady state 
concentration of such C=C bonds is approached at high closes. The 
radiation-induced production of -CH=CH- units can be adapted 
to the formation of 2 limited unsaturation in an essentially completely 
saturated polymer such as polymethylene. 

Finally, unsaturation of various types, RCH=CHR', RR'C=CH, 
and RCH=CH,, are also formed in the thermal degradation of poly- 
ethylene and other essentially saturated polymers, as well as, to a 
limited extent, in their polymerization. In  fact, all three types of 
double bonds have been encountered in various high-pressure (low 
density) polyethylenes 91. 

111. CHEMICAL REACTIONS O F  POLYMERS CONTAINING 
C=C BONDS 

On the assumption that the chemical reactivity of an organic functional 
group in a macromolecule is comparable to the reactivity of the same 
group in a small molecule, it may be expected that polymers containing 
olefinic double bonds will show many of the chemical reactions charac- 
teristic of simple akenes and some special reactions by virtue of their 

Ig+C.A .  2 
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large size. This expectation is essentially fulfilled, although some 
organic reactions involving high polymers are considerably slower (e.g., 
hydrogenation of an unsaturated polymer) or faster (e.g., enzymatic 
reactions) than analogous reactions on small molecules 92. 

A. Halogenation and Hydrohalogenation 

1. Chlorination 
One of the earliest chemical reactions carried out on an unsaturated 

polymer was the chlorination of natural rubber (cis-l,4-~olyisoprene). 
This reaction can be carried out by adding chlorine gas either to a 
solution of rubber in a chlorinated solvent, or to rubber latex, or 
passing the gas over thin sheets of rubber swollen with a solvent such as 
carbon tetrachloride. When the chlorination of rubber is carried to 
completion a product is obtained containing about 65% chhiiile or 
about 3.5 chlorine atoms per isoprene residue, and this is indicative of 
the occurrence of several simultaneous reactions. On  the basis of the 
work of many investigatorsg3, i t  is now realized that the overall chlor- 
ination process involves four distinct reactions : substitution, addition, 
cyclization and crosslinking. A reasonable scheme for the first three 
of these reactions is indicated in equations ( 1-4), although the specific 
mechanisms for equations (1-3) have not yet been determined. The 
substitution reaction is probably ionic, as in equation (5 ) ,  although it 
could also be free radical, as in equation (6 ) .  In either case, the sub- 
stitution results in the same evolution of HC1 and the same overall 

c H3 
I 

CH, 
I 

-CHCl-C=CH-CH,-CHCl-C=CH-CHZ- + 2 HCI ( I )  

HC-CH, HC-CH, 
\ / \  4 

\ / / \ /  
HCCl C=CH--CHz CIC-c 
/ /  / / \  

CH-CHZ HC-CHCI 

CHCl - ’ CH3-C CHCl (2) CHS-C 

/ 
CH, CH, CH,-CH, 

\CHCI + HCI (3) 
/ 

/ / / \  

\ 

/ 
CHCl + CI,- CH,-C, 

// 
\ 

CIC-c 
CH,-C 

CH, CHZ-CHz 
/ccl-c / \  / 

CH, CHZ-CHz 
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HCCI-CHCI 
\ / \ 

\ / \ / 
/ / \  / / \  / 

CHCl + CI,- CH3-CCI CHCl (4.1 
/cH-cHCI 

CCI-c ,CCl-C 

CH3--C 

CH3 CHZ-CHZ CH3 CHZ-CH, 

(56; 

CHa 
I I  CH3 

I 
-CH-C-CH-CH,- + hCI and -CH2-C-CH-.CHZ- + HCI (5) 

I I 
CI CI 

unsaturation. Likewise, the cyclization reaction could follow either 
path, although in view of the well-known cyclizing tendency of the 
carbonium ion on the isoprenic double bond (see Section III.B.l), it is 
probably mainly ionic in nature. The occurrence of crosslinking (and 
gelation) presumably is due either to the intermolecular counterpart of 
the (intmmolecular) cyclization reaction, or to coupling of a macro- 
radical on one ,polymer chain with that on a nearby chain. To attain 
the high degree of chlorination noted above (- 65% Cl), structure 56 
must undergo further substitutive chlorination. The relative par- 
ticipation of addition, substitution, cyclization and crosslinking in the 
chlorination process depends on the reaction conditions, such as 
solvent, temperature and type of halogenating agentg3. 

Chlorine atom addition to the double bonds of polyisoprcne has 
been observed with phenyl iododichloride D3a or sulphuryl chloride 93b 
in the presence of a peroxide. 

In  contrast to the situation with polyisoprene, the chlorination of 
polybutadiene proceeds mainly by addition, with little or no cycliza- 
tion, although crosslinking tends to be more pronounced in the latter 

.. 
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polymer. 
equation (7) and that of the crosslinking by equation (8). 

The mechanism for the chlorinatioc can be represented by 
However, 

CI 
I 

(7) 
i' + 

H H  

- =C- +- CI, + - -C- + CI- -> -CH-CH- 
I 

CI 
I 1  

L I  

H H  

CI H H 
I I  -C-t- + -&C- __f -J-t-c-c- 

C I A  A + I I  
H f-I 

I I  
H H  

by the use of dilute solutions of polybutadiene and carrying out ikhc 
chlorination at  0" in trichloroacetonitrile using ferric chloride as 
catalyst, Bailey and coworkers D4 were able to obtain completelysoluble, 
theoretically fully chlorinated cis-1,4-polybutadiene ( - 56%Cl), which 
was considered to be a model for head-to-head polyvinyl chloride (57), 

-CHC-CH=CH-CHZ- + -CH*-CH-CH-CHZ- 
I I  

(57) 

CI CI 

in contrast to the conventional polyvinyl chloride which is virtually 
all head-to-tail. Chlorination of a trans-l,4-polybutadiene at 25"~:. 
yielded a similar polymer structure, (-58% Cl) but here a small 
amount of substitution accompanied the simple addition of halogen. 
The preparation of fully chlorinated cis- and trans-polybutadiene- was 
also reported by Murayarna and Amagi O5 who likewise carried out the 
chlorination of polydichlcrobutadiene to yield a head-to-head poly- 
vinylidene chloride (58). These workers showed that the thermal 
degradation of the head-to-head polymers 57 and 58 differed re- 

-CH,-C=C-CH,- - -CHC- i' -C-CHZ- ? 
I I  

(58) 

LI tl CI CI 

spectively from the degradation of the r e d a r  head-to-tail polyvinyl 
chloride and polyvinylidene chloride 96. 

A large number of polymers and copolymers of diolefins have been 
chlorinated and a voluminous patent literature exists 93. Chlorinated 
rubber has found wide application in chemically resistant paints, 
prii~ting inks, coatings, adhesives 2nd special finishes. 
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2. Bromination 

Reaction of bromine with polyisoprene or polybutadiene could be 
almost entirely by radical addition if the reaction conditions are 
judiciously selected. On the other hand, substitution reactions 
become important with bromine radical sources such as N-bromo- 
succinimide. 

Pinazzi and Gueniffey 97 have recently described the bromination of 
ciS-l,4-polyisoprene and -polybutadiene followed by dehydrobromha- 
tion, to yield polymers containing moderately long sequences of con- 
jugated double bonds (equation 9, R = H or CH,). I n  the case of 

R R H  

I t  

I 6 %  I I  - 2HBr 
F -CHz-C-C-CHZ- - -CHZ--C==CH-CH2- - 

Br 6r 
R 

I 
-CH=C-CH=CH- (9) 

polyisoprene, dehydrobromination can also yield the isomeric struc- 
ture 59. The assessment of the length of the conjugated sequences in 

CHa 
II 

-CHz-C-CH=CH- 
(59) 

the products from polybutadiene and polyisoprene was based on their 
ultraviolet-visible spectra, which showed a number of characteristic 
absorption peaks in the 300-5OOmp range. The wavelengths for 
the individual peaks were comparable to those noted for the absorp- 
tion peaks in p~lyacetylenes~~ and in dimethyl polyenesg8, with 
(-CH=CH-), groups having n in the range 3-13. 

In the case of N-bromosuccinimide and polyisoprene, various sub- 
stitutions can occur in accordance with equation 

Dehydrobromination of the resulting brominated polyisoprenes 
(60) can also yield various conjugated double bond structures, as 
for example, 

(see over). 

Cil, CH, 
I I 

-CH2-C=CH-CH-CHz- + -CHz-C=CH-CH=CH- + HBr 
I 
6r 

Drefahl, Horhold and H e w g 9  have also studied the formation of 
conjugated polymers by brominatim of cis- and trans-polybutadienes 
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0 

-> Q. 
n 

CH, 
I 

HBr + -CH2-C=-CH-cli2- + Br.  --. 

L 

\\ 

0 

Br, 

0 

CH,Br 
I 

CH, 
I 

-CH,-C=CH-C HZ- 

-CH,-C=CH-CH - 
I 

B t  
C H3 
I 

-CH-C=C H-C HZ- 
I 
Br 

(60) 

+ at. 

followed by dehydrobromination. The resulting brownish-black in- 
soluble products showed a single narrow ESR signal and indications 
of semiconductivity. 

3. H yd rohalogenation 

The addition of hydrogen chloride acros the double bonds of 1,4- 
pol+soprene, yielding a product of commercial importance, is con- 
sidered to prncecd through an ionic mechanism (equation 11) which 
entails a certain amount or cyclization (equation 12). The product, 
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CH, 
H +  I CI - 

-CHZ- iH3 =CI-I-CH2- - > -CHX-C-CHZ-CH2- + 

439 

CH3 
I 

I 
CI 

-CHZ-C-CH2--CHZ- (1 I )  

rubber hydrochloride (Pliofilm), is used as film for protective wrap- 
ping purposes. 

The assumption that some cyclization must attend the hydrochlor- 
ination reaction was advanced some time agoloo to account for the 
fact that the maximum chlorine content obtainable in rubber hydro- 
chloride always fell short of the theoretical limit. Recent work by 
Golub and Hel1er1O1, involving a detailed analysis of the n.m.r. 
spectra of hydrochlorinated Heuea and balata , confirmed the occur- 
rence of partial cyclization as well as the assumed addition ofHC1 in 
accordance with Markownikoff’s Rule. More recently, Matsuzaki 
and Fujinami lo2 reached similar conclusions for the reaction of cis- 
and tmns-l,4-polyisoprenes with HBr and HI, as well as with HCl, 
while had reported earlier that the reaction of natural rubber 
with HF involves both addition and cyclization processes. 

I n  contrast to the 1 ,4-polyisoprenes7 when 3,4-polyisoprene is 
reacted with HC1 there is virtually simultaneous cyclization and addi- 
tion to yield nearly quantitatively a monocyclic structure containing 
one chlorine atom for each two double bonds consurnedlo4. This 
novel cyclohydrochlorination rcaction (equation 13) has been 
depicted as proceeding through a carboniuni ion mechanism, similar 
to those indicated below for the cyclization of 1,4- and 3,4-polyiso- 
prenes (Sections III.B.1 and III.B.Z), except that no deprotonation is 
involved. I n  order to obtain the almost pure monocyclic structure 61, 
the tendency for attachment of C1- to the monocyclic ion 62 must 
dominate over the competing tendencies for (i) C1- to be attached at 
the time of the initial protonation (to give simple hydrochlorination 
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CH- 
__3 

-CHZ-CH-CHZ-CH- /HZ \ I H+ -CH,-HC c -’ I I 
C +  C 

H,C CH, ti2CH ‘CH, 

I 
C 
/ \  / \  

H,C CH, HzC CH, / \  

CH., 

without cyclization) and for (ii) the carbonium ion 62 to attack an 
adjacent 3,4-addition unit in the polyisoprene chain to give bicyclic 
and possibly even more highly fused structures. 

Any 1,4 units present in a predominantly 3,4-polyisoprene would be 
expected to add HC1 according to equation (1 I), while any 1,2 units 
which might be present, instead of adding HC1 directly, would be 
attacked by adjacent 3,4 units to form another kind of monocyclic ion 
(63), followed by C1- addition (equation 14)lo4. In this connection it 

should be noted that neither 1,2-polybutadiene nor I,2-polyisoprene 
adds HCl under the mild conditions employed for the cyclohydro- 
chlorination of 3,4-polyisoprene or for the hydrochlorination of the 
1,4-polyisoprenes. However, under rather rigorous conditions a 
1,2-polybutadiene hydrochloride can be obtained having apparently a 
monocycl ic structure lo5. 
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6. Cyclization 

1. I+Polyisoprene 

Natiirally occurring cis- or trans- 1 ,4-pdyisopreneJ or a synthetic 
polyisoprene having predominantly lJ4-addition units, when treated 
at somewhat elevated temperaturcs with strong acids (e.g. , H,S04), 
with organic acids and their derivatives (e.g., p-toluenesulphonic acid 
and its chloride) , with Lewis acids (e.g., SnCI,, TiCI,, BF,, FeCl,),.or 
with other catalysts of an acidic character, undergoes a progressive 
resinification wit!! the formation of so-called cyclized rubber, of the 
same empirical composition as the initial polyisoprene, (C5H8)n. 
Cyclization of natural rubber can be carried out on the solid rubber, in 
solution, or even on the latex; the resulting resin (produced com- 
mercially under the trade names Marbon, Plioform, Pliolite, Thermo- 
prene) has found application in the formulation of adhesives, paints, 
printing inks a:id as a general compounding ingredient. 

I n  this process a long linear macromolecule is converted into a 
greatly shortened polymer chain consisting of an assortment of mono-, 
bi-, tetra- and other polycyclic groups distributed at random through- 
out the polymer backbone, interrupted occasionally by unreacted 
isoprene units. The cyclization of the lJ4-polyisoprenes can be de- 
picted by the sequence of reactions shown in equation (15) lo6. The 
carbonium ion formed on protonation of a double bond attacks the 
double bond in an adjacent isoprene unit, to produce a cyclic car- 
bonium ion which either deprotonates (to give the monocyclic graup 64) 
or attach the nest adjacent double bond to form a bicyclic carbonium 
ion; the latter can likewise deprotonate (to give 65) or go on to produce 
more highly fused ring structures (66). Evidently a competition 
exists between deprotonation and further attack on neighbouringdouble 
bonds, since the final product has neither a strictly monocyclic nor 
polycyclic structure ; depending somewhat on the reaction conditions, 
the structure of the typical resin has, on the average, about threc six- 
membered rings in each fused segment, with an unsaturation of the 
order of one residual double bond for every four C,H8 units, as com- 
pared to an initial unsaturationof one double bond per C,H8  nit^^^*^^^. 

The rnicrostructure of cyclized rubber shows additional minor 
heterogeneity owing to the fact that the deprotonation step can give 
rise to three different double bonds: di- and trisubstituted double 
bonds (exemplified. by 67 and 68, respectively), in addition to the 
tetrasubstituted double bonds illustrated in structures Gp65. Their 
relative amounts have been found to be in order tetra- > tri- > 

I5* 
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- t i &  CH, 
\ /  CH,- 

H,CHc’ CH’ 
I I I  

H,C, ,c\ 
C1-b CH, 

(and other fused structures) 

disubstituted log. Moreover, a small percentage of the original double 
bonds end up as ‘widows’ or uncyclized, because their neighbours 
have already reacted, so that cyclized segments are sometimes separated 
by linear segments. 

Cyclized rubber can also be obtained by subjecting rubber and syn- 
thetic polyisoprenes to a silent electric discharge llO. The reaction 
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mechanism in this instance is probably siniilar to the cyclization 
mechanism in solid polyisoprene when exposed to high energy 
electrons or y-rays ll1. 

The cyclization of the 1,4-polyisoprcnes and the controversy con- 
cerning the microstructure of cyclized rubber have been reviewed 
recently108*112. 

2. 3*4,-Po!yisoprene 

The cyclization of a predominantly 3,4-polyisoprene, by a car- 
bonium ion mechanism similar to that indicated above for the 1,4- 
polyisoprenes, leads to a product having the structural characteristics 
of an incomplete ladder rir double-chain polymer (equation 16). 
Recent interest in the development of various ladder polymers stems 
fi-om the expectation that their double backbone structure would 
make them much more stable a t  high temperatures than the analogous 
single-chain polymers. 

The first indication of a reaction such as (16) was reported by 
Tocker113 in connection with the cyclization, catalysed by BF, or 
POCl,, of an ethylene-isoprene block copolymer (25: 1 mole ratio) in 
which the isoprene was present initially almost entirely as 3,4-addition 
units. The  resulting cyclized product was considered to contain 
blocks of linearly fused cyclohesane units, separated by blocks of 
methylene groups. Subsequently, Angelo reported the cyclization 
of a high 3,4-polyisoprene to a ladder-like polymer having the 
form 69 (n = 2-6lI4, and lately n = l-+l15). A similar result was 
reported by two other g r o u p ~ l ~ ~ * ~ ; ~ ,  rlvon thnugh the 3,4 units in thz 
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-Ch CH-CH2-CH- \ c\H, ,CHz 
\- / -* CH 1- H H’ I 

C I 

2- I 
C 
/ \  / \  

1 CH, 
I I 

C 
/ \  

H,C- ‘CH, H,( C’ 
/ \  

H,C CH, H,C CH, 

I ring closure: 
dcprotonalion 

(69) 

polymers employcd in the several laboratories ranged from 79 to 
97% of the total unsaturation. Indeed, it follows from this fact that 
the same relatively low cyclicity obtained for cyclized 3,4-polyisoprene 
by the different workers is not a direct result of the (defects’ (1,4 or 
1,2 units) present in the starting polymers. 

As with cyclized rubber, the structure of cyclized 3,4-polyisoprenc 
was elucidated mainly with the aid of infrared and n.m.r. spectroscopy, 
and reinforced with aromatization experiments using Wallenberger’s 
technique ll*. Thus, the ultraviolet spectra of the aromatization 
products disclosed the existence of derivatives of naphthalene, anthra- 
cene, naphthacene and possibly pentacene. These results corre- 
spond to a cyclicity of around 2-5 cycles per fused segment, in 
line with the conclusions from n.m.r. spectra, based on the relative 
areas of the peaks associated with methyl protons attached to saturated 
and unsaturated carbon atoms. In  addition to the microstructural 
irregularities associated with the different Icngths of the fused segments 
in cyclized 3,4-polyisoprene, there are also irregularities due to un- 
cyclized 3,4 and other unsaturation units, as well i:s the occurrence of 
some trisubstituted along with tetrasubstituted double bonds formed 
in the final deprotonation step. 

3. 1,4Polybutadiene 
Polymers and copolyniers containing butadiene largely in the form 

of !,4-addition units can also cyclize, but the required conditions are 
more severe. Thus Buizov and Kusov1lg heated a sodiiim polybuta- 
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diene (-40% 1,4- and 60% 1,2-addition units) to 230-270" and 
obtained 3 3 4 7 %  yields of cyclized rubber, whereas natural rubber 
experienced this same reaction but at a much lower temperature (160"). 
Also, addition of sulphuric acid, sulphonic acids, or other catalysts 
lowered the cyclization temperature to 100-140" in the case of natural 
rubber, but had little effect on polybutadiene. Again, Endres120 
found a styrene-butadiene rubber to be cyclized in solution in phenol, 
cresol or naphthalene at 160-180" with BF, or SnCI,, while poly- 
isoprene was cyclized with SnCld at  only 70-75". The difference in 
ease of cyclization of the polymerized butadiene and isoprene units 
has been attributed to the methyl group, which confers on the 
-C(CH,)=CH- unit a higher proton affinity (by - 13.5 kcal/ 
mole)12' than that in the -CH=CH- unit, and hence a lower 
activation energy for the formation of the requisite carbonium ion. Evi- 
dently, this effect is carried over to poly(2,3-dimethyl-l,3-butadiene) , 
which has an even higher rate of cyclization than does polyisoprene122. 

Shelton and Lee123 reported that the cyclization of a polybutadiene 
(80% 1,4 and 20% 1,2 units) in xylene, on treatment with concen- 
trated H2S0, at 140" for 18 hcjurs, resulted in an average tricyclic 
structure 70. Considerable crosslinking occurred too. 

Kossler and coworkers122 have very recently studied in detail the 
cyclization of cis- and tram-l,4-polybutadienes in a 3% solution in 
p-xylene a t  145" using H,SO, as the cyclkation agent. By carrying 
out the reaction with intensive stirring they were able to obtain almost 
completely soluble products, but with low speed of stirring the cycliza- 
tion products were insoluble. The infrared spectra of the highly 
cyclized polymers obtained from the isomeric polybutadienes were 
identical, and showed virtually total disappearance of the original un- 
saturation. I n  contrast not only to the relatively low cyclicity 
obtained in the cases discussed above, the cyclized lJ4-polybutadienes 
obtained by Kossler and coworkers were found to have the surprisingly 
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high cyclicities of around 25--45 rings in each fused segment. These 
workers also reported that the cyclization of poly(2,3-dimethyl-l,3- 
butadiene) yielded only monocyclic structures. Thus, while the ease 
of cyclization for the different diene polymers decreases in the order, 
poly-(2,3-dimethyl- 1,3-butadiene) > polyisoprene > polybutadiene, 
the average number of cyclohexane rings in each fused segment in the 
cyclized polymers increases in the inverse order. 

The sulphuric acid-catalysed cyclization of the 1,3-diene polymers 
was assumed122 to involve reversible addition of H,S04 across the 
double bonds in forming the requisite carboniuin ion (equation 17),  

-CHZ-CH=CH-CH2- + HZSO, -CH- CH-CHZ-CHZ- -- I 
(cis or trans) OSO, H 

(1 7) 11 successwe ring clowrc: 
ultimate deprofonation 
or  attachment of HSO; 

FOlycyclic structures -CHZ-CH-CHz-CHZ- + H S 0 , -  
+ 

which accounts for the observation of some cis-trans isomerization 
of polybutadiene, as well as the incorporation of some sulphur in the 
cyclized product. 

4. I,&Polybutadiene and 1,2-polyisoprene 

There have been indications in recent years of considerable interest 
in the possible cyclization of 1,2-polybutadiene and 1,2-polyisoprene, 
analogous to the cyclization of 3,4-polyisoprene, to produce a ladder 
polymer. Thus, for example, Carbonaro and G r e c ~ I ~ ~  reported the 
formation of methyl groups and six-membered cyclic systems in 1,2- 
polybutadiene on reaction with concentrated H,SO,, and suggested a 
carbonium ion mechanism (equation 18). Infrared and n.m.r. 

spectra of cyclized 1,2-polybutadiene 124*125 indicate that there can 
not be many rings in each fused segment. 
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5. Cyclopolymers from diene m o n ~ ~ n e r s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  

Gaylord, Kossler and coworkers reported 116 that butadiene, iso- 
prene and chloroprene polymerize with Ziegler-type catalysts (of low 
Mg/Ti or a / T i  ratio) to insoluble, powdery polymers with high density 
and high heat resistance and having a polycyclic structure. Thus, 
these polymers had infrared spectra which were very similar to each 
other and to those of cyclized 1,4- or 5,4-polyisoprene. Their cyclic 
structure content ranged from 60-90% and was increased further by 
treating with dilute sulphuric acid in toluene. The reagents used in 
the preparation of the cyclopolymers were ineffective in cyclizing 1,4- 
or 3,4-polyisoprcne under the same conditions. 

CH, CH CH CH CH 
/ \ / < / \,--. \ Z /  

/ CH CH CH CH CH 

R R R R R  
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The cyclopolymers were considered to result from a cationic poly- 
merization to isotactic or syndiotactic 3,4 units (ip the case of isoprene 
or chloroprene) or 1,2 units (in the case of butadiene), followed by 
cyclization occurring in either two ways. Instead of the polymeriza- 
tion progressing further, an intramolecular cyclization takes place 
yielding, after the formation of the initial five-membered ring, a 
sequence of fused six-membered saturated rings (equations 19 and 
20, R = CH,, C1 or H). Alternatively, the cyclization could be 
initiated by the copolymerization of a monomer unit or a growing 
chain with the pendant 3,4- or 1,2-double bonds (equations 2: and 

1 
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22). I n  the isotactic case, the structure of the resulting cyclopolymer 
is that of a linear ladder polymer (equations 19 and 2 l) ,  whereas in the 
syndiotactic case the structure is that of a spiral ladder po!ymer in 
which one chain spirals around the backbone (equations 20 and 22). 
The length of the fused segment would be !imited by the number of 
isotactic or syndiotactic units in a given sequence, the sequences being 
interrupted by thc presence of 1,4 units or pendant groups of the 
alternative type (1,2 or 3,4 units). The cyclopolymers were all 
insoluble, probably due to crosslinking, and could not be examined by 
n.m.r. spectroscopy to determine the average length of their fused 
sequences. At any rate, the indications were that the ‘cyclopolymers’ 
were more highly fused than the corresponding ‘cyclized polymers’. 

C. Cis-Trans lsomerization 

Although therrnztl, catalysed and photochemical cis-trans isomeriza- 
tions of low molecular weight olefinic compounds had been known for 
many years 130*131 such a reaction in an unsaturated high polymer was 
unknown prior to 1957 when G 0 1 u b l ~ ~  reported the photosensitized 
isomerization of polybutadiene. Before that time, several unsuccessful 
attempts were made to effect the interconversion of the naturally oc- 
curring isomeric 1,4-polyisoprenes, Hevea (cis) and balata ( t ram) 133*134, 

and as recently as 1962, the patent literature135 made reference to 
isomerized rubbers or polymers which were actually cyclized modifica- 
tions (Section 1II.B) of the starting polymers. The term ‘isomerized 
rubber’ should be reserved for the cis-trans isomerizates of polyisoprene 
or polybutadiene or other diene polymers 108p136. 

1. 1,4Bolybutadiene 

Golub 132 discovered that a 
high cis-polybutadiene could be isomerized to a high trans structure by 
means of ultraviolet irradiation in dilute benzene solution in the 
prcsence of a suitable sensitizer, such as an organic bromide, sulphide, 
disulphide or mercaptan, or even elemental bromine. He later 
showed 137 that polybutadiene could also be isomerized in benzene 
when irradiated with y-rays in the presence of the same sensitizers as 
in the photochemical case. The mechanism depicted with ultra- 
violet or ionizing radiation is essentially that advanced for the analogous 
cis-trans isomerization of low molecular weight olcfins 138p139 and in- 
volves the reversible formation of a freely rotating radical adduct from 
the polybutadiene, either cis or trans, and the bromine atom or thiyl 

a. Phoio- and radiation-iirdziced reactions. 
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radical generated in the photolysis or radiolysis of the organic bromine 
or sulphur compound employed as sensitizer (equation 23). With 
release of the attached radical (X = Bra or RS.), the double bonds 

H H H 
+ x- e ‘C-+ 

H\ p C <  
/ .  

-H2C CH,- -H,C CHZ- 

CHZ- 
I t  C I S  

, C H r  H\ / ,c=c‘ +x. - $-c-x 
H - H,C H 

H\ 
/ \  \ 

-H,C 
1rCJns 

are reestablished with the thermodynamically more stable configura- 
tion, trans, being formed predominantly. The process is nearly free 
of side reactions. 

Kinetic studies on the photosensitized 140 and radiation sensitized 137 

isomerization of polybutadiene showed it to bc a long chain reaction, 
and that the radiation-produced C,H,S radical can isomerize about 
1000-1 300 cis double bonds 141, and the corresponding photoinduced 
radical about 750 double bonds 140*141, before they are terminated. 
The sensitized isomcrization proceeds to an equilibrium 137~142*143 in 
which the cis-tratu ratio of polybutadiene is approximately 1 : 4 to 1 : 3. 

In  addition to the radiation-sensitized cis-tram isomerization, poly- 
butadiene was also found to isomerize when y-irradiated, either in 
benzene (or toluene) solution in the absence of deliberateJy added 
~ensit izer’~~, or in the pure solid state144. The ‘unsensitized’ iso- 
merization approached a radiostationary equilibriGm in which the 
&-trans ratio of the polymer is 1 : 2 142*144. The fact that this ratio is 
higher than the thermodynamic ratio obtained in the photo- or 
radiation-scnsitized isomerization is in line with a different excitation 
mechanism being operative in thc ‘ unsensitizcd ’ reaction. The 
mechanism in the solid state y-irradiation case was considered to 
involve direct as well as indirect excitation of the n-electrons of the 
double bonds to an antibonding state, where free rotation and hence 
gcomctric interconversion can readily occur. Although this process 
also occurs in the solution case, the dominant mechanism for excitation 
of the polymer double bonds involves energy transfer from lowest 
benzene triplet (3.6 e.v.) to the vinylene unit, which is thereby excited 
to its lowest triplet (3.2 e.v.), from which state it can return to the 
ground state either as a cis or trans double bond145. In benzene the 
polynier also bccomes phefiylated, while in the solid state it also 
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undergocs a marked loss of unsaturation (apparently due to radiation- 
induced cyclization) as well as crosslinkingand evolution of hydrogen144. 

Irradiation studies performed on (-CH2-CD=CD-CH2-) n, cis- 
polybutadiene-?,3-d2, showed unequivocally thaL the observed forma- 
tion of trans -CH=CH-- was due entirely to cis-traizs isomerization 
and not to a double bond migration masquerading as an isomerization 
(as in equation 24). This result indicated also that radical processes 
were not implicated in the unsensitized radiation-induced isomeriza- 
tion in the solid statel". 
-CHZ-CH=CH-CHz- -- -CHz-CH=CH-CH- 

-CHz-CH-CH=CH- (24) 

Evidence was presented recently that pure polybutadiene in the 
solid state could also be isomerized when exposed in U ~ C U O  to krypton 
1236 A or mercury 2537 A radiation146. In  the former irradiation, the 
isomerization was accompanied by an even more pronounced reaction, 
viz., loss of unsaturation which was assumed to be due to a chain 
c y c l i ~ a t i o n ~ ~ ~ * ~ ~ ~ .  The rationale was that the photons from the 
krypton source have sufficient energy (- 10 e.v.) to cause ionization in 
polybutadiene and thus bring about pioczsses analogous to those 
attained by y-radiation. In  the mercuiy irradiation case, on the 
other hand, the isomerization was found to approach a photostationary 
cis-trans ratio of 3:2, starting froni either cis- or trans-polybutadiene. 
Although it was originally assumed 146 that the photoisomerization was 
sensitized by adventitious impurities present in thc polymer film, it is 
no\*' believed that the mechanism involves direct absorption of 
photons by the double bonds (whether as singlet-triplet or singlet- 
singlet transitions), which are then excited to a state in which free 
rotation and hence geometric alteration can take place. Irradiation 
of polybutadiene film with mercury light resulted also in a moderate 
consumption of double bonds (although much less severe than in the 
kiypton irradiation), as well as the formation of vinyl groups, the latter 
arising through occasional chain scission (equation 25). By way of 

hv 
-CHZ-CH=CH-CH,-CH,-CH=CH-CHz- w 

-CH ,--CH=CH-~H~ + t~ 2 - ~ ~ = c ~ - ~ ~ z -  (25) 

-Ct-1,--CH=CH-CHZ C -CHz--CH-CH=CHz - > 

contrast, little or no chain scission or formation of vinyl double bonds 
occurs in the krypton 1236 A irradiation or y-irradiation of polybuta- 
diene films. 

-CH,-CH,-CH=CH, (or crosslink or endlink) 
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The occurrence of a direct photoisomerization of cis-polybutadiene 
in uacuo a t  room temperature, has also been reported recently by 
€ 3 0 ~ ~ '  in connection with a study of the photooxidation of that 
polymer. 

Photosensitization with diphenyl disulphide affords a convenient 
means for preparing a series of polymer samples of different cis-trans 
content but of practically the same molecular weight which could be 
used in studying structure dependence of properties such as spectra, 
crystallinity, elongation and tensile 

A wide variety of other methods exist 
for the cis-trans isomerization of polybutadiene. I t  can be expected 
that any bromine or thiyl radicals generated in the thermal dissociation 
of an appropriate organic compound (as opposed to its photolysis or 
radiolysis), can also serve to promote the reaction in accordance with 
equation (23). Thus, for example, Dolgoplosk and coworkers 152 

found recently that a high cis-polybutadiene, on heating with diphenyl 
disulphide (to generate C,H,S radicals), isomerized to an equilibrium 
cis-trans ratio of 2 : 7 at 60°, and 1 : 2 at 170". 

Cis-trans isomerization of polybutadiene brought about by heating 
with elemental sulphur at 140-160°, because of its implications in the 
vulcanization area, has received considerable attention 153-161. 
No thermal isomerization of polybutadiene takes place in the 
absence of sulphur. Since the physical properties of polybutadiene 
vulcanizates have been show,i to be critically dependent upon stereo- 
regularity near 100% cir or trans content36, any isomerization which 
accompanies the sulphur vulcanization is very undesirable. To 
ihstrate, after 80 minutes of a conventional cure of gum stocks 
of high c k (  > 97%) polybutadiene, the cis content was decreased 
by ab0u.t 5% for a cure recipe having 4 phr (parts per hundred of 
rubber) sulphur; by about 2% for 1 phr sulphur, and by less than 
1% for 0.5 phr sulphur156, with substantial decreases in the tensile 
strength36. 

The sulphur-promoted cis-trans isomerization of polybutadiene was 
considered to proceed through a polar mechanism 1551159 similar to 
that generally postulated for sulphur-olefin reactions 162-165 : a per- 
sulphenium ion, TSZ, where T is an alkyl or akenyl group, adds to a 
double bond to form the transitory structure 71. The TS,+ ion is 
derived from the heterolysis of the polysulphide, TS, &,T, formed in 
the initial sulphuration of the olefin. Jn the subsequent steps leading 
to cyclic sulphide formation, the p-sulphenium ion remains attached 
to the double bond of the polymer at all times. However, if this ion is 

b. Other isomerization methoak. 
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easily detached, the double bond could then be reestablished with 
isomerization to the more stable tram form. 

-CH2-CH-,CH-CH,- 
< ,  

> I  . ,  
T S i  

(71) 

An alternative mechanism proposed by Bishop 154 (equation 26) 
involves the formation of a n-complex between sulphur (in the form of 
S ,  rings or polysulphides) and the polymer double bond, and is 
analogous to the n-complex formed between selenium and olefins 166. 
After homolytic cleavage of the polysulphide at the complexed sulphur 
atom, the resulting polymeric radical is free to rotate about the a-bond 
and, after splitting off a second sulphur-containing radical, yields 
mostly double bonds in either cis or trans configuration. 

R 

The minimum cis content which could be obtained in a high cis- 
polybutadiene on reaction with sulphur under vulcanizing conditions 
was reported to be 35-36y0154*'"". On the other hand, a high trans- 
polybutadiene treated with sulphur under the same conditions was 
isomerized to a cis content of about 22y0154. Activation energics of 
30.1 154 and 34.5 159 kcal/mole have been obtained for the sulphur- 
promoted ck-trcns isomerization 164J69. 

The use of polybutadiene-2,3-d, again madc it possible to show that 
double bond migration (as in equation 24) was not involved in the 
formation of traw -CH=CH- units in polybutadiene isomerized 
(and vulcanized) with in other words, equation (27) was 
not implicated in the sulphur-poiybutadiene-2,3-d2 system. 
-CHZ-CD=CD-CH3- + -CHS--CD=CD-CH- q 

-CHZ-CD-CD=CH- (27) 
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Other methods for the isomerization of polybutadiene include heat- 
ing in benzene with nitrogen dioxide 167, treatment with various thiol 
acids 14, sulphur dioxide 14, rhodium salts in iron car- 
bonyls168 or with elemental selenium in solution at elevated tempera- 
t u r e ~ ~ ~ .  The thiol acid catalysis is assumed to involve an ‘on-off’ 
reaction likeequation (23) with X-  = RCOS.. In  the case ofselenium, 
a n-complex niechanism was invoked analogous to that indicated for 
the selenium-catalysed isomerization of oleic acid and stilbene 166. 
The other four catalyst systems presumably function by forming un- 
stable complexes with the polymer double bonds, and result in equili- 
brium cis-trans ratios in the neighbourhood of 1 : 3. 

It has also been reported that cis-polybutadiene isomerizes on re- 
action with peroxides 154*161*160*170 with a marked depletion of double 
bonds. I t  remains to be determined, however, whether the formation 
of trans -CH=CH- units is a true cis-tram isomerization or a double 
bond shift171 (equation 24), or a Combination of both processes. 

Finally, it should be mentioned that various vulcanization ingredi- 
ents (e.g., mercaptobenzothiazole, dibenzothiazole disulphide, tetra- 
methylthiuram disulphide) have been reported to bring about 
cis-trans isomerization of polybutadiene double bonds during 
cure 154,160. 

2. 1,PPolyisoprene 

The various procedures indicated above for achieving the cis-trans 
isomerization of polybutadiene, or butadiene copolymers, carry over 
essentially unchanged to the isomerization of polyisoprene and iso- 
prene copolymers. However, because the infrared spectroscopic 
features associated with cis-trans isomerism in polyisoprene are rather 
subtle, in contrast to the situation with polybutadiene lo8 (see Sections 
II.A.1 and II..4.2), the early attempts to extend the bromine or thiyl 
radical photosensitized isomerizatiog of polybutadiene to polyiso- 
prene, were reported as unsuccessful 132. Later it was discovered that 
Heuea and balata, on appropriate treatment with elemental selenium 19, 
or with sulphur dioxide or thiol acids14, could be transformed into 
similar products having infrared spectra which were not only nearly 
identical to each other, but were effectively intermediate between 
those of the original cis- and tram-polyisoprenes. With the subsequent 
development of high resolution n.m.r. spectroscopy of polymers, it was 
possible to confirm the occurrence of cis-trans isomerization of poly- 
isoprene and also to assess, more accurately than by infixed spectro- 
scopy, small changes in its cis or trclns contentlo8. 
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a. Photo- and radiation-induced reactiotrs. Cunnren and coworkers l4 
found that ultraviolet irradiation of a benzene solution of gutta- 
percha (or balata) in the presence of diphenyl disulphide, dibenzoyl 
disulphide or thiolbenzoic acid led to the conversion of some trans 
double bonds to the cis configuration. Comparable irradiations of 
milled natural rubber led to insoluble products which codd not be 
analysed for cis content by infrared spectroscopy, but were considered 
to have been isomerized by virtue of the observed retardation in rate 
of their crystallization at moderately low temperature. The isomer- 
ization view was substantiated by the finding that cis- and trans-3- 
methyl-pent-2-ene, as model compounds for the two natural isomers of 
polyisoprene, were readily isomerized to an equilibrium cis-trans ratio 
of 9 : 16 by diphenyl disulphide photosensitization, presumably by the 
same kind of mechanism as in equation (23). 

Recently, Tsurugi and coworkers 172 described the radiation- 
induced cis-trans isomerization of Hevea and gutta-percha in benzene 
solution with sensitizers similar to those used for polybutadiene 137, 
viz., ethyl bromide, ethylene bromide and n-butyl mercaptan. These 
workers reported that the polyisoprene isomerization approached an 
equilibrium cis-trans ratio a t  room temperature of about 1 : 3, which is 
similar to that indicated for polybutadiene. Also, they obtained an 
activation energy for the thiyl radical-sensitized isomerization of 
polyisoprene (2.7 kcal/mole) which was close to the corresponding 
value (2-3 kcal/mole) found for polybutadiene. However, in con- 
trast to the polybutadiene case in which the equilibrium cis-trans ratio 
increased somewhat with temperature, the polyisoprene work showed 
the opposite effect, the ratio dropping from 1 : 3 at 22" to 1 : 7 at  100". 

Just as with polybutadiene, purified films of cis- and trans-1,4- 
polyisoprene were found to undergo direct photochemical cis-tram 
isomerization when irradiated with mercury 2537 A radiation in vacuo 
at room temperature 147. Besides the isomerization, other important 
photochemical processes take place. The photoinduced cis-trans 
isomerization of this polymer, as well as that of polybutadiene noted 
eariier 146, was assumed to proceed through triplet excitation (and 
hence interconversion) of the isoprenic double bonds, ensuant on 
direct absorption of the Hg 2537 A photons. Some of the absorbed 
energy undoubtedly is used to rupture the C-C bonds connecting 
successive isoprene units (equation 28). The fate of the radicals 
72-75 is to recombine (in any of four different ways) or to add to 
double bonds in the same or other macromolecular chain. The overall 
effect would be to produce some endlinks (or crossEnksj and some new 
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11 
CH3 CH3 

I I 

(74) (75) 

-CH a-. C-CH=CH, CHZ==C-$H-CH,- 

vinylidene and vinyl double bonds in the ultraviolet-irradiated 
polyisoprene (such as equations 29 and 30). Another reaction 

formation of cyclopropyl groups, possibly involving photoinduccd 
formation of a biradical, followed by a 1,2-hydrogen migration and 
then ring closure (equation 3 1). Although this novel photocyclizution 

CH3 CH3 
hw I 

. .  -CHZ- L -CH-CHa- M -CHn-C-CH-CHZ- __j 

CH3 
I 

\/ 
CHa 

-CHz- EH3 -CHz-CH- + -CHZ--C-CH- (31) 

cis or trans 

in an unsaturated macromolecule is without precedent, a few examples of 
such a biraciical reaction in small olefinic molecules have been reported 
recently. Thus, trans- 1,3-diphenylpropene was found to undergo in 
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solution, an unsensitized photccyciization to cis- and tram-l,Z- 
diphenylcyclopropanes, along with isomerization to the cis form of the 
starting ~ le f in l '~ ,  while I-butene was found to undergo in the vapour 
phase a mercury photosensitized cyclization to methylcyclopropane 174. 

The photochemical production of hydrogen from purified Hevea 
film (according to equation 32), observed over twenty years ago by 
Qatenian is relatively quite unimportant compared to the photo- 
induced cis-trans isomerization or loss of 1,4 double bonds in polyiso- 

CH3 CH3 
I hv I 

-CH2-C=CH-CH2- __j -CHS-C=CH-CH- + H*  
(32) 

CH3 CH3 
I 

Ha + -CHz-C=CH-CH2- --+ H, + -CH2-C!LCH--CH- 

prene, the quantum yields for the latter two processes being about 
40-80 times as large as that of hydrogen production147. As a con- 
sequence, double bond migration (equation 33) is not observed in the 

CH3 CH, 
I I 

-CHZ-C=CH-CH2- + -CHz-C=CH-CH- + 

(33) 

photolysis of polyisoprene. Likewise, double bond migration in the 
opposite direction (equation 34) was ruled out on the basis of work 
with polyisopene-3-d. 

CH3 
I 

CH3 
I 

-cH=~-cD-cH~- (34) 

Again, in common with polybutadiene, polyisoprene can be iso- 
merized by y-irradiation in benzene solution and in the solid state. 
This reaction had been suggested originally by Evans and coworkers 176 
but unambiguous evidence was lacking. Subsequently, Golub and 
Danon'll confirmed that suggestion. Starting with cis- or tram- 
polyisoprene, the isornerization either in solution or in the solid film 
approached an equilibrium in which the cis-trans ratio is 1 : 1. The 
energy transfer mechanism discussed previously for the radiation 
cherxical isomerization of polybutadiene in benzene withorrt added 
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sensitizer, was assumed to hold for polyisoprene as well, and moreover 
it too was accompanied by a sharp decrease in unsaturation, which was 
attributed to cyclization. Electron irradiation of polyisoprene-3-d 
showed that various double bond shifts (equation 35) occur to only a 
very minor extent, if at all, thus ruling out free radical processes in the 

CH3 
i 

CH3 
I 

-CH,-C=CH-CH- -CHZ-C-CH=CH- 

CH3 CH, 
I I 

-CH-C=CH-CH2- -CH=C-GH-CHZ- 

C H; 
1 

-CHz-C=CH-CHZ- 

(35) 

radiation-induced ' unsensitized ' isomerization. Nevertheless, dis- 
proportionation reactioiis involving the allylic radicals in equation (35) 
were assumed to be responsible for the formation of a very small 
araount of conjugated diene and triene groups, as revealed in the 
ultraviolet spectra of y-irradiated Heuea films 1'6. 

Squalene, a hexaisoprene often employed as a model compound for 
rubber, was also isomerized with loss of unsaturation on irradiation in 
the pure liquid state and in benzene solution 177-178. 
6. Other isomerimtion methods. Cunneen and coworkers 14*27*179-182 

succeeded in isomerizing Heuea and gutta-percha, squalene and cis 
and trans forms of 3-methyl-2-pentene by heating them with thiol acids, 
sulphur dioxide, butadiene sulphone and related materials. After 
slight isomerization of Heuea, its rate of crystallization at moderately 
low temperatures is greatly retarded (thus improving its service ability at 
sub-zero temperatures), while gutta-percha, which is partly crystalline 
at temperatures up to about 65", is transformed, after somewhat more 
extensive isomerization, into a polymer which is rubbery at room 
temperatures 14*27.181. 

The isomerization by SO,, which can add reversibly to C=C bonds 
above the 'ceiling temperature'le3* for the given olefin complex, is 
depicted in equation (36j. At 140" this isomerization can be carried 
to an equilibrium ~ i S - h n ~  ratio in polyisoprene of 43 : 57, a value close 

* Ceiling temperature is the temperature above which the olefin-SO, C O I D ~ ~ C X  

or sulphone is unstable and decomposes as soon as it is formed. 
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CHZ- -H,C , CHZ- 
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II 
CH,- H&, ,CHz- 

+so, = C7-C 
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soz 

H3C\ / ,c=c 
H 

\ 
-HzC H - HZC 

trans 

to that obtained in the selenium-catalysed isomerization (47 : 53)18J00. 
The sulphur dioxide method is, however, much superior to the selenium 
method, since the latter involves some polymer chain scission while the 
former is virtually free of side-reactions. From the standpoint of 
practical applications butadiene sulphone is a very convenient reagent 
for the isomerization, since it is a solid and can be milled into rubber or 
mked with the isoprenic polymer where it evolves SO, when the 
temperature is raised. 

An interesting application ofthe SO, method concerns the isomeriza- 
tion of the decaisoprene side chain of coenzyme Q (76) from a nearly 

0 

all-tram to a random cis,trans structure, without disturbing the quinone 
nucleus le4. This is noteworthy because other isomerization tech- 
niques (e.g., photosensitization) generally produce other structural 
modifications in the coenzyme, such as intramolecular cycloaddition 
of the first isoprene unit onto the quinone nucleus. 

Recently, Cunneen and coworkers 171 concluded, using model com- 
pounds, that polyisoprene isomerization according to equation (36a) 
is not accompanied by double bond migration (36b). This con- 
clusion was substantiated by Golub lE5 using polyisoprene-3-d and 
infrared and n.m.r. spectroscopy to distinguish between geometric 
and positional isomerization (equations 36a and 36b). 

Since eiemental sulphur isuinerizes polybutadiene under vulcanizing 
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I 

--cH~-~~=CD--cH2- (3(ja) 
trans 

CH, 
I 

trans or C I S  
-CH=C-CDH-CH,-. ( 3 W  L 

CH, 
I SO, catalysis -CHZ-C-=CD-CH2- 

CIS 

conditions, and vulcanization recipes containing sulphur have been 
reported to isomcrize cis- and trans-3-methyl-2-pen tene 27, it is possible 
that some isomerization of natural rubber occurs on heating with 
sulphur, but the evidence to date on this point is inconclusive100.164. 

Dolgoplosk and coworkers 186-188 have claimed that cis-trans iso- 
merization of polyisoprene also takes place when the polymer is treated 
with TiCI,, anhydrous HCl, or various organometallic compounds in 
benzene at 80-90". These claims were disproved by Golub and 
Heller who showed that the efi'cct of TiCl, on Heuea or balata is to 
induce cyclization almost exclusively10g, and that the reacdon ofHC1 
involves only addition across the doublc bonds along with a small 
amount of cyclization lol. More recently, Dolgoplosk 189 reported 
that treating natural rubber in dilute benzene solution with ethyl- 
a1urnirn.u-n dichloride at quite low concentrations at 60°, produced 
cis-trans isomerization without cyclization, while at  higher catalyst con- 
centrations the dominant reaction was cyclization. I t  would appear 
from this that the competition between isomerization and cyclization, 
if such does indeed exist, must depend in a subtle way oil the specific 
reaction conditions. At any 
rate, this same agent Al(C2H,)C1, is known to be a potent catalyst 
for the cyclopolymerization of isoprene 128, so that its strong cyclizing 
action on polyisoprene itself can be anticipated. 

Further work on this point is needed. 

D. Hydrogenation 

The subject of hydrogenation of natural rubber, balata and gutta- 
percha dates back almost a century, although the first significant 
results were accomplished around 1920 by Harries 190, StaudingerLg1Jg2, 
Pummererlg3 and others. Since an excellent review on the hydrogen- 
ation of various unsaturated polymers has been written by Wicklatz 19,, 
the present treatment will discuss only the main features of some of 
the latest studies in this field. 

Much attention had been given by early workers, especially in the 
patent literature, to the use of the destructive (degradative) hydrogena- 
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tion process for preparing oils and other low molecular weight 
products lg4. Recently, however, emphasis has been placed on non- 
destructive hydrogenation of synthetic unsaturated polymers, with the 
aim either of preparing new po!ymers with interesting physical pro- 
perties or of solving problems in polymer microstructure. Only a few 
diene homopolymers or copolymers have been actually hydrogenated. 
These include various polybutadicnes (emulsion-polymerized 195*196, 
sodium-polymerized lg7 *198, cis- 1,4 polymer 196*198.199), polyisoprenes 
(ck- 1,4 polymer 196.200*201, trans- 1,4 polymer ""l), butadiene-styrene 
rubber 195*196, l,4-polypiperylene196, and various poly-2-alkylbuta- 
dier_es201. 

The rates and ultimate degree of hydrogenation obtainable under 
given reaction conditions depend on the polymer composition lS4. 
In  general, natural rubber and the synthetic hydrocarbon polymers 
are readily hydrogenated while gutta-percha is more difficult to 
hydrogenate. For reasons not yet clear, hydrocarbon copolymers 
appear to be less easily hydrogenated than homopolymers derived 
from the same diene monomers. Also, in contrast to the all-hydro- 
carbon copolymers, those unsaturated copolymers having a co- 
monomer containing nitrogen (e.g., vinylpyridine, acrylonitrile) or 
halogen (e.g., vinylidene chloride) or having acrylates as comonomers, 
show great resistance to hydrogenation of their C=C bonds. While 
hydrogenation of a butadiene-acrylonitrile copolymer to a polymer 
arnine has been reported202, the double bonds in butadiene units 
probably did not react. Likewise, the halogen-containing diene poly- 
mer, polychloroprene, apparently cannot be hydrogenated lg4*lg6. 

The catalysts employed in the past have been based largely on 
platinum, palladium and nickel. Staudinger lgl reported the com- 
plete hydrogenation of natural rubber in dilute solution in a hydro- 
carbon solvent, using a nickel catalyst at high temperature and 
pressure. This method was very recently extended by Gregg 201 to cZS- 
1,4- and trans- 1,4-polyisoprenes and various 1,4-poly-2-akylb~1tadienes. 
Since the molecular weight of the product derived from cis- 1,4-poly- 
isoprene was about 60% of that of the original polymer, a small amount 
of chain cleavage accompanied the hydrogenation, of the order of one 
cleavage per 1300 isoprene units reduced. Fractionation of a 90% 
hydrogenated polyisoprene showed that the unsaturation was con- 
centrated in the low molecular weight fiaction, thc high molecular 
weight fraction being completely saturated. Moreover, infrared and 
n.m.r. spectroscopic examination of the unsaturated low molecular 
wejeht fraction indicated that it was a mixture of hydrogenated 
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polyisoprene and essentially unreacted cis- I ,4-polyisoprene. This 
interesting finding signified that the hydrogenation process in- 
volves hydrogenating a rnacromoiecule entirely or not at all. 
Another interesting result was that no C ~ S - ~ ~ Q E J  isomerization 
accompanied the hydrogenation. 

Gregg201 also reported that a hydrogenated balata (with 9% resi- 
dual unsaturation) had an infrared spectrum identical to that of a 
hydrogenated ci.r-l,4-polyisoprene having the same unsaturation. 
Since there was no infrared evidence for a difference in tacticity 
between the two hydrogenated polyisoprenes, it was presumed that the 
addition of hydrogen to the C=C bonds was non-stereoregular: cis- 
addition of hydrogen to cis- and trans-polyisoprenes should yield, 
respectively, syndiotactic and isotactic polymers. The virtually 
complete hydrogenation ( 5 98.9%) of several 1,4-poly-2-alkylbuta- 
dienes (77), where R = Et, n-Pry n-pentyl, or Me2C=CHCH2CH,-, 

R 
I 

(-CH,-C=CH-CHz-)n 

(77) 

under the same conditions used for R = Me, was also reported. 
Although some polymer degradation occLtrs in all of these hydrogena- 
tions, high molecular weight polymers can be obtained by fractionat- 
ing the hydrogenated materials. 

Ramp, DeWitt and TrapassoIg6 have recently described the homo- 
ge3eous hydrogenation of various diene polymers (and small olefinic 
compounds) catalysed by triisobutyl borane. The mechanism de- 
pictcd for the boranc-catalysed hydrogcnation, which is carried out in 
solution at  high temperature and high pressure, is shown in equation 
(37). By means of this reaction, the olefinic C=C bonds in cis-l,4- 

RSB + 3 HZ + BH3 + 3 RH 
U U . .  . .  

\ I 1  H, \ 1 1  
> &H+-C-C- (37) B-C-C- - 

H H 

1 1  
BH, + - G C -  + 

I 1  
H H  

/ 

polyisoprene, czk- I ,4-polybutadiene, emulsion 1 ,4-polybutadieneY 1,2- 
polybutadiene, butadiene-styrene copolymer and 1,4-polypiperylene 
were completely saturated. Some drop in molecular weight was 
encountered in the reduction, which was more severe for rree radical- 
polymerized polymers than for polymers prepared with Ziegler 
catalysts. Neoprene resisted any hydrogen uptake but evolved HCi 
on treatrricrii wiih the borane catalyst. 
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Cis- lY4-polybutadicne on quantitative hydrogenation yielded a 
crystalline polymer with an infrared spectrum and melt characteristics 
of a high density, moderate molecular weight polyethylene (equation 
38). Analogously, synthetic cis- lY4-polyisoprene yielded a tough, 
rubbery polymer having an infrared spectrum which was very sirililar 

(38) 

to that of a Ziegler-catalysed ethylene-propylene random copolymer 
(37). Likewise, the 1,4-polypiperylene was hydrogenated to a 
product having an infrared spectrum similar to that of hydrogenated 
polyisoprene (37). 

Evidence for a rapid addition-elimination process involving B-H 
and the olefinic linkage was provided by the infrared spectrum of a 
partially reduced cis- lY4-polybutadiene which showed complete elimin- 
ation of the 13.9 p band (cis -CH=CH-) and the development of an 
intense 10.3 p. band (trans -CH=CH-)1”6. Further evidence for 
the addition-elimination reaction in the borane catalysis was seen in 
the fact that hydrogenation of cis- 1,4-polyisoprene-3-d involved ex- 
tensive removal of deuterium from the polymer chain. 

Finally, it is interesting to note that microstructural studies on 
hydrogenated sodium polybutadiene lg8 showed that external double 
bonds (1,2 units; 7 )  are reduced much more rapidly than internal 
double bonds (1,4 units ; 5,6). 

H2 -CH2-CH=CH-CHa- + -CH2-CH2-CHz-CH2- 

E .  Vulcanization 

The term ‘vulcanization’ originally referred to the process, dis- 
covered independently b y  Goodyear in 1839 and by Hancock in 1843, 
of heating natural rubber with sulphur to transform it from a soft, 
gummy, irreversibly deformable substance into a hard, elastic 
material capable of reversible deformation. Since other methods 
exist today for achieving a crosslinked polymer network which is the 
essential feature of a vulcanizate, the term has been broadened to 
include all types of controlled crosslinking reactions carried out on 
elastomers-saturated as well as unsaturated. Crosslinking of linear 
macromolecule; can also be accomplished by high energy, and some- 
times ultraviolet, irradiation or by various chemical means, such as 
mutual combination of nascent polymer radicals, graft copolymeriza- 
tion, reaction of backbone carbon atoms with various reagents, and 
reactions involving functional groups in, or attached to, the polymer 
backbone. A comprehensive survey of the various non-sulphur 
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clicmical and radiation chemical methods for crosslinking has bcen 
presented 203. 

There are four main types of vulcanizing (or curing) systems for the 
unsaturated hydrocarbon elastomers, involving ( 1) organic peroxides, 
(2) elerncntal sulphur alone, (3) elemental sulphur in combination with 
accelerators and (4) organosulphur systems in the absence of elemental 
sulphur. Neoprene, however, requires a vulcanization system based 
on the reaction of the active chlorine atoms instead of the C=C bonds. 

Most of our current understanding of the sulphur-rubber reactions 
is due to the outstanding contributions, especially in the last ten years, 
by workers at  the Natural (formerly British) Rubber Producers’ 
Rescarch Association. Excellent reviews have recently appeared on 
sulphur vulcanization 164*205 and the chemistry of peroxide vulcaniza- 
tion 1 6 4 m 2 0 4 .  The present discussion will be confined to a survey of the 
principal reactions involved in vulcanization to the extent that they 
concern the chemistry of the C=C bond in macromolecules. 

1. Peroxide vulcanization 
The use of an organic peroxide as a crosslinking 

agent for natural rubber was first reported by Ostromis1enskyzo6 in 
1915 using benzoyl peroxide. This and other diaroyl peroxides are 
not very efficient in promoting vulcanization, and modern practice is 
based on the use of dialkyl (or diaralkyl) peroxides (e.g., di-1-butyl 
peroxide and dicumyl peroxide). 

In the case of di-t-butyl peroxide reacting with polyisoprene a t  140°, 
the first step is the unimolecular decomposition of the peroxide to 
peroxy radicals. These radicals for the most part abstract u-methyl- 
enic hydrogen atoms yielding t-bu tyl alcohol and polyisoprenyl 
radicals which then undergo mutual combination [Scheme I). The 
particular abstraction shown is that of the hydrogen on carbon atom a 
but abstraction of the hydrogen on carbon atom b or c is also possible, 
resulting in different isomeric structures for the crosslinked isoprene 
units. Evidence for double bond sWis to form some vinylene and 
even fewer vinylidene double bonds, t-he latter arising from abstraction 
at  c, has been found in infrared spectroscopy207. However, the order 
of reactivity of the three different a-methylenic hydrogens is a > b > 
c 208 so that the predominant structure for a crosslinked pair of isoprene 
units is 78. 

The polyisoprenyl radical also undergoes cyclization to a small 
extent. The network will thus consist of many C-C crosslinks with 
nccasioncl cyclic structures vicinal to the crosslink as in 79. Evidence 

a. 1,4-PoZyisoprene. 
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(CH3)3CO-OC(CH,)3 2 (CH,),CO- 
(CH3)aCO. - > (CH,),C=O + CH3. 

ZCH3-  - > CHj-CH, 
C 

i iH3 CH3 

b a 
(cil3),CO. + -CH,-&=CH-CH - --> (CH3)3COFz + -CH2- =CH-CH- 

CH, CH3 
I I 

-CH ,-C=C H-CH- -CH2-C=CH-CH- 

_j 

CH3 
I I 

-CH2-C=CH-CH- 

(78) 
SCHEME I. 

for the cyclization is the observation that the unsaturated polymers 
obtained from 2,6-dimethyl-2,6-octadiene (dihydromyrcene) and 
digeranyl retained only 82 and 72%, respectively, of the unsaturation 
of the original olefins, whereas the unsaturated polymers derived from 
the corresponding m o n o i s ~ p r e n e s ~ ~ ~ ~ ~ ~ ~  showed 100 yo retention of 
unsaturation. Furthermore, gas-liquid chromatographic examina- 

$H, C H:, 

CH3 I 
I 

I 

-CH.-C-CH--CH- 

-CH,-C=CH-CH 

ti n of the products of the r action of' dihydromyrcene with dicum 11 
peroxide at̂  120-150" indicated that the diisoprenyl radicals (and 
presumably also the corresponding radicals in polyisoprene) undergo 
both inter- and intramolecular combination 210. At large diene- 
peroxide ratios the product was almost entirely dimer, while at higher 

IG+c.A. 2 
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peroxide concentrations some trimer, tetramer and higher ‘polymers’ 
were produced. 

The probable absence of cis-trans isomerizztion of the double bonds 
in the natural rubber backbone was indicated by the failure of cis- 
3-methyl-2-pentene to undergo this reaction when treated with 
dicumyl peroxide at  140°, a. conclusion reinforced by infrared examin- 
ation of peroxide vulcanizates of partially isomerized rubber 164. On 
the other hand, stress relaxation studies on the vulcanizates have 
demonstrated the occurrence of chain scission. This could involve 
the rupture of the C-C bond connecting two isoprene units, one of 
which is a radical, as shown : 

CH, 
I 

CH3 
I 

-CH,-C=CH-CH,-CH,-C=CH-<H- 

CH, 
I 

CH, 
I 

-CH,-C=CH-CH,* -I- CHZ=C-CH=CH- 

However, under normal vulcanization conditions, scission i s  very 
minor compared to the crosslinking reaction. Sol-gel measurements 
on the dicumyl peroxide vulcanizates of natural rubber showed, in 
fact, that the ratio of chain scission to crosslinking is of the order of 
0-0.2 204. 

Unlike the dialkyl (or diaralkyl) peroxides, dibenzoyl or other 
diaroyl peroxides contribute an additional reaction possibility which 
results in wastage of radicals : 

CH3 CH, 
I I 

-CHZ-C:CH-CH- -CHZ--kCH-CH- + COHjCOO. - 
AOCCoH5 

This accounts for the relatively low crosslinking efficiency, while under 
ideal conditions, the decomposition of one dialkyl peroxide molecule 
leads to the formation of one crosslink in natural rubber. Crosslinking 
efficiency of near unity is also obtained with synthetic cis-1,4-polyiso- 
prene and natural trans- 1,4-polyisoprene (balata) 204. Polyisoprenes 
with rather high 3’4 contents show higher crozslinking efficiency 204. 

Mention may be made of lY4-polypipcrylene which, on hydrogen 
abstraction, yields predominantly radical 80 ; since this radical is vir- 
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tually identical to the macroradical formed in 1,4-polyisoprene, it is not 
too surprising that polypiperylene shows a crosslinking efficiency close 
to unity170. 

CH3 CH3 
I 

-CH2-CH=CH- 6 - -'. -. -CH+H-CH=C- 

(80) 

6. 1,4-PoZg.butadiene. In contrast to the 1,4-polyisoprenes, 1 ,4- 
polybutadiene and other butadiene-containing polymers, such as 
styrene-butadiene rubber, show crosslinking efficiencies considerably 
greater than one, with values of around 12 in the case of cis- and 
trans- 1,4-polybutadienes 170, and even higher values for other con- 
figurations. Thus, the efficiency of a 79% lJ2-polybutadiene increases 
from 18 to 45 over the temperature range 115-160", while that for a10% 
lY2-polybutadiene decreases Som over 50 to 22 over the same temper- 
ature range I7O. These high crosslinking efficiencies are undoubtedly 
the result of chain reactions, as confirmed by the chain suppressing 
effect of antioxidants. Since there is a loss of double bonds approxi- 
mately equal to the number of crosslinks formed, the chain reaction is 
presumed to consist of a series of addition (or crosspolymerization) 
steps followed by hydrogen transfer reactions (equation 39, in the case 
of 1 ,4-polybutadiene) , before the macroradicals are terminated by 
combination. Thus, in contrast to the polyisoprenyl radicals, the 
polybutadienyl radicals, assumed to have higher reactivity, can attack 

-CHZ-CH=CH-CH- 
-CHZ-CH=CH-CH2- 4 

-CHZ-CH=CH-CH- + 
I 

-CHZ-CH-CH=CH- -C HZ-C H-C H-C H,- 

(80') 
t 
-CHz-CH=CH-CH- 

+ -CHz-CH=CH-CH2- 
(39) 

. I  
-CH2--CH=CH-CHZ- 

-CHS-CH=CH-CH- 
I 

-CHz-CH 2-CH-CHZ- + 
CtC. -CH-CH=CH-CHz- 

-CHz-CH=.CH-CH- 
I 

-CHZ-CH-CH-CHZ- 
I 

-CH~-~H-CH-CH.,-- 
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double bonds and 'polymerize' the polymer. By means of infiared 
examination of a peroxide-cured polybutadiene (originally 33.5% 
~is-1~4;  3.0% trans; 3.5% 1,2) , van der Hoff170 showed that the loss of 
vinyl double bonds in vulcanization was approximately twice as fast as 
the loss of backbone double bonds (about 60% and 307; decrease in 
initial unsaturation, respectively). He also found the trans content 
increased by about 7y0, which probably resulted from a double bond 
shift in the polybutadienyl radical 80' rather than from a true cis- 
trails isomerization of a given C=C bond. 

The crosslinking behaviour of two important butadiene-containing 
elastomers may be noted here204. The more important of the two, 
styrene-butadiene rubber, behaves in much the same way as cis- 
polybutadiene. However, the purified nitrile rubber (butadiene- 
acrylonitrile copolymer) has a crosslinking efficiency close to unity, so 
that it would appear that the chain reaction observed with the buta- 
dime homopolymer is suppressed in this particular copolymer ( - 60% 
butadiene) by the acrylonitrile residues. 

2. Sulphur vulcanization 

a. Unaccelerated reaction. Modern views 164*205 on the structure of 
the natural rubber-sulphur vulcaniza'ie network have been developed 
only after extensive research on the mechanisms and products of the 
reactions of sulphur with various monoolefins and with the diolefin, 
2,6-dimethyl-2,6-octadiene. I n  the case of the sulphur-monoolefin 
reaction at  - 140" it is now known that the principal products are 
alkenyl-alkyl polysulphides, having three main structural t y p c s  (81, 
82, 83) resulting from hydrogen transfer between the olefin molecules. 
The value of x (= a + 6) decreases with reaction time after 
extensive heating. The relative proportions or" the different poly- 
sulphide structures are markedly dependent on the particular olefins, 
and in the case of 2-methyl-2-pentene, a monoisoprene model for 
natural rubber, most of the polysulphides have structure 81 with some 
having 82 and little or none having 83. 

In  the sulphuration of ZJ6-dirnethyl-2,6-octadiene (84) , not only are 
crosslinked polysulphides formed analogous to 81 and 82, but a sub- 
stantial portion of the sulphur is combined in cyclic monosulphides. 
The latter consist of the thiacyclohexane (85),  the thiacyclopentane 
(86), and the two unsaturated thiacyclopentanes (87) and (88). In 
addition, there Is the cnncomitant formation of the conjugzted triene 
(82). Thc ccrnjxsiticn of the crosslinked pc!ys~l~hide is qEite corn- 
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plex and changes considerably with time of vulcanization; in the early 
stages it consists mainly of structures like 90, 91 and 92 which later 
are transformed into structures containing cyclic monosulphide groups, 

and eventually into structures such as 93 and 94 in which the crosslinks 
contain only one or two sulphur atoms. The dotted lines represent 
alternative positions of the C=C and C-S bonds. In the course of 
these transformations, the cyclic monosulphides are being formed 
continuously so that the proportion of total combined sulphur located 
in such structures increases steadily. Thus, for example, after re- 
action of the diisoprene 54 with sulphur (in a 10: 1 weight ratio) at 
140" for 5 hours, 9.4% of the initial sulphur is present in cyclic mono- 
sulphides and 48% in polysulphides, while after 40 hours the amounts 
are 38% and 6l%, respectively. 

The very poor crosslinking efficiency of'the vulcanization of natural 
rubber with sulphur alone (i.e., without accelerator), in which some 
40-55 sulphur atoms arc cori~iried fci- every chemical crosslink formed, 
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is evidently due to the wastage of sulphur in (I) long polysulphide 
crosslinks, (2) cyclic monosulphide groups and (3) vicinal crosslinks 
(as in 92) which act as a single crosslink164. Moreover, some scission 
of the polyisoprene backbone takes place on extended cure which 
partially offsets the crosslinking. The function of an accelerator in 
sulphur vulcanization, therefore, is to minimize the formation of cyclic 
monosulphides and vicinal crosslinks while producing simple cross- 
links with few sulphiir atoms, and at  the same time to inhibit chain 
scission. The effectiveness of some accelerated sulphur vulcaniza- 
tions205 can be gauged by the fact that as little as 1.6 sulphur atoms are 
required per crosslink formed in such systems. 

By converting polysulphidic links into mono- or disdphide l i d s  
on treatment with triphenyl phosphine, Moore and Trego ?l1 were 
able to estimate the fraction of combined sulphur present as cyclic 
monosulphide groups in natural rubber vulcanizates. Their struc- 
tural data were in very good agreement with those indicated from the 
dihydromyrcene model compound approach. Thus they found, for 
example, that after 24 hours of an unaccelerated vulcanization (10 
parts sulphurjlO0 parts rubber) at 140", about 39y0 of the isoprene 
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units in the original rubber were converted into cyclic monosulphide 
groups. 

The likelihood that the polyisoprene vulcanizate has sustained some 
cis-lrum isomerization is indicated by the easy cis-tiam isomerization 
of 3-methyl-2-pentexie under vulcanizing conditions 27, but definite 
data for this reaction in polyisoprene are lacking164. 

Another possible isomerization is that of a double bond shift sug- 
gested by early w ~ r k e r ~ ~ ~ ~ - ~ ~ ~  on the grounds that the infrared spec- 
tmm of a natural rubber vulcanizate showed a prominent 10.4 p band 
implicating trans -CH=CH- units. Such an assignment was in 
line with the then-held free radical mechanism of vulcanization 215, 

in which the initiation of sulphuraticn involves abstraction of the a- 
methylenic hydrogen (equatior! 40). However, infiared evidence 
obtained from sulphur vulcanizates of cis-polyisoprene and partially 
and Wly deuterated cis-polyisoprenes 155 showed that the proposed 
double bond migration can occur to only a minor extent. 

CH, 
I 

4H2-C=CH--CH2- '5,._ 

-CHZ-C-CH=CH- 
I 
> X  

The 10.4 p band was considered, instead, to be due largely to various 
saturated ring structures of the type indicated above ($5-88) and to 
conjugated double bonds, presumably in triene structures like $9, with 
a possible small contribution from isolated tram -CH=CH- units. 

The detailed structures of the alkenyl-alkyl polysulphides and cyclic 
monosulphides formed in the sulphur-dihydromyrcene reaction, along 
with complementary kinetic data, prompted the conclusion that the 
sulphuration reaction is polar in nature 164. Furthermore, sulphura- 
tion is insensitive to free radical initiators or ultraviolet light, while not 
being affected by radical inhibitors or retarders in the expected manner, 
and the reaction is promoted by polar compounds or by increasing the 
polarity of the reaction medium. 
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The polar mechanism far sulphur vulcanization 102-166 involves the 
heterolysis of the polarized S-S bond in either elemental sulphur or an 
already- fQrmed polysulphide to give persulphenium ion, TS; (which 
initiates the sulphuration), and persulphenyl ion, TS, (which acts as 
chain terminator). The TS,+ ion (where T is an alkenyl or alkyl group) 
then adds to a double bond to form a cyclic persulphonium ion 95, 

\ / ,c-c 
', /' \ 

(951 

which in the case of dihydromyrcene, and presumably also polyiso- 
prenc, undergoes mainly hydride ion transfer (to form an alkyl poly- 
sulphide 96 and an alkenyl cation 97) and proton transfer (to form 
an alkenyl polysulphide 98 and a carbonium ion 99) ; the cation and 
carbonium ion then react with sulphur to regenerate the persul- 

H' tran:fcr 
97 + 84 

(89) 
+ 

97 (or 99) -+ S, -- . TS, 

SCHEME IIA. 
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phenium ions, as shown in Scheme IIA, where the formation ofcross- 
linked polysulpl~des and the conjugated triene are depicted. Scheme 
IIB depicts the formation of the cyclic monosulphides. In these 
schemes, the cyclic monosulphides are secondary products derived 

(98) (87) 
SCHEME IIB. 

from the polysdphides which are the initial sulphuration products. 
The mechanism(s) of the unaccelerated sulphur vulcanization of 

polybutadiene and butadiene-styrene rubber have not been examined 
in any detail, but they may be expected to be similar to that indicated 
above for polyisoprenc. 

b. Accelerated reaction. The vulcanization systems employed in- 
dustrially for the unsaturated elastomers include, in addition to sulphur, 
an organic accelerator (e.g., 2-mercaptobenzothiazole, or its disul- 
phide, zinc salt or sulphenamide derivative), an activator (a metallic 
oxide such as zinc oxide), and a fatty acid (e.g., stearic or lauric acid) 
or its zinc salt. Elemcntal sulphur can also be replaced in these 
systems by certain organosulphur compounds, such as tetra.methy1- 
thiurani disulphide and dithiobisamines. 

The chemistry of the accelerated sulphur vulcanization is very com- 
plex and little understood, and is really beyond the scope of this 
chapter. Accordingly, we will note only that the high crosslinking 
efficiency ai long cure time of - 1.6 sulphur atoms consumed per 
chemical crosslink in natural rubber, noted earlier (for an eficient 
mercaptobenzothiazole-accelerated system 164), effectively rules out 
cyclic monosulphide structures while indicating a preponderance of 
mono- and disulphide crosslinks. 

166 
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3. Vulcanization of neoprene2lSa 

Polychloroprenc can be crosslinked by dicumyl peroxide, but the 
efficiency of the reaction is low, of the order of 0.5 crosslink/peroxicie 
molecule. Sulphur can also vulcanize this polymer but very slowly, 
and the usual rubber accelerators are generally not effective. 

The industrial vulcanization of polychloroprene is based on the 
highly reactive tertiary allylic chlorine atom located in the small 
amount ( - 1.5%) of 1,2 units present in the polymer. The preferred 
vulcanizing agents are zinc oxide and magnesium oxide which serve to 
abstract the chlorine (equation 41). 

CI 
I 
CHz 

-C H pC- 
ll 
CH 

CH, 
ZnO -!CH,- I 

2I-L 

I CH CHPCl CH2 

CH 

-Cli2CCl- -CHCC- -> -CH2C- - > 0 + ZnCI, (41) 
II 
CH CH I !H 

I 1  
CHz 

(10) II b- -CCHp- 
+ ZnCl + 

Alternatively, diamines may be used to crosslink neoprene through 
a bisalkylation reaction involving chlorine removal in the presence of 
magnesium oxide (equation 42). 

-CHp-C- 
I I  
CH 

1 
CH, 

I 
CI . -C Hz-C- 

I' b A 4 - l  
I 

CH CH, l -  Mgo (r) + MgCI, + H,O (42) I =  

II I 
CH, 

-4HZ-C- CH H -  

I 
CH* 
I 
CH 
II 

CI 

-CH,-C- 

4. Radiation vulcanization 

Isoprene and butadiene homopolymersj and many of their copoly- 
mers, as weii as various other polymers, can b e  crossiinked (and hence 
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vulcanized) by exposure to high energy radiation. Still other poly- 
mers, on tlie other hand, undergo predominantly chain scission on 
irradiation. An enormous literature exists on the radiation chemistry 
of pol;mers, and much of this has been surveyed in several texts 4-5*216 

and review articles. Gehman and Gregson217, in a general review of 
the effects of ionizing radiation on elastomers, have given special 
attention to the chemical as well as technological aspects of radiation 
vulcanization ; and Turner 218 has recently provided a comprehensive 
discussion of the radiation chemistry of natural rubber. 

The mechanism(s) of radiation-induced crosslinking in polyisoprene 
and polybutadiene, and the exact nature of the resulting crosslinks, 
are not known with certainty. The general presum?tion218 has been, 
however, that the crosslinks are formed principally through the mutual 
combination of allylic polymer radicals generated in the system 
(equation 43, where 

An alternative or competing, free radical mechanism, which may be 
even more important than equation (43), is indicated in equation 

R H  ------+ Re + He 
H* + R H  w R *  + H2 

2 R *  __j R-R 
(43) 

(44). Since the crosslinked products obtained in the radiolysis of 

the model compound, squalene, even at very low doses, consisted 
not only of dimers but of higher molecular weight material as well, 
it can be expected that the alkyl radicals, RH,., can undergo also 
a polymerization crosslinking reaction (equation 45). Turner 219 
has found that f'ree radical scavengers can suppress the radiation- 
induced crosslinking in polyisoprene by no more than -4@%, so 
that in addition to reactions (43)-(45), some non-radical or 

RH2-  + R H  + RH2-RH- etc. (45) 

'molecular' process (e.g., ion-molecule or Stern-Volmer reaction) 
(equation 46) must also contribute to the crosslinking. In accord 

(*I 2 R H  --> R-R. -!- H Z  
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with this view was the complementary finding219 that the hydrogen 
yield was reduced only 10% by the use of free radical scavengers. 

The radiation chemical production of crosslinks in emulsion and 
cis-1,4-polybutadienes occurs with a higher yield (G(X) N 3.6-4-0 
crosslink/ 100 e.v. absorbed) 220-222 than in ciS- or tram-polyisoprene 
(G(X) - 0.9-1-0 and 1.3, r e s p e c t i ~ e l y ) ~ ~ ~ * ~ ~ ~ .  This difference in 
crosslinking efficiency may be reiated to the difference noted earlier 
for the crosslinking efficiency in peroxide vulcanization of the two 
different diene polymers. 

Concomitant wi th  the radiation-induced crosslinking and hydrogen 
evolution in polyisoprene and polybutadiene (G(N,) = 0.48-0.64, 
and 0.45, respectively) 144*177*218*219, cis-trans isomerization and loss of 
double bonds also take place and with even higher y i e l d ~ ~ ~ ~ * l ~ *  
(G-values of - 10 and 7-10, respectively, for polyisoprene; and 4-7, 
and 8-14 for polybutadiene). While some loss of unsaturation may bc 
due to the crosslinking reaction (44), this reaction can account for no 
more than 5-6y0 of all the double bonds consumed, the overwhelming 
majority of them presumably being removed by cyclization (equz tion 
47, using polybutadiene as example). The asterisks denote either 

radical or carbonium ion sites. In  the latter case, the ion is presumed 
to arise and react further as in equation (48). In  addition, a snall  
amount of chain scission (G 5 0.1) also accompanies the crosslinking. 

+ 
-CH2--CH=CH-CH,- --r -CH2-CH-CH-CH,- + e -  
+ .  

-C H ,-CH-CI-1-CH 2- + -CH ,-CH=CH-CH 2- + 
+ 

-C H 2-C H-CH p-C H 2- + -C H 2-C H =CH-CH- (48) 

F. Oxidation 

Oxidation of polymers-both saturated and unsaturated-is 
another category of' polymer reactions which has been extensively 
investigated and also well reviewed. Particular attention is called to 
several recent res4e:v articles which are concerned mainly ~ 6 t h  the 
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oxidation of polyisoprene but also, to some extent, with that of the 
butadiene-containing polymers 224-229. 

I. 1,CPolyisoprene 

As in the case of vulcanization, much of our current understanding 
of the mechanism of oxidation of natural rubber, as well as of the 
accompanying microstructural changes in the polyisoprene macro- 
molecule, is the result of extensive work on simple olefins and on ap- 
propriate model compounds of polyisoprene. However, unlike the 
situation with vulcanization involving sulphur (Section III.E.2), the 
originally proposed free radical mechanism of oxidation of hydro- 
c a r b o n ~ ~ ~ ~ ~ ~ ~ ~  is still accepted. The essential features of that mech- 
anism, insofar as the diene polymers and copolymers are concerned, 
are that hydroperoxides are the primary products, the decomposition 
of which in turn is responsible for the reaction being autocataiytic, and 
that the rate of oyidation is largely insensitive to oxygen pressure above 
a certain moderate pressure but directly dependent on the lability of 
the a-methylenic C-H bond. 

The oxidation mechanism comprises the following reaction steps, 
where RH is an olefin with an a-methylenic hydrogen atom : 

Iiiitia tion Production of R -  or ROz* radicals 
Propagation R. + 0 2 j R 0 3 .  

ROz* + RH- > ROZH + R *  
Termination 2 R* + 

2 ROz* 

At a sufficiently high oxygen pressure, step (49b) is much faster than 
(49c), the latter becoming rate-controlling, and the overall rate of 
oxidation is then independent of oxygen pressure. Under these con- 
ditions, the chain termination occurs principally, if not solely, by 
reaction (4.9f). The source of the radicals in the initiation step, as- 
suming thermal oxidation, is the decomposition of the hydroperoxide 
which may proceed by a unimolecular or bimolecular path to yield 
alkoxy, peroxy or hydroxyl radicals (reaction 49g or 49h). The uni- 

R O O H  RO. + .OH ( 4 9 d  
2 R O O H  + RO. + ROZ. + H z O  (49W 

molecular decomposition predominates in the initial stages of oxida- 
tion, while the bimolecular process becomes important as the hydro- 
peroxides accumulate. Eventually the hydroperoxides reach a steady 
state concentration at which tile autocatalyric stage or” the oxidation 
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is completed and the reaction attains a maximum rate. The kinetics 
of the autoxidation reaction have been reviewed by Tobolsky and 
coworkers 228. 

In addition to hydrogen abstraction the peroxy radical can add to a 
double bond. This is especially manifested in 1,5 diene compounds, 
such as dihydromyrcene, squalene, gutta-percha and natural rubber. 
Diperoxide and hydroperoxide formation can thus proceed in the 
same molecule as shown in Scheme IIi232. Structure 100, which has 
been isolated and characterized, conforms to the experimental finding 
that somewhat less than half of the combined oxygen in oxidized di- 
hydromyrcene, squalene and digeranyl is in the form of hydroper- 
oxide groups 233. 

Due to the fact that chain scission attends the oxidation of poly- 
isoprene, the absorption of a small amount of oxygen by the macro- 
molecule has a large effect on its physical propcrties. Thus, natural 
rubber loses virtually all its useful elastic properties when only 1% 
oxygen by weight has been absorbed234. Absorption of as little as 
o . 0 5 ~ 0  oxygen is sufficient to reduce the molecular weight of natural 
rubber from around one million down to half a million. Oxidative 
chain scission is unimportant in a small molecule, but is magnified 
into importance in a macromolecule by virtue of its disproportionate 
effect on the molecular weight. While crosslinking can and does ac- 
company chain scission in the oxidation of certain polymers, this is 
negligible in the case of polyisoprene. 

The number of molecules of oxygen absorbed for each cut in the 
molecular chain , which is an inverse measure of the scission efficiency226, 
was cited as ranging from 40 at  25" to 16 at  110" in the oxidation of 
Heuea 1atex235-236, from 5 to 20 at 140" in the oxidation of gum 
rubber237, and from around 28 at  60" to 18 at  100" in the oxidation of 
gutta-percha as a film or in solution238. The values, in the case of a 
particular sulphur vulcanizate of rubber239, were 30 at 75", 5 at  100" 
and 1 at 130", while in the case of a peroxide v ~ l c a n i z a t e ~ ~ ~ ~ ~ ~ ~ ,  were 
around 20 at 100-120". O n  the other hand, B e v i l a c q ~ a ~ ~ ~  has 
recently ciaimed that both scission efficiency and mechanism are not 
materially affected by the extent or nature of vulcanization, or by the 
presence or absence of vulcanization residues, antioxidants or fillers, 
and he suggested that, to a close approximation, the scission efficiency 
is determined only by the temperature. However, Parks and 
lor en^^^^ showed that incorporation of sulphur in a peroxide vul- 
carjzatr: of natural rubber significantly lowered the scission eiiiciency 
in oxidation at 100". In this last case it would appear242 that somc 
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sulphur-promoted crosslinking occurred during oxidation to offset 
scme of the chain scission. 

Several mechanisms have been zdvaticed to account for the oxida- 
tive chain scission in polyisoprene, and these have been discussed 

M O I T ~ S * ~ ~ ,  from a detailed study of the oxidation 

CH3 
I 

I 1  
0 

-CH,-C + O=C-CH,CH2-C-CHj -+ HCH + HOOC- 
II 
0 

I I I  
H 0 

I 



9. Polymers Containing C=C Bonds 48 1 

of gutta-percha, concluded that the scission process must be a minor 
side reaction, which is kinetically identical to one of the normal propa- 
gation steps in the autoxidation chain cycle, but no mechanism was 
given. Bevilacqua23e~237~241*246, on the basis of a quantitative study 
of the principal volatile products in rubber oxidation, proposed a chain 
scission mechanism which is a variation on the mechanism suggested 
by Bolland and Hughes232 for the formation of structure 100, and 
readily accounts (Scheme IV) for the actual formation of levulinalde- 
hyde (IOI), formic acid, acetic acid and carbon dioxide, as well as the 
carbonyl endgroups on polymer residues revealed by infrared spectro- 
scopy. This mechanism has been supported by Mayo 246 who pointed 
out the ease with whkh P-peroxyalkoxy radicals (such as the precursor 
to 101) can disproportionate. According to Bevilacqua 247, the scission 
reaction is an alternative to a propagation step. 

Tobolsky and M e r c ~ r i o ~ ~ ~ ,  on the other hand, concluded from a 
study of the free radical catalysed oxidation of natural rubber in 
dilute benzene solution that scission occurs during the chain termina- 
tion reaction. In  their work using various initiators with known de- 
composition rates, they found that each initiating radical produced 
approximately one scission. They proposed that peroxy radicals 
interact to give alkoxy radicals and oxygen (equation 49f'), followed 

2 ROz* + 2 RO. + 0 3  (49f') 

by cleavage of the resulting p-peroxyalkoxy radical (102) to produce 
chain scission (equation 50) ; the acetonyl radicals then dimerize to 
form 2,5-hexanedione and thus terminate the oxidation chain. It 

0 0 
II II 

CH,--CCH,CH,CCH, 
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should be noted that structure 102 is just the alkoxy radical counter- 
part of the peroxy radical, precursor to structure 100 proposed by 
Bolland and Hughes 232. 

Early attempts to confirm the formation of 2,5-hexanedione were 
unsuccessful 249, but subsequently it was shown that this compound 
was indeed formed in the oxidation of cis-polyisoprene, but a t  higher 
temperatures (150-180") than that employed (120") in the previous 
experiments. This observation demonstrated that there are two 
pathways to chain scission, one involving the @-peroxyalkoxy radical 
shown in Scheme IV and one involving the isomeric radical 102. 
Moreover, since the yield of the hexanedione was about 10% of that of 
levulinaldehyde, the relative involvement of Schemes I11 and IV in 
forming, respectively, the two alternative /I-peroxy hydroperoxide 
structures is probably in the ratio of 1 : 10. 

Bell251 studied the oxidative scission of natural rubber and gutta- 
percha in solution. He found that for a 100-fold increase in initiator 
concentration, the value of 1/< (6 = number 0, molecules absorbed 
per scission) changed by only ~50% whereas the rzte of oxidation in- 
creased by a factor of25. I t  was assumed that E would be independent 
of chain length A if scission is kinetically equivalent to the propagation 
step, and inversely proportional to h if scission is associated with initia- 
tion or termination. The above results indicate that most scission 
occurs during propagation of the oxidation chain reaction, but some 
must occur during termination ; in fact, it was concluded that scission 
occurs nearly every time an oxidation chain is terminated. 

On the premise that the polyisoprene hydrocarbon presents two 
reactive sites for oxidation in each isoprene unit, namely, the double 
bond and the a-methylenic C-H bond, de Merlier and Le Bras252 
attempted to improve the oxidation resistance of natural rubber by 
modifjring it at  either of these sites. For this purpose, maleic anhy- 
dride was attached to the backbone so as to block the a-methylenic 
C-H bonds, while saligenol was added to the double bonds. I n  both 
cases a significant decrease in the oxidizability of the modified rubber 
at  80" was observed, which was cut ofproportion to the small amount of 
reagent added. 

Although much is now known about the mechanism of oxidative 
scission in polyisoprene, further work is needed in order to obtain a 
more complete picture of the oxidation, not only of the raw rubber but 
also of the sulphur and peroxide vulcanizates with and without fillers'". 

From a practical standpoint, considerable interest attaches to the 
inhibition of oxidation ofrubbcis and other unsaturated polymers, and, 
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on the basis of the mechanism given above (equation 4.9), this can be 
brought about in two ways: by interfering eithcr with the initiation 
step or the propagation step. In the lattcr case, the most potent 
antioxidants (HA) are various mono- and polyhydric phenols and 
secondary aromatic amines, e.g., hydroquinone and N,N’-diphenyl-p- 
phenylene diamine, which operate by transferring hydrogen to the 
peroxy radicaIs, thereby converting them to hydroperoxides while 
being transformed themselves into stable antioxidant residues (A 0 )  

(equation 51). In the case of hydroquinone, for example, each anti- 

HA -!- ROa* - + ROIH + A* (51) 

oxidant molecule can interact with and thus terminate two chain- 
carrying peroxy radicals (equation 52). The other type of anti- 
oxidant serves to repress the initiation step by essentially interfering 

(52) 

H O a O .  + RO,. - 0- 0 0  + RO,H 

with the decomposition of hydroperoxides. Thus, for examplc, the 
catalytic action of certain metallic impurities on the hydroperoxide 
decomposition can be suppressed by the incorporation of specific 
chelating agents. Alternatively, various sulphur compounds may be 
employed to deactivate the hydroperoxides. A more complete 
account of antioxidants and antioxidant action can be found else- 
where 225. 

2, Bctzdiene-containing polymers 

Relatively little work has been carried out on the oxidation of buta- 
diene polymers and copolymers, but the mechanisms considered for 
polyisoprene are presumed to carry over largely unchanged to these 
other unsaturated polymers. The butadiene polymers tend to be less 
readily oxidized than the polyisoprenes because of the relatively lower 
lability of their a-methylenic C-H bonds. This in turn enhances the 
chances for crosslinking, by making peroxy radical addition to a double 
bond (equation 53) in polybutadiene more competitive with hydrogen 
abstraction, (equation 4.9~) compared with the case of polyisoprene. 
This effect appears to be even more important in the case of pendant 
vinyl groups. Significantly, Bevilacqua 253 has recently noted that in 
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RO,. + -CHZCH=CH-CH2- + -CHZ-CH-CH-CHZ- 
I .  
0:: 
I 

R 

(53) 
0 2  + -CH2---CH-CH-CH2- etc. 

i ’  

I I  
0 2  01 

R 

the oxidation of butadiene polymers and copolymers chain scission 
and crosslinking occur at  comparable rates. 

Formic acid is a major product from the oxidation of cis-l,4-poly- 
butadiene as well as of polybutadienes containing various proportions 
of 1,2 units253; this product is assumed to arise through scission of 
either the main chain or the side chain. However, the four-carbon 
compound, succinaldehyde (104), analogous to levulinaldehyde (101) 
in Scheme IV, has not been detected in the oxidation of the butadiene 
polymers, although traces of succinic acid have been obtained. 

In  other recent work, B e v i l a c q ~ a ~ ~ ~  has shown that in the ageing of 
a sulphur vulcanizate of styrene-butadiene rubber oxygen affects 
reactions of the crosslinks as well as of the hydracarbon chain. 

Lee, Stacy and Enge1265 have studied the effect of a number of 
metallic stearates and stearic acid on the autoxidation of ciS-1,4- 
polybutadiene and several butadiene copolymers. Their results 
support the generally accepted theories concerning the metal-catalysed 
oxidation through a hydroperoxide intermediate. 

Finally, it may be noted thzt infrared spectroscopy has been used 
recently to study the oxidation, under various conditions, of Cis- 
polybutadiene 148*256*257, sodium polybutadiene, which had a high 
( N 55%) 1,2 content 258, butadiene-acrylonitrile copolymer259 and of 
polyalkynes 260. 

G. Ozonization 

Pe!yners containkg C=C bonds are subject to attack and degra- 
dation by ozone, a reagent which has been used for many years to 
cleave olefinic double bonds. The early recognition by Pickles 261 that 
rubber has a regular l,4-polyisoprcne structure was based on the 
finding that on ozone cleavage it yielded levulinaldehyde (101) and 
l e d &  acid (102) as the only important products. An irregular 
structure would have yielded also some succinaldehyde (104) and 
acetonyl acetone (105), as is the case iu ihe ozoiiolysis of non-stereo- 
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CH, CH3 
I ,  I *  

-CH,-C~CH-CH,-CH,-CjCH-CH-C~a- 

485 

0 CH3 
ll 1 

HO-C-CHaCH,-C=O 

003) 

regular synthetic polyisoprenes. The use of ozone in microstructural 
analysis of unsaturated synthetic elastomers (as in the determination, 
for example, of 1,2- (or 3,4-) and lY4-addition units in various buta- 
diene and isoprene polymers and copolymers) has been reviewed 

CH, CH3 
c 
-H3 

I ,  ! I  I ,  
-CH,-C+CH-CHzCH2 -CH+C-CHz-CHz-C+CH-CH,- 

0 0 CH3 CH3 0 
\I I1 I I !I 

CH3 
I 

-CH,C=O + HC-CH,CH,-CH + O=C-CH,CH,-C=:O + HCCH2- 

(10.1) (1 05) 

recently262. Attention has been called to possible difficulties ir, in- 
terpretation when dealing with minor ozonolysis products 26. 

Of further interest is the severe cracking encountered in (un- 
protected) rubber under stress when exposed to the small amounts of 
ozone generally present in the atmosphere. Normally, ozone has no 
visible effect on unstretched rubber, but definite physical effects can be 
observed ir. very t l h  films ( - 200 A thick). Kendall and Mann263 
have, in fact, studied the formation of rubber ozonide by means of 
infrared spectral measurements on such films. Much research has 
been carried out in an effort to elucidate the mechanism of this phen- 
omenon and to develop antiozonants for the protection of rubber 
articles, These q e c t s  have been very well reviewed recently 262*264. 
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The mechanism far the reaction of ozone with the C-C bonds in 
the diene polymers is assumed to be the same as that proposed by 
Criegee and coworkers265 for simple olefins, and later elabarated by 
Bailey266*267. According to this mechanism (Scheme V), the initial 
step is the formation of a n-complex between the double bond and an 
ozone molecule. This is followed by cleavage to a carbonyl structure 
and a zwitterion which may recombine to give the conventional 
ozonide (106). Alternatively, the zwitterion, in an inert medium, may 
form dimeric (107) or polymeric peroxides, but in the presence of a 
reactive solvent such as methanol or water can yield a hydroperoxidc 
(108). Decomposition of the ozonide 106, and hence scission of the 
original double bond, is readily accomplished by hydrolysis. In  a 
number of cases, such as rubber in solution, rupture of the double bond 
occurs directly on ozone attack without proceeding through the de- 
composition of the ozonide. As evidence for this, carbonyl groups 
have been aetected speciroscopically immediately on contact of 
rubber with ozone 268. 

SCI-IEhIE v. 

H. Degradation 

In  the broadest sense, degradation of a high polymer is any process 
which results in a serious deterioration of its useful physical properties, 
whether the chemical reactions involved lead to a net decrease in 
mcledar :...eight (2s ir, chzin scission) or 2 net increase (z in cress- 
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linking) I n  this sense, polymers containing C=C bonds, in common 
with polymers generally, degrade under the influence of heat, oxygen, 
ozone, ultraviolet or ionizing radiation, mechanical action, ultra- 
sonic energy, and various chemical reagents, acting alone or in  com- 
bination 269. As discussed previously, the deteriorative effects of 
oxygen and ozone on the unsaturated polymers are principally those 
involvhg chain cleavage or ‘degradation ’ in the more limited sense of 
a drop in molecular weight or a deccmposition of the polymer. 
On  the other hand, exposure of the unsaturated polymers to the 
‘degradative ’ effects of high energy (ionizing) radiation or ultraviolet 
light in vacuum produces, among other things, crosslinked material, 
although, to be sure, significant chain rupture is also observed in 
the ultraviolet irradiation casc. Since photo- and radiation chemical 
effects in diene polymers have been touched on earlier, in connection 
with isomerization and vulcanization (and reviewed extensively 1 1 2 * 4 9  

5*216-218), and since oxidation and ozonization of these polymers have 
been treated in the preceding two sections, this section will be re- 
stricted to a brief discussion of two other important types of degrad- 
ation, viz., thermal and mechanochemical degradation. 

I. Thermal degradation 

A formidable literature exists on the thermal degradation of all 
kinds of polymers in book 7*106*270 and review articles 2699271v272 .  

Here only the main features of the pyrolysis of the butadiene and iso- 
prene polymers will be treated. 

The destructive distillation of natural rubber 
and of synthetic polyisoprenes under various temperature and pressure 
conditions has been studied for many years. Midgley and Henne273 
in 1929 found that isoprene and its dimer, dipentene (log), constituted 
the only major products from the pyrolysis of Hevea. These products 
were formed in approximately 1 : 2 ratio by weight, and were accom- 
panied by some 15 minor products none of which was more than 1% 
of the isoprene yield. More recently, Straus and M a d o r ~ k y ~ ~ ~  made a 
detailed comparative study of the pyrolysis of Hevea, gutta-percha and 
a synthetic polyisoprene, and likewise found dipentene and isoprene 
as the major volatile products. The yield of dipentene was about 4-5 
times as large as that of isoprene in the case of the stereoregular poly- 
isoprenes, and only about 2.5 times as large in the case of the struc- 
turally irregular synthetic polyisoprene. 

Formation of monomer in the pyrolysis of isoprene polymers was 
assumed to invoive mainly (though not exciusiveiyj successive scission 

a. 1,4-PoZyisoprene. 
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of C-C bonds connectiiig isoprene units in the chain (equation 54a). 
Formation of dipentene (log), on the other hand, was assumed to in- 

CH3 
I 

CH, CH3 
I I 

-CH,-C=CH- CH2jCHz-C=CH-CH2-CH,-C=CH-ZH,-- -> 

volve either unzipping or dimerization of monomer (equation 54b). 
Evidently, the higher yield of dipentene obtained from the cis- and 
trans- 1,4-polyisoprene.s compared to that from the synthetic poly- 
isoprene was a consequence of the greater structural regularity of the 

CH3 CH3 CH3 
I I ' I  - CH,C=CHCH,CH,C=CH-CH,+CH~C=CHCH,- 

1 I 
C 

(109) 

H3+c H, H3C/ \CH2 

former polymers which favours the appropriate unzipping of pairs 
of isoprene units. 

Straw and Madorsky 275 have also pyrolysed 
polybutadiene, obtaining mainly monomer and dimer (presumably 
vinyl cyclohexene, 110) along with an assortment of minor products 
indicative of some accompanying random chain scission. As with 
polyisoprene, the formation of monomer in the pyrolysis of polybuta- 
dime taxi be considered to involve scission of the C-C bonds con- 
necting successive butadiene units, while the I'ormatioIi ut' dimer 

b. 1,4-PoZybuiadiene. 
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involves unzipping of the chain and/or dimerization of monomer 
(cquation 55). Since the yield of butadiene monomer was very small 

-cH,~cH,-CH=CHCH,CH,CH=CHCH,. CH 
I \ H$@ ' $ H 1  

re!ative to the formation of low molecular weight polymer fragments 
(average degree of polymerization - 14, and comprising - 80-900/, 
of the pyrolysis products), it was assumed that many of the scissions 
of the C-C bonds in the chains involve hydrogen transfer (equation 

m 'i' '7 
-CH,CH=CH-CH,+C-C=C-C-CH,CH=CH-CH,- 

7l 

-CH,CH=CH-CH, + CH,=CH-CM=:-CH-CH,CH=CHCHZ- 

56). A process analogous to equation (56) was assumed for poly- 
isoprene as well, where approximately 80% of the pyrolysis products 
comprise low molecular weight polymer (average degree of poly- 
merization - 8-9)274. 

Pyrolysis cf styrene-butadiene rubber 0,75 gave results which were 
remarkably similar to those for the butadiene homopolymer with 
regard to the yield of monomer, dimer and low molecular weight 
polymer. 

2. Mechanochemical degradation 

A very usehl End of degradation is that of mechanical working or 
mastication of rubber, which is at  the foundation of rubber technology. 
Mechanical cnergy is utilized to rupture the macromolccular chains, 
L'rlerc'oy r.cduc;r,g the rll"iccu;al. we;g:,t ul' illC 1aiq ----LL 1 UUUCL -- =-- L l U L l L  .-- CL - 1 level -. - ' 
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at which it is difficult to process, to a level at which the rubber can be 
readily mixed with appropriate compounding ingredients in con- 
ventional rubber manufacturing equipment. After processing, the 
molecdar weight can be increased again and the valuable physical 
properties of tile rubber recovered by means of vulcanization. 

I t  has been definitely established that mastication (or cold milling, 
as it is sometimes called) produces polymer radicals which can re- 
combine (and thus repair the polymer break) or disproportionate or 
react with radical acceptors such as oxygen or iodine (to give a per- 
inanent chain rupture). Thus, Pike and Watson 276 denionstrated 
that the primary radicals formed in natural rubber are preferentially 
those arising from rupture of the C-C bonds connecting successive 
isoprene units, viz., 72-75 (Section III.C.2.a). I n  the absence of 
oxygen or a radical scavenger, these radicals evidently recombine with 
little alteration in overall polymer size; they are apparently not re- 
active enough, by virtue of their allylic resonance energy, to undergo 
significant disproportionation. In the mastication of saturated 
polymers, where the resulting primary radicals are considerably more 
reactive, appreciable disproportionation, and therefore degradation, 
occurs under nitrogen even in the absence of radical scavengers. On 
the other hand, in the presence of oxygen these alkenyl radicals are 
converted to peroxy radicals afid eventually hydroperoxides, with 
consequent irreversible rupture of the chain. Further support for this 
view is the pronounced degradation brought about by masticating 
rubber even under nitrogen but in the presence of certain compounds, 
such as thiophenol, which are very reactive towards polyisoprenyl 
radicals (equation 57, where R e  is any one of 72-75). 

R. + HS-CeHS RH + .S-C,HS (57) 

Other diene polymers, such as cis- and trans-I ,4-polybutadienes, 
butadiene-styrene and butadiene-acqlonitrile copolymers, poly- 
chloroprene, may be assumed to undergo mechanochernical rupture 
in the manner depicted for polyisoprene. 

-Mechanochemical degradation can obviously be employed for the 
preparation of block copolymers (40) and, in certain cases, graft 
copolymers (39) (equations 58a and 58b). A branching reaction such 
as equation (58b) is observed in the mastication ofnatural rubber in an 
inert atmosphere in the absence of radical scavengers. This reaction 
could involve, for example, addition of a polyisopreny! radical to a 
d o ~ ~ h ! ~  ir? m ~ ! ~ r  p ~ l + ~ " p c r i c  chaiii arid, depending on con- 
ditions, lead to gelled polymcrs. Alternatively, the reaction could 
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proceed through a disproportionation, followed by radical recombina- 
tion (equation 58c, where R- is one 

A-A - > 2 A .  
6-6 - 2 6 .  
A9 + B* w A-0 

A 
I A. + B - B  + 6-6 

(584 

B 
I B. + A-A A A-A 

CH3 CH3 
I I R. 

> RH + -CH2C=CHCH- R *  + -CH2C=CHCHZ- - 

CH3 
I 

-CHzC=CHCH- (58~) 
I 
R 

Another route to the preparation of block (and/or graft) copolymers 
iwolves the mastication of a polymer in the presence of an appropriate 
monomer which is an active radical scavenger. Typical structures 
for block and graft copolymers fi-om polyisoprene and a vinyl monomer 
are indicated as 111 and 112, respectively. 

CH3 CH3 
I I 

-CH,C-C HCH 2-(C H 2-C H)n- -CH .C=C HCH- 
I 

I 
(CHzCHX)n 

I 
X 

(111) (112) 

Excellent surveys of the mastication of polymers and of polymer 
modifications based on mechanochcmical reactions have recently 
appeared 277*278. 

1. Miscellaneous Reactions 

The rather large topic of block and graft copolymerization will be 
deleted from this survey, partly because the various techniques and 
approaches applied to the unsaturated polymers are substantially the 
same as those for saturated polymers, and partly because this subject 
lias beeii ti.eated ii, reccili books 270,280 iei.+.iv ai~C.es73:;"R1-w34 
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1. Epoxidation 

Epoxidation leads to structures containing oxirane (or 1,2-epoxy) 
rings. In the case of polymers, this reaction is preferably carried out 
with organic peracids, usually peracetic acid (equation 59). The 
epoxidation of a wide variety of polymers, including homopolymers 

I L  (59) RCOOOH + - == - -C- - + RCOOH '-' c c  
and copolymers of bu tadiene, isoprene and cyclopentadiene, has been 
described in the literature, and recently reviewed by Greenspan 285. 

During epoxidation a number of secondary xactions of epoxides 
can occur, such as ring opening to form the glycol derivative (113), 
isomerization to aldehydes or ketones and uasaturated alcohols (114), 
and polymerization with another epoxide or hydroxyl group to give 
ether linkages (115). The reaction conditions are generally selected so 

I '  I I  I 1  I I  

I I  
- C d -  --C=C-CH,OH --*l--C-O-C-C- 

(115) 
I I  b b  (114) 

as to optimize formation of the epoxide and minimize occurrence of 
secondary ring-opening reactions. The structural characterization 
of the polymers resulting from epoxidation of unsaturated polymers 
has been largely confined to butadiene polymers and copolymers. 
Infrared analysis of an epoxidized emulsion polybutadiene 285 shows 
that the reaction occurs selectively at the internal double bonds 
(-CH=CH-), leaving the external double bonds (--CH=CH,) 
largely unchanged. 

The epoxidized polymers, because of the high reactivity of their 
oxirane rings, can be easily crosslinked to a three dimensional ther- 
moset resin by a variety of reagents, such as polyamines, dibasic acids, 
anhydrides and boron trifluoride. The cured resins find use in a wide 
assortment of plastics applications. 

The epoxidation of cis- and trans- 1 ,4-polyisoprenesY cis- 1,4-poly- 
butadiene, butadiene-styrene copolymer and polychloroprene in 
dilute solution, using monoperphthaiic acid, has also been described 2s6. 
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2. Bhiol addition to double bonds 

The reaction of thio!s with various diene homopolymers and copoly- 
mers has been reviewed recently287, and in this section we will note 
only the major features of the reaction. The anti-Markownikoff 
addition of an  alkanethiol (RSH) to the polymer double bonds is 
shown in Scheme VI as a free radical chain reaction involving the use 
of an initiator (In.). Although some termination may occur through 
the formation of crosslinked polymer (116)) the thiol addition reactions 
are normally carried out under conditions where that is not important. 
Thus, the effective termination involves either or both of the other two 
reaction steps shown. To the extent that oxygen may be present, 
oxidative chain scission may accompany the thiol addition reaction. 
With cr,ol'-azobisisobutonitriie as initiator and methane-thiol as the 
reagent, Pierson and coworkers288 were able to obtain nearly quanti- 
tative conversion of polybutadiene to the thiol-adduct ( - 97-98y0 
saturation of the double bonds). Significantly, they were never able 
to obtain products having more than the theoretical quantity of sul- 
phur, a result which indicated that the possible abstraction of any 
allylic hydrogen from the diene polymer (equation 60) presumably 

I n i t i d o n  In- + RSH + In-H + RS- 

Termination 2 RS. + RSSR 

\ !  / 

\ /  \ /  
RS* + C-C - C-C 

JLK 'JR k H  
(117) 

SCHEME VI. 

does not occur, as attachment of more than one thiol molecule per 
monomer unit would then be expected. It was shown likewise, that in 
the butadiene-methanethol addition reaction, at least, virtually all the 
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In. (of RS.) + -CH2CH=CHCH2- -> In-H (of RSH) + -CH2CH=CHCH- 

As* (50) 
-CHaCH=CH-CH- 

I 
SR 

termination proceeds through formation of disulphide rather than 117. 
These workers also showed that addition of alkanethiol was not suf- 
ficiently selective between internal and external double bonds to give 
an accurate measure of the vinyl content in the diene polymers. 

All primary alkanethiols up to dodecyl react sufficiently well with 
butadiene polymers and copolymers to yield highly saturated adducts. 
These materials can be expected to show greater stability towards 
oxygen, ozone and heat than the initial unsaturated polymer. How- 
ever, the only importar,t evaluation work on butadiene adducts was 
carried out on those prepared with methanethiol 288-290. 

The reversibility of the thiyl radical addition to the olefinic double 
bond (shown in Scheme VI), especially in the case of a resonance- 
stabilized radical like C,H,S-, is the basis for the thiyl-catalysed 
cis-trans isomerization of polybutadiene cr polyisoprene discussed 
earlier (Section 1II.C). By using tkiio-j?-naphthol as a photosensitizer 
in low enough cementration, it was possible to convcrt ck- polybuta- 
dime in benzene solution to an equilibrium cis-trans content without 
the formation of any permanent thiol a d d u ~ t l ~ ~ ,  evcn though the iso- 
merization proceeds through a (transitory) radical adduct (equation 
23). O n  the other hand, treatment of a high cis-polybutadiene in 
benzene at 50" with methanethiol and initiator was found to produce 
simultaneous cis-trans isomerization and tliol addition such that, by the 
time the polymer was 15% saturated, the &-trans ratio attained the 
equilibrium value of around 1 : 4. 

3. Carbene additions 

Pinazzi and Levesque 291 found that cis-polyisoprene, on treatment 
in very dilute solution ( I 1 g/l ,  in an aromatic solvent) with dichloro- 
carbene, prepared in situ from ethyl trichloroacetate with sodium 
methylate, was transformed into a white powder in which the double 
bonds were nearly completely converted into gern-dichlorocyclopro- 
pane rings (equation 61). This was indicated by the disappearance 
of the characteristic infrared band at 6.0 p (C=C) and replacement of 
the broad 12 p band (-C(CH3)=CH- unit) by a narrow intense 
hand ascribed. tn geminal c h h r i ~ e  ~ t o x s .  Polybut;diene treated 
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R I i  
I I 

-CH2C=XHCHZ- + :CX, ---> -CHZC--CH-CH2- (61) 
\ /  cx, 

R = CH3, H, or CI 
X = CI or Br  

under the same conditicm yielded about 60-70 % dichlorocyclopro- 
pane formation, but polychloroprene was not affected. Also, treat- 
ment of polyisoprene with dibromocarbene, formed in situ by basic 
elimination from bromoform, resultcd in 70-75y0 saturation of the 
double bonds. 

In  later work, Pinazzi and Levesque292 were able to transform com- 
plctely polyisoprene, polybutadiene and polychloroprene into their 
gem-dihalocyclopropane derivatives by treatment with carbenes pro- 
duced by the thermolysis of phenyltrilialomethyl mercury. In these 
reactions :CC12 was much more reactive than :CBr2. Those de- 
rivatives showing quantitative conversion were all highly crystalline 
a t  ambient temperatures, but those incompletely converted were 
amorphous. 

They also treated the dibromocarbene adduct of lY4-poiyisoprene 
with methyllithium at - 60 to - 80" and obtained the allenic structure 
118, as evidenced by an infrared peak at 5.13 [L due to cumulative 

H JC H 
/ c=c=c \ 

CH2- 
/ \ 

(118) 
-H2C 

double bonds, and by the diminution of the bands due to C-Br bonds. 
This conversion of a polycyclopropane to a polycumulene, to an extent 
of about 85%, constitutes a regular insertion of a carbon atom within 
nearly eveiy isoprene unit iri the chain and is apparently without pre- 
cedent in the field of polymer reactions. 

Pinazzi and coworkers293 also carried out studies on the dihalo- 
carbene addition to the model compounds, 4-methyl-3-heptene, 
dihydromyrcene and squalene, and obtained results completely anal- 
ogous to those for polyisoprene. 

Lishanskii, Tsitokhtsev and Vinogradova 204 reported on the ad- 
dition of dichlorocarbene, carbethoxycarbene and carbomethoxy- 
carbene to cis- and hztls-l,4-polyisoprenes and to 1,4- and 1,Z- 
polybutadienes. Very recently, La1 and Saltman 295 presented a 
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comparison of some of the low temperature properties of ck-polyiso- 
prene with those of its dichlorocarbene adduct, and also a comparison 
of the physical properties of the corresponding gum vulcanizates. 

4. Addition of ethylenic compounds 

Le Bras and coworkers29* have summarized work, carried out at the 
French Institute of Rubber and elsewhere, on the reactions of maleic 
anhydride and other ethylenic compounds with diene polymers. 
Much ofthat work was directed towards obtaining chemically modified 
rubbers which, in addition to preserving the high elasticity of the 
starting material, display new and unusual physical (or chemical) 
properties. The addition of maleic anhydride to polyisoprene, 
initiated by various free radical catalysts, leads to structure 119 having 
an anhydrosuccinic residue attached to the a-methylene 

H 
\ /  

/ \  / \  

H3C\ H H3C - c=c 
CH- -H,C CH- 

/ c=c 

I 
-H,C 

The addition reaction is attended by some gel formation (exemplified 
by structure 1201, which is more severe in the case of benzoyl peroxide 
initiation than it is with some other initiators. By way of illustration 
p-menthane hydroperoxide catalysis of the nialeic anhydride addition 
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reaction at 130" resulted in about 20% of the isoprene units being 
converted to structure 119 along with abcut 50/,, gel structure, whereas 
benzoyl peroxide yielded 19% addition of maleic anhydride and 23% 
gel formation. Infrarcd spectroscopy confirmed the attachment of 
anhydridc groups and showed also that there was negligible change in 
the unsaturation and no isomerization of the original double bonds. 
In the absence of initiator, maleic anhydride can add to polyisoprene 
a t  - 180-240", mainly by a concerted electron-transfer mechanism 
(equation 62) involving direct addition to the double bond, but also to 
some extent by thermolysis of the a-methyleilic C-H bond followed by 
attachment of the anhydride, yielding 119. The formation of vinyl- 
idene units in equation (62) was confirmed by infrared and n.m.r. 

0 0 
I1 II 
C C 

HC' 'p H,C' ' 0  
\\ \ I  

HC-C 
H 

C l C H  
Hzc\ / \\ 

H-'\ -HC-C 

6 -> ,C-CH 0 (62) 
ZL\ 

/ \  \ 
-H2C CH,-- -H,C CH2- 

spectroscopy. The radical nature of the initiated reaction and the 
non-radical nature of the thermal reaction were substantiated by the 
observations that thiophenol had no effect on the latter process but a 
pronounced effect on the former. 

The maleic anhydride addition to Heuea has been extendcd to other 
diene polymers, namely, gutta-percha, synthetic cis-l,4-polyisoprene 
and cis-1,4-polybutadiene, the products from the synthetic polymers 
having higher gel contents than those from natural rubber. The 
carboxyl and anhydride groups in these adduct polymers make it pos- 
sible to prepare their arnides, esters and urethanes. The maleic 
rubbers can be crosslinked by bifunctional reagents, alcohols and 
amines, as well as by certain metal oxides. While they can also be 
vulcanized with sulphur, noteworthy vulcanizates, at levels of - 5- 
10% combined anhydride, are obtained with oxides of calcium, zinc 
and especially magnesium. 

Polyisoprene can be reacted with various other ethylenic compounds, 
but in order to avoid or minimize grafting, compounds showing a 
tendency towards homopolymerization must be excluded. A neces- 
sary (although not sufficient) condition for the ethylenic compound 
to show significant reactivity towards 1,4.-polyisoprene is that its 
double bond have a low electron dcnsity; in contrs5t to t!ie relative!y 

17 + C.A.2 
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high electron density at  the extremity of the polyisoprene double bond. 
Thus, for example, replacement of a hydrogen on the C=C bond in 
maleic anhydride by a chlorine (chloromaleic anhydride) or by a 
methyl group (citraconic anhydride) gives a reactive substance in the 
former case and a non-reactive one in the latter case. A further 
requirement of the ethylenic compound is that it offer no steric hind- 
rance opposing it; reaction with polyisoprene. Other reactive ethylenic 
compounds which have been noted 296 are N-methylmaleimide, fumaric 
and maleic acids, y-crotonolactone, p-benzoquinone and acrylonitrile. 

5. Addition of carbonyl compounds 

Various workers in the past have studied the reaction of rubber with 
aldehydes, especially formaldehyde, to yield thermoplastic compounds 
which are quite resistant to aromatic solvents, acids and bases. How- 
ever, little information exists on the structure of rubber-formaldehyde 
derivatives. Recently, the reaction of cis- 1,4-polyisoprene with 
g l y 0 x a 1 ~ ~ ~  and chloralzg9 has been studied in considerable detail; in 
fact, these aldehydes have been found to be particularly suitable 
reagents for electrophilic addition. 

The reaction of glyoxal with polyisoprene, which can be carried out 
either in solution cr in the solid p h a ~ e ~ ~ ~ * ~ ~ ~ ,  is assumed to proceed 
mainly as shown in equation (63a), a!.though some attachment may 
also occur at the a-methylenic site according to equation (63b). The 

H 
/ 

CHCHO - (634 
H q +  / 

H H 0- 
H3C,s-1. s-,' \ + /  

,C=C + c  - 
OH 
I 

CHCHO 

F-'-" \ 
- HzC CHz- -H,C CHZ- I 

CHO 
\ 

\ 
-HzC CHZ- 

H JC H CHO H,C H 

> C=C 
I + +c - 

/ \  
(63b) 

\ /  

/ \  

\ /  

/ \  
cz.c 

CHZ- H -HC 
I I 

CHZ- -0 -HC 

H CHOH 
I 

CHO 

solution reaction is carried out with anhydrous glyoxal at  180" in the 
absence of a, cats-lyst and a t  120" in the presence of a c:lta!yst (eg., 
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AlCl,-NaCl). When more than - 11 yo of the isoprene units have 
been reacted the reaction products show significant crosslinking. In 
the solid phase, use is madc of the hydrated trimer of glyoxal which is 
incorporated in the rubber on a mill, the reagent then being generated 
in situ (equation 64). Infrared spectra of the glyoxal-rubber reaction 

0 0 

HOHC ’ L H  CHOH 

HOHC / ‘cL’ ‘CHOH -+ 3 CHO + 2 HzO (64) 
I 
CHO 

I 

products indicated the prescnce of ether (9.26 p), carbonyl (5.8 p.) and 
hydroxyl (2.98 p) groups, and these functional groups have been fur- 
ther confirmed by means of various characteristic reactions. 

The addition of chloral (CC1,-CHO) to polyisoprene 299, catalysed 
by AlCl, or BF, , is analogous to the glyoxal reaction shown in equation 
(63a) and results in about 11% of the isoprene units being converted 
to structure 121, as revealed by infrared spectroscopy (vinylidene at  

CH2 
I1 

-CH 2-C-C H-CH 2- 

I 
CHOH-CCI, 

(121) 

11.3 p, hydroxyl at  2.85-3.05 p and chlorine atom at 9.25, 13.7, 16.1 
and 17.5 p.) and by characteristic chemical reactions involving the 
-CHOH-CCI3 side chain. When BF, was used as catalyst, the 
reaction products also showed infrared bands at 9.6 and 13.0 p., sug- 
gestive of concomitant cyclization. 

Chloral reacts also with the isoprene units in butyl rubber and, only 
very slightly, with cZS-I,4-polybutadiene. I n  the latter case, the 
double bonds are not polarized and so do not attack chloral in the 
manner depicted for polyisoprcne (analogue of equation 63a). In- 
stead, there is attachment of -CCi,-CHO units to polybutadiene, 
presumably at a-methylenic sites, indicated by the characteristic 
infrared band at - 5.6 p due to carbonyls. 

Very recently Pautrat and I ~ l a r t e a u ~ ~ ~  have studied the reaction of 
Auoral with cis-polyisoprene. Products having up to loo/, of the 
isoprene units converted to structure 122, were completely soluble, 
viscoelastic and thermally stable to 200°, whereas those having greater 
than 50% attachment were fibrous and relatively insoluble. 

To conclude, mention may be madc nf the hy!mferrr,y!zG=n of 
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CH2 
I 1  

I 
CHOH-CF, 

(1 22) 

diene polymers according to equation (65), which can be carried as 
far as 100% conversion of the C=C units. The chemical and physical 
properties of the resulting polymcrs have been discussed in a recent 
paper301. 

-CHa-C-CH-CHZ- 

I I  

11 
> -c-c- (65) 

\ /  

/ \  
C=C - t C O + H , -  

H CHO 
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1. INTRODUCTION 

I t  has long been known that the cyclopropane ring is, in its physical 
and chemical properties, somewhat analogous to a carbon-carbon 
double bond. This striking beliaviour, atypical of cycloalkanes, has 
attracted the attentior? of many chemists. The purpose of this review 
is to describe those properties of cyclopropane which are similar to 
properties of olefins. This problem has been reviewed before and 
most recently by Lukina3. 

There are three major areas in which we may compare the double 
bond and the cyclopropane ring: 

1. Resonance interaction between a substituent and thc cyclopropyl 

2. Transmission of the resonance effect of a substituent though the 

3. Reactions of cyclopropane derivatives which are analogous to 

The fiisi iivo categories invoive both physicai properties and chemicai 
reactions, whereas the third is concerned only with reactions. Papers 

or vinyl group; 

cyclopropane ring or double bond to a ‘reaction site’; 

reactions of ethylene derivatives. 
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have been included in this review only in so far as they provide evidence 
directly bearing on these topics. Reactions of cyclopropanes which 
are not typical of other cycloalkanes and are also not directly com- 
parable with reactions of the double bond will not be exainincd here. 

A number of abbreviations have been used in this review, that are 
not of widespread use. They are set forth in Table 1. 

TAULE 1 .  Abbreviations used in this chapter 

CY 
Hi 
Ts 
T 
C 
Vi 
1 -Vn 

2-Vn 
2-Pn 
3-Pn 
4-Pn 

cyclo (e.g. cyC3He is cyclopropane) 
halogen atom 
p-toluenesulphonyl 
trans 
cis 
vinvl 
vinylidene (e.g. 1-MeVnC1 is CH2=CCIMe) 

c1 

7’ 
vinylene (e.g. T-2-MeVnCI is Me 
ortho-p henylcnc 
meta-phen ylcne 
para-phenylenc 

11. BONDlNG IN CYCLOPROPANES 

In  order to describe the alkenoic properties of cyclopropanes it is first 
necessary to consider the bonding in these molecules. Bonding in 
cyclopropanes has recently been reviewed by Bernett4. I n  1946 and 
1947 a number of notes appeared in which bonding in cyclopropane 
was discussed. As Bernett 
has pointed out there are now three models available for bonding in. 
cyclopropane : the trigonally-hybridized model, the bent-bond model 
and the molecular-orbital model. 

This early work is reviewed by Lukina3. 

A. The Trigonally-Hybridized Model 

This concept is due to Sugden12, and later, MTalsh14 who con- 
structed a model of cyclopropane in which the carbon atoms are 
hybridized sp2. The Sugden-Walsh model is shown in Figure 1. 
The C-H bond orbitals have not been included in this Figure. In  
Figure 2 the electron distribution of ring-bonding orbitals for the 
Sugden-Walsh model is shown. As can be seen in Figure 1, each 
carbon has an sp2 hybrid orbital directed to the centre of the ring. 
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Figure 1 .  Ring orbitals of the trigonally-hybridizcd model. 

The p orbital on each carbon atom overlaps to form molecular orbitals 
about the perimeter of the ring. The C--H bonds are fcrmed from 
the remaining two sp2 hybrid orbitals on each carbon atom. Thus 
the H-C-H angle will be 120". The C-H bonds will lie in a plane 
normal to the plane of the ring. Assuming that the C-H orbitals 
are localized, and that the molecular orbitals formed from the overlap 
of atomic orbitals on carbon are not localized, the molecular orbitals 
are then given by 

Figure 2. Electron distribution in the occupied orbitals of the trigonally- 
hybridized modcl. 
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where N refers to the sfi2 hybridized atomic orbitals on the carbon 
atom. Overlap of thep orbitals 
on the carbon gives rise to a set of molecular orbitals given by 

Orbitals H2 and H 3  are degenerate. 

Again P2 and P3 are degenerate orbitals. HZ is a bonding orbital 
whereas H2 and H3 are antibonding; P2 and P3 are bonding orbitals 
whereas P1 is antibonding. Thus the orbitals which are filled are 
HI, P2 and P3. The resulting probability pattern is shown in Figure 2. 

Dyatkina and Syrkin l5 have considered a trigonally-hybridized 
cyclopropane model. In  this model it is assumed that each carbon 
atom forms C-H bonds using two of the sp2 hybrid orbitals. The 
ring bonds are constructed from the remaining sp2 hybrid orbital and 
the pure p orbital. The 5p2 hybrid orbitals are combined to form two 
three-centre orbitals, bonding and an antibonding, occupied by four 
electrons. The three p orbitals are combined to give two three-centre 
orbitals lying in the plane of the ring, antibonding and a bonding, of 
which the lower one is occupied. Bespalov16 has carried out Hiickel 
moiecular-orbital calculations for vinylcyclopropane, divinyl cyclo- 
propane and phenylcyclopropane based on the trigonally-hybridized 
model. 

5. The Bent-Bond Model 

Kilpatrick and Spitzer6, assuming that the bond strength is propor- 
tional to the orbital strength in the desired direction, calculated bond 
strengt!! and H-C-H bond angles for various C-C-C bond 
angles. This paper is significant in that it marks the first recognition 
that the electron density in the bond between carbon atoms in the 
cyclopropane ring need not be symmetric with respect to the line 
joining the nuclei. Coulson and M ~ f f i t ~ ~ J ~  extended these ideas, 
basing their approach on the following arguments: (1) compounds 
- . -'li 
w1 ch dz, iiet have tetrahedral valence angles must have hybridization 
which differs from that of compounds with tetrahedral valence angles, 
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(2) the hybridization of the orbitals used to form the H-C bonds in 
cyclopropane must be different fi-om those used to form the C-C 
bonds in the ring. Thus Coulson and Moffit consider the hybridiza- 
tion states of the atomic orbitals in cyclopropane used to form the 
C-C and C-H bonds as variable parameters. Calculatioils were 
then made by the ' valence-bond perfect-pairing approximation ' ; the 
hybridization being varied so as to maximize the bond strength 
(minimize the energy of the system). The resulting model can be 
described in terms of bent bonds, that is bonds in which the electron 
density is not cylindrically symmetric with respect to the line joining 
the bonded nuclei. Ingrahamlg has pointed out that the hybridiza- 
tion states obtained for carbon orbitals forming the C-H and C-C 
bonds in cyclopropane, are s j ~ ~ . ~ ~  and sp 4.12 respechvely. The results 
of bent-bond model calculations by several authors are given in Table 
2. The quantities reported in the Table include the hybridization 

TABLE 2. Bent bond model calculations for cyclopropane 

Hybridization % s character Angles 

1Method C-HC-CC-H c-c e8 ec w 

Valence-bond per- ~ ~ 2 . 2 8  sp4.12 30.5 19.5 116' 104." 22" 
fect-pairing approx- 
imation18*10 

Maximum overlap20 ~ 1 2 . 1 4  sp4.49 3 1 -8 18.2 1 17'48' 102"52' 2 1'26' 
MO with localized 12-14 0-4 102-1 10" 2 1-25" 

orthogonal bent 
hlO, S21 

hfO del Re method sp2 33 2 1'7' 
for detcrmining 
hybridizationz3 

overlapz4 
MO of maximum sp2 s p  33 17 119'38' 

states of the orbitals, the angle between the orbitals used to form the 
C-H bonds (OH), the angle between the orbitals used to form the 
bent bonds in the ring (Bc) and the angle formed by the line join- 
ing the carbon nuclei and the direction of the bent-bond orbital (0, as 
shown in Figure 3. 

Coulson and Goodwin20 introduced the use of the method of 
maximum overlap for the study of cyclopropane bonding. Their 
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Figure 3. Angles involvcd in the bent bond model. 

calculations based on this method agreed with the results they obtained 
previously by the valence-bond approach. Peters 21 obtained the 
cyclopropane structure from localized orthogonal MO’S which were 
constructed from low principal quantum AO’S of the atoms. The 
results are in agreement with Coulson and Moffit in that the C-C 
bonds are extensively bent and their carbon hybrid AO’S contain very 
little 2s character. The C-H bonds resemble those of ethylene. 
Flygare22 has discussed the general question of bent bonds. Veilard 
and del Re23 have applied the del Re procedure for determining 
hybrid orbitals from the overlap matrix to the structure of cyclo- 
propanes. These results are presented in Table 2. 

Randic and M a k ~ i c ~ ~  have used the method of maximum overlap 
in a study of cyclopropane, spiropentane, nortricyclene and 1,l- 
dimethylcyclopropane. The resul ts for cyclopropane are in accord 
with a C-C bond hybridization in the carbon orbitals of about sp5, 
and carbon orbitals in the C-H bond hybridized about sp2. Trinaj- 
stic and Randic 25 have exzmined the hybridization in various methyl- 
substituted cyclopropanes by the method of maximum overlap. Their 
results are: (1) hybridization of the methyl group is unaffected by 
further introduction of methyl groups; (2) hybridization of one ring 
carbon atom does not affect the hybridization of other ring carbon 
atoms; (3) a methyl substituent causes a decrease in the s content of 
the hybrid involved in the substitution, while the remaining hybrids 
a t  the substitution site, which must therefore increase in s content, do 
so by approximately equal amounts. 

Gassman 26 has recently suggested that reactivity in certain cyclo- 
propane derivatives can be accounted for by the concept of twist bent 
bonds (Figure 4), which should be very reactive. 
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Top view Side view 

aD c - c  cr bond 

‘symmetrically 
bent bond 

Figure 4. Appearance of atomic orbitals forming various types of C-C bonds. 

C. The Nloleeular-Orbital Model 

Hoffmann 57 has carried out an extended Hiickel theory calculation 
on cyclopropane. The lowest occupied MO is almost entirely composed 
of carbon 2s orbitals (91% s character). There is very little contri- 
bution from the carbon 2p, and 2py and the hydrogen Is orbitals and 
no contribution from the carbon 2p, orbitals. The next six occupied 
MO’S are almost exclusively associated with the C-H bonds. The two 
highest energy occupied MO’S which constitute a degenerate pair are 
composed almost entirely of carbon Zp, and 2py orbitals in the plane of 
the ring (93% p character). Yonezawa, Shimizu and Kato28 have 
carried out an extended Hiickel calculation on cyclopropane and 
methylcyclopropane. They found that the C-C and C--H bonds 
in cyclopropane have 19-53 and 30-4.9y0 s character respectively. 
Also calculated were energies of the highest occupied and lowest 
vacant energy levels in cyclopropane and methylcyclopropane. 
These results are shown in Table 3. I t  is interesting to note that the 
gap between the highest occupied and lowest vacant levels is the 
smallest for cyclopropane. 

Baird and D e ~ a r ~ ~ ~  have reported SCF MO calculations for cyclo- 
propane and its cts- and irans-1,2-dimethyl derivatives. The charge 
distributions they have found are shown in Figure 5 .  
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H- 0.028 

+ 0.057 V 
H - 0.036 H-0.035 

C+0*223 

C H-0.059 c 
Figure 5. Net charges on atoms in cyclopropane, cis- 1,2-dirncthylcyclopropane 

and tram- 1,2-dirnethylcyclopropanc. 

Hoffmann2' has carried out an extended Hiickel MO calculation for 
protonated cyclopropane. The proton is in the plane of the ring and 
equidistant from the two nearest carbon atoms. An extended 
Hiickel MO calculation for protonated cyclopropane has also been 
reported by Yonezawa, Shimizu and Kato28a, who find that the most 
stable configuration has the proton in the plane of the ring. They 
report that the changes in'total electroriic energy and in charge distri- 
bution caused by protonation of cyclopropane are comparable to those 
caused by protonation of ethylene. 

TABLE 3. Energies of the highest occupied (H.O.) and lowest vacant (L.V.) 
orbitals in cycloalkanes2* 

H.O. (eV) L.V. (eV) Gap (ev) 

3 - 13.052 - 12.6 12 - 4.344 - 4.166 8.708 8446 
4 - 12.658 - 12.400 -0.715 -0.659 11.943 11.741 
5 - 12.741 - 12.626 0.338 -0.101 13.079 12.525 
6 - 12.534 - 12.493 2.085 1.054 14.619 13.547 

~~ 

D. Transformation of Cyclogropane Models 

Bernett4 has shown that it is possible to transform the trigonally- 
hybridized model into the bent-bond model. He has further noted 
that it is possible to transform the bent-bond model into a MO model. 
In  this transformation the three localized orbitals associated with the 
three bent C-C bonds which were formed from a linear combination 
of two sp hybridized orbitals, have been transformed into delocalized 
symmetry orbitals. The three symmetry orbitais which resuit are 
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associated with the plane of the ring; two of them constitute a degener- 
ate pair made c p  almost entirely of the 2px and 21, orbitals (92% p 
character), while the third contains more s character (67% p char- 
acter). Then at  least for the case of cyclopropane itself, it would 
seem that the bent-bond and the trigonally-hybridized model can be 
transformed into a molecular-orbital model. Thus the models must 
lie equivalent and can be conceived of as different interpretations of 
the same total wave function. Nevertheless, it is of interest to con- 
sider which of the models is more useful in describing the behaviour of 
cyclopropancs. 

I t  must be noted however, that Kcmp and Flygare26n have stated 
that the transformation of‘ the trigonally-hybridized model into the 
bent-bond model is valid only on the basis of the assumption that: 

1. AO’S do not overlap with their neighbours; 
2. There are an equal number of electrons in each combining hybrid 

orbital in the trigonally-hybridized model. On the basis of these as- 
sumptions, a linear transformation on the trigonally-hybridized 
orbitals then yields the bent-bond model hybrid orbitals. If the two 
in-ring trigonally hybridized orbitals do not have equal ionic param- 
eters a linear combination will not yield the bent-bond orbitals. 

E. Other Models of Cyclopropane Bonding 

A fourth approach to the bonding in cyclopropanes had been 
proposed by Handler and Anderson29. In this approach it was pro- 
posed that the molecular orbitals uscd to form the ring bonds need not 
be orthogonal to each other. The orbitals used to form the C--H 
bonds were considered to be orthogonal to each other and to the C--C 
orbitals. This proposal has been criticized by Peters21, on the basis 
that certain of the quantities required for a calculation would be diffi- 
cult to estimate, at least at the present time. Jaff629c has considered 
the significance of ‘many centre’ forces in the bonding in cyclo- 
propane. 

F. Calculation of Ring Strain in Cyclopropone 

Kilpatrick and Spitzer calculated the strain in cyclopropane to be 
10 kcal per methylene group. I t  will be recalled that their work is based 
upon the use of hybrids ofs and# orbitals and the assumption that bond 
strength is proportional to orbital strength in the desired direction. 
Bernett4, in an extension of this approach, has calculated the C-C 
bond energy in cyclopropane to be 70.14 kcal/molc. Thus from the 
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value of 78.82 kcal/mole for the C--S bond in ethane, each bond is 
strained by 8-68 kcal/mole corresponding to a total strain energy in 
cyclopropane of 26-04 kcal/mole. The experimental value reported 
is 27.15 k ~ a l / m o l e ~ ~ .  Bernett reports a value of 55.7 kcal/mole for the 
strain energy in spiropentane, the experimental vnlue being 63-1 3 
kcal/mole 30131. Bairt-l and Dewar 29b have calculated a value of 
3 1.0 kcal/mole for the strain energy in cyclopropane ; they also report 
calculations of the strain energies of cis- and tram- 1,2-dimethylcyclo- 
propane. 

I l l .  M O L E C U L A R  GEOMETRY OF CYCLOPROPANE 
DERlVATlVES 

Considerable interest has been evinced over the years in the structure 
of cyclopropane derivatives. The earlier literature has been re- 
viewed by G o l d i ~ h ~ ~ .  It is now possible to describe the electron- 
density distribution in compounds by means of X-ray diffraction studies. 
Fritchie 54 in his X-ray diffraction examination of 2,5-dimethyl-7,7- 
dicyanonorcaradiene has reported that the electron density in the cyclo- 
propane ring is outside of the line joining the nuclei, and therefore 
supports the bent-bond model. The observed electron density cor- 
responds to a bending angle of 20". This is in very good agreement 
with the various results for the bent-bond models reported in section 
1I.C. 

Further support for this evidence comes from the study of Hartman 
and Hirshfeld 55  on cis- 1,2,3-tricyanocylopropane. A detailed analy- 
sis of the electron distribution shows that the residual bonding clectron 
distribution is in good agreement with the bent-bond model. 

The available data on structural determinations have been sum- 
marized in Table 4. The results reported therein are those which are 
believed to represent the best results now available. The values of the 
H-C-H angle reported in Table 4 support a hybridization state for 
the carbon orbitals used in the C-H bonds of approximately sp2 char- 
acter. The values observed for the X-Co,-X angles are also in 
agreement with sp2 character for the orbitals used in forming these 
bonds. 

Two interpretations have been proposed for the variation of C-C 
bond length. I n  one the length is considered to be solely a factor of 
hybridization changes, whereas in the other hybridization and de- 
localization effects are believed to be of comparable magnitude5*. A 
comparison (as made in Table 5) of the ring to substituent bond length 



522 Marvin Chwton 

TABLE 4. Molecular geometry 

Cc 1 ,- C, 2) C-H 
No. Compound Method" length (A) length (A) 

1 

2 
3 
4 

5 

6 

7 

8 
9 

10 
11 
12 

13 
14 
15 
16 

17 

18 

Cyclopropane 

1,1,2,2-Tetrarnethylcyclopropane 
Bicyclopropyl 
Spirocyclopen tane 

Chlorocyclopropane 

1 , 1 -Dichlorocycloprcpane 

3-Methylene-tram- 1,2-cyclopro- 

Cy clopropanecarbohydrazide 
2,3-Dihydro-2,3-methylene- 1,4- 

naphthoquinone 
Cyanocyclopropane 
cis- 1,2,3-Tricyanocyclopropane 
2,5-Dimethyl-7,7-dicyanonorcara- 

Cyclopropane 
Cyclopropanecarboxaldehyde 
Methyl cyclopropyl ketone 
Cyclopropanecarboxylic acid 

6,6-Diphenyl-3,3-diethyl-3-aza- 

panedicarboxj-lic acid 

diene 

chloride 

bicyclo[3,1,0]hcxanc bromide 
monohydrate 

Nortricyclene 

E 
I 
X 
E 
E 

E 
M 

E 
M 

X 

X 
X 

M 
X 
x 
M 
E 
E 
E 

X 

E 

~~ 

1.510 1 *089 
1.524 +- -014 
1.52 & -03b 
1.517 4 -005 1.094 
1.48 * -03 
1-51 +- -04 

1-52 2 -02 
1.513 4 -001 1.105 
1-513 1-08 

1.52 -02 

(C(2)--4(3,) 

1-5 1 5 ( c ~ - - C ( ~ ) )  

1.532 1.085 

1 *49(C,1,-C,,,) 
1-52,1*49,1-48 
1 -496 
1*522(c(z)-c(3)) 
1.513 +- -001 
1.518 

1-501 
1-515 1.087 f -004 
1.507 1.1 15 
1-510 1.126 
1 -505 1.105 

1-107 & -002 

1.554,1*559 

1-52 1 , 1.525,1-5 14 

1.50 

in cyclopropane derivatives with the bond length in corresponding 
alkyl compounds and ethylene or benzene derivatives, should be in- 
dicative of the degree of hybridization in the orbitals used to form the 
carbon to substituent bond. When several bond lengths were avail- 
able, as was the case for the C--H bond, those believed to be most 
reliable were chosen. The results show clearly that the hybridization 
state for the carbon orbital involved in the formation of the bond to 
the substituent, must be between sp3 and spa and probably is closer to 
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of cyclopropanes 
~~ ~~~ ~~~~~ 

C-X 
length A (CCX'"' (HCH'"' (CX1X"O' Ref. 

115.1 33,cf. 34-38 
120 37 

1.517 & -01 115.2 1-5 117.3 f 1.5 115.2 f 1.5 41 
120 +. 8 42 

1.52 C -03 114 k 6 43 

1.76 f -02 
1-778 
1.740 

44 

47 
114.6 2 3 120.89 -02 45,46 

1-76 -02 
1.734 

112 * 4 44 
117.6 1 14.6 48 

1 -48 115.1 18 49 
1-50(C,2,-C,3,) 115J117 
1 -48 118 50 

51 1483 116.7, 118.3 

1.472 
1 -449 
1-436= 1 17.5, 118' 
1.475d 

114.6 & 1 119.6 f -5 45 
55 

1 15.2 54 

I 14.7 56 
52 
53 
53 111 k 2-5 

1-499, 1.50 121.2, 114.4 
1.507 

113-0 57 

1-59 57a 

E, electron diffraction; I ,  infrarcd spectroscopy; X, X-ray diRiaction; M, microwave 

Average for all C C .  
C - C N .  
C - k C .  

spectroscopy. 

sp2 hybridization. Then overall, the Literature on the molecular 
structure of cyclopropace derivatives is in good agreement with the 
models for the bonding in cyclopropane reported in section IT. The 
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TABLE 5. Comparison of C-X bond lengths (A) in similarly substitutcd 
alkanes, cyclopropanes and alkcncs 

X 
Cpd. 

Compound C-X“ No.* C-X Compound C-X” 

H propancC 1 *096 

Me methylpropane 1.540 
c1 2-chloropropane 1.775 f. -02 

c1 ?,2-dichloro- 1.776 a02 
propane 

CHO mcthylpropanal” 1.528 (avg) 
COR cycloheranone ! -54 
COIH pentanok acid“ 1-53 

CONHNHz dodecanoic acid 1-49 
h ydrazide 

COCl chloroacetyl 1.5‘2 +_ -04 
chloride 

pyruvatef 
co C’P2 sodium 1.518 

C N  t-butylcyanide 1.46 

Vi propene 1 -488 

Ph  toluene 1.51 & -02 

1 1.089 ethylene 1.084 
3 1.094 1 -086 
5 1-08 
6 1.085 

13 1.087 
2 1.52 propene 1.488 
5 1-76, chloroethyl- 1.72, 1-74 

1.74 ene 
6 1.76 1,l-di- 1.727, 

1.74 chloro- 1.710, 
ethylene 1.707 

14 1-507 acraldehydc 1.45 
15 1.510 
7 1-48 acrylic acid 1-44 +- 
8 1.48 benzamidc 1.48 

-03 

16 1-506 acryloyl 1-44. & 
chloride -03 

9 1.483 1,4-benzo- 1-49 +- -04 
quinone 

10 1.472 acrylonitrile 1.426 
11 1.449 
12 1.436 

12 1.475 1,3-buta- 1.483 & 
diene -01 

17 1.499 2-bromo- 1.499 
1,l-di- 
(4’-tolyI)- 
ethylene 

Inferatomic Disfonces, Interatomic Distances Sujfilcmenf, Spccial Publications No. 1 1  and NO. 18, 
The Chemical Society, London, 1958 and 1965. 

* Numbcrs rcfcr to Table 4. 
D. R. Lide Jr., J .  Chem. Pltyys., 33, 1514 (1960). 
L. S. Barwll nnd J. P. Guillory, f. Chem. Phys., 43, 654 (1965). 
R.  F. Scheucrrnan and K. L. Sass, Acfa Cyrfofbg., 15, 1244 (1962). 

J S. S. Tarale, L. hl. Pant and H. B. Biswas, A c f a  Crysfallog., 14, 1281 (1961). 

X-ray diffraction studies on ci.s-1,2,3-tricyanocyclopropane 55 and 2,5- 
dimethyl-7,7-dicyanononorcaradiene 54 provide strong support for the 
bent-bond mociei. As aii t h e e  models are in agreement with the 
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remaining structural evidence, it may be concluded that the bent- 
bond model provides the best interpretation of the molecular struc- 
ture of cyclopropanes. 

IV. CONFORMATION IN SUBSTITUTED CYCLOPROPANES 

The existence of preferred conformations in n-electron systems bearing 
n-electron or lone-pair substituents, has been known for same time 59. 

Unfortunately no comprehensive review of this type of conformational 
equilibrium exists. That analogous conformational preference is to 
be expected in substituted cyclopropanes is an obvious consequence of 
the trigmally-hydridized model. As Bernett has pointed out the sp 
orbitals used to form the ring bonds in the most recent bent-bond model 
of cyclopropane (Section 1I.B) arc capable of overlap with appro- 
priately oriented adjacent p orbitals. The extent of overlap between 
the sp5 ring orbitals and an adjacent p orbital will not be as great, 
however, as that between two adjacent p orbitals which are parallel. 
Thus, while both the trigonally-hybridized and bent-bond models 
predict the existence of preferred conformations, the interaction should 
be greater from the trigonally-hybridized model than from the bent- 
bond model. A considerable number of reports concerning the con- 
formation of cyclopropyl derivatives in which the ring is conjugated 
with a .n-bonded substituent (such as Ph, Vi or -C=O), have ap- 
peared in the literature. All of the available conformational studies 
on cyclopropane derivatives are summed in Table 6. A number of 
authors have reported values of AH for the conformational equilibrium, 
other authors have reported values of AE, the energy difference be- 
tween lower-energy and higher-energy conformations. These values 
are also reported in Table 6. 

Vinylcyclopropane may exist in three possible conformations; the 
s-irans (l), the +cis (2) and the gauche (3). The preferred conforma- 

(1) (2) (3) 

tion generally is the s-tram. Steric effects may cause the s-ck or gauche 
conformations to be preferred. Thus Ketley, Berlin and Fisher 64 

have proposed that 1 -aryl- 1 -cyclopropylpropencs, in which the cyclo- 
propyl and methyl groups are trans (4) exist preferentially in a bi- 
scctcd s-cis conformation, whereas the corrcsponding compounds in 
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Table 6. Conformation in substituted cyclopropanes 

Conformation" 
Low High Hor  E b  

Compound energy energy (kcal/mole) Method= Ref. 

Vinylcyclopropane t 
t 
t 

tram- 1,2-Dicyclopropyl- G,C or t,t 

(liquid) c,c or t,t 
ethylene (solid) 

franr- 1 -1socyanato-2- t 
vinylcyclopropane 

trani- 1-Carbomethoxy- f 
2-vinylcyclopropane 

trans- 1 -Cyclopropyl- 1 - c 
(substituted pheny1)- 
propene 

cis-I-Cyclopropyl-1- g 
(substituted pheny1)- 
propene 

Phenylcyclopropane b 
b 

4-Chlorophenylcyclo- b 

4-Methylphenyl- b 

4-Methosyphenyl- b 

l-Phcnyl-2,2-dimethyl- g 

propane 

cyclopropane 

cyclopropane 

cyclopropane 
Bicyclopropyl 1 

$(W 
1,l'-Dimethylbicyclo- f 

Cyclopropanecarbox- c(55 & 10) 
aldehyde c80 f 70") 

Methyl Cyclopropyl c(80 f 15) 

Cyclopropanecarboxylic c (85 f 15) 

Cyclopropanecarbo- G 

2,3-Methylenecyclopro- G,G 

P'3PY1 

ketone c(70) 

acid chloride 

hydrazide 

pane dicarboxylic 
acid (Feist's acid) 

cyclopropane 
trans-I-Acetyl-2-methyl c(70) 

g(and c ? )  6 6  - -93 N.m.r. 60 
1.1 -2 N.m.r. 6i 

E 62 
1.r 61 

1.r. 61 
-6 N.ni.r. 63 

-7 N.m.r. 53 

N.m.r. 64 

N.m.r. 64 

E 65 
1.4 67 

N.m.r. 67 

N.m.r. 67 

N.m.r. 67 

N.m.r. 68 

I.r,R 69 

Ix,R 69 
- -Z 0.5 E 40,4 1 

E 63a,52 
1 to 1.5 N.m.r. 69a 

E 53 
N.m.r. 70a 

15) 

15) E 53 

X 50 

x 49 

N.m.r. 70a 
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T A ~ L E  6. (continued) 

52 7 

Conformation" 
Low High H or ED 

Compound cnergy energy (kal/r.iole) MethodC Ref. 

1-Acetyl-2,2-dimethyl- c(70) 

I-Acetyl-1-mcthylcyclo- c(50)  

trans- 1-Acetyl-2-iso- c(70) 

cyclopropane 

propane 

propylcyclopropane 

Du tylcyclopropane 

bicycl0[4.1-0] heptane 

bicyclo[3- 1 .O] hexane 

heptanc 

phenylcyclopropane 

cyclopropane 
Methyl-2,2,3,3-tetra- g 

mc thylcyclopropane 
carboxylate 

9-Cyclopropylanthra- s 
cene radical anion 

9-Cyclopropylanthia- b 
cene radical cation 

1,4-Dicyclopropylnaph- s 
thalene radical anion 

Dimethylcyclopropyl- b 
methylcarbonium ion 

Dicyclopropylmethyl f , t  

Tricyclopropylmethyl t,t,t 

Tris (4-cyclopropyl- b 

trans- 1 -Acetyl-2-n- c (70) 

7-Acetyl-7-me thyl- c (65) 

6-Acetyl-6-methyl- c (62) 

I-Acetylbicyclo[4~1~0]- c(55) 

trans- l-Acetyl-2~- c (  100) 

l-Acetyl- l-phenyl- t(100) 

carbonium ion 

carbonium ion 

phenyl) me thyl 
carbonium ion 

N.m.r. 70a 

N.m.r. 70a 

1.r. 70b 

N.m.r. 70a 

N.m.r. 70a 

N.m.r. 70a 

N.m.r. 70a 

1.r. 70b 

1.r. 706 

N.m.r. 70 

-9 E.s.r. 71 

1.0 E.s.r. 71 

-9 E.s.r. 71 

N.m.r. 73,734 

Other 74a 
N.m.r. 74 

74 

N.m.r. 74 

N.m.r. 76 

" t = s-frans; c = s-cis; g = gauche; b = bisected; s = symmetrical; 'L '  = 's-frans like'. 

b H valucs are in italics. 
C N.m.r. = Nuclear magnetic resonance; E.s.r. = electron spin resonance; 1.r. = infrared 

Percents arc given in parentheses when available. 

spectroscopy; R = Raman spectroscopy; E = clectron diffraction; X = X-ray diffraction. 
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which the cyclopropyl and methyl groups are cis (5) exist in a gauche 
conformation. These conformations are said to be in accord with 

LMe 
n T 

XPn Me XPn H 
(4) (8). 

long-range coupling constants in the n.m.r. spectrum. Results for a 
range of carbonyl compounds including formyl, acyl, carboxamido, 
carboxyl, alkoxycarbonyl and halocarbonyl groups show that in 
general the s-cZS conformation is preferred, although in some cases 
steric effects may be responsible for a preference for the s-tram or 
gauche conformations. This is apparently the case in methyl 2,2,3,3- 
tetramethylcyclopropane carboxylate which prefers the gauche con- 
formation and in 1-acetyl- 1-phenylcyclopropane which pxefers the 
s-trans conformation. 

Aromatic rings bonded to the cyclopropane ring are considered to 
exist in three possible conformations; a bisected (6a) form, in which the 
plane of the aromatic ring bisects the cyclopropane ring, a symmetric 
conformation (6b) in which the aromatic ring has been rotated through 
90" from its position in the bisected conformation, and a gauche 

Top view 
(W 

conformation, in which the aromatic ring has been rotated between 
0" and 90" from its position in the bisected conformation. The bi- 
sected conformation is generally preferred. Again, steric effects may 
cause a preference for the symmetric or gauche conformations. Thus, 
1-phenyl-2,2-dimethylcyclopropane prefers the gauche conformation. 
The preference of the 9-cyclopropylanthracene and 1,4-dicyclopropyl- 
naphthalene radical anions for the symmetric conforniation may be due 
a t  least in part to steric effects. The preference of the 9-cyclopropyl- 
anthracene cation for a bisected conformation may be accounted for 
in terms of resonance stabilization by the cyclopropyl groups (an ef- 
fective electron donor by resonance, see section VII1.A) outweighing 
the steric erect. 

While it is not possible on the basis of the available information to 
come to a definitive conclusion, the results obtained for bicyclopropyl 
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suggest that the energy diITerence between the preferred and higher- 
energy conformations is considerably smaller than that between the 
s-trans and s-cis conformations of 1,3-butadiene. This result would 
suggest that the bent-bond model for thc bonding in cyclopropane is 
to be preferred to the trigonally-hybridized model. This argument is 
supported by the magnitude of the energy difference between confor- 
mations in vinylcyclopropane and in substituted vinylcyclopropanes 
(see Table 6). These energy differences, while apparently larger than 
those observed between conformations in bicyclopropyl, are never- 
theless smaller than that which is observed in butadiene. 

The question of the conformation in cyclopropyl carbonium ions 
has received considerable attention. Dialkyl cyclopropyl carbonium 
ions may exist in a bisected (7) ,  symmetric (8) and gauche conforma- 
tions, analogous to those for phenylcyclopropane. The bisected con- 

formation seems to be preferred. Dicyclopropyl and tricyclopropyl 
carttonium ions may exist in s-trans, s-cis and gauche conformations. 
The preferred s-trans conformations are shown ( 9 , l O ) .  

Top views 

(9) (10) 

These results are in accord with the extended Huckel MO calculation 
made by Hoffmaiin 27, who found that a bisected conformation should 
be preferred for the cyclopropyl carbonium ion. I n  a later paper, 
I-Ioffmann used the extended Huckel MO method to predict an energy 
minimum for the bisected conformations of cyclopropanecarboxalde- 
h ~ d e ~ ~ .  

The conformational preference of the cyclopropyl group in semi- 
diones has been studied by means of e.s.r. spectra72. The results 
show the presence of a single conformation or of a time averaged pair 
of enantiomeric conformations. 

16 + C.AZ 



530 Marvin Charton 

Evidence has been presented for a solvent dependence of the con- 
formational equilibrium in the case of cyclopropanecarboxalde- 

V. IONIZATION POTENTIALS A N D  SPECTRAL PROPERTIES 
OF CYCLOPROPAME DERIVATIVES 

A. Ionization Potentials 

The first report of an ionization potenlial for cyclopropane is that 
of Field77, using the electron-impact method. In  a later work Field, 
again using this method, examined the ionization potentials of methyl 
cyclopropane, chlorocyclopropane, and 1 , 1 -dichlorocyclopropane78. 
Pottie, Harrison and Lossing 79 carried out a determination of ionization 
potentials of cycloalkanes by the electron-impact method. They 
noted that the value obtained for cyclopropane is closer to that of 
ethylene than to that of propane. The available ionization potentials 
for cyclopropane and its derivatives are collected in Table 7. In 

TABLE 7. Ionization potentials of 
substituted cyclopropanes 

Substituent I(eV) Mctliod" Ref. 

None 10.23 
10.53 
10.06 
9.96 

Me 9.88 
9.52 

C1 10.10 
1,1 -C1, 10.30 
CN 11.2 

E.i. 77 
E.i. 79 
P 80 
P.S. 82 
E.i. 78 
P.s. 82 
E.i. 78 
E.i. 78 
E.i. 81 

a E.i.  = clcctron impact; P = photoioniza- 

Higher ionization potentials were also 
tion; P.s. = photoelectron spcctroscopy. 

determined. 

Table 8 a comparison is made of ionization potentials for cyclopropane 
and its derivatives with those of corresponding isopropyl, propyl, vinyl 
and phenyl derivatives. Unfortunately, it is impossible to make a 
comparison with other cyclcakane derivatives zs there seems to be a 
paucity of data on these compounds in the literature. 
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TABLE 8. Comparison of ionization potentials 

X Y 1 ,l-cyC,H,XY" I-PrXO' PrX8' ViX81 PhX81 

H H 10.23 11-07 11-07 10.51 9-56 
c1 H '  10.10 10.78 10.82 10*00 9.60 
Me H 9.88 10-56 10.63 9-73 9.18 
CN €3 11.2 1 1.67 lG.9 1 10.09 
c1 c1 10.30 

" From table 7. 

The electron-impact ionization potentials of cyclopropane and its 
methyl, chloro and cyano derivatives have been correlated with the 
extended Hammett equation 83 

Qx = a01.x + rB0R.x + h (1) 

A statistically significant correlation was obtained. The values of 
a and /3 are set forth in Table 9, as are the values of a and /3 for cor- 
relations of the ionization potentials of ethylene and benzene deriva- 
tives. The results show that the ionization potentials of substituted 

TABLE 9. Values of a, /I and E for the 
correlation of ionization potentials of 

GX with equation (1) 

G a B & Ref. 

CYCBH, 1.19 2.95 2.47 84 
Vi 1.32 2.51 1-90 85 
Ph 1 -04 1.50 1-44. 85 

cyclopropanes behave in a manner analogous to those of substituted 
ethylenes and substituted benzenes. They establish the importance 
of the resonance effect of the substituent on the ionization potential. 
This is further bcrne out by a comparison of the values of the para- 
meter e for the cyclopropyl, vinyl and phenyl derivatives, where E is 
defined as 

rB & = -  
CL 
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Electrical substituent effects may be resolved into contributions from 
a,, the localized (field and inductive) and o,, the delocalized (reson- 
ance) effects. E ,  the ratio of /3 to cc (the coefficients of uR and oI in 
equation 1) is a convenient parameter for describing the composition 
of the substitueiit effect. The  values c.f E in Table 9 show that the re- 
sonance effect of a substituent on the ionization potential of a substit- 
uted cyclopropane is comparable to its effect on the ionization potential 
of a substituent in a substituted ethylene or  benzene. 

B. Ultraviolet Spectra 

The ultraviolet spectra of cyclopropane derivatives have been re- 
viewed by Petee6. As early as 1918, Carr and Burte7 reported that the 
ultraviolet spectra of a series of derivatives of benzoyl and anisoyl cyclo- 
propanes resemble those of the corresponding compounds with con- 
jugated double bonds. Klotz examined the ultraviolet spectra of 
steroids and terpencs containing cyclopropane rings adjacenc to double 
bonds or carbonyl grodps. H e  observed that these spectra were 
indicative of conjugation effects. Rogers has compared the spectra 
of ethylbenzene, phenylcyclopropane and styrene (Table 10). These 

TABLE 10. U.V. spectra of substituted 
benzenes (PhX)se 

x ,I~,,= 10-3& 10-3& 

cyC3HS 220 8.4 274 o m  
Et 206 32.0 259 0.17 
Vi 245.5 16.0 290.4 0.55 

result show that the cyclopropyl group exerts a bathochromi- effect 
on the absorption between that of the ethyl and vinyl groups89. 
Robertson, Music and Matson have examined the ultraviolet spectra 
of ethylbenzene, cycloalkyl benzenes and styrene. They have defined 
spectroscopic bond orders by means of the expression 

1 + V B  - V X  SBOx = 
'B - vS 

\vhcre vB, us and vx are the frequencies of the 00 bands for benzene, 
siyr-ene a d  FIX (Table 11). They iridicate a behaviour for the 
cyclopropyl group which is again intermediirte between that for alkyl 
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T A ~ L E  1 1 .  Spectroscopic bond ordcrs (SBO) of 
substituted bcnzcnes ( PhS)eo 
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X Spectroscopic Bond Order 

Et 1.17 
Me 1-18 
CYC3H5 1 -67 
Vi 2-00 

groups and that for the vinyl group. Music and Matsongl were able 
to calculate the spectrum of phenylcyclopropane by means of ~o theory 
on the basis of the trigonally-hybridized model of Sugden and Walsh. 
The effect ofpara substituents upon the 'primary' ( l A l :  - lBlU) for- 
bidden transition in benzene has been studied by Strait and his co- 
workersg2. 

The existence of conformations such as s-tk, s-trans and bisected 
indicates that the degree of overlap between the cyclopropane ring and 
an adjacent double bond or lone pair will be dependent on the geo- 
metry of the molecule, and may therefore be expected to have an 
effect on the nature of the ultraviolet spectrum. This point was first 
noted by Music and Matsono' who used a bisected conformation of 
phenylcyclopropane in their MO calculation of its U.V. spectrum. It 
was also suggested by Cromwell and Hudsong3 that a preferred geo- 
metry is required for maximal effect of the cyclopropyl group on the 
ultraviolet spectrum. The importance of molecular geometry on the 
ultraviolet spectrum of phenylcyclopropanes has been investigated by 
Goodman and Eastman 94 who studied phenylcyclopropane and 
compounds 11, 12 and 13. They found that the spectra of all four 
compounds are very similar and report that the results are explicable 
on the postulate that the cyclopropane ring is a source of high electron 

Their results are presented in Table 12. 

TAULE 12. 'Primary' (]Alg - IBlu) transition in 1,4-disubstituted benzenes 
(4-XPnY)ea 

- ~~ 

CYC3H5 220 8.4 225 7.5 280 11.0 
Me 206 3.2 223 7.7 264 10.4 
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density, whose polarizability is devoid of stereochemical bias. For 
this to be the case, the localized electrical effect ('inductive' or field 
effect) of the cyc!opropyl group would have to be considerably more 
electron donor in character than that of an ordinary alkyl group. It 
will be pointed out later that in fact, as measured by the uI constants, 
the cyclopropyl group has about the same electron donor effect as 
alkyl groups. It i:i difficult to account for the observed behaviour of 
compounds 11, 12, and 13. Bernett4 has suggested that, at least in 
part, the results may be explaiaed in terms of the variation of overlap 
between ap orbital and the cyclopropane ring if the bent-bond model 
is used. While in the case of the bent-bond model, maximum overlap 
will result when the bisected conformation is attained, rotation of the 
plane of the cyclopropyl group will result in decreasing overlap of oce 
of the sp ring orbitals with the p orbital, with increasing overlap of the 
other sp6 orbital with the p orbital. Then this suggests that the mag- 
nitude of overlap between an adjacent p orbital and the cyclopropane 
ring should not only be smaller than that observed between two p 
orbitals, but should also be less sensitive to the dihedral angle (Figure 
6 ) .  PeteEe, in lzis review, has noted that there is a definite dependence 
in the spectra ofvinylcyclopropanes upon the dihedral angle (the angle 
made by the plane of the cyclopropane ring with the plane of the 
double bond). The bisected conformation has a dihedral angle of 
90". The spectrum of tricycl0[2.2-2.O~-~]oct-7-ene (14) shows a 
bathochromic shift of 23mp with respcct to cyclohexeneQ5. In  this 
compound, of course, the dihedral angle is 90". Many other examp!es 
are cited by Pete, who gives the value 16 mp to the effect of the cyclo- 
propyl group on a double bond for a dihedral angle of 90"; 121rip for 

p orbital 

bisected 
or s-cis 
or s- trans 
conformation 

gauche 
conformation 

symmetric 
conformation 

Figurc 6. Overlap of and sp6 orbitals. 
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109" and 6mp for 115". Perhaps the results obtained by Goodman 
and Eastman9* can be explained, at  least in part, by steric effects. 
Stuart-Briegleb models suggest that the spiro compound 11, which 
would otherwise be expected to exhibit a dihedral angle 90" and there- 
fore the greatest bathochromic effect of the cyclopropyl group, may 
show some steric strain. 

The effect of a cyclopropyl group on the ultraviolet spectrum of an 
alkene is shown in Table 13 where Amax and molar extinction co- 

TABLE 13. Effect of the cyclopropyl group on the U.V. spectrum 
of cyclohcxenc in ethanolae 

~ ~ 

Cyclohcxene 1,3-Cyclohexadiene Bicyclo[4.1 *O]hept-2-enc 

Anax 190 257 
10-3& 7.25 a 

222 
5 

efficients OF cyclohexene, 1,3-cyclohexadiene and bicyclo[4.1-0]hept- 
2-ene are compared. The maximum for the compound containing 
the cyclopropane ring is about half way between that of cyclohexene 
and that of the diene. 

(11) (12) (13) (14) 

A sharp band in the ultraviolet spectrum of allenic cyclopropanes 
has been observed at 203-4mp (e 2400), ascribed to conjugation of 
welectrons with the cyclopropane rings8, as shown in Figure 7. I t  has 
been reported 97 that 2-cyclopropylpyridine absorbs a wavelength in 
between those of 2-propylpyridine and 2-vinylpyridine. I t  has since 

Figure 7. Ovcr~lap i i i  cyclopropyiaiienc. 
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been shown 98 that the sample of 2-cyclopropylpyridine studied might 
not have been pure. In contrast with 4-phenylpyridine, the ultraviolct 
spectra of 4-cyclopropylpyridine dissolved in 0.1 N NaOH solution 
shows no significant difference from those of 4-picoline or 4-benzyl- 
pyridine. However, the 4-cyclopropylpyridinium cation shows a 
considerably enhanced intensity of absorption although there is little 
difference in the position of the peakg8. The spectral results obtained 
for derivatives of cyclopropylpyridine substituted in the cyclopropane 
ring, are considered to be evidence for conjugation between the cyclo- 
propane ring and the pyridine ring. 

Considerable attention has been devoted to cyclopropane deriva- 
tives in which a carbonyl group is bonded to the cyclopropane ring87-89 : 
phenyl and styryl cycloalkyl ketones have been studied 99. Eastman 
has proposed on the basis of the study of compounds 15 and 16 and the 
semi-carbazone of 16, that 

iPr + 0 

(15) 

the cyclopropane ring cannot transmit the 

Me,C-CH 

Me Me 

‘conjugation effects of contiguous unsaturated groups’ Mohr- 
bacher and Cromwell lo2 have studied the spectra of 1-phenyl-2-sub- 
stituted cyclopropanes where the 2-substituent is a benzoyl, 4-phenyl- 
benzoyl, carboxyl or 4-nitrobenzylcarboxylate group. They found 
evidence for interaction between the benzene ring and the carbonyl 
group. Thus rhey claim transmission of a resonance effect by the 
cyclopropane ring. The ultraviolet spectrum of compound 17 has 
been interpreted as being indicative of transmission of the resonance 
effect through the cyclopropane ring lo3. Perold lo4-Io6 has studied 
the ultraviolet absorption spectra of 2-arylcyclopropanecarboxylic 
acids, amides and esters. He finds that conjugation of the benzene 
and cyclopropane rings occurs in the absence of steric hindrance. 
Cannon, Santilli and Shenian lo7 find that the ultraviolet spectrum of 
1-acetyl-2-methylcyclopropane is indicative of conjugation of the 
methyl and acetyl groups via the cyclopropane ring. The n -+ T* 

transition in cyclopropyl ketones has been studied by a number of 
authors89*108-110. The effect of the cyclopropyl group on this 
transition seems to be comparable to that ofan aikyl group, in so far as 
the position of the absorption is concerned. The intensities of the 
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absorption in the cyclopropyl ketoiics are generally closer to those 
observed for the vinyl ketones than to those observed for the alkyl 
ketones. 

The importance of mo!ecular geometry in determining the effect of 
the cyclopropyl group on the ultraviolet spectrum of a cyclopropyl 
ketone, was noted by Kosower and Ito'l' in their study of compounds 
18 and 19. Dauben and Berezin112 have examined an extensive scries 
of compounds of this type. Pete has reviewed the importance of the 
dihedral angle between the carbonyl and cyclopropyl groups on cyclo- 
propyl ketone absorption spectra86. Of particular interest is the study 
by Lorenc and coworkers113 of the absorption spectra of compounds 
20-23. In these rigid molecules, the cyclopropyl group possesses a 
favourable conformation for overlap with the carbonyl group and the 
double bond. The results suggest the existence o ta  conjugated system 
with the cyclopropane ring in the centre. The spectra of cyclopropyl 
ketone 2,4-dinitrophenylhydrazones is indicative of conjugation be- 
tween the cyclopropane ring and the carbon-nitrogen double bond114* 
'I5. Reports have appeared of conjugation between the cyclopropane 

0 
II 

ring and a cyano group based on the U.V. s p e c t r ~ m ~ ~ * ~ ~ ~ .  Cannon 
and coworkers107 were not able, however, to find any evidence for 
conjugation of methyl and cyano groups in appropriately substituted 
cyclopropanes. In a study of the ultraviolet spectra of the anions of 
nitroalkenes and nitrocycloalkanes, Williams and coworkers llci 

observed a bathochromic shift in the case of cyclopropyl groups, 
attributed to conjugation. The far ultraviolet spectrum of chloro- 
cyclopropane has been reported to show conjugation betwcen the 
chlorine and the cyclopropane ring ll'. Skattebol 1 1 8  has interpreted 
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the effect of methyl groups on the U.V. spectra of geminal dibromocyclo- 
propanes as evidence for the ability of the cyclopropane ring to trans- 
mit resonance effects. Deno and coworkers11e have studied the 
effect of the cyclopropyl group on the ultraviolet spectrum of car- 
boniuni ions of types 24 and 25. Their results are shown in Table 14. 

TABLE 14. Carbonium ion U.V. spectralla 

34 Me 
Me 
M e  
Ph 

Me 
Me 
Me 

25 CYC3H6 

CYC,H, 
Me 
Ph 
Ph 

cyC,H, 
Me 
Ph 

CYC3H.5 

309 78 
275 11 
378 23.5 
446 17.4 
364 33 

56 
314 9.1 
41 1 44.8 

M e  Me 

X1 -0-0 (24) X2 X' (25) X2 

Smith and RogierlZ0 find no evidence for conjugation in trans-1- 
cyclopropyl-2-phenylcyclopropane above that extant in phenylcyclo- 
propane. 

The results of these investigations of the ultraviolet spectra of cyclo- 
propane derivatives lead to several generalizations. One, that con- 
jugation between the cyclopropane ring and a rr-bonded substituent 
or lone-pair substituent generally occurs. Two, the cyclopropane 
ring appears to be capable of transmitting the resonance effect of a 
substituent. Three, in accord with the discussion in Section IV, the 
dihedral angle between the cyclopropane ring and a double bond or 
benzene ring is of considerable importance in determining the effect 
of the cyclopropane ring on the ultraviolet spectrum of the compound. 

&. Near Infrared, Infrared and Raman Spectra 

The near infrared spectra of a number of cyclopropane derivatives 
were reported by Gassman lZ1 who observed a correlation between the 
position of the maximum and the Taft u* constants. The correlation 
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of this data with the Hammett equation122 using ul, a,,, and ap con- 
stants was carried out by C h a l - t ~ n ' ~ ~  who reported that the best 
results were obtained with up. On the basis of additional data, 
Gassman and Zala~- '~* found that a better correlation could be ob- 
tained with a*. They further concluded, on the basis of substituent 
effects upon the near infrared spectra, that the cyclopropyl group may 
function either as an electron donor or as an electron acceptor. The 
data reported by Gassman and Zalar have been correlated with the 
extended Hammett equation (equation 1, Section V.A). The results 
of the correlation of the data for the substituted cyclopropanes show no 
significant dependence upon (iR when the amino substituent is included 
in the set; when, however, this substituent is excluded from the set, 
a significant dependence upon the 0, constants is in fact observed, with 
c = 0.80 (equation 2, section V.A). The value of E observed for up 
constants is 1.0. Analogous results are obtained when the data 
reported by Gassman and Zalar for trans 1-substituted 2-phenylcyclo- 
propanes are correlatcd with equation (1). Inclusion of the amino 
compound in the set again results in no dependence on o,, whereas 
on exclusion of thc amino compound a definite dependence on uR 
is patent. I t  is noteworthy that best correlation is obtained in those 
sets from which the amino substituent has been excluded. Thus the 
nature of substituent effects on the first overtone of the fundamental 
C-H stretching vibration in substituted cyclopropanes remains an 
open question. 

Considerable effort has been expended on the infrared spectra of 
substituted cyclopropanes. Linnett126 has noted that the C-H 
stretching frequency in cyciopropane is similar to that in ethylene and 
the stretching force constant of 5-0 x lo5  dynelcm is close to that 
found in ethylene (Table 15). Values of the C-H and C-C 
force constants have been reported by Wiberg and Nist128. These 
authors have also reported results on the C-H stretching and ring- 
breathing frequencies of the cycloalkanes (Table 16). The absorption 
intensities of the OH frequency in substituted carbinols have been 
studied by Brown, Sandri and Hart129 (Table 17). The carbonyl 
stretching frequency of cyclopropyl ketones and the cyano stretching 
frequency in cyanocyclopropanes have been studied Io7. The cyclo- 
propyl group decreases the carbonyl stretching frequency (see Table 
18). The results suggest conjugation hetween the cyciopropane ring 
and the carbonyl group. The infrared spectra of a number of trans 
1-substituted 2-phenylcyclopropanes have been reported by Mohr- 
bacher and Cromwel1102. The cysul8 are believed tc indicate 
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TAULE 15. Variation of C-H force constant K with hybridization at  the 
carbon atom 

Hybridization 10 -GKc - n 10 -6Kc - c 
Species a t  C (dynelcm) Rcf. (dync/cm) Ref. 

P 4.09 127 
sl' 4-79 127 
SP 5.1 127,128 - sp2 5.0 126 4.2 7 128 
SP 5.85 127 

4.5 128 4.2 1 128 
SP 4.6 128 
3P3 4.6 128 4.00 128 

TABLE 16. 1.r. spectra of cycloalkanes 

A; or Al ,  A; or A; or A, ,  
Ring CH stretching CH stretching ring-breathing 
Size (cm-I) (cm-l) (cm-') 

3009 
2870 
2868 
2853 

3103 
2896 
2965 
2960 

1188 
1003 
886 
802 

TABLE 17. Intensities of the OH 
frequency in X1X2X3COH 

Me Me M C  0.33 
Et Et  Et 0.25 
i-Pr i-Pr i-Pr 0.22 
i-l'r i-Pr CYC~H, 0.28 
i-Pr C Y C ~ H ~  C Y C ~ H ~  0.33 
cyC3H5 CYC~HF, CYC~H,  0.37 
Vi 13 H 0.48 
H H H 0.45 

j intcnsitics in units 10' ]/mole cma. 
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TABLE 18. Carbonyl and cyano stretching frcquencics in 
compounds X Y  

x Y = AC BZ COZEt GN 

Me 
Et 1720 
Pr 1720 
Vi 1684 
1 -McVn 
T-2-MeVn 1676 
cyC3H5 I704 

2-MecyC3H, 1699 
I-MccYC~H, 

1 ,2,2-Me,cyC3Hz 

1691 
1738 
1738 
1728 2230 

2230 
1722 2223 

1673 1730 224.5 
1680 1725 
1675 1728 2245 
1696 1722 2234 

conjugation of the benzene ring and substituent through the cyclopro- 
pane ring. Smith and Rogier 120 have examined the infrared spectrum 
of 2-phenylbicyclopropyl. They find that as was the case for the ultra- 
violet absorption spectrum, there is no evidence of conjugation in this 
molecule above that exhibited by phenylcyclopropane. The infrared 
spectra of silyl derivatives of 1,l -dichlorocyclopropane have been 
interpreted as indicating the absence of resonance effects involving the 
d orbitah on the silicon atom and the cyclopropane ring. It is sug- 
gested that the silyl group has a purely localized effect. Gray and 
Kraus 98 have reported the infrared carbonyl stretching frequencies 
of carbalkoxy-substituted cyclopropanes bearing pyridyl substituents. 
They suggest that the frequencies obtained were indicative of con- 
jugation between the cyclopropane ring and the carbonyl group. 

The available studies of infrared absorption spectra of substituted 
cyclopropanes provide support for conjugation involving the cyclo- 
propane ring and adjacent --electron substituents such as a double 
bond, a carbonyl group or an aromatic ring. There is some indica- 
tion that the cyclopropane ring can transmit a resonance effect. 
Finally, the C-H force constant provides further support for the 
models described in Section 11, for the bonding in cyclopropane. 

A number of papers have appeared reporting on the Raman spectra 
of cyclopropane  derivative^'^'-'^^. Most of this work has been on 
alkyl, vinyl and aryl derivatives of cyclopropane. The results are 
collected in Table 19. I t  has been suggested that they are indicative of 
conjugation between aryl or vinyl substituents and the cyclopropane 
ring. This conclusion is based upon the enhanced intensity of the 
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absorption. The arykyclobutanes which have been studied, however, 
show absorptions of about the same intensity as those of many of the 
aryl cyclopropanes (see Table 19). Thus the results cannot be 
regarded as conclusive evidence for the existence of conjugation. One 

TABLE 19. Intensities of Raman spectra of alkyl, vinyl and aryl cyclopropanes 
and related compounds 

Region 

Compound 
- 1200 N 1600 1640-1 650 
cm-l cm-l cm-l Ref 

I-Pentene 
Dicyclopropylmethane 
Ethylcyclpropane 
Vinylc yclopropane 
Isopropenylcyclopropanc 
Isopropylcyclopropane 
2-Methyl- 1-pentene 
Benzene 
Toluene 
Mesitylene 
Cumene 
Isopropenylbenzene 
Phenylcyclopropane 
4 M e  thyiphenylcyclopropane 
4-Ethy lphenylcyclopropane 
4-vinylphenylcyc!opropane 
4-Isopropylphenylcyclopropane 
.i-Isoproptc~ylcyclopropan~ 
1,4-Dicyclopropylbenzenc 
4-Isopropenylcumene 
1,4-Diisopropylbenzenc' 
2,4-Dimethylphcnylcyclopropane 
Mesitylcyclopropane 
2-Bromo-4-mcthylphenyl- 

4-Bromophenylcyclopropane 
5-Bromo-2,4-DimethyIphenyl- 

cyclopropane 
Phenylcyclobu tane 
3-Methylphenylcyclobutane 
4-Meth ylphenylcyclobutane 
2-Methox yphenylcyclobutane 
4-hfethoxyphenylcyclobutane 
1,l -Diphenylcyclopropane 

cyclopropane 

7oa 
290 
430 
410 
260 

220 

190 

800 

375 
1530 
300 
920 
660 
560 
158 

334 
245,400 
440 
340,645 
360,490 

215 
290 
470 
330 - 2000 

1150 
1355 
1340 
21164 
1585 
4680 
1970 - 2700 
668 

1135 
532 
748 

2040 
1080 

690 

1100 
1340,1435 
858,900 

1300 

.560,670 

340 131 
138 
131 

660 131 
131 
131 

290 131 
134 
131 
134 
131 
135 
131 
137 
136 
136 
136 
IS6 
136 
135 
135 
137 
134 
137 

137 
137 

133 
137 
133 
133 
133 
132a 
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paper has appeared 138 in which the carbonyl stretching frequencies 
and intensities in cyclopropyl ketones are indicative of conjugation 
between the cyclopropane ring and the carbonyl group (see Table 20). 

TABLE 20. Raman spectra of ket0nesl3~ X1COX2 
.- 

X' X= vco Intensity 

Me Me 1710 135 
Me Et 1713 140 
Me Pr 1715 155 
Pr Pr 1712 140 
i-Pr i-Pr 1713 14.5 
Me CYC~H,  1692 310 
CYC~HG CYC~H,  1674,1684 315 

Conjugation of a double bond with the carbonyl group results in a six 
to tenfold increase in the intensity of the carbonyl absorption, whereas 
the cyclopropyl group caused only about a twofold increase. 

The introduction of a cyclopropyl group into the para position of an 
alkyl benzene seems to result, generally, in a five fold increase in the 
intensity of the Raman line at  about 1600 cm-l (Table 19). It is 
interesting to note that this is not the case for mesitylcyclopropane 
which has about the same intensity for this Raman line as does mesity- 
lene itself. This observation suggests the existence of steric inhibition 
of resonance. The conformation in which maximal conjugation with 
the ring occurs is the bisected conformation. Such a conformation is 
not possible in the case of mesitylcyclopropane due to the methyl 
groups in the 2 and 6 positions. This molecule must exist in a sym- 
metrical conformation. Although possibly fortuitous, if the difference 
in intensities between benzene and cumene is added to the intensity 
of mesitylene, the resulting sum is approximately equal to the observed 
intensity of mesitylcyclopropane (585 calculated vs. 582 observed). 

I t  has bcen suggested 132 that the higher boiling forms of 1,2-di- 
phenylcyclopropane and I-cyclopropyl-2-phenylcyclopropane must 
have the trcns configuration, as their Raman Lines at  about 1200 and 
1600 cm-l show very much higher intensities than do those of the 
lower boiling forms. The higher boiling forms are capable of existing 
in configurations which would result in maximal conjugation. 

Overall, while the results obtained for the intensities of Raman lines 
are not conclusive, they are suggestive of the existence of conjugation 



544 Marvin Charton 

between the cyclopropane rings and double bonds, carbonyl groups 
and aromatic rings. 

D. Nuclear Magnetic Resonance, Nuclear Quadruple Resonance, 
and Electron Paramagnetic Resonance Spectra 

On the basis of the 13C-lH coupling constant, Muller and Pritch- 
ard139 report that the carbon orbitals used to form C-H bonds in 
cyclopropane have somewhat less than but close to 33";o s character. 
Their results for the coupling constants are shown in Table 21 ; these 
results are supported by the work of Patel, Howden and Roberts1". 
The value of the coupling constant for 1 , I-dicyanocyclopropane in- 
dicates 35% s character carbon orbitals 141. The value however, must 

TABLE 2 1. 13C-1H ccjupling constants 

Compound J13c-1~ Ref. 

cyC3HG 161 
162 
160.45 
134.6 
136 
128.5 
128 
131 
123 
127 
126 
127 
125 
126 
170 
173 
159 
124 
248 
25 1 
157 

139 
142 
143 
144 
142 
144 
139 
: 42 
139 
142 
142 
142 
1 42 
142 
141 
141 
139 
139 
139 
139 
139 

Bicyclo[ 1.1 llpentanc 144 (C(ZI-H) 150 
160 (C(I)-H) 150 

Bicyclo[ l-l.O]butane 152 (CCZ)-H) 150 
202 (C(1)-H) 150 

Hybridization 167 (sp2) 127 
8.50 (5P) 127 
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be viewed with some degree of caution: while the relationship between 
the extent of s character and coupling constant seems reasonably 
reliable for hydrocarbons, the coupling constants are known to be 
affected by the electronegativity of the substituents attached to thc 
carbon. Weigert and Roberts145 havc made use of the relationship 
between carbon-carbon coupling constants end yo s character 146*147 

(equation 3, where S, and S, are the yo s character of the orbitals on 
C,l, and C,,,) 

550 SlS2 = J,, (3) 
to calculate yo s character for a number of cyclopropane derivatives. 
The results (Table 22) show a hybridization state of about sp5 in the 
ring bonds and of about sp2 in the C-Me bond, in excellent agree- 
ment with the bent-bond model. 

TABLE 22. C-C coupling constants in cyclo- 
propane  derivative^'^" 

Compound Bond 

Bromocyclopropane 1,2 13.3 
Iodocyclopropane 1,2 12.9 

1 , 1 -Dichlorocyclopropane 1,2 15.5 
Bond type sp %/J 34-6O 
Bond type sp 5-s/J 15" 

Me thylcyclopropane 1,l' 44.0 

a Thcsc coupling constants bclong to C atoms in 
thcse hybridization states. 

Proton chemical shifts are smaller for cyclopropane than they are for 
other cycloalkanes 144. 13C chemical shifts are largest for cyclopro- 
pane and then decrease to an approximately constant value of about 
167 far other cycloalkanes 142. A number of authors 128*140*148 have 
proposed a ring-current model to account for the chemical shifts in 
cyclopropane. Thus a ring current of 3 electrons precessing in a ring 
of radius of 1-46A has been reported to account for the observed 
chemical shift of the protons in cyclopropane 128.148. The long-range 
shielding effect of a cyclopropane ring has been estimated from the 
McConnell equation 14g. 

A study of the I3C n.m.r. spectra of cyclopropyl ketones has been 
interpreted as indicative of conjugation between the cyclopropane 
ring and the carbonyi The chemical shift of the hydroxyl 
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proton in protonated cyclopropyl ketones has been examined. 
results are shown in Table 23 162. 

The 
In  a number of cases two chemical 

TABLE 23. Proton chemical shifts of thc OH group in protonated carbonyl 

a)  Acyclic compounds XCOY 
X Y = Me cyC3HS Ph 

H 1.4.78 12.62 13.29 

CH3 14.24 12.52 13.03 

Ph 13.03 11-78 12.23 

15-14 13-33 

13-18 

CYC~HG 12.52 12.08 11.78 
13.18 

6) Cyclic ketones 

I 0.78 11.50 

11-77 10.98 12.17 

shifts were observed, this being ascribed to the presence of yn and anti 
protonated forms. The cyclopropyl derivatives, in general, show a 
chemical shift considerably lower than that of the corresponding methyl 
derivatives and quite close to that of the corresponding phenyl deriva- 
tives. Williamson, Ladord and Nicholson 153 have compared the 
chemical shifts and coupling constants of 2-substituted 1, l-dichloro- 
cyclopropanes with those of saturated and unsaturated compounds 
and have concluded that the cyclopropane ring system has some v- 
electron character that places it in a position intermediate between 
saturated and unsaturated compounds. I n  an extension of this work, 
TSlilliamsoii and Eiaiiian 16* have examined the eKeci: ofsubstituenis on 
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the coupling cozstaEts of 3-substituted l,l-dichloro-2,2,3-trifluoro- 
cycloprapanes and again find that their behaviour is roughly inter- 
mediate between that in alkanes and that in allcenes. 

Wittstruck and Trachtenberg lS4* on the basis of a comparison of the 
chemical shifts observed in trans-Z-(substitutcd pheny1)-cyclopropane- 
1 -carboxylic acids with chemical shifts in substituted phenyl propanoic 
acids, trans-substituted cinnamic acids, substituted ethylbenzenes and 
substituted styrenes report that the cyclopropane ring is intermediate 
between -CH2CH2- and -CH=CH- in its ability to transmit 
resonance effects. 

A monotonic relationship between nuclear quadrupole resonance 
frequency and the effeccive electronegativity of the carbon orbital 
(calculated by the equation of Whitehead and Jaffe) has been 
reported 155. The compounds studied were chloro derivatives of cyclo- 
propanes. I t  is argued that the r:sults are in accord with the bent- 
bond model but do not agree with the trigonally-hybridized model for 
cyclopropane. 

An electron paramagnetic resonance study of the radical anion for 
phenylcyclopropane has shown that not less than 60% of the unpaired 
electron is delocalized in the cyclopropane ring156. The nitrogen 
splitting constants show that delocalization of the unpaired electron in 
nitrocyclopropane radical anion is comparable to that in the cor- 
responding radical anions of nitroolefins 157. These results are parti- 
cularly interesting in view of the report ofBauld, Gordon and 2 0 e l l e r ~ ~  
cited previously, to the effect that the 9-cyclopropylanthracene and 
1,4-dicyclopropylnaphthalene anion radicals have the symmetrical 
conformation. In order to observe the extensive delocalization 
reported by Kostyanovskii and his coworkers 157 it should be necessary 
for the nitrocyclopropane and phenylcyclopropane radical anions 
to possess the bisected conformation. 

The results of the nuclear magnetic resonance, nuclear quadruple 
resonance and electron paramagnetic resonance investigations have 
produced the following generalizations. The hybridization of the 
carbon orbitals used in forming bonds to hydrogen or substituents in 
the cyclopropane ring is approximately sp2. This is ir, good agreement 
with both bent-bond and trigonally-hybridized models. The hy- 
bridization of the ring bonds in cyclopropane is approximately sp5, in 
excellent agreement with the bent-bond model. Conjugation between 
the cyclopropane ring and substituents exists in substituted cyclo- 
propanes, in cyclopropyl-substituted carbonium ion analogues (proton- 
ated cyclopropyl ketones) and in cyclopropane-substituted radical 
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anions. Chemical shifts in cyclopropanc derivatives can bc ac- 
counted for by a ring-current model. Bernett4 has suggested that in 
this respect, the trigonally-hybridized model is superior to the bent- 
bond model as it permits the existence of a ring current. FinalIy, 
evidence has been presented to show that the cyclopropane ring is 
capable of transmitting resonance effects, although to a lesser extent 
than the vinylene group. 

VI. MOLAR REFRACTlVlTlES A N D  DIPOLE MOMENTS 

A. Molar Refractivities 

It  is well known that conjugated unsaturated systems usually, al- 
though not always, show an exaltation of refraction; that is, the molar 
refi-action observed is larger than that which is calculated from 
additivity with due allowance for the unsaturation of the groups com- 
posing the conjugated system15Q. Molar refractivities of cyclo- 
propane derivatives were first investigatcd by Tschugaeff who 
observed an average exaltation of 0-7. Further work gave values 
for the average exaltation of 0431598 and O . 7 l 6 O .  Exaltations of 0.3 
to 0.4 were obtained for di- tri- and tetrachlorocyclopropanes lBon. 
Jefkry and Vogel determined the contribution of the cyclopropyl 
group by subtracting the observed molar refraction of a structurally 
similar acyclic compound from the sum of the observed molar refrac- 
tion of the cyclopropane derivative and two hydrogen atomic re- 
fractivities, added to account for the additional two hydrogen atoms 
in the acyclic structure. From results obtained principally with alkyl 
cyclopropane mono- and dicarboxylates, they assigned a value of 
0.614 to the ring contribution. The refractive indices of isopropenyl- 
cyclopropane 162 and of vinylcyclopropane 163 show exaltations. 

The molar refraction of diethyl 2-vinyl- 1 , 1 -cyclopropanedicar- 
boxylate has been interpreted as an indication of conjugation between 
the vinyl group and the cyclopropane ring163a. A small exaltation 
of 0-14 has been found for methylenecyclopropane 164 after accounting 
for the effect of the cyclopropane ring by a factor of 0-69 164. This is 
ascribed to behaviour analogous to that of allene systems. Molar 
refractivities of cyclopropyl ketones have becn studied loQ. The 
molar refraction of I-phenyl-2-cyclopropylcyclopropane does not 
indicate any conjugative effect other than that shown by phenyl cyclo- 
propane itself120. This is in accord with results obtained from the 
ultraviolet and infrared spectra. S l a b e ~ ' ~ ~  has studied the molar 
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refractivities of thirty cyclopropane derivatives. While twenty-four 
of the thirty derivatives Sive exaltations of 0.3 or greater, no constant 
value for the exaltation can be chosen which would be applicable to 
any cyclopropane derivative. The observed values for the molar 
refractivity of fused ring bromocyclopropanes are lower than the 
values calculated on the basis ofatomic refractions. I t  is suggested that 
this is accounted for by the high s character in the carbon-bromine 
bonds. This would be in accord with the models for the bonding in 
cyclopropane discussed previously. 

While by themselves these results would not constitute conclusive 
evidence for the unsaturated nature of the cyclopropane ring, taken in 
conjunction with other physical data they do support the existence of 
conjugation between the cyclopropane ring and various substituents. 

B. Dipole Moments 

Dipole moments of substituted cyclopropanes have received con- 
siderable attention in the literature. The available dipole moments 
of cyclopropane derivatives are listed in Table 24. A comparison of 
the dipole moments of monosubstituted cyclopropanes with those of 
the corresponding cyclobutanes, cyclopentanes, cyclohexanes, ethy- 
lenes and benzenes (Table 25) points to their similarity with the latter 
two groups. 

The dipole moments reported for 4-methylphenylcyclopropane and 
4-bromophenylcyclopropane suggest that the cyclopropane ring 
donates electrons to the benzene ring. Dipole moments of para 
disubstituted benzenes may be calculated from the equation 

p 4  - X I  PnX2 = I p X 1  Ph + p X 2  Ph I (4) 
where the sign assigned to the dipole moments is the same as that of the 
oP constant of the X substituent. Values of the calculated dipole 
moment for 4-methyl-, 4-nitro-, 4-chloro- and 4-bromophenylcyclo- 
propane are given in Table 26. These calculations are based on the 
assumption that the cyclopropyl group is an electron donor with 
respect to the benzene ring and has therefore been given a negative 
value of p. Thus px2 Ph was assigned a value of - 0.5 1. The agree- 
ment between calculated and observed values of dipole moment is 
excellent. As the value for 4-carboxyphenylcyclopropane in benzene 
seemed anomalously low, no attempt was made to calculate a dipole 
moment for this compound in this solvent; this is believed to be due to 
the formation of 'polymeric species.' I n  dioxane, however, the 
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TABLE 24. Dipole moments of substituted cyclopropancs 

Substituents at C,:l,a Cw0 P Solvent T"C Ref. 

CN 
Ac 
Ph 

4-MePn 
4-CIPn 
4BrPn 

4-HOzCPn 

4 0 2 N P n  
2-02NPn 
CN 
c1 

C1,Cl 

Br 
Cl 
Pr 
Et 
Ph,Ph 

4-ClPn 

0 
Me 3.78 

2-84 
0.49 
0.5 1 
0.48 
0.20 
2-07 
2.02 
2.03 
1.16 
1 -36 
2.03 
2.08 
2.1 1 
4.6 1 
3.6 1 
3-75 
1-76 
1 -76 
2.04 
1 -58 
1 -69 

cl(frum) is18 
0-75 
0.18 
0.54 

Ph 0.52 
2-05 
2-09 
2.0 1 
1.99 

4-ClPh 1 -46 

0.2-0.5 

pure gas 
Benzene 
Benzene 
Benzene 
Benzcnc 
Benzenc 
Benzene 
Benzenc 
Benzene 
Benzene 
Benzene 
Benzene 
Dioxane 
Dioxane 
D' ioxanc 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 

Benzene 
Benzene 
Benzene 

Benzene 
b-Xylene 
Benzene 
Benzene 
Benzene 
p-Xylene 

Benzene 

(g> 

(1) 

CZc14 

23-95 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
35 
45 
25 
25 
25 
25 
25 
25 

25 
25 
20 
20 
25 
23.7 
25 
23.7 
25 
80.6 
23.7 
25 

167 
89 
89 
89 
168 
1 G8a 
168 
168a 
168 
168a 
168 
16aa 
168a 
168a 
168a 
168a 
168a 
169 
169 
171 
169 
48 
170 
171 
172 
173 
174a 
174 
174a 
174 
174a 
174 
174 
174a 

O Only substiluents other than H are given. 

observed value is in good agreement with the calculated value (as- 
suming that p for phenylcyclopropane in dioxane is equal to its value 
in benzene) 168a. 

The results of the calculations support the donor effect of the cyclo- 
propyl group relative to benzene and suggest that it is a more effective 
donor than is the methyl group. 
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Dipole moments of substituted cycloalkanes, ethylenes 
and benzcnes 

55 I 

TABLE 25. 

X cyC,H,X" cyC,H,X lZ3 C Y C ~ H , X ' ~ ~  C ~ C ~ H ~ ~ X ~ ~ ~  ViX 170 PhXa7e 

Ph 0.49 

H 0 
Et 0.18 
Cl 1 -76 
CN 3.75 
Pr 0.75 
Br 1 -69 

Ac 2-84 
0.13 0 
3-00 3.03 

0 0 0 0 0 
0.05 0 0.37 0.58 

2.08 2.3 1.44 1-72 
3-48 3.7 1 3-89 4-14 

2.09 2-20 2.3 1 1.417 1 -72 
0.37 

" From Table 24. 

TABLE 26. Dipole moment for 4-substituted 
phenylcyclopropanes (4-X1PncyC,H,) 

Me 0.43 0.08 0.20 
Br 1-55 2.06 2.02 
NO, 3.93 4.44 4.6 1 
c1 1.58 2.09 2.07 

" According to equation (4) with pxzph = -0.51. 

ChartonlZ3 has show3 that dipole moments of substituted cyclo- 
propanes, as those of substituted ethylenes 176, are best correlated by 
a,, constants, whereas the dipole moments of substituted cyclobutanes, 
cyclopentanes and cyclohexanes are best correiated by a, constants lZ3. 

The data have been reexamined by applying the extended Hammett 
equation (equation 1 Section V.A) to the cyclopropane dipole 
moments in Table 25. Best results were obtained on the exclu- 
sion of the value for propylcyclopropane, but even with all eight 
values included in the set, a highly significant correlation was obtained. 
The values of CL and /I found in this correlation, are given in Table 27. 
The large, statistically significant value of /3 shows an important de- 
pendence on the crR constants. It is thus clearly shown that dipole 
moments of monosubstituted cyclopropanes involve a significant 
resonance effect, the magnitude of which is comparable to that ob- 
sexed for the dip& mc?rrxr?ts of sdxtitutcd ethylenes and benzenes. 
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TABLE 27. Correlation of 
dipole moments of compounds 
G--X with extended Hammett 

equationa 

cyC,H, 4.48 3.99 
4.98 4.2 1 

Vi 4.96 3-19 
Ph 5.65 3.55 

a Equation ( I ) ,  Section V.A, applied 
on data on Table 25. 

Excluding value for X = Pr. 

V11. O T H E R  PHYSICAL PROPERTIES 

A study of the heats of combustion of phenylcyclopropane 2nd 
1 , 1-, cis- 1,Z- and [ram- 1,Z-diphenylcyclopropane has been reported 176a. 
The results are interpreted as indicating conjugation between the cyclo- 
propane ring and the benzene rings. The highest degree of con- 
jugation is shown by trans- 1,2-diphenylcyclopropane ; the resonance 
energy due to benzene ring-cyclopropane conjugation in phenylcyclo- 
propane is 1.8 2 0-08 kcal/molc. Values of the stabilization energy 
in the reaction 

h k X c  e-  - XCH; + 2e- + Ha 

are 0, 36, 55 and 58 kcal/mole for X = H, Me, Ph, and cyC,H, 

TABLE 28. Conformation in 
substituted N,N-dimethylamides 
and N,N-Dimcthylthioamides'7Bb 

AG* (kcal/mole) 

X XCONMC~ XCSNMQ, 

H 21.0 24.0 
Me 17.4 21.6 
Et 16.7 
i-Pr 16.2 19.3 
Vi 16.1 
Ph 15*3,11*9 18.4 
CYCBH, 16.4 18.4 
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respectively. The value for X = Ph is high due to rearrangement to 
the tropylium ion l19. These results show clearly thc effect of the cyc- 
lopropyl group in stabilizing a carbonium ion. A study of the con- 
formation of the dimethylamino group in N,N-dimethylamides and 
thioamides shows conjugation between the thioamido group and the 
cyclopropane ring 176b. Values of ACs for rotation around the C-N 
bond are collected in Table 28. As conjugation between the sub- 
stituent X and the amido or thiamido group increases, AG: decreases. 
This is because increased conjugation between X and the carbonyl 
group results in a higher X-C bond order at  the expcnsc of the C-N 
bond order. 

VIIi. T H E  CYCLQPROPYL GROUP AS A SUBSTITUENT 

A. Electrical €fects 

for the cyclopropyl group. 
Values of uI can be calculated fiom the equation 

There have been a number of papers reporting substituent constants 
These results are set forth in Table 29. 

uI = u*/6.28 (5 )  

TABLE 29. Substituent constants of the cyclopropyl group 

Source Ref. 

* 
U* -0.15 

0.1 1 
~1 -0.08 

0.02 
- 0.02 

urn -0.102 
- 0.07 

=P - 0.2 1 
- 0.24 
-0.19 

0; -0.56' 
0:: -0.13 
UR -0.19 

Ema 177 
OH intensity, 1.r. 178 
N.m.r., lgF 179 
Calculated from equation (5) with U* = 0.1 1 179 
Calculated from equation (5) with u* = -0.15 
pK,, XPnCO,H, 50% EtOH-H,O 180 
pK,, XPnCO,H, H 2 0 ,  25" 181 
pK,, XPnCO,H, H20,25" 181 
K,, XPnC02H, HzO, 20" 182 
lire, XPnC02Et, 85% EtOH-H,O 186 
Krb XPnCMe,Cl, 90% Dioxane-water 183 
N.m.r., 19F 179 
Calculated from equation (6)d 

a Polarographic half-wave potential. 
b Solvolysis rate constant. 

Calculatcd from data in the reference. 
This work. 
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Using the cyclopropyl values of Zuman L77 and Brown 178, a, values of 
-0.02 and 0.02 are obtained. The value of -0.08 obtained fGr sI 
by Pew179 from I9F chemical shift measurements, seems to be much 
too low. This is true of the uI values of other groups determined by 
this method. Thus, the values of a, for NH2 and Vi are 0-10 and 
0.09 respe~tively:~~, whereas the n.m.r. method gives 0.01 for both 
NH, and Vi. The best present value of uI for cyC,H, seems to be 
- 0.02. A value of - 0.19 for uR can be calculated using the equation 

up. = a, - a, (6) 
and the up value obtained from the pK, of 4-cyclopropylbenzoic acid 
in water at 25". Then for a,,, we may calculate from the equation 

0, = 0 1  f uR/3 (7) 
a value of -0.08, in good agreement with the observed values in 
Table 29. From the relationship 

a,' = oI + 1 . 6 1 ~ ~  (8) 
a value of - (3.32 for a,+ is obtained in poor agreement with the value 
reported in Table 29. The quantity 02 may be calculated from the 
equation 

The values of the ratio o;/o, for Me, Et, i-Pr, t-Bu and Ph are 2-18, 
2.45, 2-08, 1-00 and 2-54 respectively. Neglecting the value for t-Buy 
an average value of a;t/aR foi- these groups is 2.3. Then from t h i s  
value and the values of a, and aR for the cyclopropyl group, we may 
calculate a value of -0.56 for af of the cyclopropyl group, in fair 
agreement with the value observed. 

a; = up+ - a, (9) 

The equation 
a; = 0.67 UR (10) 

gives a: = -0.13, in good agreement with the value reported by 
Pew179. Thus the values of a, = -0-02, uIt = -0-19 are recom- 
mended for the cyclopropyl substituent as they are in good accord with 
the available data. 

For purposes of comparison, values of a, and uR for the cyclopropyl, 
isopropyl, cyclohexyl, vinyl, phenyl and ethynyl groups are collected 
in Table 30. The most striking feature of the substituent constants in 
+As table is the oR value of the cyclopropyl group. The other hydro- 
carbon substituents have oR va!ues cf - 0.1 1 & 9-02. Thc vahe  Gf 
a, for the cyclopropyl group i s  almost twice this. Obviously this 
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TABLE 30. Substitucnt constants for hydrocarbon groups 

i-Pr cyCoI-I,, cyC3HB Vi Ph C2H 
~ ~~~~ 

ora - 0.03 - 0.02 - 0.02c 0.09 0.10 0.35 
ORb - 0 . 1 2 d  - 0 . 1 9 c  -0.1 1" - 0.1 I*  - 0.09' 

M. Charton, J. Org. C/rtni., 29, 1222 (1964). 

This work. 
up from D.H. McDanieI and H. C. Brown, J .  Org. Chenz., 23, 420 (1S58). 
M. Charton, J .  Org. Chem., 31, 2991 (1966). 
up calculatcd from the corrclation for fruru 3-substitutcd acrylic acids reported by M. 

Charton, J. Oig. Chtm., 30, 979 (1965) using the p K ,  for truns-HC,CH=CHCOzH of G. H. 
Mansfield and M. C. Whiting, J .  Chcm. SOL, 4701 (1956). 

* Calculated from cqbation (6). 

cannot be accounted for in terms of more effective overlap betwcen the 
cyclopropyl group and the structure to which it is attached. The 
trigonally-hybridized model would predict the same degree of overlap 
between the cyclopropyl group and some other n-bonded group as 
between a vinyl, aryl 01- ethynyl group and the other n-bonded group. 
The bent-bond model would predict less overlap for cyclopropyl as 
compared with vinyl, aryl or ethynyl. 

5. Substituent Effects on Ionization Constunts 

Perhaps the most frequently investigated examples of the cyclo- 
propyl substituent effect are the ionization constants ofvarious types of 
cyclopropyl substituted acids and bases. Ionization constants of 
carboxylic acids XCOzH where X is alkyl, cycloalkyl, vinyl or phenyl 
have been studied in a number of  solvent^^^^^^^^. Table 31 shows 
that the cyclopropyl group has almost the same effect as alkyl and 
cycloalkyl groups. This is in agreement with the observation that 
pK, values for XC0,H are well correlated by the u,,, constants, which 
are about the same for all alkyl and cycloalkyi groups. Ionization 
constants of cyclopropyl and N,N-dimethylcyclopropyl amines have 
been reported by Roberts and Chambers170. There seems to be a 
significant decrease in basicity of the cyclopropylamines as compared 
with the other cycloalkylamines. Thc effect can best be accounted 
for in terms of delocalization of the electrons in the non-Donding orbital 
of the nitrogen atom over the cyclopropane ring. The pK, of tri- 
cyclopropyl phosphine has been studied lS5, it is far closer to that of the 
trialkylphosphines than it is to that of triphenylphosphine (Table 3 1) .  
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Tllis behaviour is possibly due to a competition between delocalization 
of the lone pair on the phosphorus atom and electron donation to the 
phosphorus atom by virtue of the overlap of the empty 3d orbital on 
phosphorus with the ring orbitals. While this could also occur with 
the phenyl group, it should be more important for the cyclopropyl 
group, as the uR constants show this group to be the better electron 
donor by resonance. 

Ionization constants of 4-substituted pyridinium ions D8 show the 
cyclopropyl group to be a more effective electron donor than alkyl 
groups when it is bonded to the pyridine ring. This is also observed 
to a slight extent (0-05 pk; units) in the ionization of the 4-substituted 
anilinesle6 and to a greater extent (0.2 pK units) in the ionization 
constants of 4-substituted benzoic acidsle6. The effect of the cyclo- 
propyl group on the pK, + values of 4,4',4~''-trisubstituted triphenyl 
carbinols is considerably greater (1-6 pK units, or 0.5 pK unit per 
cyclopropyl group). The results show that the cyclopropyl group is 
involved in resonance interactions with the pyridine ring in the sub- 
stituted pyridinium ions, and the benzene ring in the substituted 
benzoic acids and triphenylcarbinols. 

Eastman agd S e l o ~ e r ~ ~ ~ ~  have concluded that as the pK, of 26 in 
50% aqueous alcohol is about 9.8, almost the same as that reported 
by other workers for 27, the cyclopropane ring cannot function as an 
electron acceptcr i:: the ground state. 

(26) (27) 

mum resonance interaction is not possible. 
of the isopropyl group in 26 is ignored in this comparison. 
conclusion drawn by these authors does not seem warranted. 

As the dihedral angle of the cyclopropane ring in 26 is 1O5Oe6 maxi- 
Furthermore, the effect 

Thus the 

C. Effects on Reaction Rates 

Rates of the reaction of ca:boxylic acids with diphenyldiazometh- 
ane in ethanol have been studied by Roberts and Charnbersl7O. In 
this reaction the cyclopropyl group shows about the same substituent 
effect as other cycloalkyl groups. This i? Sr xcord with the observa- 
tion that rates for this reaction generally parallel the acidities of the 
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carboxylic acids involved. Rates of esterification of carboxylic acids 
in ethanol, catalysed by hydrogen chloride, have been reported ; in this 
reaction the cyclopropyl group is from two to twenty times more reactive 
than other cycloalkyl groups. Its effect on the reactivity of the acids 
is about half that of the vinyl group. Some very early rate studies on 
the reaction of ketones with phenyl hydrazine lo2 and h y d r o ~ y l a m i n e ~ ~ ~  
suggest that the cyclopropyl group is much closer in its effect to a vinyl 
or phenyl group than it is to alkyl or cycloalkyl groups. This is 
reasonable in view of the large resonance effect of the cyclopropyl 
group which would tend to reduce the electrophilicity of the carbonyl 
carbon. The results are presented in Table 32. The alkaline hy- 
drolysis of vinyl and cycloalkyl acetates has been investigated lg4. The 

TABLE 32. Substituent effects on reaction rates of compounds XGY 

G Y =  COzHa COaHb AcC Acd CAcC OAcf 
Reagent = Ph2CNa PhNHNH3 HINOH OH- OH- 

X k2 krol % reaction/ % reactior:/ k2 I;,,, 
hr. hr. 

Vi 1 -36 

cyC4H7 0.502 
C Y C ~ H ~  0.522 

cyCSH9 0.762 
CYCSH,, 0.385 
i-Pr 
Pr 
Ph 
Me 
Me,C=CH 

54-8 3.28 
24.9 5.6 9-1 0.178 0.7 17 
1-46 
4-06 0.026 0.089 
9.83 
5-1 1 15.0 33.0 

38-0 74.6 
9.2 

1.0 66.0 82.0 
3.6 

At 30" in cthan01"~. 
At 25" in 
At 25" in 50% aqueous e t l i m ~ l ~ ~ ~ .  
At room tempcrsturc in 50% aqueous cthanol'03. 
At 20" in waterla'. 
At 40' in 

Rate constant in units I/mole min. 

Ratc constant in units I/molc sec. 
Ratc constant in units I/molc scc. 

results show that the cyclopropyl group is considerably more rate 
enhancing than is the cyclopentyl group; nevertheless it is only about 
one-tenth as effective as the vinyl groupIg4 (Table 32). 

Rates of oxidation and bromination in 99% acetic acid in the pres- 
ence of 0 . h  perchloric acid, have been investigated for 3-methyl-2- 
butanone, acetylcyclopropane and 1-phenyl-2-methyl- I-propanone. 
The cyclopropyl group seems to be intermediate between the alkyl 
and phenyl groups in its effect on the ratelg5. 
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D. Orientation in Electrophilic Aromatic Substitution 

Although the results on the electrophilic xomatic substitution 
reaction of aryl cyclopropanes (Table 33) are limited, they show that 

TABLE 33. Orientation in electrophilic aromatic substitution of arylcyclo- 
propanes 

Ar Reagent Product Ref. 

Ph Br2 4-BrPncyC3H5 177,197 
4 M e P n  Br, 4Me-2-BrC6H3cyC3H, 177 
2,4-Mc2CoH3 Br, 5-Br-2,4-Me2C6H3cyC3H, 177 
Ph funiing H N 0 3  4-N0,PncyC3H5 196 
Ph AcCl + AlCl, 4-AcPncyC3H, 197 

the cyclopropyl substituent directs ortho-para and is more effective in 
determination of orientation than is a single methyl group, but less 
effective than two methyl groups. This is in accord with the order of 
the resonance effect. Thus, the oR values for methyl, cyclopropyl, 
and dimethyl are -0.12, -0.19 and -0.24 respectively. 

Ortho-para ratios for the nitration of phenylcyclopropane have been 
examined (Table 34). The results are in fairly good agreement with 
predictions based on the o+ value for the cyclopropyl group lQ8. 

It is interesting to note that whereas phenylcyclopropane, 1,l- 
diphenylcyclopropane lg9, 1-methyl-2-phenylcyclopropane and 1 - 
cycloliexyl-2-phenylcyclopropane 2oo are nitrated in the benzene ring, 
the nitration of cis- or trans-l,2-diphenylcyclopropane results in the 
formation of 1 -nitro-tram- 1 ,2-diphenylcyclopropane.200 

TABLE 34. Orlho-para product ratios for the 
nitration of alkylbenzene (PhX)1e8 

X HZSO4-HNOj .kONOz" AcONO~' 

Me 1-57 1-78 1 *96 
Et 0.93 0.86 0.90 
i-Pr 0.48 0.4 1 0.27 
t-Bu 0.2 17 0.17 0.066 
cyC3H5 2.10 1 -99 4.04.7 
- 
a At - 4 O .  

At room tcmpcrature. 
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E. Erects on Carbonium Ions 

Hanack and Schneider201 discusscd the cffect of the cyclopropyl 
group on carbonium ions, in a review of neighbouring group effects 
and rearrangements in the reactiom of cyclopropylmethyl, cyclo- 
butyl and homoallyl systems. Cyclopropylcarbinyl derivatives have 
long been known to be highly reactive in s o l v ~ l y s e s ~ ~ ~ * ~ ~ ~ .  Typical 
data are presented in Table 35. Roberts and Mazur204 have pro- 

TABLE 35. Solvolysis of cyclopropylcarbinyl derivatives 

Compound 

CYC~H~CHZCI 
cyCdHvC1 
1 -McVnCH,Cl 
cyC,H,Br 
cyC,H,Br 
ViCH,Br 

ViCHz 
cy CaHsOSOzPh 

50 yo v/vE t OH-HZO 
50% v/vEtOH-HzO 
50% v/\rEtOH-HzO 
50% v/vEtOH-H,O 
50'$h v/vEtOH-HzO 
50% v/vEtOH-HzO 
absolute EtOH 
absolute EtOH 

50 
50 
50 
25 
25 
25 
20.13 
20.1 

0.45 202 
0.0 17 202 
0.01 1 202 
0.34 2 02 
0.0 15 202 
0.01 3 2 02 
2.3 x lo5 203 
0.15 x lo5 203 

posed the bicyclobutonium ion, 28, as an intermediate in the sol- 
volysis of cyclopropylcarbinyl derivatives. Hiickel calculations have 
been carried out on this ion by Howden and Roberts 205. The studies 
of Olah73*74, Den0 and and Ritchie and R i t ~ h i e " ~  
seem to have established thc existence of the cyclopropylmethyl- 
carbonium ion. The solvolysis of trisubstituted carbinyl p-nitro- 
benzoates (29) has been studied by Hart and Sandri206, whose results 

(28) (29) 

are shown in Table 36. The results show not only a rate enhancement 
when isopropyl is replaced by cyclopropyl, but that a second cyclo- 
propyl group causes a rate enhancement nearly equal to that of the 
first one. The rate enhancement for a third cyclopropyl group is 
comparable or g-eater in magnitude than that for the first and second 
cyclopropyl groups , as found in the solvolysis of tricyciopropylcar- 
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Solvolysis of trisubstituted carbinyl 4-nitrobcnzontcs T m L E  36. 
in 80% aqueous dioxanc at 60°206 

56 1 

i-Pr i-Pr i-Pr 1 
H CYC3HS cyC3Hs 60.7 
cyC,Hs i-Pr i-Pr 246 
i-Pr CYC3H, cyC3Hs 23500 
i-Pr 2-Me-cyC3H4 2-Me cyC,H, 124000 

binyl benzoate in dioxane-water, implying that each cyclopropyl group 
is involved in stabilizing the charge on the tricyclopropylcarbonium 
ion. The exclusive hydrolysis product observed is tricyclopropyl- 
carbinol. These results are more readily rationalized in terms of a 
reaction proceeding through die cyclopi.opylmethylcarbonium ion 
than through a bicyclobutonium ion (28). Solvolysis of the dicyclo- 
propylcarbinyl compounds 30a and 30b, in 80% aqueous acetone 
containing NaHCO,, results in the same product mixture containing 
99.5y0 30b and 0.5% 31b. The reaction is regarded as proceeding 

H' X X' H 
a. X = OAc a. X = OAc 
b. X = OP b . X = O H  

(30) (31) 

through a bisected dicyclopropylmethyl carboniuni ion 208. A study 
of the effect of methyl substituents upon solvolysis of cyclopropyl- 
carbinyl 3,5-dinitrobenzoates in 60% aqueous acetone at lOO", shows 
that the 2- and 3-methyl substituents have a remarkably constant 
effect, each additional group enhancing the rate independently of the 
number and location of the other groups. Results arc considered to 
be consistent with the bisected structure for the cyclopropylmethyl 
carbonium ion transition state, and inconsistent with the bicyclo- 
butonium ion structure209. 

The exceptional reactivity of these compounds is in accord with the 
high values of uR and up' reported in Table 29 and demonstrate the 
remarkable ability of the cyclopropyl group to function as an electron 
donor by resonance. 

Ig+C.A. 2 
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Further evidence for the existence of cyclopropylmethyl carbonium 
ions comes from a measurement of the i factor for tricyclopropyl- 
carbinol dissolved in 96% sulphuric acid. The value of 4.1 obtained 
is in accord with the reaction210 

ROH + 2 HSO; + R+ + H,O+ + 2 HSO; 

Tricyclopropylcarbinol has beeii reacted with tetrafluoroboric acid to 
form an isolatable 3Z119. 

(32) 

The solvolysis of 33 and 34 in aqueous dioxane has been found to be 
The 2 x lo4 faster than that of 35 and 36 when X = 4-ClPnCO,. 

products have the same structure as the reactants 208a. 

(33) (34) (W (36) 
X = 4-CIPhCOZ 

The solvolysis of 37 shows a rate enhancement of about lo3 over that 
of 38, with X = 3,5-(N02),C,H,C0,. This behaviour is ascribed 
to the stabilization of the cation by thc cyclopropyl group. Extended 
Hiickel MO calculations show considerable positive charge on Cc2) and 
C,,, of the cyclopropane ring208b. 

A number of interesting aryl bridged cations have been investi- 
gated211-214. Examples are 3942. 

The importance of the geometry of the cyclopropyl group in deter- 
mining its effectiveness at  stabilizing a positive charge is shown by the 
work of Brown and Cleveland 1*3 who studied the solvolysis of substi- 

X 
(37) 

(39) 
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CI I 

I 
OMe Me-C-Me 8 M e 4 M e  MQMt? 

(41) (42) (43) 

P M e  

Me 
(40) 

tuted cumyl chlorides in aqueous dioxane. (Table 37). The effect of 
introducing a single methyl group in the 3-position of 4-cyclopropyl- 
cumyl chloride on the rate of solvolysis, is to decrease the relative 

TABLE 37. Solvolysis of substituted cumyl chlorides in 90% 
aqueous dioxane at 25'lo3 

3-Me-4- 3,5-hIcz- 
H 4-i-Pr 3-Mc 3,5-h$e2 4-cyC3Hs cyC3HS 4-cyC3HG 

kra, 1 17.8 2 3.9 157 172 37.1 

rate to a value of about 60% of that which would othenvise be ex- 
pected on the basis of additivity of substitucnt effects. Methyl groups 
in both 3 and 5 positions, 43, decrease the rate to a value considerably 
less than that of 4cyclopropylcumyl chloride. This is believed to be 
due to the inability of 43 to exist in a bisected conformation. A second 
example of this steric inhibition of resonance is shown by the pK,+ 
values of substituted triarylcarbinol~~~, set forth in Table 38. 

TABLE 38. pKR+ of substituted triphenylcarbinols 

3,5 - Me=- 
H i-Pr 3,5-Me2 4-cyC3H, 4-cyC3Hs 

- 6.5 - 4.9 - 6.5 P K R +  -6.6 -6.5 
Rcf 187 187 76 187 76 

F. Stabilization of Carbonions 

One of the characteristic properties of phenyl, vinyl and ethynyl 
groups is their ability to stabilize cations, anions and radicals. It is of 
great interest therefore to determine whether or not the cyclopropyl 
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substituent can stabilize an anion. Lansbury and coworkers215 
have shown that cyclopropylmethyl-d,-carbanion reacts with benz- 
aldehyde to give 44 with no deuterium scrambling. They conclude 
that the carbanion has little or no 'non-classical' character. Bum- 
gardncr216 ha. shown that in the Sommelet rearrangement of 45, the 
CH2R group migrates when R = vinyl, phenyl or cyclopropyl. 
When R = /?-phenylethyl, the methyl group migrates. This is 
ascribed to stabilization of the carbanion by the cyclopropyl group. 

Me Me ME. Me 

CD,-CHOH-P~ NC-:-N-N--C-CN 
I I 

(4.1) R R CN C N  

M P  M P  M r  MO 

: - c d  
\'=) K K CN C N  

PhCH,kMelCH2R 

(45) 

Relative rates for the addition of isopropyllithium to a-substituted 
styrenes in ether have been studied; the results are given in Table 39. 
They show clearly that the cyclopropyl group can stabilize a carban- 
ion 180. 

TABLE 39. Addition of isopropyllithium to a-substituted styrenes 
(1-XVnPh) in ether at -450180 

T-2,3- 
x Et i-Pt EtZCH cyC3H6 Me2cyC3H3 

L l  28.0 1.0 0.6 310 115 

G. Stabilization of Radicals 

The cyclopropyl group accelerates the rate of decomposition of 
compounds of the type 46 (Table 40). The major product of the 
decomposition of the compound in solution (R = cyclopropyl) is a 
low molecular weight polymer ; decomposition of the solid gives pre- 
dominantly 47 219. 

Hart and CipriarGZz0 have sho~?: t k t  the decomposition rate of 
cyclopropylacetyl peroxide is 55 times greater than that of cyclo- 
hexylaceyl peroxide, the principal product being 45. Relative re- 
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TABLE 40. Rates or decomposition of azo compounds (46) 
in tolucne at 80.2-80.5" 

R m.p. of 46 104k Ref. 

CYC3HS 64-5 33 217 
76-7 25 2 17 

CYC,H, 8 1.5432.5 1.51 218 
38-42 1.51 2 18 

CYC,H, 96.3-97'6 1 a30 218 
72.2-74.5 1.31 218 

cyC,H,2 2-27 218 
i-Bu 56-57 10 217 

7-1-6 7.1 217 
t-Bu 114-6 0.77 218 

1 1 6 - 8  1 *09 218 

activities of phenylalkyl and phenylcycloalkyl ketones toward the 
addition of H-  have been studied by investigating the reaction of the 
ketones with t-butyl peroxide and 2-butanol at 125". Results are 
shown in Table 41. The effect of a cyclopropyl group is comparable 
to that of the phenyl group. Methyl and plienyl substituents in the 
2 position of the cyclopropyl group show a considerable enhancement 
of the rate221v222. On the other hand phenylcyclopropyl ketone, 
dicyclopropyl ketone and methylcyclopropyl ketone do not show any 
significant rate enhancement over the rate observed for cyclohexanone 
(Table 41). 

I t  has been observed that chlorination of methylcyclopropzne in the 
presence of ultraviolet light produces as the major product, cyclopro- 
pyl methyl chloride 224. A later report found that cyclopropylmethyl 
chloride and 4-chloro-1-butene were formed in the ratio 65: 35, 
together with considerable quantities of other products 225. When 
the reactant was labelled with I3C in the methyl group, cyclopropyl 
methyl chloride contained 13C in the chloromethyl group, and 4- 
chloro-1-butene contained all of its 13C at carbon 1. The higher 
reactivity of the methyl group in methylcyclopropane as compared to 
the tertiary hydrogen atom, suggests that there is some stabilization of 
a radical carbon atom by the cyclopropyl group. Obviously this is 
not the only factor in determining the reactivity of the methyl group 
as compared to the ring hydrogen atoms, since the carbons bonded to 
thc ring hydrogen atoms are using orbitals hybridized approximately 
sp2, whereas the carbon in the ilieihyl g i ~ u p  is hybridized JP'. 
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TABLE 1 1 .  Rclativc ratcs for the reaction of kctoncs 
with I-L2'2 

BzMc 
BzEt 
BZ CYCSH~ 
BZ CYC~HS 
BZ cyC.1H.r 
BZ C Y C ~ H ~  
Bz CYC,HI, 
Bz-i-Pr 

BzPh 
1 -Bz-Z-Me cyC3H4 

Bz-S-BU 

Cis- l-Bz-2-Ph C Y C ~ H ~  
T-l-Bz-2-Ph cyC,Hg 
Bz-I-Bu 
(CY C3H6)&0 
AC C Y C ~ H ,  
Cyclohexanone 

125 
125 
125 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 

7.60 
3-33 
36-00 

11.30 
1 -84 
1.23 
1 -00 
3-16 

1.1.104 

28.4 
70.3 

515 
450 

33.4 
1.29 
1.22 
1 *oo 

While the results presented above can hardly be considered con- 
clusive, they do suggest that the cyclopropyl group can stabilize a 
radical carbon atom. 

IX. TRANSMISSION OF RESONANCE EFFECTS BY T H E  
CYCLQPROPANE RING 

Evidence for transmission of resonance effects by the cyclopropane ring 
obtained from the i.r., U.V. and n.m.r. spectra of substituted cyclopro- 
panes has been discussed in Section V. Here evidence related to the 
chemical activity of substituted cyclopropanes will be considered. 

Jaff6lZ2, in his now classic review of the Hammett equation, pointed 
out that for sets of compounds of the structural type XPnZY the ratio 
of p values pz/po (where pz is the p value obtained from a correlation of 
data for XPnZY and po is the p value obtained for a correlation of 
data for XPnY, Y being the same in both cases) is a measure of the 
ability of the Z group to transmit the substituent effect to the reaction 
site. Trachtenberg and Odian226 made use of this method in an at- 
tempt to determine the ability of the cyclopropyl group to transmit 
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substituent eRects. They came to the conclusion that transmission 
through the cyclopropane ring as determined by the p value for the 
ionizatio3 of the trans-substituted phenylcyclopropanc carboxylic 
acids in water, was no more effective than transmission through a 
-CH2CH2- group. Fuchs and Bloomfield 227-230, in a series of pa- 
pers, examined ionization constants, in aqueous alcohoI, of the phenyl- 
cyclopropanecarboxylic acids, and the hydrolysis in aqueous alcohol 
of their ethyl esters. They conclude on the basis of the p values 
obtained, that the cyclopropane :ring is intermediate in its transmission 
of substituent effects between a vinylene group and a -CH2CH2- 
group. The results of these These results are collected in Table 42. 

TABLE 42. Transmission of substitucnt effects through Z in XPnXY 

Y = COzHa Y = COzHb Y = C02Hc 
z P 8" Ref. p 8" Ref. p 8" Rcf. 

CHZCHZ -0.212 -0.189 226 -0.344 -0.295 229 0.591 0.427 230 
C-CYCBHI -0.436 -0.341 229 1.02 1.06 230 
T-cyC,H., -0.182 -0.161 226 -0-473 -0.435 229 0.812 0.701 230 
C-2-Vn - 0.643 125 1.122 230 

1-30d.' 1-53 234 
c=c - 0.41 233 1.10 1.03 235 

T-2-Vn - 0.466 122 -0*807d*C-0.873 231 1.314 1.33 228 

- 0.69 2 32 

a Measurcd parametcr: pK,, in watcr at 25". 
* Measurcd parametcr: pK,, in 50% ctlianol-water at 25'. 

Mcasuied parameter: rate constant of alkalinc hydrolysis 87.80,b aqueous cthanol at 30". 
Calculatcd from the data in the refcrence. 
In 78.1% EtOH-H20 at 25". 
In 85.4% EtOH-H,O at 24.8'. 

investigations cannot be regarded as conclusive. One objection is that 
correlation of substituted 3-phenylpropanic acids should require the 
use of uo constants, whereas correlation of cinnamic acids should 
require op constants. I t  is not possible to predict which of the two a 
constants would be preferable for the correlation of the cyclopropane 
derivatives. A more serious objection is that the p values do not 
answer the question of greatest interest, whether and to what extent 
can the cyclopropane ring transmit resonance effects. The magnitude 
of p will be determined largely by the localized effect. The localized 
effect, in turn, appears to be a ftinction of molecular geometry (field 
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effect). Charton lZ3 has shown that ionization constants of tram-2- 
substituted cyclopropanecarboxylic acids arc best correlated by the 
a, constants and 1 -substituted cyclopropane carboxylic acids are best 
correlated by the up constants. As the urn and up constants are given 
by the equations83 

0, = UI + 0.33 UR 

up = a1 + OR 
successful correlation with these constants is an obvious indication of 
transmission of substituent resonance effect by the cyclopropane ring. 
These results answer the question of transmission of resonance effects 
through a cyclopropane qualitatively but not quantitatively. Cor- 
relation with the extended Hammett equation (equation 1 ,  Section 
V.A.), is potentially capable of providing a quantitative measure of 
thc transmission of the resonance effect. Such correlations have been 
carried out with sets of data for which p values are listed in Table 42 lZ5. 
Whilc there is a definite trend, the results cannot be considered con- 
clusive as the sum of p and its standard deviation for the cyclopropane 
compounds, is not statistically different from the value of /3 for the sets 
in which the benzene ring and reaction site are separated by two 
methylene groups in three of the five cases studied. One of the other 
two cases, that of the trans-phenylcyclopropanecarboxq4ic zcid in 
water, has a value of /? smaller than that for phenylpropanoic acid in 
water. 

(11) 

(12) 

The quantity yn, defined as 

YR = Bc/rBco (13) 

may be taken as a convenient measure of the degree of transmission of 
the resonance effect in a set of compounds of the type XGY. For 
the reference group, GO, the phenylene group was chosen. Cor- 
relation of data for the ionization constants of 2-substituted cyclo- 
propanecarboxyljc acids in water and in 50% ‘methyl cellosolvc’ 
(MCS) and of 1-substituted cyclopropanecarboxylic acids in water, 
permits the calculation of values of yn.  I n  Table 43 values of yR 
for various groups G are set forth. The results show that the trans- 
cyclopropy!ene group is about as effective in transmitting resonance 
effects as is the phenylene group. 

The correlation of data for the solvolysis of traiu-2,3-disubstituted 
cyclopropylmethyl 3,5-dinitrobenzoates 209 (49) with the equatkn 

QX = aZ:a, + PCa, -i- h (14) 
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TABLE 43. Transrnission of substitucnt effects through G in XGlZ5 

569 

trans-Cyclopropylene - 0.75 1 - 1.55' G.828 
( -  0.828)d 0.923 

Cyclopropylidcne - 5.47 5.47 

cis-Vinylene - 1.77 1 *77 

Ethynylenc 1.9 

trans-Vin ylene - 2.08 -3.34 2.08 

Vinylidcne - 0.873 0.873 

4-Phenylene 1 -00 - 1.68 1.000 

In wntcr at 25". valucs 
In 80% MCS-H20 at 25". fi  values 
From correlation with equation (14). 
3,3-Dirncthyl-trcr:s- 1,2-cyclopropylcnc. 

gives a value of 6 of - 7-45. Unfortunately no comparable set ofdata 
for the p-phenylene reference group is available. of 
- 10.0 can be estimated for the solvoIysis of substituted benzyl fluor- 
ides in a 2~ solution of potassium formate in 20% acetone-formic acid 
at 530c209. A value of of - 7-2 can be estimated for the solvolysis 
of substituted cumyl chlorides in goo/, aqueous acetone at 25"c. This 
suggests a value of yR for the trans-cyclopropylene group between 0.75 
and 1.0, in good agreement with the values reported in Table 43. 

A value of 

X .  ADDITION REACTIONS OF CYCLGFROPANE 

Addition reactions are perhaps the most characteristic reactions of 
the cyclopropane ring. Furthermore, it is in these reactions that 
cyclopropane shows the strongest analogy to the properties of olefins. 
Cyclcprqane has been found io undergo addition with electrophilic, 
nucleophilic and radical reagents. 

I9* 
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A. Donor-acceptor Complexes of C yciopropanes 

Charge-transfer complexes of olefins have long been proposed as 
possible intermediates in electrophilic addition. I t  is of some interest 
then to consider the possibility of complex formation with cycIo- 
propanes. The first instance of a possible charge-transfer complex of 
a cyclopropanc is the report by Filipov 243 that ethylcyclopropanc gives 
a yellow colour with tetranitromethane. The ultraviolet spectrum 
of a solution of iodine in cyclopropane is indicative of charge-transfer 
complex formation. The value of AH, obtained for the formation of 
the complex is 0.5 kcal/molc. This value is comparable to the values 
obtained for propene, cis- and trans-2-butene, 0-5,0-5 and 0-2 kcal/mole 
respectively. A platinum complex of cyclopropane (50) has been 

(504 ( 5 W  

prepared. It reacts with potassium cyanide to liberate cydo- 
propane 245. Mercuric acetate has been shown to form complexes 
with substituted phenylcyclopropanes. Values of the equilibrium 
constants for complex formation are reported in Table 44.. 

Obviously the results available on charge-transfer complex forma- 

TABLE 44. Mercuric acetate com- 
plexes of orfho-substitutcd phenyl- 

c y c l ~ p r o p a n e s ~ ~ ~  

X T(Oc) Ka A H b  

H 20 
11 
0 

- 14 
c1 35 

27 
20 

KO2 35 
27 
15 

0.703 5.70 
0.44 I 
0.302 
0.166 
0.249 9-77 
0.171 
0.109 
0.200 
0.122 
0.059 

Formation constant in I/molc. 
In kcnl/molc. 
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tion of substituted cyclopropanes are rather sparse. Much remains 
to be done in this area. Nevertheless it seems apparent that cyclo- 
propanes can and do form charge-transfer complexes. 

It is convenient to consider here, hydrogen-bond formation in which 
the cyclopropane ring acts as the electron donor. Infrared spectral 
evidence 2 4 6 f l  has been presented for the existence of hydrogen bonds 
between the hydroxyl group in 4-fluorophenol and the cyclopropane 
ring in 1,l-dimethylcyclopropane or dicyclopropylmcthane. Intra- 
molecular hydrogen bonding was observed in endo-syn-tricyclo- 
[3.2-1 -02*4]octan-8-ol. These resdis confirm previous reports of the 
possible existence of hydrogen bonds be tween the cyclopropane ring 
and the hydroxyl group 246b*c*d*0. 

B. Electrophilic Addition t o  Cyclopropune 

The first !mown examplc of an electrophilic addition to cyclopropane 
is the report by Freund2*' of the formation of propyl iodide on treat- 
ment of cyclopropane by hydrogen iodide. Freund also reported the 
reaction of cyclopropane with bromine to give 1,3-dibrcmopropane. 
The reaction of cyclopropane with bromine was studied under various 
conditions by Gustavson 248, wlio found the products to contain both 
1,Z- and 1,3-dibroniopropane. The reaction has recently been re- 
investigated by Deno and Lincoln 249. They find that FeBr,, AlCI, or 
MBr, is required to obtain a reasonable reaction rate; the products 
include I ,  1-, 1,Z- and 1,3-dibromopropane and 1, 1,2-tribromopropane. 
The reaction path and product distribution obtained are summarized 
in Scheme I and Table 45. The addition of hydrogen fluoride to 
cyclopropaae in anhydrous HF has been reported to give propyl 
fluoride as the major product, with small amounts of isopropyl 
fluoride and A number of papers have reported on the 
alkylation of benzene with cyclopropane 252-256. The results are 
summarized in Table 45. With aluminium chloride-hydrogen 
chloride25* or aluminium chloride in nitromethane or with anhydrous 
hydrogen fluoride as catalysts, n-propylation occurs. With sulphuric 
acid as a catalyst, at  OOc, the product obtained is n-propylbenzene 
whereas at  65"c, isopropylbenzene is obtained. Cyclopropane has 
been polymerized in the presence of AlBr, and HBr to a low molecular 
weight polymer(molecu1ar weight < 700). The polymer consists of 
long chain alkanes with a terminal double bond. The rate law 
observed is 

v = k[HIIr AlBr,] [cyC,H,] 
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6C I -  
Br2 + FeBr, - Br-BrFeBr, 

573 

+ 
;vH A B2/( .H. FeBr,- 

. . . . . . . . . FeBr; e, ......... 
H H -  

Br H 
(53) (52) 

(51; - BrCH,CH,CH,Br + FeBr, 
(52) - Br,CHCH,CH, + BrCH,CH,CH,Br + FeBr, 
(53) - BrCH,CHBrCH, + FeBr, 

SCHEME I. Electrophilic addition of bromine to  cyclopropane 

A value of 6 kcal/mole has been determined for EA. The molccular 
weight obtained is inversely proportional to the temperature ("c). In 
the presence of branch-chain alkanes the molecular weight is decreased, 
probably due to hydride transfer. The comparatively low molecular 
weight of the polymer is believed to be due to elimination257. Hart 
and coworkers 259-261 have studied the reaction of cyclopropane with 
acyl halides in the presence of aluminium chloride. Their results are 
presented in Table 45. 1,l-, 1,2- and 1,3-addition products are all 
obtained 261, with 1,2-addition probably predominating. The pro- 
posed mechanism is similar to that suggcsted by Den0 and Lincoln 
for the addition of bromine. 

Cyclopropane has been reacted with para-toluenesulphonyl chloride 
in the presence of AICI,. Vapour phase chromatography showed the 
major components of the reaction mixture to be 1 -tosyl-3-chloropro- 
pane and uiireacted p-toluenesulphonyl chloride 262. Cyclopropane 
reacts with sulphuric acid to give propyl sulphate, dipropyl sulphate 
and propyl Results are given in Table 45. The rate 
of the reaction is given by 

v = k[CyC,H,][HA]" 
-I- Itor Ferddczi:: cr sdphuric acid in water, 12 equals 6 to 10; for sui- 

phuric acid in acetic acid, n equals 2.5 to 3 ~ 5 ~ ~ ~ .  When reacted with 
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D,SO,, the propanol fornied contains 0.38, 0.17 and 0.46 D atom in 
the 1 , 2  and 3 positions This can be accounted for by 
a mechanism (Scheme 11) analogous to those described previously for 

8-k 6- 
AcCl + AICI, AcCIAICI, 

6-k 6- H 65 k{ 
AcCIAICI, + cyC3t16 T=== ‘.[...*..:; AICI,- 

Hz /< .  

(S) 

+ 

(56) (55) 
(54) - AcCH,CH,CH,CI + AICI, 
(55) -’ AcCH,CH,CH,CI + AcCHClEt + AICI, 
(56) - AcCHMeCH,CI + AICI, 

Scx-iEm 11. Elcctrophilic addition of acetyl chloride to cyclopropanc 

(59) (58) 

(57) + H,O -’ DCH,CH,CH,OH 
(58) + H,O - EtCHDOH + DCH,CH,CH,OH 
(59) + H,O - McCHDCH,OH 

SCHEME 111. DzSOl catalysed hydration of cyclopropanc 
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the reaction of cyclopropane with bromine (Scheme I) and with 
acetyl chloride (Scheme 111). 

With carboxylic acids in the presence of boron trifluoride, cyclo- 
propane gives the corresponding esters 264. Cyclopropane has been 
reported to react with dibcrane to form tri-n-propyl boron and with 
lithium aluminium hydride to form tri-n-propyl aluminium 268*269. 

The data collected in Table 45 show that cyclopropane undergoes a 
number of ring opening addition reactions with electrophilic reagents. 
Contrary to the impression conveyed in most elementary organic texts. 
the product is not always the result of lY3-addition. In particular, the 
recent work of Den0 and L i n c 0 1 n ~ ~ ~ ~  Hart and Schlosberg261 and 
BiJrd and Aboderin 267 shows that a range ofproducts is often obtained. 
It would undoubtedly be very useful if some of the reactions reported 
in Table 45 were reinvestigated with the assistance of modern instru- 
mentation. 

C. Electrophilic Addition of Halogen to Substituted Cyclopropanes 

An unsymmetrically substituted cyclopropane undergoing the 
addition of a symmetrical reagent may give rise to more than one 
product, depending upon which of the ring bonds is broken in the course 
of the addition. All of the available evidence on this point is summar- 
ized in Table 46. Only one example of the addition of chlorine to a 

TADLE 46. Electrophilic addition of halogen to substituted 
cyclopropanes 

Substitucnts 
Cm cCz, Reagent Products Ref. 

Mc Br, BrCH,CH,CHBrMe 270 
Me,Me Brz MeCHBrCBrMe, (40) yo 27 1 

Me,Me hfe Br2 Me,CBrCH,CHBrMe 272a 

COZH Br, BrCHzCHzCHBrC02H 273 

EtMeCBrCH,Br (60%) 

C02H Clz ClCH,CH,CHClC02H 273 

substituted cyclopropane is known. I t  is especially important to note 
that while the reaction conditions for these reactions suggest that an 
electrophilic addition is involved, in no case has it been positively 
established that the reaction does not proceed by a radical path. Only 
one example 271 in Table 46 represents a recent study in which modern 
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instrumentation has been used to help effect a product analysis. I t  
would seem that this reaction needs considerable investigation before 
any meaningful conclusions can be drawn. 

The products obtained from the addition of bromine to 1,l- 
dimethylcyc1oprop;me can be rationalized in terms of Scheme IV. 

,+, Br- + Br- 
H - .  Me . .  ........ .......... + Br, 

Me Br Me 

M e /  'Me 

I t  I t  
+ B r -  B r -  + Me 

.......... ......... 
Me 

H Br  

(60) -> MeCHBrCBrMe, (61) - EtCHBrCHBrMe 

SCHEME IV. Addition of brominc to 1, I-dimethylcyclopropane 

Rates of addition of brominc to substituted cyclopropanes in 37.5% 
aqueous acetic acid at  0,24 and 40" have been reported272 (Table 47). 
Cyclopropaiiecarboxyiic acid was found not to react under these 
conditions. The kinetics of the reaction were similar to those for the 
addition of brominc to olefins in aqueous acetic acid. As all of the 
substituents in Table 47 are of the type CH2Z the rate constants have 

TABLE 47. Rates of additiona of bromine to substituted 
cyclopropancs (cyC,H,X) in 37-50/, aqueous acetic acid272 

x O0 24" 40" 

CHzCOzH 3-12 24.4- 106 
CHZCH,,COzH 62 *7 645 1840 
CHZCH2CH2COzH 278 3280 92 10 
(CHZ)BC02H 597 5480 171000 
Bu 1290 12100 36300 

a Rate constants in scc-l .  
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been correlated with the G~ values for the Z substituent, by means of 
equation ( 15). 

Excellent correlations were obtained with a - - 7. The value of a 
obtained graphically for the addition of bromine to olefins bearing 
CH,Z substituents in acetic acid at 24" is approximately - 6-5. Thus 
both addition reactions seem to show about the same sensitivity to the 
localized effect of a substituent. 

I t  would be interesting to study the stereochemistry of the addition 
of bromine to substituted cyclopropanes. An examination of thc 
configurations of the products obtained from the addition of bromine 
to cis- and trans- 1,2-dimethylcyclopropane for example, could be useful 
in providing further mechanistic evidence. Unfortunately, no such 
results are available at  the present time. 

QX = a01x 1- h (15) 

D. Addition of Hydrogen halide to Substituted Cyclopropanes 

A number of studies of the addition of hydrogen halide to substi- 
tuted cyclopropanes have been reported; the results are gathered in 
Table 48. The trend in orientation is toward 1,3-addition following 

TABLE 48. Hydrogen halide addition to substituted cyclopropanes 

Substituents 
C(1) c,,, Product Ref. 

Me 
Et 

Me,Me 

Me,Me 
C02H 
CI,Cl 
2,4,6-Me3CeH2C0 
Bz 
Ac 
C02H,COzH 
PhSOz 

4-MePnSO, 
EtSOz,EtSO, 

HI 
HBr 
HI 
HBr 
HI 

Mc HBr 
HBr 
Hl? 
HBr 
HBr 
HBr 
HBr 
HBr 
HI 
HBr 
I-I I 

S-BuI 
Et,CHBr 
Et,CHI 
Me,CBrEt 
Me,EtCI 
Me,CBr-i-I'r 
BX-(CH~)~CO,H 

2,4,6-Me3CsH2CO(CH2)3Br 
Bz(CH2),Br 
Ac(CH,),Br 
BrCH2CI-1,CH(CO2H), 
no reaction 
no reaction 
no reaction 

[CCI,FEt]" 

(EtS02)zCHCHZCHI 

270 
274 
274 
275 
276 
277 
278 
279 
280 
28 1 
282 
282 
283 
283 
283 
284 

0 This Is probnbly the product of zddition. The product obtaincd is CP,E.t, resuliitig from Ci 
displaccmcnt by I: under the rcaction conditions. 
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the Markownikoff rule. This reaction is seriously in need of re- 
investigation with the aid of modern instrumentation: most of the work 
reported was done before 1950. It  is uncertain whether the products 
reported are the predominant products, the major products or the sole 
products. The available data can be interpreted in terms of Scheme 
V. 

HHI + cyC,H,X F=== 

(62) 

When X is an electron donor by resonance. (62) - CH,CH,CHXHI 
When X is an electron acceptor by resonance, (62) - XCH,CH,CH,HI 

SCHEME V. Substitucnt effects on hydrogen halide addition to cyclopropane 

It  seems that cyclopropanes bearing electron-donor substit uents 
react more readily than do those which bear electron-acceptor sub- 
stituents, in accord with what would be expected for an electrophilic 
attack. Unfortunately no quantitative data are available on this 
point. 

E. Addition of Water and of Carboxylic Acids to  Substituted 
Cyclopropanes 

The results of studies of hydration of substituted cyclopropanes are 
gathered in Table 43. The dominant trend in orientation appears to 
be toward 1,3-addition in accord with the Markownikoff rule. The 
hydration of cyclopropanecarboxaldehyde leads to some rather sur- 

TABLE 49. Hydration of substituted cyclopropanes 

Product Ref. 

Me 50% H2SO4-HZ0 S-BuOH 270 
Et 80% H2SO4-HzO Et,CHOH 2 74  
Me,Me Me HN03(Sp.Gr. 1.4) Me,COH-i-Pr 277 

Ac 5% HCl-HZO HO(CHz),Ac 282 
CHO 92% H2S04, 0" EtCHOHCHO 285 

60% H2S04,  120" AcCHOHMe 285 

in AcOH 
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prising results however2Q5. Possibly tliesc may be accounted for by 
the formation of the intermediate 63: in which thc carbonyl group has 
been converted to a substituent which should have a small donor res- 
onance effect and therefore is capable of undergoing lY3-addition to 

v--r0s03H 
(63) 

give 2-hydroxybutanal at lower temperatures. Formation of acetoin 
a t  a higher temperature and more dilute acid is perhaps accountable 
in terms of an initial formation of 2-hydroxybutanal, followed by a 
carbonium ion rearrangement. 

I t  is of interest to consider at this point the results obtained by De 
Puy and his coworkers286 for thz acid-catalysed ring opening of cis- 
2-phenyl- 1-methylcyclopropanol in 50% aqueous dioxane. The 
products obtained are 4-phenyl-2-butanone (60%) and 3-phenyl-2- 
butanone (40o/b). The reaction carried out in dioxane-D,O is bimo- 
lecular. The products obtained were 4-deutero-4-phenyl-2-butanone 
and 4-deutero-3-phenyl-2-butanonc. The formation of the 4-deutero- 
2-butanone results in the generation of a new asymmetric centre. 
This occyrred with retention of configuration ; the results obtained may 
be accounted for by Scheme VI. 

Benzoylcyclopropane has been reported to react with acetic acid in 
the presence of sulphuric acid to form 4-acetoxy- 1 -phenyl- 1 -butan- 
one 286a. With hydrogen bromide, trans-caronic acid (64) produces 
the lactone 65286b. 

+ + 
H, ..-D.. ,OH 

+ D20 
HO, . !? . H. ,OH 

P h ( . T l t M .  
D,O+ 

. . . . . . . . . DZO + 

H Ph 

ScmmE VI. Addition of D20 to 2-phenyl-1-methyl-cyclopropanol 
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,Me ME 

F. Reaction of Substituted Cyclopropunes with Metal  Salts 

The reaction of olefins wi.th mercuric salts has been known for some 
time 28Gc. Levina and Gladshtein first observed the reaction of 
cyclopropanes with mercuric salts. Levina and coworkers’ extensive 
investigations on this reaction are summarized in Table 50. The 

TABLE 50. Mercuration of substituted cycloproppnes 

Substituents 
Gl) c,2, Reagent Solvent Product Ref. 

Me 

Me,Me 

Me,Me Me 
Me,Me Me,Me 

Me,Et hk ,  Me 

4-i-PrPn 

4-MeOPn 

Ph 

H2O 
MeOH 
H2O 
MeOH 
H2.O 
H2O 
MeOH 
EtOH 
HZO 
H2O 

MeCHOHCH,CH,HgOAc 
MeCHOMeCH,CH,HgOAc 
Me2COHCH2CHzHgOAc 

Mc2COHCHMeCH2HgOAc 
Me2COHCMe2CH2HgOAc 
Me2COMeCMe2CH2HgOAc 
Me,COEtCMe,CH,HgOAc 
Me2COHCMe2CH2HgC1 
Me,COHCMeEtCH,HgOAc 

M c ~ C O M ~ C H ~ C H  2HgOAc 

(58%) 

(42 % 1 
+ MeEtCOHCMc2CH2HgOAc 

c ~ C ~ H ~ ~ C H O H C H ~ C H ~ -  
HgOAc 

HgOAc 

HgOAc 

HgOAc 

HgOAc 

HgOAc 

4-MePnCHOHCH2CH2- 

4-MePnCHOMeCH2CH2- 

4-i-PrPnCHOHCH2CH2- 

4-i-PrPnCHOMcCH2CH2- 

4- Me 0 Pn C H 0 H CH2CH2- 

4-MeOPnCHOMeCH2CH,- 
HgOAc 

PhCHOHCHzCHZHg OAc 

287 
287 
287 
287 
288 
289 
289 
289 
289 
290 

29 1 

2 92 

2 92 

135 

135 

2 92 

292 

196 
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observed orientation is in accord with thc Markownikoff rule. The 
products obtained are the result of 1,3-addition. Thus far the reaction 
has been studied only in the case of donor substituents on the cyclo- 
propane ring. The reaction of cycloTropanes with lead {IV) 
acetate293 and with thallium (III) acetate234 have been studied293 and 
results are given in Table 5 1. 4-Bromophenylcyclopropane reacts 

TABLE 51. Reaction of lead(rv) acetate and thallium(rxr) acetate with 
substituted cyclopropancs 

Substi- 
tucnt Reagenta Products Ref. 

Ph Pb(OAc), PhCHOAcCH&H,OAc (65%) + PhCH- 293 
(CH,OAc) a (5%) + 2-PhVnCH,OAc 

TI(OAc), PhCHOAcCH2CHZOAc (92%) + 2- 2 94 
PhVnCI3,OAc (8%) 

Et Pb(OAc), EtCHOAcCH2CH20Ac predom. + EtCH- 293 

TI(OAc)3 EtCHOAcCHZCH2OAc piedom. + EtCH- 294 
(CHzOAc), 

(CH,OAC)~ + acetoxyolefin 

a In acetic acid. 

with Pb(OAc)4 more slowly than phenylcyclopropane by a factor of 2. 
Ethylcyclopropane also reacts more slowly than phenylcyclopropane. 
I t  is suggested that the reaction with Tl(OAc), proceeds in two steps 
via the formation of an  organothallium compound. 

6. Alkylation of Benzene by Substituted Cyclopropanes 

Several examples of this reaction are known; they are collected in 
Table 52. The results indicate 1,3-addition with orientation in 

TABLE 52. Alkylation of Benzene by substituted cyclopropanesa 

Substituent Product Ref. 
~ ~~~~~~ 

Ph Ph,CHEt (52th) + polymer 295 
4-MePn 4-hrIePnPhCHEt (34%) + polymer 295 
4-M e 0 Pn 4-MeOPnPhCHEt (5.5%) + polymer 295 
2,4,6-Me3C6H2C0 ~ , ~ , ~ - I M c ~ C ~ H ~ C O  (CH2)3Ph 280 

a Catalysed by AlCI,. 
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accord with the Markownikoff rule. The polymer obtained is pre- 
sumably the result of cationic polymerization of the axyl cyclopropane. 
A number of other examples of cationic polymerization of substituted 
cyclopropanes are summarized in Table 53. No studies of the polymer 

TABLE 53. Cationic polymerization of substituted cyclopropanesa 

Substituent 
C(1, C(?; T("c) Catalyst Products Ref. 

Me,Mc 24 AlBr, + HBr 

Et 25 AlC13 + HCl 
Pr 24 AlBI, + HBr 

-50 AlBr, 

24 AICl, 
Me hl  e AlCI,( OH) 
Ph hlc 90% H2SOa 
Ph Et 90% HZSOa 
Ph i-Pr 90% H2S04 

~~ ~~ 

lOOyo polymer 2 96 
100% polymcr 296 
100% polymcr 296 
90% polymcr + 3-506 PrH 

100 yo polymer 
100% polymer 296 
polymer 297 
polymcr 297 
1,1,2-trimethylindane 297 

+ 5.4% i-PrPr 

O SCC also Table 52. 

structure seem to have been made. 
investigation of this reaction is called for. 

Again, it would seem that a re- 

H. E lectrophilic Addition to Bicyclo[n- I -O]alkanes 

Ricycloalkanes containing a cyclopropane ring have long been of 
interest, as a number of terpene derivatives fall into this category. 
Bicyclobutanes will not be included in this review as their properties 
are not typical of the cyclopropane ring. They have been reviewed 
by Wiberg297a. Pertinent results are collected in Table 54. In  
general, the reactions are 1,3-additions. The bicyclo[2.l-O]pentane 
products are invariably the result of the cleavage of the bond common 
to both rings, the products being substituted cyclopmtanes. Ad- 
dition to bicyclo[n.l-O]alkanes with n 2 3 results in the opening ofone 
of the cyclopropane ring bonds which is not common to both rings. 
LaLonde and coworlrers 208*302*305-307 have attempted to account for 
the products obtained in terms of polarization and non-bonded inter- 
actions in the transition state and strain energy in the ground state. 

In the tricyclenes the addition resi;!ts in the clcavage ofthe 3 bridge. 
Thus when n 2 3, the cleavage obeys the Markownikoff rule, whereas 
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TABLE 54. Addition reactions of bicyclo[n. 1 -0lalltanes 

Reagent 

~~~~~ 

Products Ref. 

Bicyclo[2-l.O]pentane TsOH in AcOH 
HBr 
Hg(OAc), in H 2 0  

Pb(OAc), 
Ricyclo[3.l.O]hexanc TsOH in AcOH 

HgOAc 

2,6,6-Trimethylbicyclo- EIBr 

exo-6-Mcthylbicyclo- H,SO, in AcOH 
[3.1 .O]hexane 

[3* 1 -0Ihexane 

1-Isopropyl-4methyl- HBr 

Bicyclo[4-1-0]heptane H2S04 in AcOH 
bicycl0[3.1.0] hexane 

TsOH in AcOH 

Hg(OAc)2 in H 2 0  

P b (0 Ac) 4 

Tl(OAc), 

1 -Methylbicyclo[4.1 *O]- diborane 

exo-7-Metliylbicyclo- H2S0,  in AcOH 
heptane 

[4- 1 -0]heptane 

Bicyclo[5~l~O]octane H2S04 in AcOH 

Tricyc10[5-4*0.0~*~]- H2S04 in A cOH 
undecane(2,3-1nethano- 
decalin) 

octane 

hep t an e 

exo-Tricyclo[3.2- 1-02*4)- D2SOd in AcOD 

Tricyclo[2.2.1 -02*0]- AcCl-AlClS 

Cyclopentyl acetate 298 
Cyclopcntyl bromide 298 
3-Acetoxymercuric yclo- 300 

I ,3-Diacetoxycyclopentane 299 
trans-2-Methylc:.cloper.ti.!- 298 

1 -Acetoxyrnercurimethyl- 300 

I-Methyl-2-( 1'-bromo-1'- 301 

CyclopenteneP, cyclo- 302 

pent anol 

acetatc" 

3-cyclopen tan01 

methylethy1)cyclopcntane 

hexenes and cyclohexyl 
acetates 

I-Bromo- l-isopropyl-2,3- 303 
dimethylcyclopentane 

trans-2-Methylcyclohexyl 298 
acetatea 

tram-Mc thylcyclohcxyl 298 
acetatea 

trans-2-Acetoxymercuri- 300 
nethylcy clohexanol 

tram-2- (acetoxymethyl) - 293 
cyclohcxyl acctate" + 
1,3-diacetoxycycloheptane 

methyl acetatea + 1,3- 
diacetoxycycloheptane 

methyl] borane 

acetatesa, cycloheptanes 
and  cyclohcptyl acetates 

acetatesa, some cyclo- 
hexyl and cyclooctyl 
derivatives 

octalins 

trans-2-Acetoxymethylcyclo- 294 

Tris[(2-methylcyclohexyl)- 304 

Cyclohexenesa cyclohexyl 302 

Cycloheptancs, cyclohcptyl 305 

Acetoxydecalins and 306 

cxo(axial)-Bicyilo[3.2.1]- 307 
octan-2-01-4-d, acetatea 

C2-2- llheptane 
2-Acetyl-7-chlorobi~~~!0- 308 
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TAnm 54. (confittued) 

Bicyclane Reagent Products Ref. 

1 -Acctoxytricyclo- D,SO, in AcOD- endo-6-Deuterobicyclo- 310 
C2.2- 1 -02*e] heptane DZO :2 -2.11 lieptan-2-one 
( 1  -ncetoxynortricycIcne) 

[2-2* 1 .02-G] heptane 
2,3,3-Trimethyltricyclo- HF 2-Fluoro-2,3,3-trimethyl- 309 

bicyclo[2.2- I ]  heptane 
(camphene hydrofluoridc) 
+ P-fluoro-l,7,7-trimethyl- 
bicycl0[2.2.1] heptanc 
(isobornyl fluoride) + 
camphene 

a Prcdorninant product. 

when ) I  = 2 or in the case of the tricyclene system, other factors become 
sufficiently important to be product determining. The reaction of 
e.~o-tricyclo[3~2~l~O~~~] octane (66) with D,SO, in AcOD results in 
inversion of configuration leading to the conclusion that deuteron 
attack on the C(2+Zi4) bond must be ‘end-011’~~~. This is believed 
due to the geometry of the molecule which prevents the more usual 
edge-on attack. 

o& pha 0 

(69) (70) 

The reaction of 2(a), 3(a)-methylenecholestane (67) and its 3/3- 
methyl and phenyl derivatives with perchloric acid in aqueous acetic 
acid, opens the cyclopropane ring in accord with the Markownikoff 
rule, to form the corresponding 3-substituted 2-cholestenes 311 (6s). 
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1. Terminal Addition t o  Vinyl Cyclopropanes 

The reaction of a-gurjenene with diborane followed by oxidation 
and its reaction with peracids are believed to be examples of addition 
to a conjugated system of the vinyl cyclopropane type312v313. 4- 
substituted a-cyclopropylstyrcnes have been shown to react with acetic 
and trifluoroacetic acids to give 2-substituted phenyl-2-pentene-5-01 
acetates aiid trifluoroacetates. The  yield is greatest in the casc of the 
4-methoxy substituent and least in the case of the 4 - c h l o r 0 ~ ~ ~ .  The 
reaction of a-cyclopropylstyrene with maleic anhydride has been 
studied. The formation of 
the latter is suggestive of a Diels-Alder type of reaction involving the 
vinylcyclopropanc system. As the mechanism of this reaction is not 
known, however, such a comparison is merely formal a t  the present 
time3I5. 

The products obtained are 69 and 70. 

/. Relative Reactivity of the Cyclopropane Ring and t h e  Double 
Bond Toward Electrophilic Addition 

Cyclopropane has been reported to be more reactive than propene 
toward sulphuric acid. However, propene is said to be much more 
readily absorbed by bromine or bromine and iodine solutions in wates, 
than is cyclopropane 316. Methylenecyclopropane has been reported 
to undergo nGrmal olefinic reactions leaving the cyclopropane ring 
unaffected 316a. The reaction of bicyclo[3.l-O]hex-2-ene with meth- 
anol catalysed by acid, produces as the major products, cis- and 
trans-2-methoxy-bicyclo[3~ 1 *O]hexane and only small amounts of 
4-methoxycyclohexene. With HC1, 31% of cis- and 65% of trans- 
2-chlorobicyclo[3- 1-01 hexane are formed with 3% 4-chlorocyclo- 
hexene 317.318. Hydroboration of spiro[2-5]oct-4,-ene occurs only a t  
the double bond319. Apparently electrophilic reagents which are 
known to attack the cyclopropane ring and the double bond generally 
attack the double bond more readily. 

K. Radical Additions t o  Cyclopropanes 

Radical additions of bromine and iodine to cyclopropane have 
been observed. With chlorine, substitution occurs in preference 
to addition 160n*331-334. The reaction of spiro pentane \vitli chlor- 
ine produces chlorospiropentane, 1 , I-bis(chloromethyl)cyclopropane, 
2-chloromethyl-4-choro- 1 -butene and 2-chloromethyl-2,4-dichloro- 
butane as major products. The reaction is believed to proceed through 
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a radical path335. Cyclopropane has undergone free radical poly- 
merization to give a low molecular weight polymer. Attempts at 
polymerizing substituted cyclopropanes by radical catalysts were un- 
successful 328. Studies of radical addition to cyclopropanes are col- 
lected in Table 55. 

TABLE 55. Radical additions to substituted cyclopropancs 

Substitucnt 
Ccl) C,,, Reagent Initiation Product Ref. 

hv 
hv + 0 2  
hcat or hv 
hv 

Ac 

COzH, COzH Br, 
Ph 

i-Pr Ph N-Bromo- 

(CH2)3Br2 
(CH2)3BrZ 
(CH2)3r3 
low mol. wt. 

polymer 
low mol. wt polymer 
low mol. wt polymer 
low mol. wt polymer 
no reactioii 
no reaction 

320 
32 1 
322 
323 

324 
325 
326 
327 
328 

no reaction 328 

BrCHZCHzCBr(CO,H), 330 
no reaction 328 

probably 329 .- 
succinimide PhCHBkH,CHBr-i-Pr 

The reactions of the methylthiyl and trichloromethyl radicals with 
isopropenylcyclopropane suggest that they may involve addition to 
the vinylcyclopropane conjugated system. Thus the methylthiyl 
radical reacts with isopropenylcyclopropane to give 1 -methylthio-2- 
cyclopropylpropane and l-methylthio-2-methyI-2-pentene. The tri- 
chloromethyl radical reacts with isopropenylcyclopropane to form 
1,1,1,6-tetrachlor0-3-methyl-3-hexene 335a. 

Radical additions to cyclopropanes do not seem to occur as readily 
as electrophilic additions do. Very much more work remains to be 
done in this area before any firni conclusions can be reached. Our 
present state of knowledge of the radical addition to cyclopropanes is 
perhaps summed up  in the statement that such radical additions do in 
fact exist. 
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L. Nucleophilic Additions to Cyclopropanes 

have been observed (Table 56). 
A number of nuclcophilic additions to substituted cyclopropanes 

Generally, thc reaction requires two 

TABLE 56. Nucleophilic addition to substituted cyclopropanes 

Substituents 
G Z ,  Reagent Products ReT 

CO,Et, CO2Et NaCHC0,Et Et02CCHCH2CH2CH- 336 
(COZEt), 

COZEt, C02Et Vi NaCHC0,Et COZEt 
CH2=CH 

CN, C0,Et 

Ac 
PhSOz 
PhS02 
4-MePnSOz 
t-BuSO2 
COZEt, CO2Et 
C02Et, C0,Et 

CQZEt, CO2Et 
COzEt, CO2Et 
COZEt, CO2Et 
COZEt, CN 

CN, CN 
CN, CN 
CN, CONE12 

CONHZ, CONH2 

NaSPh 
NaSPh 

KOH 
NaOMc 
Et2NH 

t-BuO- 

C5H1 lN" 

BUSH 
PhSH 
PhOH 
CSHllN" 

Mc2NH 
CsHllNa 
CSHllN" 

C5H11NQ 

\ 
COz Et (60 % ) 

+ (EtOzC)2CHCHViCHz- 
CH(CO,Et)2 + (EtOzC),- 
CHCH2CH=CHCHz- 
CH (C0,Et) 

($H 

C0,Et 
PhS( CH2),Ac (58%) 
no reaction 
no rcaction 
no reaction 
elimination occurs 
Et2N(CH2)2CH( CO2Et)z 
CsHloNCH2CH2CH- 

B u S C H ~ C H ~ C H ( C O ~ E ~ ) ~  
PhSCH2CHzCH(C02Et)z 
PhOCH2CHzCII( COzEt), 
CBH1oNCH2CH2CH- 

M c ~ N C H ~ C H ~ C H ( C N ) ~  
CSHloNCH2CH2CH (CN)2 
C,H,oNCH2CH2CH- 

(CO,Et)z 

(CO2Et)CN 

( CONH2)CN 
C5FIloNCH2CH2CH- 

(CONH212 

337 

338 

283 
283 
283 
283 
283 
339 
339 

339 
339 
339 
339 

333 
339 
339 

339 

a Pipcridinc. 
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electron-acceptor substi tuents on a carbon of the cyclopropanc ring. 
The addition appears to be 1,3 and the orientation obsei-ved is anal- 
ogous to that observcd in the Michael addition to olefins. The reaction 
of spiro[2-5]octa-3,6-diene-5-onc (71) with methoxide ion has been 
shown to give 4-(2'-methoxyethyl) phenoxide ion. The reaction has 
been shown to be bimolecular, first order in 71 and first order in 
methoxide ion 340. Reaction of 4,6-di-t-butylspiro[2.5]-octa-3,-diene- 
5-one (72) with methyl or ethyl Grignard reagent gives 73 after hy- 
drolysis. 

(71) (72) (73) 

The sparse data available do not permit any conclusions to be reached 
concerning nucleopbilic addition to cyclopropanes. It would seem 
however, that the cyclopropane ring is more reactive toward electro- 
philes than it is toward nucleophiles. 

M. Hydrogenation of Cyclopropane 

The addition of hydrogen to cyclopropane appears to have been first 
observed by Wilktatter and Bruce 342. Studies have appeared since 
then on the addition of hydrogen to various cyclopropane derivatives. 
The reaction is complicated by the observation that cyclopropane 
derivatives are often isomerized to olefins under the reaction con- 
ditions, thus ethylcyclopropane has been reported to isomerize to 
cis- and trans-2-pentene on being passed through a column of silica gel. 
Ethylcyclopropane is isomerized almost completely over alumino 
silicate at 50", over Kieselguhr at 120" it is 75% isomerized; over 
pumice it is isomerized 0% at 120", 20% at 170" and 45% at 220". 
At temperatures up to 150", platinum on charcoal does not cause iso- 
m e r i ~ a t i o n ~ ~ ~ .  Platinum and palladium on charcoal at 220" do not 
cause isomerizatioii in a lkylcy~lopropanes~~~.  Vinylcyclopropane 
has been found to isomerize over Kieselguhr to 2-metELyl-l,3-buta- 
diene 346. 1 ~ 1,2-Trimethylcyc!opropane over palladium on charcoal 
220" isomerizes to a mixture containing 55% olefin 357p358. Isomeriza- 
tion also takes place over platinum at this temperature358. 

A cornpi-ison of the deuterium distribution in the propane obtained 
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by deuteration of cyclopropane and of propylene over pa!ladium, 
shows that hydrogenation of cyclopropane over palladium does not 
involve a prior isomerization to propene 346a. 

The results of rate studies on the hydrogenation of cyclopropanc over 
various catalysts are summarized in Table 57. In general, over 

TABLE 57. Rate laws for the hydrogenation and deuteration of 
cyclopropane 

Reaction Ordera 
Catalyst Rcagcnt m n T("c) EA(kcal/mole) Rcf. 

Ni on dumino- 

Pd on pumice 
Pd on pumice 
Pd on pumice 
Pd on pumice 
Ni 
Pd 
Pt 

silicate 
0 0 3 ~  - 0 . l b  75 15.2 

-_ 
347 

0.3 
1.0 
1.0 
1-0 
1.0 
1.0 
1.0 

- 0.8 
0 
0 
0.35 
0 
0 
0 

0 
200 

0 8.0 
200 

1 C.6 
8- 1 
8.9 

348 
348 
349 
349 
35 1 
35 1 
35 I 

a Exponents in the equation u = k[cyC,H,]"'[H,]". 
Exponents in the equation u = kPm[cyC3H,].P"[H2], P = partial pressure. 

nickel, palladium and platinum, the reaction is first order in cyclo- 
propane and zero order in hydrogen. 

Results for the catalytic hydrogenation of substituted cyclopropanes 
are collected in Table 58. The results of catalytic hydrogenation of 
spiranes, bicycloalkanes and methylenecyclopropanes are collected 
in Table 59. As noted above, the results are complicated by the possi- 
bility of isomerization to olefins in the course of the reaction. The 
following generalizations can be made, however. Cyclopropanes 
bearing alkyl groups at C(ll and C(2) are usually opened at the 2-3 
bond. Cyclopropanes bearing =-bond substituents such as vhyl or 
phenyl, at Ccl) or C(l) and C,,) are usually opened at the 1-2 bond. 
Spiranes containing il cyclopropane ring generally behave like dialkyl- 
cyclopropanes opening at the 2-3 bond. The bicyclo[3.1-0]hexane 
derivatives studied open at the C,,,-C,,, bond. 

Ullmarm has proposed that the hydrogen of vinylcyclopropanes and 
methylenecyclopropanes proceeds through a common carbanion inter- 
mediate formed by an initial hydride-ion transfer from the catalyst373. 
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TABLE 58. Catalytic hydrogenation of substituted cyclopropancs 

Substituents 
cm C,Z) Catalyst T("c) Products Ref. 

Et 
i-Pr 
i-Pr 
i-Pr 
i-Pr 

Me, Mc 
Et, Et  
Et, Et 
Me,Me Me 

Me, Me Me 
M e ,  Me Me 
Me, Me Me 
Me, Me Me 

Vi 
1 -MeVn 
I-MeVn 

1 -MeVn 

1-MeVn 

I-EtVn 

I-PrVn 

I-BuVn 

MeCH=CMe 

EtCH=CMe 

PrCH=CMc 

~ ~~ 

Ni PrH 342,351 
Ni on aluminosilicate PrH 347 
Pd on pumice PrH 348 
Pt on pumice PrH 349,350 
Pt on charcoal 50 302 
Pd i-Pr2 353 
Pt i-Pr2 353 
Ni 150 i-l'r, 162 
Ni on Kicsclguhr 150-200 LPr2 + :mall amount 354 

N i 150 Et-i-Pr 27 1 

Ni i-Pr2 272 
Pd on charcoal 120 t-BuEt(-80y0) + (i- 350 

of i-PrPr 

Ni on Kieselguhr 180 Et2CMez 355 

Pr2 + i-PrPr)(20%) 
Pt on charcoal 150 I-BuEt (100%) 344 
Pt I00 I-BuEt 357 
Pi 60 t-BuEt 357 
Ni on Kieselguhr 250-320 i-Pr2 (73%) + Me2- 360 

PrCH (18%) + t- 
BuEt (9y0) 

Pd 2-20 PrEt 36 1 
Pd 'LO i-PrPr 36 1 
Raney Ni 35-40 i-PrPr(prcdominant) + 162 

Pt cyC3H5-i-Pr (70?/0) + 362 

copper chromite cyC3H,-i-Pr (98%) + 364 

cyC,Ii,-i-Pr 

i-PrPr (30%) 

i-PrPr (2%) 

s-BuPr (1%) 

(99%) + Pr,CHMe 

(99%) + PrCHiMeBu 

s-BuPr (15%) 

(71%) + Pr,CHMe 

copper chromitc cyCjH5-s-B~ (99%) + 364 

copper chromite cyC,H,MeCHPr 364 

copper chromitc CYC~H~CHMCBU 364 

copper chromitc cyC3H5-s-B~ (7273) + 364 

copper chromite cyC3H,McCHPr 364 

(17%) 

(16%) 

copper chromite cyC,H,MeCHBu 364 
(79%) + PrCHMcEu 
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T a m  58. ( t o d i i u e d )  

Substituents 
cm G Z ,  Catalyst T(W Products Ref. 

Ph Pd 
Ph, Ph Pd 
Ph C-Ph Pd 
Ph T-Ph Pd 
Ac Zn 

Zn-Cu 
c u  
Pt 

Pd 
Raney Ni 

copper chromite 
CO,Et, Vi A d a m  catalyst 

COZEt 

20 PhPr 
20 no reaction 
20 Phz(CH2)3 
20 PhZ (CHZ) 3 

cyC3H5CHOHMe 
cyC3H5CH0 Me 
ring opens 
cyC,H,CHOHEvle + 
PrAc 
cyC3H,CHOHhlZe + 
cyC3H5CHOHMe 
BuCH( CO,Et), 

PrMeCHOH 

PrAc 

365 
366 
366 
366 
367 
367 
367 
368 

368 
369 

369 
163a 

TABLE 59. Catalytic hydrogenation of spiranes, bicycloalkanes and 
methylcne cyclopropanes 

Compound Catalyst 
~~ 

Product Ref. 

Spiro[2*2]pentane I'd 

Spiro[5*2]0ctanc Ni on Kieselguhr 
2-Mcthylspiro[S.2]- Ni on Kieselguhr 

1-Isopropyl-4-methylenc- Pd 

Pt 

octane 

bicycl0[3- 1 .O] hexane 

I -1sopropyl-4-methylene- Pd 
bicycl0[3- 1-01 hesan-3- 
01 

Pt 

3-Acetoxy- 1 -isopropyl- Pd 
4-methy~enebicyclo 
E3.1 .O] hexane 

Methylenecyclopropane copper chromite 

f-BuMe + Me,PrCH + 
l,l-MezcyC3H, 

I ,  1-Dimethylcyclohcxane" 
I ,  1,2-Trinietliylcyclo- 

1 -Isopropyl-2,3-dimethyl- 

5-Isopropyl- 1,2-dimethyl- 

5-Isopropyl- I ,Z-dimethyl- 

hcxane" 

cydopentane 

c yclopen tene 

cyclopenten-3-01 

1-Isopropyl-4-me thyl- 
bicyclo[3*1 *O] hexan-3-01 

3-acctoxy-5-isopropyl- 1,2- 
dimethylcyclopentenc 

BuH 

370 

355 
355 

37 1 

37 1 

3 72 

372 

372 

164 

a At 155%. 
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The mechanism of the deuteralysis of 1 , 1-dimcthylcyclopropane on 
platinum, palladium, nickel and rhodium films and of lY1,2-tri- 
methylcyclopropane on nickel, platinum, and palladium films, has 
been 

With respect to the ease of hydrogenation of cyclopropane as com- 
pared with propene, it should be noted that an analytical method for 
determining the composition of mixtures of these compounds consists 
of hydrogenation over nickel on Kieselguhr partially poisoned with 
mercury but still active enough to react with the propene, and then 
over unpoisoned catalyst in order to react with the cyclopropane 376. 

While catalytic hydrogenation of cyclopropanes has received most 
of the attention in the literature, several attempts a t  reduction by other 
reagents have been reported; they are collected in Table 60. The 
results seem to show that the cyclopropane ring is comparatively 
resistant to reduction. 

Thnm 60. Reduction of substituted cyclopropanes 

Substituents 
( 3 1 )  C(2) C(3) Reagent Products Ref. 

CO2MeY COzMe Bz Ph Zn, AcOH BzCH2CHPhCH- 377 
(C02Me) 2 

Ac LiAlH4, Et20  cyC,H,CIIOHMe 369 
Ac Na, EtOH cyC,H,CHOHMe 369 
1 -PrVn Nay MeOH, NH, cyC,H,CHMePr 378 

1-PrVn Nay NH3 (iiquid) na reaction 378 
1 -PrVn Na, BH,Br, NH3 no reaction 3 78 

(liquid) 

(liquid) 

XI. REACTIONS O F T H E  C-H BOND IN CYCLOPROPANE 

In Section I1 it was pointed out that the carbon orbitals used to bond 
to hydrogen in cyclopropane are approximately sp2 hybridized. It is 
of interest to examine the reactivity of these C-H bonds in com- 
parison with the reactivity of olefinic C-H on the one hand and of 
parafinic C--H on the other. 

A. Acidity o f t h e  C--# Bond in Cyclopropanes 

The acidity of hydrocarbons has recently been reviewed by Cram 379. 
The determination of the acidity of hydrocarbons is a generally diffi- 
cult problem as these compounds are as a rule too feebly acidic to be 
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cxainined by thc methods used with more familiar acid types. Rate 
constants and equilibrium constants for reactions which constitute 
a measure of acid strength have been utilized in studying the acidity 
of hydrocarbons. The results obtained by a number of authors are 
reported in Table 61. Many of these results have been correlated by 

TAULE 6 1. Acidity of hydrocarbons 

(1 b C d e i R P h 

CYCOH11 
CYC.5HQ 
CYC,H, 
i-Pr 
i-Bu 
Pr 
Et 
Me 
PhCHzCHz 
cyC,H, 
Vi 
I'h 
PhMezC 
ViCHz 
PhMeEtC 
PhMeCH 
PhCHz 
?hC=C 
PhZCH 
PhSC 

~ 

1-1 x 10-8 

10-6 
6.9 

6-0 3.27 
4.6 4.3 
3.9 
3.5 4.0 3-25 

1.8 3.10 
1.0 3-04 

1.0 0.7 3-01 10-3 
-2.43 0.3 2.94 

0 0 2.92 1 
37 0.84 !-34 

-0.4 2.32 
0.31 0.39 0.43 

- 0.4 
-0.7 2.08 1.1 x 102 
- 3.0 21 

35 2.9 x 104 
32-5 1.2 x 10" 

log A- for RLi -t Ph1380. 
l og  K for R,Hg -I- Ph,hfg381. 

p K ,  of RH382. 
(half-wave polarographic potential) for RHgX38x. 

e.f Relative rate of tritium exchange, at room tcmpcraturc, catalyscd by LiNHcyCoH2,, 

9.h Relative ratc of tritium exchange, at room tempcraturc, catalyscd by LiiiHcyC,,H,,, 
at 25" (e) and 50" (f)383. 

at 25" (g)383 and 50" ( 1 1 ) ~ ~ ~ s ~ ~ ~ .  

Cram to give the McEwen-Streitcvieser-Applequist-Dessy scale 
(MSAD scale) shown in Table 62. On the MSAD scale cyclopropane 
has p K ,  39, as compared with ethylene zt 36-5 and the Co,-hydrogen 
atoms in propane at 44. Thus the C-H bond in cyclopropane is 
much closer in acidity to that of ethylene or benzene than it is to that 
of - -  propane? pentane or cyclohexane. 

204-C.A. 2 
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TABLE 62. Thc McEwen-Streit~~eier-~p~lequist-Dessy Scalc 
(MSAD scale) 370 

X in XH PK, X in XH P& X in XH P K  

P h C S C  18.5 Vi 36.5 Et 42 
H C s C  25 Ph 37 cyC,H, 43 
Ph3C 32.5 PhMczC 37 i-Pr 44 
PhCH:, 35 CYC~HS 39 CYCSH, 44 
ViCH2 35.5 Me 40 cyCoH11 45 

Confirmation of the acidity of protons bonded to the cyclopropane 
ring comes from a study of hydrogen-deuterium exchange385. The 
results are presented in Table 63;  the results clearly show the greater 

TABLE 63. Hydrogcn-deuterium exchange in KND,-ND338" 

Numbers of Hydrogens exchanged 
Conditions Et-i-Pr EtcyC4H7 EtcyCaHS Ph-i-Pr PhcyC3H, VicyC3H, 
~- ~~~ 

0 . 0 5 ~  KND:, 5 2 
25': 6 hr 

25", 8 hr 

25', 240 hr 

120', 6 hr 

120', 200 hr  

1 . 0 ~  KND2 0.3 10 8 

1 . 0 ~  KND:, 0 4 6 10 8 

1 . 0 ~  KND:, 0.1 5 

l*Oh¶ KNDZ 2 2 6 12 

acidity of the cyclopropane protons as compared with the methyl- 
butane protons and the ethylcyclobutane protons. 

Cram 379 has observed an interesting linear relationship between 
pK, on the MSAD scale and percent s character of the carbon orbital 
used in forming the C-H bond. The results are in accord with ap- 
proximately sp character for the cyclopropane protons. 

Isopropyl phenyl sulphone and cyclopropyl phenyl sulphone have 
been found to be about equally a ~ i d i ~ ~ ~ ~ v ~ ~ ~ .  This can be accounted 
for by a difference in the effect of the phenylsulphonyl substituent upon 
the acidity of the C J ~ C ~ O P ? - O ~ ; ~ !  prctnn B S  compared with its effect upon 
the acidity of the isopropyl proton. 
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B. Corifigurational Stability of the Cycloprop yl Curbanion 

595 

The cyclopropane carbanion has been reviewed by Walborsky 388. 
Whereas it has been established that carbanions derived from sp3 
hybridized carbons are not configurationally stable, carbanions 
obtained from sp hybridized carbons are in fact configurationally 
stable, as are also a number ofsp2 hybridized nitrogen derivatives, for 
example, oximes, axomethines and azo compounds. I t  has now been 
shown that 1-methyl-2,2-diphenylcyclopropyllithium389 and the 
analogous magnesium bromide390, are configurationally stable. The 
results obtained are in accord with calculated inversion barriers 391 
(Table 64). It would seem therefore, that cyclopropane carbanions 

TABLE 64. Inversion barriers for car bani on^^^' 

Spccies V O h l C U l a t  Od VObSOrVFd 

Me- 0.0465 
CYC& 19 
CYC,H, 19 

I - R - C Y C ~ H ~  20 

=CH- 38 > 30 for HICH=CHl- 
CR; 0.0484 

l-R-cyC,H, 20 
=CR- 40 10-20 for PhCH=CPh- 

are configurationally stable, although probably less so than carbanions 
derived from sp hybridized carbon in olefins. 

C. Hydrogen Abstraction by Rudicals 

The reaction of cyclopropane with methyl and trideuteromethyl 
radicals has an activation energy of 10.3 and 13.1 kcal/mole re- 
s p e c t i ~ e l y ~ ~ ~ , ~ ~ ~ ,  as compared with activation energies of 8.5 and 9-3 
kcal/mole for cyclopentane. These results support a diflerence in 
hybridization of the carbon atoms in cyclopropane and cyclopentane. 

XII. RECENT DEVELOPMENTS 

An ab iniiio calculation for cyclopropane has been carried out by the 
SCF-MO-LC Gaussian Orbitals method 394. The calculated ionization 
potential is 10.33 e.V. Calculations by the CNDO method have been 
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carried out for methylcyclopropane and for the bisected and sym- 
metric conformations of the cyclopropylmethyl carbonium ion 39s. 

The results obtained are shown in Fig. 8. 
The U.V. spectra of nitrocyclopropanes show an appreciable con- 

jugative effect; values of A,, are for nitroalkanes -210 mp, nitro- 
cyclopropanes 2 13-219 mp and nitroalkenes 220-250 mp39G. 

A value of u i  for the cyclopropyl group of - 0.175 has been deter- 
mined from the integrated intensity of the vI6 mode in the i.r. spec- 
trum of cyclopropylbenzene 397. 

The cyclopropyl group has been found to have a moderate activatixg 
effect (when compared with the isopropyl and phenyl groups) upon 
the vapour phase pyrolysis of 2-substituted isopropyl acetates (XCMe,- 
OAC)~”.  

In  FSO,H-SbF,-SO,ClF or HF-SbF,-S0,ClF above - 80”c 
cyclopropane forms the t-butyl cation through various di- and trimer- 
ization processes and fragmentations, and i-PrMe,C+. At - 100”c 
the n.m.r. spectrum suggests that cyclopropane is protonated, either 
on the ring ‘face’ or as an equilibrating ‘edge’ protonated mixture. 
Ethylcyclopropane forms exclusively t-amyl cation (Me,EtC) in these 
media, whereas isopropylcyclopropane undergoes hydride loss to form 
the dimethylcyclopropylmethylene cation 399. 

Rates of reaction of 3-substituted 1 -cyclopropylbutanes with tri- 

0.040 0.023 0.148 

(0.989) 

H 0.121 
0.068 H -- 

!4 H . .  
0.062 H 

0.116 
0 0 5  7 

Figure 8. Bond indices (in brackets) and charge densities of methylcyclopro- 
pane and cyclopropylmcthyl carbonium ion. 
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fluoroacetic acid have been measured 400 (Table 65). 
and elimination occur. 
15) of - 3.5. 
comparable alkenes. 
IBr. 

59 7 

Both addition 
Rate constants show a value of a (equation 

The cyclopropane reacted about 300 times faster than 
The cyclopropanes studied were unreactive to 

TABLE 65. Rates of reaction of 3-substi- 
tuted 1 -cyclopropylbutanes ( cyC3H,CH2- 
CH2CHXCH3) with trifluoroacetic acid 

" C  n o c  
0.. " 

'A Elimina- 
X 1 OEk(sec - I) tion 

H 3260.0 39.2 
c1 98.1 32.2 
02CCF3 10.2 27.7 

Bicyclo[2.l-O]pentane reacts with dimethyl acev2cccdicadxxy- 
Rate studies show a negligible solvent 

Results are most consistent with the formation of a diradical 
late401 to give 74 and 75. 
effect. 
intermediate 402. 

(74) (75) 

The kinetics of the addition of mercuric acetate in acetic acid to ring 
substituted phenylcyclopropanes has been studied 403. Results are 
correlated by the Hammett equation with a p value of -3.2 at 50". 
The results are given in Table 66. 

The reaction of ~ l s , t r ~ n ~ -  and trans,trans-2,3-dimethyl-l-phenyl- 
cyclopropanol and their acetates with a number of brominating agents 
has been studied 404. The products are bromoketones with complete 
inversion of configxiration at the site to which the bromine is attached. 
The mechanism is thought to be 'ionic or concerted'. The cis,trans 
isomer gives only ergthro-a-methyl-/3-bromobutyrophenone; the /ram- 
t ram isomer gives exclusively the t h o  configuration. With chlorinat- 
ing agents the same 50: 50 mixture of threo and eythro chloroketones is 
obtained from either isomer. The chlorination is belielied to proceed 
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TABLE 66. Rate of addition of Hg(OAc), to 
XPncyC3Hb in acetic acid 

loQ k(l/mole sec) 
x 25.0" 50.1" 75.6" 

~~~~~~~ 

4-Me0 570 5000 
4-hfe 22 220 
3-hIe 3.3 40 370 
H i.6 22 2 10 
4-c1 0.47 7.0 75 
3-C1 0.067 1 -2 16 

by a free radical path. Halogenating agents give with 1,2,2-tri- 
methylcyclopropanol solely 1,Sboild breaking, with tram-2-phenyl- 1 - 
methylcyclopropanol only 1,2-bond breaking is involved in t h e  ring 
opening. The chemistry of the cyclopropanols has been reviewed405. 
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Double bond migration-continued 
a-ally1 mechanism 22S230 
metal-hydride addition-elimina- 

tion mechanism 225-228 
catalytic hydrogenation 177, 342 
mass spectroscopy 336: 342, 347- 

photochemical isomcrization 277, 

photolysis 457 

350 

2 78 

Electron paramagnetic resonance 
spectra, cyclopropane derivativzs 
544-548 

Epoxidation, polymers containing 
C=C bond 492 

Ethylcyclopropane, donor-acceptor 
complexes 570 

Ethylene, a1 kyl substituted , nuclear 
magnetic resonance spectra 12, 
13 

carbonylation, production of acyl- 

production of ethylcobalt 

condensation with 1,3-dienes 254 
dideuterated, stereomutations 1 17 
effect of substituent on coupling 6 
isotopically substituted, couplings 4 
monosubstituted, nuclear magnetic 

resonance parameters 5, 9 
effect of medium 24 

multiply substituted, chemical shifts 
15 

cobalt carbonyl 246 

carbonyl 246 

coupling constants 18 
oligomerization 247 
palladium catalysed oxidation 

237-240 
kinetic isotope effect 237 
rate constant and complex forma- 

reaction mechanism 238-240 
polymerization, radiation-induced 

proton magnetic resonance spectra 

radiolysis 403, 404 

tion constant 237 

399 

4 

ionic reactions 390-394 
mechanism 374, 390-394 

charge exchange 393 
electron transfer 
from vinyl ion 393 
geminate neutralization 394 
intermediate comFlex ion 390, 

39 1 , 392 

391, 393 

radical reactions 398-4012 
sensitized 377 

reduction 235 
substituted, additivity relations of 

coupling constants 18 
symmetrical disubstituted, ciifferen- 

tial proton and I3C shifts 15 
Ethylene-metal complexes, stability 

Ethylene-propene mixture, oligomeri- 

Ethylene-propylene terpolymer 41 3, 

addition of non-conjugated diencs 

structure 424, 425 

220 

zation 253 

4.24, 425, 463 

for vulcanization 425 

Ethyienic compounds, coupling con- 

Ethyl vinyl ether, analysis by nuclear 
stants 4 

magnetic resonance spectra 8 

Fermi contact term, determination of 
coupling constants 5 

Fluoropropenes, H-H, H-F couplings 
28 

Franck-Condon principle, photo- 
chemical dimerization 3 14 

photochemistry 270, 271, 274 
Fumaric acid, reduction 235 

Gensler coupling 130, 131 
GR-A-see Butadicne-acrylonitrile co- 

Graft copolymers 426 
GR-I-sce Butyl rubber 
Grignard reagents, allyl, proton 

magnetic resonance spectra 74, 
75 

containing non-conjugated double 

nature of ions 41, 42 
stability from equilibrium studies 

vinyl, geometry, configurational 

proton magnetic resonance 
spectra 54 

stability 49, 51 
stereochemical retention 163 

mer 

233 

polymer 

bonds, cyclization 104 

49, 51 

stability 54 

GR-S-see Styrene-butadiene copoly- 

y-Gurjunene, selective hydrogenation 

Gutta-percha, cyclization 441 
f . . . l - - - L 1 - 2  t y u t " c i l l " r i l r r i d ,  --.- niicleai Zagnctic 
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resonance spectra 439 
hydrogenated, infrared spectra 462 
hydrogenation 460 
isonierization 449, 455, 458 

ei'fect on rate of crystallization 

maleic anhydride addition 497 
oxidation 478 

458 

chain scission mechanism 48 I , 
peroxide vulcanization, crosslinking 

physical properties 
pyrolysis 487 
structure 415, 416 

482 

cficiency 466 
4 13, 4 16 

Heat of combustion, cyclopropane 

Iy3-Heptadicne polymers 420 
1 ,G-Heptadiene-silver comples, stabil- 

ity 220 
1-Heptene, palladium catalysed iso- 

merization 230 
2-Heptene, mass spectra, McLafferty 

rcarrangement 332 
Heptenes, isomerization, metal 

hydride addition-elimination 
mechanism 226, 228 

derivatives 552 

Heuea 416, 418, 423, 424, 429 
chlorinated, uses 436 
chlorination 434, 435 
cyclization 441-44.3, 445, 460 
cyclized, structure 441-443 
hydrochlorination 439 
hydrofluorination 439 
hydrogenation 460 

y-irradiated 458 
isomerization 449, 455, 458, 466 

rate 461 

effect on rate of crystallization 458 
under vulcanizing conditions 460 

malcic anhydride addition 497 
mechanochemical degradation 

489,490 
mastication 490 

chain scission mcchanism 480- 

effect on physical properties 478 
peroxide vulcanizate 478,482 
resistance to 482 
sulphur vulcanizate 478, 482 

ozonization 416, 484-486 
photochemical produc:ion of hydro- 

oxidation 477, 478, 482 

482 

gen 457 

physical properties 413, 416 
pyrolysis 487 
reaction with aldehydes 498 
structure 415, 416 
vu!canization 463 

peroxide 464 
sulphur 468 

crosslinking efficiency 469, 

double bond shift 471 
function of accelerator 470 

1,4-Hesadiene, production by oligo- 
merization of butadiene 253 

1,3-Hexadiene polymers 420 
1,5-Hesadiene-silver complex, sta- 

bility 220 
I-Hexene, vicinal coupling constants 

26 
Hexenes, isornerization, metal hydride 

addition-elimination mechanism 
228 

McLafferty rearrangement 332 

470 

mass spectra 331 

selective reduction 236 
Homoallylic cation 95 
Horiuti-Polanyi mechanism, catalytic 

hydrogenation 176, 179, 188 
interpretation of half-hydro- 

Hydrogenation 175-210,230-236 
genatcd state 177 

catalysts-see Catalysts 
catalytic, double bond migration 

177, 342 
selective 232, 236 

by diimide 208-2 10 
by dissolving metals 203-206 

Birch reduction 203-206 
zinc in boiling acetic acid 203 

by metal hydrides 206-208 
cobalt hydrocarbonyl 207, 208 
lithium aluminium hydride 

206, 207 
mechanism 208 
sodium borohydride 206 
triphenylstannane 207 

chemical reduction 203-210 

cyclopropanes 588-592 
-half, heterogeneous catalytic 195 
heterogeneous catalytic 17!%196 

adsorption states 175 
w-allylic complex intermediate 

176, 181 
associative adsorption, half- 

hydrogenated state 176 
n-complex formation 176 
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Hydrogena tion-continued 
isomerization on catalyst surface 

mechanisms 175-1 92 
178 

deuterium exchange, intra- 
molecular hydrogen shift 
182 

half-hydrogenated statc 184- 
186 

rate as a function of concen- 
tration of half-hydrogen- 
nted intermediates 180 

hydrogen pressure 179, 180 
rate-limiting step 184 

competitive adsorption 193 
heat of hydrogenation 193 

cis,trans addition 177-192 

selective 192-1 96 

stereochemistry 175-192 

effect of temperature 186 
effect of weight of catalyst 

half-hydrogenated state 183 
adsorption in a boat conform- 

deuterium exchange 18 1, 182 
directive effect of hydroxyl 

effect of catalyst hindrance 

effect of hydrogen pressure 

rate limiting step 185 

187 

ation i84 

group 188 

186 

183, 184 

homogeneous catalytic 196-203, 
232-254 

cis-addition 197 
decarbonylation, avoidance 233 
hydrido-transition metal com- 

plex 196 
isotope effect on rate 234 
selective 232, 233 

polymers containing C=C bond 
460-463 

mechanism 462 
transition metal-alkene complexes 

as intermediates 230-236 

IIR-see Butyl rubber 
Infrared spectroscopy, cyclopropane 

derivatives 538-54 1 
stretching frequency C-H bond 

structure of hydrogenated poly- 

structure of polymers containing 

539 

mers 462 

C=C bond 415, 417, 428, 
429, 444, 446 

study of polymer oxidation 484 
Ingolds’ rule, rearrangements 141 
Ion cyclotron double resonance, 

study of ion-molecule reactions 
390 

Ionization potentials 337-342, 348, 
349, 361 

cyclopropanc derivatives 530-532 
correlation with extended Ham- 

mett equation 531 
Ion-molccule reactions, atom transfer 

condensation-typc radiolysis of 

high-order, ethylene radiolysis 394 
ion transfer 390 
long-chain, radiation induced poly- 

radiolysis 369 
studies with ion cyclotron double 

studies with mass spectrometer 

a-Ionone, photochemical reactions 

/3-Ionone, hydrogen transfer in 146 
#3-Ionylidenc compounds, anionotro- 

Isobutcne, carbonylation 246 

390 

ethylene 393, 394 

merization 394 

resonance 390 

393, 394 

145 

pic rearrangement 152 

mass spectra, ionization potential 

Isobutylene, polymerization, ion- 
injection techniques 395 

Isobutylene-isoprene copolymer-see 
Butyl rubber 

Isobutyl vinyl ether, analysis by 
nuclear magnetic resonance 
spectra 8 

Isomerization, m-allyl complex 
mechanism 22W230 

339 

catalysts-see Catalysts 
cis-trans, during cyclization of p l y -  

in polymers containing C=C bonds 

photochemical 277 
conjugated dienes 252 
during catalytic heterogeneous 

hydrogenation 178, 195 
during mass spectrometry 331 
during radiolysis 374, 397 
effect of electron donating power of 

dicnes 446 

449-460 

phosphine 240 
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mechanism, ambident allylic cation 

metal hydride addition-elimination 

photochemical 275-297 

136 

mechanism 225-228 

double bond migration, twisted 
alkene triplet 278 

electrocyclic reactions 284-297 
conrotatory cyclization 287 
internal convcrsion 288 
mechanisms, triplet state 287 
quantum yields 286 
ring opening 285, 289-291 

sigmatropic reactions 281-284 
1,3-shifts 281-283 
I ,5-shifts 282-284 
1,7-shifts 281, 284 

Woodward-Hoffmann rules-see 

photoinduced, of polymers 449- 
452, 455-458 

photosensitized 449 
triplet states 276 

radiation-induced, of polymers 

sigmatropic chlorine transfer 162 
sigmatropic hydrogen transfer 167 
sigmsrropic shifts 132 
solvent effects 143, 144 
thermodynamics of 135 

Woodward-HoKmann rules 

449-452 

Isoprene, reduction 23 1 
Isoprene-butadiene copolymer, micro- 

Isoprene copolymers, epoxidation 493 
isomerizztion 454 
radiation vulcanization 474, 475 
see also Butyl rubber; Isoprene- 

Isoprene homopolymers-see Polyiso- 

Jesse effect, negative, radiolysis of 

structural analysis 41 7 

butadiene copolymer 

prenes 

mixtures 401 
radiolysis 376 

Ladder polymers 432, 443, 449 
Langmuir-Hinshelwood mechanism, 

catalytic hydrogenation 176 
Linalool, selective hydrogenation 232, 

233 
A12-Lupene serics, mass spectra, retro- 

Diels-Alder ions 352, 353 

Aelaleic acid, reduction 235 
Mass spectrometry 327-357 

ally1 cation stability 44, 60 

allylic fission 328, 331, 336 
appearance potential 337-342, 

348, 349, 353, 354 
calculation fr.om heats of forma- 

tion of ions and molecules 
340, 341 

determination from ionization 
efficiency curves 338,339 

for a n  excited state 341 
double bond location 342-347 

by deuterium introduction 342 
double bond migration, preferential 

under electron impact 342, 347, 

electron-impact induced migration 

explusion of alkyl radicals from 

heat of formation of ions 
hydrogen scrambling 334, 335 
1,3 hydrogen shifts, in pentene 

in propcnc, deuterated 334 
ion formation 379 
ion lifetimes 380 
ionization potentials 337-342, 348, 

determination by electron impact 

determination from ionization 

isornerization prior to fragmentation 

straight chain alkenes 328-330, 

studies of ion-molecule reactions 

tandem, studies of ion-molecule 

hlcLafferty rearrangement-see 
McLafferty rearrangement 

partial, n-hexene isomers, abund- 
ance of ions 331 

quasi-equilibrium theory of frag- 
mcntation 379, 380 

retro-Diels-Alder rearrangement 

in structure determination 

statistical theory of fragmentation 

McLafferty rearrangement 33 1-335, 

second, following hydrogen migra- 

350 

350 

prior to fragmentation 333 

cyclic alkenes 353-357 
340 

335 

349 

338 

efficiency curves 338, 339 

33 1 

353 

394 

reactions 390 

332, 337, 347-353, 355, 356 

352, 353 

380 

348 

tion 334 
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Menthcne, mass spectra, allylic frag- 
mentation 336 
hydrogen migration caused by 

rate of double bond migration 

retro-Diels-Alder reaction 35 1 
Metal-hydride addition-elimination- 

see Addition-elimination, metal 
hydride 

Methoxyethylene-rhodium complex, 
stability 220 

Methyl acrylate, carbonylation 246 
2-Methyl-1 ,3-Butadiene7 condensation 

3-Methyl-5a-2-cholestene7 selective 

Methylcyclohexenc, deuterated, mass 

mass spectra, retro-Diels-Alder 

1-Methylcyclopentadicne, chemical 
shift 33 

Methylcyclopropane, ionization 
potential 530 

Methyl cyclopropyl ketone, rate Gf re- 
action with hydrogen 565, 566 

Methyl- 1-hexenes, mass spectra, 
McLafferty rearrangement 332 

9-Methyl-truns-Aa-octalin, mass 
spectra 350 

2-Methylpent-2-enyl tlliolacetate, cis, 
frum isoinerism investigated by 
nuclear magnetic resonance 04 

Methyl vinyl sulphide, charging of d 
orbitals of sulphur by hyper- 
conjugation 8 

nuclear magnetic resonance spectra 

Molar refractivities, cyclopropanes 

electrm impact 535, 336 

336 

with ethylene 254 

reduction 232 

spectra 337 

fragmentation 332, 348-351 

7 

548, 549 

Naphthoquinone, selective reduction 

NBR-see Butadiene-acrylonitrile 

Neoprene-sec Polychloroprene 
Nitrile rubbers-see Butadiene-acrylo- 

Nitrocyclopropane, electron para- 

233 

copolymer 

nitrile copolymer 

magnetic resonance study 547 
ultraviolet spectra 596 

p-Nitrostilbene, stcreomutation 123 
Non-conjugated anions 40, 77-83, 

101-106 

formation from non-conjugated car- 

Non-conjugated cations 40, 77-101 
Non-conjugated double bond, as 

cyclization in Grignard wagents 
104 

participation by, in carbanion rc- 
action, kinetic evidence 104 
molecular orbital calculations 

product evidence 104 
ring size 105 

bony1 groups 101, 102 

neighbouring group 77 

81-83 

in carbon radical reaction 81-83 
ir. cnrbonium ion rcaction 78, 

79, 83-85 
effect of solvent 83-86 
effect of substituent 85 
kinetic evidence 78 
molecular orbital calculations 

nature of intermediate and 
transition states 79 

product evidence 78 
in formation of anions 101 

8 1-83 

3,4-, participation by, in car- 
bonium ion reaction 95, 96 

4,5-, participation by, in cas- 
bonium ion reaction 93 

5,6-, participation by, in car- 
bonium ion reaction 87-90 
effect of nucleophile 89 
ring size formed in 87 
stereochemical consequences 

substituent effect 88 
6,7-, participation by, in cas- 

bonium ion reaction 93 
Norbornadiene, nuclear magnetic rc- 

stereochemistry of carbonylation 247 
Norbornadiene-metal complexes 2 19, 

7-Norbornadienyl cation, geometry 

proton magnetic resonance spectra 

Norbornene, cis addition to double 

nuclear magnetic resonance spectra 

90 

sonance spectra 33 

220 

98,99 

100 

bond 240 

33 
13C--H satellites 34 
s~:cc:ivc so!vcnt c!€ccts 34 

5-Norb0rnene-2~3-dicarboxylic anhy- 
dride, reduction 235 
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7-Norbornenyl cation, geometry 98, Groups IA and IIA, nature of 

proton magnetic resonance spectra 
99 ions 41 

proton magnetic resonance spcctra 
I 100 10. 11 ~ . .  

Norbornyl cation, structure 79, 80 
Nuclear magnetic resonance spcctra 

2-35, 544-548 
carbanions 142 
l3C-H satellites 5, 34 
chemical shift-see Chemical shift 
coupling constants-see Coupling 

constants 
cyclic compounds with more than 

one double bond 32 
geometry of ions 54, 61, 62, 

74-77, 100, 101 
hyperconjugation 12 
medium effects 22 
reaction field estimation 24 
solvent effect 34 
structure determination, poly- 

mers 415, 417-419, 422, 
444,446 

vinylethers and sulphides 7 
study of rotational conformers about 

vinyl derivatives containing Si, Hg, 

Nuclear quadruple resonance, cyclo- 

C-C bond 26 

Al ,Sn 9 

propane derivatives 544-548 

Octalin, mass spectra 350 
I-Octene, isomerization in presence of 

1-hexene or ur?decene 228, 229 
selective reduction 232 

Olefins-sce AIkenes 
Oligomerization 247-256 

r-ally1 complexes, effect of alu- 
minium halide 248 

effect of phosphine 248 
n-ally1 nickel halide 248 
ca talysts-sce Catalysts 
cyclic 250-252 
cyclobutanation 255, 256 
dimerization 255, 256 
linear 249, 250 
mixed 253-255 

cyclic condensation 255 
linear condensation 253-255 

hyperconjugation 8 

equilibrium studies 50 

d Orbitals of sulphur, charged by 

Orgznolithium reagent, stability from 

Organometallic compounds, or” 

shifts explained in terms of 
&-/I.., bonding 10 

Oxetenes, Paterno-Buchi reaction 

Oxidation 236240 
309 

to alkylidenc diacetates 240 
to enol acetates 240 
palladium catalysed 237-240 

n-allylic complexes 239 
reaction mechanism 238-240 

polymers containing C=C bond 

chain scission and crosslinking 

chain scission mcchanism 480, 

Oximes, a,P unsaturated carbonyl 
compounds, nuclear magnetic 
resonance spcctra 34 

Oxy-Cope rearrangement 159 
Ozonization, polymers containing 

476484 

478 

48 1 

C=C bond 484-486 
mechanism 486 
microstructural analysis 485 

Paterno-Buchi reaction, intermole- 
cular photoaddition 308-310 

mechanism 3 10 
oxetanes formation 308-310 

Pauling hindrance, vitamin A2 130 
Pentacyanocobaltate, hydrogenation 

catalyst 197-199, 231, 232 
1,3-Pentadiene7 condensation with 

ethylene 254 
see also Piperylene 

1 ,4-Pentadicne7 stereochemistry of 

Pentadiene-butadiene copolymer 42 1 
1,4-Pentadiene-siIver complex, sta- 

Pentadienyl anion, rotational barrier 

Pentadienyllithium, proton magnetic 

Pentadienyl radical, stabilization 

1-Pentene, deuterated, mass spectra 

isomcrization, metal hydride addi- 
tion-elimination mechanism 
226 

carbonylation 247 

bility 220 

143 

resonance 76 

energy 136 

335 
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1 -Pen tzne-continued 

mass spectra 331 

selective reduction 236 

palladium catalysed 230 

McLafferty rearrangement 332 

Phcnylcyclopropane, ultraviolct 
spectra 532, 533 

Phenylcyclopropane carboxylic acids, 
transmission of resonance efi-ects 
567 

Phenylethylene-rhodium complex, 
stability 220 

Photoaddition 297-3 12 
intermolecular 303-3 12 

carboxyniethylation 303 
cleavage of C==C bond 303 
Paterno-Buchi reaction-sce 

Paterno-Buchi reaction 
to aromatic compounds 3 1 1 , 3 I2 

intramolecular 297-302 
mechanism, intercrossing system 

to steroids 303, 304, 306 

dimerization-see Dimerization, 

energy trknsfer, intcrsystem crossing 

flash photolysis 269 
fluorescence 271 
heterocyclic photoproducts, quan- 

‘hot ground-state’ reactions 272 
cis,trans isomerization 275 -278 

laser 269 
laws 269 
phosphorescence 27 1 
ring opening 285, 289-291 
sensitized 274-277 

299 

Pilotochemistry 267-3 16 

photochemical 

27 1-273 

tum yield 302 

sec also Isomerization 

diradical character of triplets 

energy transfer, non-vertical 

production of twisted triplet 

275 

transitions 274 

276 
heterogeneous 274 

see also Photoaddition; Ultraviolet 
absorption spectroscopy 

Photocyclization of polymers con- 
taining C==C bond 456, 457 

Photocycloaddition 304-308 
Photoisomerization 120 
Plioioiysis, double bond migration 457 

Aash 269,276 

Piperylenc polymers-see Polypipery- 
lencs 

Polyacetylene, properties, synthcsis 
and uses 426, 427 

Polyacrylonitrile, cyclization to a 
‘ ladder’ polymer 432, 433 

Folyalkenes, double bond location by 
mass spectra 347 

cis,lruns isomerization 125-132 
non-conjugated, isomerization 12 1 
see also individual polymers 

oxidation 484 
see also individual polymers 

Polyalkynes 426, 427 

Polybutadiene-2,3-d2, isomerization 
45 1 
accompanied by vulcanization 

1,2-PolybutadiencY reaction with HCl 
440 

1 ,4-PolybutadieneY maleic anhydride 
addition 497 

cis-1 ,4-PolybutadieneY rcaction with 
chioral 499 

substituted 421 
use in place of natural rubber 

4 16, 4 1 7 
bromination 437, 438 
chlorination 435, 436 
compared with neoprene 418 
cyclization 444-446 

cis,truns isomerization 446 
dichlorocarbene addition 495 
gem-dihalocyclopropane derivatiLVc 

double bond shift 454 
epoxidation 492 
hydrogcnatcd, physical properties 

hydrogenation 461, 462 
infrared spcctra 428 
isomerization 446, 449-455 

453 

416 
Polybutadienes 

495 

463 

accompanicd by sulphur vulcani- 

mechanism 455 
photoinduced 449-452, 454 

zation 452-454, 459, 460 

kinetic studies 450 
mechanism 45 1 

cyclization 45 I 
kinetic studies 450 
mechanism 45 1 
unsensitized 450 

thiylcatalysed 494 

radiation-induced 449-452 

mechanochemical degradation 490 
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oxidation 483, 484 
peroxide-cured 468 
pliotocyclization 456 
physical properties 416, 417, 424, 

reaction with sulphur 452, 453 
structure 417 
synthesis, yield of isomers 416 
thermal degradation 488, 489 
thiol addition 493, 494 
treatment with dich!orocarbene 495 
vulcanization 4.52 

429 

peroxide 467, 468, 476 

radihtion 474-476 
crosslinking efficiency 467 

chemica! production of cross- 

crosslinking mcchanisrn 475, 
links 476 

476 
sulphur, mechanism 473 

Polychlaroprenes 

495 

4 13, 41 8, 41 9 
gem-dihalocyclopropane derivative 

epoxidation 492 
hydrogenation 46 1, 462 
mechanochemical degradation 490 
production 418 
proFerties 418 
structure by nuclear magnetic re- 

vulcanization 464, 474 
sonance spectra 418, 419 

crosslinking by dicumyl peroxide 

Polycyclopentadiene, microstructure 
by nuclear magnetic resonance 
study 422 

474 

syntliesis 421, 422 

cyclization 446 

Polyalkenes 

bond formation 433 

double bond shifts 458 

Poly(2,3-dimethyl- 1,3-butadiene), 

Polyenes-see individual polymers ; 

Polyethylene, radiation induced C=C 

Polyisoprene-3-d, electron irradiation, 

isomerization mechanism 459, 
460 

cis-Polyisopicne, oxidation 482 
reaction with fluoral 499 
sulphur vulcanization 471 
treatment with dichlorocarbene 494 

ci5-1,4-Polyisoprene, hydrohalogena- 
tion 439 

physical properties 416 
see also Hmea 

cis- 1,4-Polyisoprene-3-d, hydrogena- 

!ram- 1,4~-Polyisoprenc, hydrohalo- 
tion 463 

genation 439 
physical propertics 416 
see also Gutta-percha 

3,4-Polyisoprene, cyclized, structure 

Polyisoprenes 41 3-416 
bromination 437 
chloral addition 499 
chlorination 435 
cis,frans composition 415 

effect on physical properties 416 
cyclization 4 3 9 4 ,  446, 447 
dichlorocarbenc addition 495, 496 
gem-dihalocyclopropanc derivatives 

epoxidation 492, 493 
hydrogenated, infrared spectra 462 
hydrogenation 425, 46 1, 462 
hydrogenation catalysts 461 
hydrogen chloride addition 439, 
440 

isonierization 454-460 
mcchanism 455, 459 
photosensitized 454 
thiyl-catalysed 494 

444 

495 

cis , tra~s isomerization, during 

maleic anhydride addition 496, 

oxidation 477-483 

hydrogenation 462 

497 

chain scission 478 

photocyclization 456 
photolysis, double bond migration 

pyrolysis 487-489 
radiation-induced crosslinking 476 
reaction with ethylenic compounds 

reaction with glyoxal 498 
reaction with molecular oxygen 416 
structures 415 
vulcanization, peroxide 464-467, 

476 
acconipanicd by cyclization 

crosslinking efficiency 466 

chemical production of cross- 

crosslinking mechanisms 475, 

mechanism 480, 482 

457 

497, 498 

464, 465 

radiation 474, 475 

links 476 

476 
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Polyisoprenes-confitlued 
sulphur, accompanied by cis,trans 

isomerization 47 1 
I ,4-Polyisoprenes, cyclization mech- 

anism 441, 442 
Polymerization, radiation-induced, 

long-chain ion-molecule reactions 
394 

see also Dimerization; Oligomeriza- 
tion 

Polymers containing C=C bond 
41 1-500 

chemical reactions 433-500 
addition reactions 493-500 
cyclization 441-449 
degradation 4 8 6 4 9  1 
epoxidation 492 
halogenation 434-440 
hydroformylation 499, 500 
hydrogenation 460463 
hydrohalogenation 434440 
cis,trans isomerization 449460 
oxidation 476-484 
ozonization 48-86 

mechanism 486 
vulcanization 452, 463-476 

see also individual polymers 
Polynorbornene, infrared spectra 429 
Polypentenamers, infrared spectra 

production by polymerization of 

physical properties 429 

hydrogenation 425, 461-463 
peroxide vulcanization, crosslinking 

efficiency 466, 467 
Polyvinyl chloride, dehydrochlorin- 

Polyvinylidenc chloride, dechlorina- 

Poly-ynoic acids, stepped, synthesis 

3-13C-Propene, mass spectra, loss of 

Propene-ethylene mixture, oligomeri- 

Propene-nickel complex, structure 

Propenes, deuterated, mass spectra 

long range couplings between 
methyi and vinyl protons 13 

mass spectra, ionization potentials 
338 

428 

cycloperitene 428 

Polypiperylenes 41 9-42 1 

ation 431, 432 

tion 432 

130 

methyl radical 334 

zation 253 

22 1 

334, 335 

?-substituted, differcntial shieldings 

vicinal coupling constants 26 
16 

Propenylbenzene, production by iso- 
merization of ally1 benzene 230 

Propylcne, mass spectra, appearance 
potentials of fragmcnt ions 339, 
340 

microwave spectrum 26 
palladium catalysed oxidation 237 
radiolysis, liquid-phase 405 

reduction 235 
vacuum ultraviolet photochemistry 

Propylcne-metal complexes, stability 
220 

Proton magnetic resonance spectra-- 
see Nuclear magnetic resonance 
spectra 

Pyrolysis, polymers containing C=C 
bond 487489 

Radiolysis 359-405 

photophysical processes 375 

394, 395 

condensed-phase, by kinetic spectro- 

mechanism, degradation spect- 

by pulse radiolysis 365 

scopy 365 

rum of electrons 385-387 

dosimetry 366-368 
by elcctromagiietic radiation 366 
by  electron accelerators 362-366 

characteristics 363 
steady state kinetics 363 

excitatipn by secondary electrons 

gas-phase, by electron accelerator 
362 

364 _ _  - 
ion-pair energy of formation 

ion-pair yield 366, 367 
366, 367 

mechanism, energy deposition 
along columns of dense ioni- 
zation 284 

ionic intermediates 368 
track effects 385 
triplet states 371 

by high energy radiation 360 
energy deposition 362 

ionization eficiencies 376 
ionization potentials 361 
by ionizing radiation 360 
liquid-phase, mechanisms, effect of 

solvation 369 
neucialization 36G 
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mechanisms, associative ionization 

bimolecular stage 370, 388-401 
389 

diffusion of radicals and spur 

electron attachment rcactions 
size 400 

397 
geminate neutralization 396, 

ion-molecular reactions 389- 

see also Ion-molecule rc- 

397 

396 

actions 
physical stage 370 
primary unimolecular stage 370 

radical reactions 397401 
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