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Abstract:

To gain a better understanding of metal promoted cycloaddition reactions, the nickel promoted
dimerization of norbornadiene (NBD) was examined from three aspects; stereochemical and electronic
factors in the substrate and the influence of ligands bound to the nickel which are not directly involved
in the reaction. As an example of stereochemical perturbation, the 7-methyl derivative of NBD was
dimerized using bis(tri-phenylphosphine)dicarbonylnickel, Ni(CO)2(P03)2 , as a promoter with both
thermal and photochemical activation. It was found by an analysis of the nuclear magnetic
resonance'spectra of the dimers that both 2+2 and 2+2+2 cyclodimerization products were produced.
The major dimers had the same skeletal stereochemical configurations as the dimers produced from the
corresponding thermal and photochemical reactions of NBD and to investigate substrate electronic
factors, norbornene, pentacyclbtetradeca-5,11-diene (exo-trans-exo isomer) and
[2,2,2]bicycloocta-2,5-diene were subjected, without success, to conditions found to produce dimers
with NBD. A proposal describing the requisite electronic factors for active olefinic substrates was
made. The influence of indirectly involved ligands was examined through a study of kinetics
parameters in the thermal reaction of Ni(CO)2(P03)2 with NBD. The reaction was found to be very
temperature sensitive, to be strongly inhibited by carbon monoxide and triphenylphosphine, and to
exhibit an induction period followed by the major reaction period in which the rate of production of the
two 2+2 dimers (both known) was constant. The kinetics results were viewed as the initial
establishment of equilibrium between a number of competing reactions to produce very low steady
state concentrations of active catalytic species. The substrate modification data and kinetics data were
coordinated with the work of other investigators to give a unified picture of the nickel promoted
cyclodimerization reaction.

The use of electrochemical regeneration of active organometallic coupling reagents was also studied. It
was found benzyl halides, bromo-benzene, benzoyl chloride, phenacyl bromide and n-hexyl bromide
could be coupled with electro chemically produced metal species. The reactions were run in single
compartment cells using N,N-dimethylformamide as solvent, a catalytic amount of a metal ion and
stabilizing ligands such as triphenylphosphine to prevent zero valent metal from plating out. Carbonyl
insertion and a unique formylation reaction were also studied.
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PRETACE

At this point it would seem worthwhile to note that this thesis is
divided into two separate parts. This has been done to maintain con-
tinuity and establish claritye. Thus, despite the fact that all the work
reported here involves metal promoted organic reactions, it is felt the

two parts differ sufficiently in intent and scope to merit this approach.
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ABSTRACT

To gain a better understanding of metal promoted cycloaddition re-
actions, the nickel promoted dimerization of norbornadiene (NBD) was ex-
amined from three aspects; stereochemical and electronic factors in the
substrate and the influence of ligands bound to the nickel which are not
directly involved in the reaction. As an example of stereochemical per-
turbation, the 7-methyl derivative of NBD was dimerized using bis(tri-
phenylphosphine)dicarbonylnickel, Ni(CO),(P#,)., as a promoter with both
thermal and photochemical activation. I waé %ound by an analysis of
the nuclear magnetic resonance ‘spectra of the dimers that both 2+2 and
2+2+2 cyclodimerization products were produced. The major dimers had
the same skeletal stereochemical configurations as the dimers produced
from the corresponding thermal and photochemical reactions of NBD and
Ni(C0)o(PF,),. .To investigate substrate electronic factors, norbornene,

8,2,1,14a s 0°s , O3s8]pentacyclotetradeca—5,11—diene.(exo—trans—exo
isomer) and [?,2,2]bicycloocta—2,5—diene were subjected, without success,
to conditions found to produce dimers with NBD. A proposal describing
the requisite electronic factors for active olefinic substrates was made.
The influence of indirectly involved ligands was examined through a study
of kinetics parameters in the thermal reaction of Ni(CO),(P@3)o with NBD.
The reaction was found to be very temperature sensitive, to Ee strongly
inhibited by carbon monoxide and triphenylphosphine, and to exhibit an
induction period followed by the major reaction period in which the rate
of production of the two 2+2 dimers (both known) was constant. The
kinetics results were viewed as the initial establishment of equilibrium
between a number of competing reactions to produce very low steady state
concentrations of active catalytic species. The substrate modification
data and kinetics data were coordinated with the work of other inves-
tigators to give a unified picture of the nickel promoted cyclodimeriza-
tion reaction.

The use of electrochemical regeneration of active organometallic
coupling reagents was also studied. It was found benzyl halides, bromo-
benzene, benzoyl chloride, phenacyl bromide and n-hexyl bromide could be
coupled with electrfochemically produced metal species. The reactions '
were run in single compartment cells using N,N-dimethylformamide as
solvent, a catalytic amount -of a metal ion and stabilizing ligands such
as triphenylphosphine to prevent zero valent metal from plating out. -
Carbonyl insertion and a unique formylation reaction were also studied.




PART I

A STUDY OF STEREOCHEMICAL AND ELECTRONIC FACTORS IN THE
NICKEL PROMOTED DIMERIZATION OF NORBORNADIENE




INTRODUCTION

Toward an Understanding of Metal Promoted Cycloaddition

Among the various classes of organic reactions one may distinguish
one group in which the construction of a ring occurs by the creation of
two (or more) sides of that ring. The formation of these new sides
occurs at the expense of unsaturation - frequently double or triple
bonds - in the presursor addends. This class of orgagic reactions is
known as cycloadditions. Thus, the formation of a cyclobutane ring from
two molecules of.ethylene would be the result of 27 electrons + 27 élec—
trons (two double bonds) going to two single bonds, or iﬁ short, a 2+2
cycloaddition. The formation of cyclohexa§e (three new single bonds)
from three molecules of‘éthylene would be one example of a 2+2+2 cyclo-
addition. The reaction of 1l,%-butadiene (&ﬁ'electrons) and ethylene
(2T electrons) to form cyclohexene (two new single bonds and one new
double bond) would be a L+2 cycloaddition. In this case, the formation
of two sides of a six member ring is atﬁended by the creation of a new
double bond as well. ‘

Cycloaddition reactions may be divided into those which require
only thermal or photochémical excitation and those in which a catalyst is
used in conjunction with such excitation. The former group-of cycloaé-
dition reactions encompasses a large body of '"classical'' organic reac-
tions with such notable examples as the Diels-Alder reaction,

ozonization (a dipolar addition), the "ene' reaction, and the
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photochemical cyclobutanation of olefins. It appears these reactions
;follow the conservation of orbital symmetry rules of Wpodward and
Hoffmannl, if the reaction féllows a concerted mechanism. In brief, the
rules state that if there are an odd numbe; of participatingm™ electron
pairs, the reaction will be thermally gllowed, whéreas, an even number
of participating T electron pairs results in a photochemically allowed
reaction. |

Catalyzed cycloaddition reactions may be subdivided into general
acid (or base) catalyzeé cycloadditions,lf.ga Lewis acid catalyzed Diels-
Alder reactions, and metal catalyzed reéélions. It is with a specific
group of reactions in this latter élass - cycloadditions catalyzed by
transitibn metals in low oxidation states - that we shéll be concerned
here."These'réactions hereafter shall be referred to as transition
metal mediated ( or promoted) cycloaddition reactions.

As implied above, in any cycloaddition reaction two a;ternative
.mechanistic pathways aré conqeivable; one concerted and the other non-
concerted. Specificaily, with fegard to transition metal promoted re-

. actioné one may visualize a concerted cycloadditioﬁ occurring on almetal
templéte in which all new bonds to form the product ring are formed
simultaneously with no intermediates being present frbm reactants to
producté. One could also visualizé a pathway involving the formatioﬁ

of intermediates incorporating the metal. This non-concerted reacfion

would lead to the product by elimination of the metal with ring closure.
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Examples of these two alternative mechanisms2 are given below for a

metal promoted ethylene to cyclobutane reaction.

| PR g PR o

M M

A Concerted Mechanism

Y— O —0-

A Non-concerted Mechanism

Figure 1

Alternative Cycloaddition Mechanisms

Since the pioneering work of O. Roelen in 1938 on the oxo process,
through the increased interest in transition metal promoted reactions
during the '50's and '60's, to current work, there has been a keen in-
terest in elucidating the mechanisms of such reactions. To be able to
understand the role of a metal in the sequence, and hence preéict new
reactions, has become a formidable challenge. Some of the basic tenets
of the two alternative mechanistic approaches (concerted and non-con
certed) as related to transition metal promoted cycloadditions will be
considered now. This shall be followed by a few specific examples of

reactions which have been controversial.
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The fundamentél problem faced by advocates of a concerted pathway
for metal assisted cycloadditions is the apparent violation of the afore-
mentioned Woodward-Hoffmann rules in metal promoted cycloaddition re-
actions. Thus, concerted 2+2 cycloadditions ére thermally forbidden
(photochemically allowed) according to Woodward and Hoffmann, but in the
presence of transition metals, reactions of this type occur with thermal
excitation. Without going into the detailsl of the consérvation of orbital
s;;metry, one may apply its principals. First, the participating re-
actant and product orbitals are placed within a systeﬁ of symmetry ele-
ments (planes of reflection, axes of rotation, etc.) and given symmetry
designations, e.g. SA (§ymmetrical with respect to one symmetry operation
and Antisymmetric with respect to another). Second,. these orbitals are
orderéd gualitatively according to emergy. Third, the conservation of

orbital symmetry restraint is applied, i.e. S8 may go only to

reactant

Ssproduct' Therefore, thlng that the tie-lines in Figure 2 correlate

symmetry-allowed conversions; for two ethylenes going to a cyélobutane '

one has:




7 N J |
C -C—C~
e “
P x| e
antibonding AA e——> AA antibonding
(unfilled (unfilled
ground state) SA AS ground state)
bonding AS SA bonding
(filled (filled
ground state) SS €——— 35S ground state)
reactants product
symmetry symmetry
designation designation energy
Figure 2

Correlation Diagram for Cyclobutanation of Two Olefins

So thermally, only the SS and AS reactant orbitals would be filled, re-
sulting in an energetically unfavorable path to product. One needs the
Ssreactant and SAreactant combination for an energetically favorable sit-

uation. Photochemically, one electron may be raised to the antibonding

state, correlating with the SA orbital, thereby al-

reactant product

lowing the reaction to occur. Thus one arrives at the rule for 242
cycloadditions - thermally forbidden, photochemically allowed.

Mango and Schachtschneiderz’u met the "forbidden to allowed" ob-
stacle for thermal transition metal mediated concerted cycloaddition re-
actions and still worked within the framework of orbital symmetry. They
noted that any sequence which could lead to a population of the anti-

bonding SA state would provide a possible pathway. A filled

reactant




&
metal orbital with SA symmetry could "pump" electrons into the anti-

bonding SAreactant state. Also another unfilled metal orbital having

AS symmetry could simultaneously receive electrons from the bonding

Asreactant state. The net result would be an increase in electron den-

sity of the SA state at the expense of a decrease in electron

reactant

density of the AS state. Thus the metal would act as an electron
reactant :

reservoir-pump providing a source of or sink for electrons where needed.

The situation is diagrammed below showing the SA and AS orbitals for the

reactants, metal and product.l+ Shading denotes orbitals are filled.

e s T S

'\
EAeks
olefin T * orbitals empty cyclobutane 0 * orbitals empty-
metal orbital filled metal orbital filled

L = -

ol

E2><E) &
EF) S

olefin T orbitals filled cyclobutane o orbitals filled
metal orbital empty metal orbital empty

Figure 3

Metal-Olefin Orbital Symmetry
Correlations
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It has been suggested by van der Iugt that an alternative to the
Mango theory exists involving a lowering of the degree of forbiddeness of
thermal 2+2 cycloadditions by metal-substrate configurational inter- -
action.5 Mango has answered this challenge6 and the Mango theory re-
mains the principal theoretical_argument.for advocates of a concerted
thermal 2+2 cycioaddition mechanism.
Proponents of the non-concerted mechanism circumvent any violation
of the Woodward-Hoffmenn rules by the very fact that-the rules only
apply to concerted reactions. The theoretical basis for a non-concerted
approach lies in an application of Occum's Razor which may be stated as:
there is né neceséity to formulate a new mechanism when a reasonable var;
iation of an established theory already exists. However, the very nature
of a ﬁon—concerted reaction implies the presence of intermediates and the
burden of proof for those intermediates iies with the advocates of a non~
concerted mechanism. This is not always readiiy accomplished.
- One case which has been examined from both the non-concerted and
concerted points of view is the opening of quadricyclane to form norborné—.
diene. This reaction can be thought of as the reverse of a cyclobutan-

. o Ay
ation reaction.




M

5
Cal

M = Rh(I), Pa(II), Pt(11)7 or Ag(I)8 complexes
Figure 4

Metal Assisted Conversion of Quadricyclane to Norbornadiene

Mangoq"9 has asserted the cyclopropane rings fused to the cyclobutane

ring ought to promote facile complexation with a metal allowing a concerted
reaction to occur. However, L. Cassar and J. Halpern10 report the iso-
lation of an acyl rhodium complex from the reaction of quadricyclane and

[Rh(CO)201]2 suggesting a non-concerted mechanism is a reasonable alterna-

tive.

& [Rh(CO) 01] — ey MR
e a +Rh—C=0
0=C |

Cl n

5 e

Figure 5

Proposed Path for [Rh(CO)ZClJz Assisted Opening of Quadricyclane

It is not clear in this case that the isolated rhodium complex is ef-
ficiently converted to norbornadiene, but it is noted that some quadri-
cyclane is transformed to norbornadiene in the formation of the complex.
Also, it is not obvious that intermediates afe thereby indicated for

other metalse.
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Another case is the dimerization of butadiene to 1,2-divinylcyclobutane

with a Ni-ligand catalyst.ll

N
Ry L

0 Ni=l)  ——————p

Figure 6

Nickel Promoted Dimerization of Butadiene

Initially, Mango12 suggested the plausibility of a concerted mechanism,
but later he acknowledged a stepwise catalytic process based on isomer

distributions.13 Intermediates of the type shown below were later iso-

lated by Wilke et al.14

RV EEN

re-2 /Ni-P(C (A )

i-P(C

\
Hood
T \/}q 671173

Figure 7
Isolated Intermediates in the
Nickel Promoted Dimerization of Butadiene
It is reported these' m-bonded intermediates are apparently in equil-

ibrium with a common 7 allyl-o allyl bonded species shown by NMR to be:
/’I DN
(CcH,,) BPm

A third system which has continued to provoke interest is the metal

catalyzed conversion of the exo-tricyclooctene (I) to the




il

tetracyclooctene (II). Two other isomers (III and IV) can also be

produced.lsa"d
90°C
) abar 10 1 1B IV
320 62% 6%
Figure 8

Products from the Rh(P¢ Cl Promoted Opening of
Exo- [3,2,1,0 ’%]trlcycloocta—6—ene

It has been noted by Katz15a

that all the products are stable under the
reactioﬁ conditions and further that it is difficult to relate products
IITI or IV to I by a simple cycloaddition. He has presented arguments to
support a common species, of unknown structure from which both II and

IIT are formed. MangO,16 advocating the possibility of a concerted mech-
anism, accepts a common origin for the two products. He suggests this

"parent" is a complex in which the metal is coordinated to I in a bi-

dentate manner.

N
Rh
VA
He explains the lack of a clean transformation of this complex to II
(the by-product formation of III and IV) as due to an energy barrier in-

volving non-reacting ligands. Thus it is proposed that when a metal acts

as an electron reservoir-pump, electron density in the metal orbitals is
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by necessity somewhat rearranged. If the metal has a strongly interact-
ing ligand field - exclusive of the organic substrate - that field could
represent an impedence to the desired cycloaddition reaction. In systems
where the ligands act principally as o donors the effect probably would
be minimal, while ligands with strong backbonding capacity could cause
a pronounced energy barrier. Since neither the non-concerted nor the
concerted arguments can be shown to be faulty, this problem continues to
be unresolved.

One final molecule whose behavior in metal mediated cycloadditions
remains a puzzle shall be examined. Norbornadiene (V) has been dimerized
with a number of transition metal catalysts including derivatives of Cr,
Fe, Co, Rh, Ir and Ni. Depending on the catalyst and the reaction con-
ditions a variety of products can be formed. However, the two most fre-
quently encountered types can be considered to be variants of VI (2+2

product) or VII (2+2+2 product).17

exo side N E[]

/ 242 =
el VI
endo side 2R i)
VII
Figure 9

Dimer Types from the Metal Promoted Cyclodimerization of Norbornadiene
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Both the concerted and non-concerted mechanisms have been applied to the
norbornadiene (NBD) system. Advocates for the concerted approach have
noted examples of "exo'" as well as '"endo" bonded transition metal com-
plexes. By selecting a suitable set of bonding modes, concerted path-
ways may be envisioned leading to the reported dimers.

On the other hand, the recent publication2 of the structure (IX)
of an Ir complex derived as noted below is offered as proof of a non-

concerted mechanisme.

3 XS
[Ir(l,5-cyclooctadiene)01]2 + NBD__ BCOtond o omplex Zempirical
RaTe VIII formula
Ir(NBD)_Cl
9
acetone MeBP
NaZCO
CH,COCH,,COCH,, complek X
Ir(NBD)BP(Me)BC].

/

\. 1ZN0+~=C-CH

I« \-HB
‘\T)=qych3

IX

Figure 10
Study of the[Ir l,5(COD)Cl]2 Promoted Dimerization of NBD
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It is also noted that there exist pronounced spectral similarities.be—
tween IX, X and VIII. Nevertheless, even if one accepts this argument
as proof for a non-concerted mechanism for an Ir catalyzed dimerization,
the concerted alternative canﬁot be ruled out for other metal énd iigand
systems. |

Based on the four examples just given, one point should be clear:
neither the concerted nor the non-concerted mechanism.pathways for trans-
ition metal promoted cycloadditions can be discarded at this point.
While the concerted mechanism is tﬁeoretically appealin%'it has had to
be modified to accommodate such realities as the influences of nonre-
acting ligands. Furthermore, proponents of a concerted mechanism are
placed in thé difficult situation of either taking a defensive position
in what is not clearly an impregnable fortress, or attempting to prove
the non-existence of what their opponents claim are tangible species.

Since the proof of intermediates lies with the advocates of the
pon—concerted'mechanism they are faced with a serious epistemological
problem, bo.efforts to acquire intermediates-alterlthe'reaction such as
~ to force tﬁé formation of intermediates? If this is the case, proof must
be providéd that intermediates exist in the unpe%tufbed reaction. Since
it would be impossible to observe the reaction without altering it to
some extent the observation should be made to alter it as little as pos-~
sible. Thus neither alternative is without its problems.

It may be worthwhile at this point to summarize some of the impor-

tant parameters which must be considered in any metal mediated
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cycloaddition reaction. The first factor to be considered has just been
nbted above: when“one is attempting to gain information about a reaction
mechanism the system ﬁnder study should be perturbed as little as pos-
sible. Frequently, this means only physical data such as spectra can
be used., If intermediate species can be isolated, their spectra shoﬁld
be noted and compared to spectra obtainable from the system under actual
‘reaction conditions. However, it is obvious the use éf this approach is
strongly dependent on the lifetime of the intermediates, the time scale
for the method of measurementy and the degree to which & given species
may be distinguished from other species in the reaction.

‘A second factor is the nature of the métal used to catalyze a re-
action. It may be worth stressing that rarely, if ever, can the elec-
‘tronic or stereochemical characteristics of one metal-substrate system
'be-duplicafed by another. Even for second and third row transition
metals in the same column significant differences exist.

Vepy closely related to this is the nature of the ligandgo While
the natﬁfe'of ligand—ﬁetal—subsﬁrate interactions is not completely
underétoqd some efforts have been made to corfélate experimental facts.
.One.area which has received attention énd is particularly relevant to

, metal mediated cycloadditions is the role of ligands in 7 to © transfor-

mations. Two examples are given belowe.
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s
\——
v
e

L
substrate T bonded substrate 0 bonded
,/i‘\\ e
L I
L
substrate T -allyl bonded substrate c-allyl bonded

(with possible concurrent
olefinT bonding)

Figure 11

Two Examples of 7 to ¢ Transformations

It may be noted that one of these examples has been encountered before
in Figure 1 (page 4) to illustrate the non-concerted mechanism for cyclo-

addition. Species related to the -0 allyl system have been studied

11,14

with respect to the dimerization of butadiene. A qualitative theore-

19

tical treatment has been given by Tsutsui™ in which it is proposed that
the "Addition of strong m ligands to the central metal is one method of
inducing 0—1Trear¥angements. Only ligands...capable of T bonding are

capable of stabilizing the O state".ao However it has been suggested by

Helmbach, Jolly and Wilkell

that 7 -allyl to o-allyl conversions are more
readily promoted by phosphines than by phosphites. They also note that

phosphites are better back-bond acceptor ligands than are phosphines.
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Their claim is based on a rather thorough study of the influence of lig-
ands og the nickel catalyzed dimerization of butadiene and appears to be
well supported.

This behavior has been explained21 by assuming the T -allyl system
contributes more electron density than the corresponding © -allyl system.
When the other ligands are strong donors, the O form is favored. If one
considered the formation of a O bonded complex an oxidative addition to
the metal then one would expect ligands which increase electron density -
strong © donors, poor back donation acceptors - to enhance formation of
the © bonds.22

One final factor that bears mentioning is symmetry considerations.
These considerations apply both to the symmetry constraints on orbital
interaction for complexation and to the stereochemistry of the products.
Thus, in order to secure a clear picture of the bonding in complexes (or
intermediates) leading to a product it is necessary to iﬁteract substrate
and metal orbitals of the same symmetry. For example, the structures of
bis(m-allyl)nickel complexes have been found to prefer the geometry given

23

below.

Ni trans disposition

A significant alteration of this bonding scheme must occur in the allyl-

nickel intermediates leading from butadiene to cis,cis-cyclooctadiene.
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To arrive at the cis,cis stereochemistry it is suggested that the phos-
phine ligand (P) allows either a o-allyl, m-allyl nickel complex (XI)

to form or it allows a cis disposition of two m-allyl groups as in com-

plex XII.

"naked" Ni

or

A i

Figure 12

T and O Bonded Allyl Nickel Intermediates
in the Oligomerization of Butadiene

Since it has been shown the addition of P(Et)3 to bis(r-allyl)nickel
results in a complex containing one T-allyl and one O-allyl ligand
(see XIV below), complex XI is most reasonable. It may also be noted

that in the absence of the phosphine ligand, butadiene is converted to
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principally the all trans 1,5,9-cyclododecatriene which could arise from

complex XIII.

-~
o oy

Ni-P(Et)3
-

XIV

As noted before, cycloaddition reactions of norbornadiene have
been treated from both a concerted and non-concerted mechanistic view-
point. However, it may be possible that proponents of neither approach
have examined the problem unbiasedly. It is suggested here that the
norbornadiene molecule may offer a unique model for examining the mech-
anism of metal promoted cycloadditions. This is proposed in light of:
a) the formation of both 2+2 and 2+2+2 cycloaddition products, b) the
number of T-bonded complexes formed by norbornadiene, and c) the report
of intermediates whose structures suggest partially forﬁed dimers
o-bonded to a metal.

As an example of the variety one can encounter let us 106k at the

172 Jbtained with just two nickel based "catalysts". It may be

products
noted that these "catalysts' have been chosen because of their partic-
ular relevance to the work presented in the first part of this thesis
and because of the wide spectrum of considerations they introduce.

Nickel tetracarbonyl, Ni(CO)u, when used as a promoter with photo-

chemical excitation, produces two specific 2+2+2 dimers (XV and XVI
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in Figure 13). Thermal excitation of Ni(C0), and NBD yields two specific
2+2 dimers (XVII and XVIII in Figure 13). The third 2+2 isomer with a
trans disposition of norbornene moieties about the cyclobutane ring is
a product (XIX in Figure 13) of both the thermally and photochemicélly

induced dimerization of NBD using bis(triphenylphosphine)dicarbonyl-

nickel, Ni(P¢3)2(CO)2, as a promoter.

/ # ool

,/,9’/////7 XV XVI
24242 24242

Nl(co)4 exo-cis-endo exo-trans-endo
ﬁb \KM g /
XVII XVIII
2+2 2+2
exo-trans-endo endo-trans-endo

+ XVII + XVIII

/
o an

Ni(P¢3)2(CO)2 242
\\\22\55 exo-trans-exo

X1X
Figure 13

Dimers from the Cycloaddition Reaction of
NBD Promoted by Ni(CO), and Ni(CO)z(P¢3)2
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.It is suggested that'the word promoter be used here rather than the word
catalyst, since both Ni(CO)q and Ni(CO)Z(P¢3)2 are apparently converted
to other spegies which act as catalysts for the dimerizations.l7a’25
The organic products are stable under the reaction conditions and neither'
thermal nor photochemical excitation’aione (no promoter present) will re-
sult in dimerization. Therefore one is faced with accounting for gquite
an extensive range of productse.

One attempt to account mechanistically for the products would be to
propose a number of stepslleading to a comﬁlex which could undergo a
concerted cycloaddition to form dimers. As shown in Figure 1426, nickel
carbonyl is converted to nickel tricarbonyl, Ni(CO)B, and to nickel di-~
carbonyl, Ni(CO)Z. Either Ni(CO)2 adds to the endo side of NBD in a
bideﬁtate manner, or Ni(CO)3 adds to the endo side in a monodentate
manner followed by the loss of another CO. The net result is the for-
mation of endo,endo—NBb Ni(CO)a, XX. This molecule may photochemically
"lose another Cd followed by the exo complexation of another NBD molecule
to give complex XXI. Complex XXI could undergo a concerted 2+2+2 cyclo-
addition to give either dimer XV or dimer XVI, Complex XX could also
be in thermal equilibrium with the coordinatively unsaturated complex
endo-NBD Ni(CO)Z, XXIT. If complex XXIT were to bond in an endo fashion
to a second NBD molecule, §omp1ex XXIII would be formed and'this could

lead in a concerted fashion to the 2+2 dimer XVIII. On the other hand

if complek XXIT added another NBD in an exo manner the result would be




: hv 3 hv :
Ni(C0), —oz—> Ni(C0); + CO — Ni(CO), + CO M Y
AT AT

h\\
S \\“§:>\\\u
};T:f ﬂ&@ + Ni(CO0)
Ni(CO) [ / co

ﬂb - or <
Ni(CO)B/—CO
I\l
(co) \
e
ﬂb _,1\@/" Nl(co) + Ni(Co),
NBD

(co) \ XXHI XVIII
XXII ﬂb
NBD

\- ——— :
A ﬂb/Nl(CO)Z + Ni(C0) 5

XTIV XVIT

e

Ni(co) (Pg.), _AT , Ni(CO),+ Ni(Pg

2 ¥3%5 2 302 ﬂb)‘} ﬂw + Ni(Bp,)
| hy |

-2C0

Figure 14

Schematic of the Mechanism of NBD Dimer Formation Using Ni(CO)L+ and Ni(CO)Z(HZB)Z Promoters
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complex XXIV. A concerted cycloaddition of XXIV would give dimer XVII.
In a similar fashion Ni(CO)Z(P¢3)2 could lead to complex XXII (and hence
to dimers XVII and XVIII) thermally. However, since dimer XIX is pro-
duced thermally - and photochemically as well - another precursor com-
plex, e.g. XXV, would have to be formed. This non-carbonyl containing
complex might be formed via an intermediate such as bis(triphenylphos-
phine)nickel, Ni(P¢3)2, and could lead by a concerted cycloaddition to
dimer XIX.

There are also other mechanistic possibilities. A non-concerted
cycloaddition sequence based on the concepts developed by Osborn et al.a,

&¥ might be suggested. Thus 2+2+2 dimers

vide ante, as well as Katz
could be explained as arising by the extrusion of a metal species from

the incipient cyclopropane ring of the nortricyclane moiety.

(co)

several steps
Ni(CO), + [EE:] Sl

XXVII (CO)

i)
ND N
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Similarly, the 242 dimers would result from extrusion and closure to

form the cyclobutane ring.

several steps '
Ni(C0), (P4, + [ZE:] s YXVIII

XVIII XVII XIX

Another way in which the 2+2+2 dimers might arise by a non-concerted

path could be by the closure of the five member ring.

XXIX | > Jf
i
(co),
XXX >
/
i
(co)x

Pathways to these bis(0-alkyl)nickel species (XXVI-XXX) are many
and varied. However, it may be worth-while looking at what appear to

be some of the more reasonable possibilities.
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Figure 15

Modes of Closure of Precursor Complexes Leading to NBD Dimers

92
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In each of the above cases the initial complex is the same as that
which might lead to product in a concerted fashion. The point of con-
tention is simply the path of getting from these complexes to products.
One path which has not previously been suggested as a route for metal
mediated cycloadditions of NBD is that involving the so-called homo-

allylic moiety:

e N

As can be seen in Figure 15, a complex of this type could allow for for-
mation of either 2+2+2 or 2+2 dimers depending on the mode of closure.
The invocation of such an intermediate would add unity to the mechanism,
and should be considered here.

The formation of a "homoallylic'" complex by the addition of meth-

oxide to the di-endo bonded complex (NBD)PdCl, has been_claimed28 and

2
later this was expanded to the addition of other nucleophiles.aga—J
Nuc
A or A
N oA S
Pd Pg
A ClL P
CclL Cl1
XXXIT
homoallylic model o +m model

Nuc: “OH, ¥ORj, Rgo, RC and R1R2R3N

Figure 16

Reactions of PdCl.*NBD Complex with Nucleophiles

2
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There has been some controversy about the bonding in the product, XXXI
or XXXIT. The homoallylic model was proposed by Green and Hancock28

to account for their interpretation of NMR spectra of the product.

Gt had originally suggested the product had a Pd-C

30-32

O bond and a Pd-C m bond. Chemical reactivity experiments were

Stille and Morgan

not very decisive since a dynamic equilibrium between two o- con-

tributors and a homoallylic species could readily be displaced by the

19,23,33

as shown below.

—
5
yo

XXXIII XXXV

gain or loss of a ligand,

Figure 17

Possible Reaction Pathways for a M-allyl NBD+<Pd Complex

28:20-32 4 the m-homoallylic model in citing

Further, proponents
supposed similarities between it and known 7 -allyl palladium compounds
have made an analogy which is somewhat dubious. They have implied ex-
plicitly or implicitly that the formation of the cyclopropyl ring
(forming a nortricyclane) is analogous to the formation of a double

bond in 7 -allylic — o-allylic transformations. They have apparently

dismissed the similar process for norbornenyl systems.
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/’,‘\ o - okt -

Pd-L'
Pa L
L
/) L'
--]__// ¢::::>J/\?d_Lv
Pd o

___)__" % > (/\4/

Pd L'—i

Figure 18

Palladium 7 and 0 Allylic and7 and O Homoallylic Complexes

A later NMR analysis by Haszeldine and workers34 refuted some of

Green's assignments. They suggested the one M, one ¢ bonding picture
is more appropriate and explained the propensity of palladium norbor-
nenyl compounds to go to nortricyclane derivatives as being the result

of steric approach and electronic factors.

2L at
", OMe
L—id—Cl
I R3N, R3P’ dienes
Figure 19

Pd m-allyl NBD to Pd 0-nortricyclane Transformations
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Another approach to the question of m homoallylic bonding to
metals in norbornenyl systems may come from the bonding picture from the
norbornenyl viewpoint. Semmelhack has noted that an allyl group bonded
to a transition metal "shows chemical properties consistent with an
electron density slightly greater than that of the allyl radical".35
If this is the case, would a delocalized radical be consistent with the
behavior of a norbornenyl system? The general consensus appears to be
that non-classical norbornenyl radicals such as XXXVI are not a very
good representation. Rather there appears to be a preference for an

equilibrium between the two classical radicals XXXVII and XXXVIII.

dy =2

XXXVII XXXVIII

Figure 20

Structural Representations of the Norbornenyl Radical

Based on this consideration, the O and7 model for the 2-methoxy-
norbornenyl palladium chloride dimer would seem the more reasonable
choice. It should be noted that while the nature of both the metal and
any ligands on that metal may alter the situation there does not appear
to be any compelling evidence in favor of a T -homoallylic bonding mode.

However, one is still faced with a decision between the concerted

path to product or the non-concerted alternative. The problem of
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resolving this question still presents a formidable challenge. It
would be reasonable to ask if the solution of such a problem could have
any significance other than establishing the mechanism for the cyclo-
dimerization of one molecule. While norbornadiene must be considered
a rather unique molecule, an understanding of thé mode by thch it
dimerizes in the presence of metals could have some far-reaching con-
sequences based on just that uniqueness.

These consequences could reasonably include:

1) Contribution to the picture of the fundamental nature of
bonding between metals and organic molecules - bothf and
0 bonded species being known.

2) Contributions to the relative significance of steric and -

- electronic factors in metal promoted 2+2+2 as .well as 242
feactions-— thus allowing for the possible expansion of
synthetic organic reactions.

%) Possible direct extrapolation to other bi- or polycyclic
olefins including terpenoid molecules ~ perhaps providing
an insight into the basis for stereoselectivity in natural
products.

Thus; while the solution of the problem may present a formidable

challenge, the results of that solution would too.




DISCUSSION

The work reported in this thesis is the result of a bifunctional
approach to the problem of metal mediated cycloaddition reactions of ole-
fins. The first aspect of this approaéh is to explore the scope of the
reaction and the second is to come to a better understanding of the mech-
anism or mechanisms operating in such reactions. Since norbornadiene
(WBD) presents some particular advantages from both aspects, as noted in
the Introduction to this part of the thesis, it was chosen as the mole-
cule to be studied initially. |

Alfhough it would be somewhat artificial to isolate the two aspects
of the problem from one another, it is considered useful to differentiate
them. To do so the following divisions have been made in the work to be
reported:

a) An examination of structﬁral modification of the NBD mole-
cule, while still retaining the NBD skeleton. Emphasis is
placed on steric considerations including substraté and

' metal-substrate factors. | -
1) An examination of structural perturbations of the NBD mole-
cule in which the electronic nature of the NBD molecule has
. been significantly altered; Emphasis'is placed here on.sub¥
strate électronic effects as they influence complexaﬁion
and subsequent cycloaddition. |

c) A kinetic study with emphasis placed on metal-ligand
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interaction.
It is realized that any structural modifications in the substrate would
necessarily result in changes in electronic factors. Likewise, varia-
tions in ligands will result in new stereochemical demands. It is felt,
however, that while in any given portion of the discussion emphasis may
be placed on a particular point, this emphasis will not preclude the

consideration of other factorse.

Structural Modifications - Steric Considerations

Preliminary investigations. The first compound to be investigated

from a structural viewpoint was 2,3-bis(trifluoromethyl)NBD, XXXIX. From

/ e

xxix OFs

an analysis of the anticipated 2+2 xtx dimer, Xiig.iﬁffﬁ; one might be
able to gain an insight into the mode of bonding in intermediate com-
plexes and the role of stereochemistry in determining favorable bonding
patterns. The following product variations are among those which could

be considered.

CF.CF
CF_GF o - :
5. CF T
CF 3 3
37 / cr, [/ A
CF | b3
9 F7CcF3
&
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Varibus concerted and non-concerted pathways involving directly
or indirectly, metél mediated reactionsfcouid be suggested to account
for these products and it was hoped an analysis of dimer product would
be informative. Furthermore, the ease with thch the molecule could.Be
ﬁfepared from bis(trifluoromethyl)acetylene and cyclopentadiene was at-
tractive as compared to the difficulty amticipated with the correspond-
ing hydrocarﬁon, 2,3-dimethylNBD., However, the extended photolysis*.
(166 hours) of a benzene solution of this molecule using bis(triphenyl-
phosphine)dicarbonylnickel, Ni(QO)Z(P¢3)2, as a promoter showed no ép—
parent dimer formation by gas_chroma£ographic analysis. Bis(triphenyl-
phosphine)dicarbpnylniékel was chosen as a promoter in the reaction
since, as noted earlier, it produces essentially oﬁly one NBD dimer (the
2+2 dimer, XIX) with photochemical activationj it is quite an active
catalyst with NBD ( 20% reaction in 72 hours)17a and it is also a solid
air stable compound providing experimental convenience. |

Feeling the negative result with 2,3-bis(trifluoromethyl)NBD might

.be a result of either too severe a steric demand or too drastic a change

in the electronic configuration of the olefinic bonds, two 7-substituted
derivatives (XL and XLI) were tried. The first of these was commercially

available while the second could be fairly readily prepared. dJolly,

* A1l photolysis reactions were carried out in pyrex tubes unless other-
wise poted. The amount of Ni(GO)a(P¢ )2 used was catalytic ( 1x10~% to
1x10-° M), which also applies to any %hermal reactions rune.
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b

Stone and MacKenzie”®' reported XL could be thermally dimerized, albeit

17

low yield, using the very active promoter P dicarbonyldinitrosyliron.
However, irradiation of benzene solutions of XL (135 hours) and XLI

(140 hours) containing Ni(CO)B(P¢3)2 showed no apparent dimer by gas

OR
XL R = t-butyl
XII Ri='H

chromatographic analysis. This lack of success could be attributed to a
very stable complex such as XLII being formed between the metal and the

substrate. The formation of a stable chelate complex such as XLIT

might prevent further reaction, since the bonded olefins may not be in a
favorable disposition to interact (the bonded olefins are at right
angles to each other). Other alternatives to explain the inactivity of
this substrate might be suggested. For example, one could envision the
blockage of one exo side of each norbornadiene simply by steric bulk.

Thus if it were reasonable to assume an exo-exo diNBD specie (XLIII)

©




36
was necessary for dimerization (and involved in the rate expression),
the rate would be one quarter of that in the unsubstituted case, based

on statistical factors alone. In the case of 7-hydroxy-NBD (XLI),
OR

/' /

XLIII

RO

oxidation of the nickel with concomitant hydrogen gas formation is a

reasonable explanation for lack of product formation.

7-Methylnorbornac'ene, Reactions and product structure assignments.

In light of the difficulty encountered with substituents containing
heteroatoms, the hydrocarbon derivative 7-methylNBD was synthesized and
subjected to thermal and photochemical excitation in the presence of
Ni(CO)a(P¢3)2. After photolyzing undiluted 7-methylNBD for about 210
hours, a significant amount of the olefin had been converted to dimers.
A thermal reaction was also run with this molecule. Startiing at reflux
(92°C) and heating for 40-70 hours (final temperature about 105°C) re-
sulted in nearly éomplete dimerization. Since gas chromatography

showed that the major components of the photochemical reaction were also
present in the thermal reaction and because the thermal reaction pro-
vided considerably more product to work with, the dimers from the thermal

reaction were subjected to the following separation scheme.




Mixture from Thermal Reaction .
' (6 components by GLC)

XLIV, XLV, XLVI, XLVII, XLVIIT, XLIX

‘ column
chromatography
AgNOB/silica gel

(XLVII, XLV-A)* ————— XLIV, XLV-B, XLVI, XLVIII, XLIX

Prep GIC _ : ‘| Prep GLC
20" 30% SE30
XLIV — (XIv-B, XLVI, XIVIIT, XLIX)*
(XLVII)* - XLV-A MAJOR :
very MAJOR . column
minor ' ‘ : ' chromatography

AgClO4/silica gel

(XILVI, XLVIII)* — XLV-B, XLIX
Prep - ' . Prep
GLC GLC
XLVI (XLVIII)*  YIV-B - (XLIX)*
MAJOR trace Minor " Minor

Note: Relative yields may be given as; XLV-A~vXLVI > XLIV>>XLV-B > XLIX>>XIVII>>XLVIIT

*Note: In each of the above subseparations, the dimer or dimers denoted by * were retained

longer (hadlonger GLC retention times or required a greater quantity of,or more polar-

elutant for the column chromatography separations).

Figure 21

Lg
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Although the initial gas chromatogram showed six components, column
chromatography on silver nitrate impregnated silica gel followed by an-
other gas chromatographic analysis showed one of the "compoments" (XLV)
to be two compounds (XLV-A and XLV-B)° Only a limited separation could
be achieved with silver nitrate impregnéted silica gel column chromato-
graphy. However, by the use of preparative gas chromatography as well
as column chromatography on silver ion impregnated silica gel (both the
perchlorate and the nitrate), one could obtain complete separation.
Attention is drawn to the fact that silver perchlorate which probably

38,39

- is a source of "rawer" silver ion could.effect a separation which
was impossible with’silver nitrate.

Once geparated, the NMR spectra were taken for all the.dimers except
XLVIIi since it was obtained in a very small quantity. Analysis of the
NMR ‘spectra (see Appendix I for the spéctral data and its analysis) pro-
vided the structural assignments given in Figure 22, Note that the
numbers following the thermal and photochemical designations refer to
.estimations-of the relative amounts of a particular dimer formed with
the specified mode of excitation. These estimates were based on peak
heights from gas eﬁromatographic analysis of the product.

The photochemically obtained products were assigned their struc-
tures by comparison with samples ffom the thermal reaction. Both silver

ion impregnated silica gel thin layer plates and gas chromatography were

used for these comparisons. : .
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Nomenclature for NBD dimers. An explanation of the nomenclature to

be used here as well as in the remainder of this portion of the thesis
is given here.
1) Dimers are referred to either as 2+2 (two double bonds form a
cyclobutane ring) or as 2+2+2 (three double bonds form cyclo-

pentane and cyclopropane rings).

2+2
_—

ik

e e
{ |

\ | :

N 23' :
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2) 242 dimers are assigned three stereochemical designations.
a) Two of these designations concern the sterochemistry of the
carbon-carbon bonds to the two norbornene fragments, e.ge.

exo- -exo (abbreviated x-x). Note that in no case is there
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any 1,2 (or 3,4) trans substituted cyclobutane formed, i.e.
the cyclobutane ring is flate.

b) The third designation concerns the disposition of 1,2 sub-
stituents (cyclopentene fragments, circled) relative to 3,4
substituents (also circled). Both trans and cis are con-
ceivable, but only the trans disposition is found in the
2+2 dimers reported in the literature.

2) 2+2+2 dimers are also assigned three stereochemical designations
which are based on the following sequence.

a) Norbornene fragment (always specified first); carbon-carbon
bonds are either exo (x) or endo (n).

b) The cyclopentane ring; 1,2 substituents (circled) are cis (c)
or trans (t) to 3,5 substituents (marked by a square). Note
that in all cases a substituent of carbon 1 is cis to one
on carbon 2, and a substituent on carbon 3 is cis to one on
carbon 5.

¢) Nortricyclane fragment; always bonded on the endo side in
2+2+42 dimers of NBD and always specified laste.

Thus, the total deéignation of a dimer should be noted since the follow-

ing dimers might otherwise be confused.

Ay NS

2+2 xtn 2+2+2 xtn




Me
Me

XLV-A

&0
hv 2

2+2 exo-trans-endo (xtn)

Me

X1L.V-B
2+2+2 exo-cis-endo (xcn)

LD 7
hv 31

Me

Me
XLVI
o A ¢
hv 2
Me
Me
XLIX

2+2+2 endo-cis-endo (ncn)

Do

Figure 22

Structures of 7-MethylNBD Dimers
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XLIV
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2+2 endo-trans-endo (ﬁtn)
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Structure and product distribution relationships for 7-methylNBD

dimers.

A cursory examination of these product assignments reveals some

general relationships between structure and product distribution.

a)

b)

c)

The major Pthermal' dimers are those having the 2+2 xtn and 2+2
xtx skeletons (xtnixtx, 4:1).

The major photochemical dimer has the xtx skeleton. These find-
ings are gualitatively consiétent with the resulis from the reac-
tion of NBD with Ni(CO)Z(P¢3)2 run under similar conditions;
photochemical xtx>90%, thermal xtn:xtx, 2:1l.

The rate of dimerization is éignificantly slower than that of
NBD itself. Therefore, side reactions in the dimerization of
NBD could become more important with %—methleBD. However, it
should be noted the 2+2 dimers do account for about 81% of the

dimers produced.

It is therefore suggested that a similar reaction mechanism is oper-

ating for both 7-methylNBD and NBD itself. The 7-methylNBD molecule is

a perturbation on NBD and its dimerization reactions do not warrant a

completely separate mechanistid picture. On further examination some

other points may be made.

d) There is no dimer formed in which a methyl group is syn to an

exo bonded cyclobutane. Brown's work4o with 7-substituted NBD
derivatives can be noted here. He found 7-methyl groups syn to

the olefin would severely inhibit silver ion complexation and
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this inhibition can probably be generalized to other metals.
Furthermore, there should be a strong steric interaction when a
methyl group is syn to an incipient cyclobutane. Thus the pos-
sibility of a metal species bonding exo to one side of a NBD,
thereby inducing (via a transannular interaction) a propensity

for the other exo side to participate in dimer formation is un-

H Me
”%’?(
o

e) In 2+2 dimers there appears to be a statistical distribution of

likely.

methyl groups on norbornene fragments having the cyclobutane
endo bonded, cf. the 2+2 xtn dimers XLV-A and XIVI and the 2+2
ntn dimer XLVII. Thus, formation of an endo bonded cyclobutane
probably arises from a specie with the metal bonded endo to the
incipient endo fragment.
Based on statements d and e above, and assuming the mechanism for
dimer formation involves the stereospecific complexation of two olefins

#1172,25 followed by closure in either a concerted or

to the same metal,
a non-concerted manner, a statistical comparison of 7-methylNBD and NBD
dimerizations can be made. Only one of the four possible modes of com-

plexation leading to dimer XLIV is possible with 7-methylNBD. Thus the

effective concentration of 7-methylNBD is reduced by %. Only two of
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four possible modes of complexation can lead to dimers XLV-A and XLVI.
So the effective concentration of 7-methyINBD is reduced by % relative
to these dimers.

Since the 2+2 xtx dimer (XLIV) is 'reduced by % and 2+2 xtn dimers
(XLV-A and XLVI) are reduced by %, dimer XLIV is reduced by % relative
to dimers XLV-A and XLVI. Since the approximate ratio of XLV-A and XLVI
to XLIV is experimentally found to be 4:1, a ratio of (%)4:1 or 2:1
would be suggested for the 2+2 xtn to 2+2 xtx ratio in the dimerization
of unsubstituted NBD. This is the value reported. This provides further
evidence the mechanism(s) operating in the dimerization is only a per-
turbation on that (those) for NBD.

f) It may be noted that the 2+2+2 dimer XLV-B has the skeleton of

the major 2+2+2 dimer xcn from Ni(CO)q. However, the 2+2+2 xtn
dimer skeleton is not formed from 7-methylNBD and Ni(CO)Z(P¢3)2

although the corresponding NBD dimer is produced with Ni(CO)q.

R

/

2+2+2 xcn skeleton
Formed by N:L(Co)l+ + NBD, R = H
Formed by Ni(CO)z(P¢3)2 + 7-methylNBD, R = methyl

R
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/

2+2+2 xtn skeleton
Formed by Ni(co)Z+ + NBD, R = H
Not formed by Ni(CO)a(P¢3)2 + 7-methyINBD, R = methyl
R

/

R
2+2+2 ncn skeleton

Not formed by Ni(co)4 + NBD, R = H
Formed by Ni(CO)Z(P¢3)2 + 7-methylNBD, R = methyl

Thus, it is suggested that in the Ni(CO)a(P¢3)2/7—methy1NBD reac-
tion, at least, the formation of 2+2+2 xtn and 2+2+2 xcn type dimers are
probably independent. The stereochemical combination of 2+2+2 dimer
skeletons (xcn and ncn) formed in the 7—methy1NBD/Ni(COjZ(P’¢3)2 system
has been found in at least three other cases. The dimerization of NBD
with 5% rhodium on carbonl+l under thermal conditions provides these two,
2+2+2 xcn and 2+2+2 ncn (7:1), as nearly the exclusive dimeric product
(2.8% 2+2 xtx is also formed). Dicobaltoctacarbonyl also produced these
two 2+2+2 dimers as well as the 2+2 xtx, xtn and ntn dimers.25 Using

the promoter 1,4-diphenylbutadienetricarbonyliron and NBD with photo-

chemical activation, the two 2+2+2 dimers and the 2+2 xtx dimer are
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formed.

At this point one can examine the stereochemical dispositions of the
various dimers, both 2+2 and 2+2+2, formed in the thermal reaction pf
7-methylNBD, and attempt to correlate their formation with mechanistic
hypotheses. As in the application of deductive reasoning to any incpm—
plete body of information, this can only result in the elimination of
some possibilities as being unlikely. The application of inductive
reasoning to the same body of information can only suggestllikely pos-
sibilities. Thus, the application of both types of reasoning can
possibly provide some workiﬁg hypotheses to be tested. This is the in-
tended purpose in the following stereochemical—ﬁechanistic correlation,

To explain the absence of the 2+2+2 xtn dimer, é gteric interférence
argument could be made involviﬁg the interaction between the bridge
hydrogen and the bridgehead hydrogen (both circled) in structure XLV-B!
of Figure 23%. However, it is not clear that in the concerted or the
first non-concerted path shown, the alternative steric interactioﬁs
forming the_2+2+2 xen Aimef, XLv-B, are any less.of a problem., .It would
seem more'reasbnable to propose the second non-concerted path as'the.

predominant mode.
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2+2+2 2+2+2 \\\\_Q.Ni(L)
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* Note: Complex C could also be bonded endo to the 7-methylNBD in a monodentate fashion and the
steric considerations would still be essentially the same. This is due to the restrictions

placed on the spatial disposition of molecules in any intermediate which could reasonably
lead to such a rigid structure as the 2+2+2 dimers.

Figure 23

Stereochemical Interactions in Intermediates Leading to 2+2+2 Dimers

i
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Sequences are shown in Figure 24 below, where the two stereoisomers

of complex C are distinguished as C, and C,, In complex C the ligand

1 2 1!

L, to relieve steric interaction with the briége hydrogen, is not in the
bridge carbon-nickel-bridgehead carbon plane; the plane of the paper in
Figure 24. Thus the two norbornadiene molecules are juxta@ositioned to
favor formation of LI.because carbons a and b are moved closer at the
expense of the c-d distance. Furthérmore, in the sequence Cl —% LT, the
formation of the cyclopropane ring prébably decreases steric interaction. .
This is in contrast to the concerted path or the first non-concerted path
where, as shown in Figure 23, the Ni-L/bridge hydrogen interactions prob-
ably increase as the reaction proceeds. The steric interference between
the bridge hydrogen and the bridgehead hydrégén appears to be ﬁuch more
severe and much less readily relieved (by canting of the norbornadiene
méledules)'in the.complex 02 than are thé steric interactions in Qla
Thus, there ought to be a stereochemical‘preference in the formation of

‘the initial complex (Cl or 02), with the formation of Cl being favored.




Figure 24

Stereoisomers of Complex C Leading to 2+2+2 xcn and 2+2+2 xtn

Further, in the case of the C,— LII sequence, steric interactions are

2

also relieved but to a lesser extent than in the Cl-—>11 sequence., It

is suggested complex C., leading to intermediate LI therefore is the

i
favored process.

As noted in Figure 23, it is possible to propose that intermediate
LI may also serve as one route to the 2+2 xtn dimers XLV-A and XLVI.
Thus, in light of the electron donating character of the edge of a cyclo-
L3, Ll

propane ring one could éxpect the backside of the nickel to be
available for attack as shown in Figure 25. Such an attack could lead
to the intermediate LIII with no necessity to invoke a 'homoallylic"

bonding situation, (cf. page 27 ff.) although that possibility could not

be ruled out.
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endo-bonded
norbornene fragment

nortricyclane

fragment H

ERBRIEK. o I

LI LITI

Figure 25
Stereochemical Considerations in Complex LI Influencing
the Position of the Methyl Group in 2+2 xtn 7-methylNBD Dimer

There is, however, one complication which must be considered here.
If one proposes complex LI going to complex LIII, then there ought to be
a stereochemical preference of the position of the methyl group in the
endo bonded norbornene fragment of the product. In the complex LI of
Figure 25, both circled hydrogens would interact sterically about equally.
These hydrogens constitute by far the major steric effeét relative to
the methyl group in the nortricyclane fragment. Thus there would be no
particular preference for which side the methyl would be on in the nor-
tricyclane fragment. However, in complex LIII the endo bonded norbornene
fragment - which was the nortricyclane moiety - presents two rather
different steric demands to a bridge methyl group. The incipient cyclo-
butane side has two exo hydrogens (marked by squares in complex LIII)

which ought to present significant steric bulk to a methyl group near
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The olefinic side, however, presents no such interaction and,
in fact, ought to provide steric interaction which is less than that
found in the progenitorial complex LI. Preference for the methyl group
being syn to the olefin is not found in the 2+2 dimers XIV-A and XIVI,
and thus it is suggested the non-concerted path C'—aLI—f»LIII:—>2+2 ifn
dimer is probably not reasonable, It is suggested, based on the same
reasoning, that any sequence leading to 2+2 xtn dimer which involves the
formation of complex LIIT is unlikely, éince it is iﬁconsistent with the
statistical'disﬁosition of methyl groups on the endo bonded norbornene
fragment. It is therefore difficulf to envision a non-concerted directly
metal-mediated path to the 242 xtn dimers XIV-A and XIVI.

In a similar fashion one could visualize.complex LIV (Figufe 26)

leading to intermediate LV (and hence to the 2+2+2 ncn dimer) and pos-

sibly intermediate LVI, providing a path to the 2+2 ntn dimer.
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2+2 endo-trans~-endo &—mm
Me
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Figure 26
Stereochemical Considerations in the Formation of
2+2+2 ncn and 2+2 ntn 7-MethylNBD Dimers from Complex LV
Why the methyl group should be syn to the olefin in this 2+2+2 product
could thus be rationalized by two explanations. The first of these is

46,47 48,49

based on the results of both proton and carbon 13 nuclear
magnetic resonance spectroscopy from which it is clear the presence of
a 7-methyl alters the electron density about the olefinic carbons (and
presumably the olefinic bond itself). This might result in preferential
bond making or breaking.

Another explanation would be to look at complex LIV (Figure 26) as

a bis(endo,endo-7-methylNBD)nickel species LIV' (Figure 27). Thus,

L in complex LIV is the remaining uncomplexed endo side of the




rotate molecule

Y

[ rd
1)180° about y axis

2)180° about z axis

v

Figure 27

Stereochemical Considerations in the Formation of
the 2+2+2 ncn 7-MethylNBD Dimer
monodentate NBD and both NBD molecules become bidentate in complex LIV'.
As the intermediate LV' is formed, the methyl could be either syn or anti
to the olefin in the norbornene.fragment. In this process of going from
the 7 -bonded intermediate LIV' to the 0 ~-bonded intermediate IV', carbons

3

2 and 3 change from sp2 to sp” hybrids. This results in the swinging up,

to the exo side, of the hydrogens attached to these carbons. If the
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methyl group were on the same side as these "new" exo hydrogens the
steric interference ﬁould be greater than if the methyl gréup were aﬁti
to them (syn t& the olefin). Thus, the methyl is predicted to be syn
to the olefin as is found to be the case. The position‘of the methyl on
the nortricyclane fragment would be statistical since the steric :equire—
ment would be virtually the same on either side. _

An aﬁélysis of the path LV—>IVI—> 242 ntn dimer (Figure 26) could
be made in a fashion similar to that done for the LI—LITTI— 2+2 xtn
dimer sequence (Figure 25). The prediction would be for a preferential
formation of the 2+2 ntn dimer with both methyls syn to olefins. In fact,
the statisticaily favored dimer with one methyl syn and one anti to the
respective olefins ig found. Thus here as well, it appears a common
intermediate leading to both 2+2+2 and 2+2 dimers is unlikely. Further,
by analogy with the arguments given for the 2+2 xtn dimers, page 50, it
is deemed unlikely that the 2+2 ntn -dimer (XIVII) is formed by a non-
concerted process.

The result,of the dimerization of 7-methylNBD can therefore be
summed up as foliows: |

1) The mechanism is probably quite similar to that of NBD itself for

both the thermal and photochemical reaction.

2) Transaﬁnular energy transfer leading to dimer is unlikely.

2) 2+2+2 and 2+2 dimers are probably formed by different mechanisms.

L)y It is suggested that the non-concerted paths C —>» LI — 2+2+2 xcn

1
(Figures 2% and 24) and LIV'—LV'— 2+2+2 ncn (Figure 27) can




55 .
best account for the formation of the observed 2+2+2 dimers.

5) Non-concerted mechanisms involving comflexes IITI and LVI cannot
explain the formation of the observed 242 xtn (XLV-A, XLVI) and
2+2 ntn (XLVII) dimers. Since it is difficult to suggest non-
concerted, direct metal-mediated paths which do not involve'these
complexes, it is suggested a concerted path may be more reasonables

6) Virtually nothing can be said about the formation of the 2+2 xtx
dimer XLIV other than its formation may involve the initial -
complexation of two NBD molecules‘on the exo side, anti to the

methyl grdup.

Structural Modifications ~ Electronic Factors

As noted at the outset of this discussipn, an examination of struc;
tural pérturbations of the NBD molecu}e which result in a significant
altération of the electronic nature of that molecule were also studied.
"It is’ very probable that the primary electronic interactions between NBD
molecules and nickel species involve the olefinic bonds of NBD, Thus,
modificatipﬁvqf the olefinic bonds in NBD by alteration of its‘sfruoﬁure
was the method chosen to examine substrate electronic factors. Thréé
.molecuies were chosen for study: norbormene, the 2+2 xtx NBD dimer and
[2,2,2]bicycloocta—2,5—diene. Norbornene could be viewed as a model
for one gide of a NBD molecule and would provide a probe for the impor-
17a

tance of olefin-olefin interaction in the NBD molecul_eo It dis known’

that the 2+2 xtx NBD dimer will co-dimerize with NBD. Thus it was felt
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a study of a norbornene;olefin system, perturbed by an exo bonded cyclo-
butane, might provide a "graded" interaction scale from norbornene to
NBD. Finally,‘the NBD homolog[?,2,2]bicycloocta—2,5—diene was to be
studied for similar reasons. |

The reaction of norbornene and Ni(CO)a(F¢3)2 was run thermally as
a melt of neat norbornene. The mixture was heated at about 90°C for
three days. However, although the solution bqume yeilowish, no dimeric
product could be found by gas chromatographic analysis. A similar ex-
periment was run with the 242 exo-trans-exo dimer which may be viewed as
a modified norbornene, except in this case just enough hexane was gdded
to effect solution of the dimer. After refluxing six days, the solution
had become yellowish, but on work-up no tetramer could be detecteda*

It is felt the results of these two experiments suggest either of
two alternatives, a) no complex is formed, or b) a complex is formed but
it does not lead to cycloaddition products. A thorough investigation
of these systems was not attempted. However, the formation of yellow
solutions is reminiscent of the behavior of norbornege and the 2+2 xtx
_-dimer wiﬁh Ni(CO)M'observed by Voecks. In that system, complex forma-

tion was readily observed, but dimerization could not be achieved. Thus

* Note: If one heats a neat mixture of Ni(CO) (P¢ ) and the NBD 242 xtx
dimer to 160-180°C, a solution is obtained and 2 gas, presumably carbon
monoxide, is evolved. The infrared spectrum shows a significant de—
crease in the intensity of the two CO peaks (2000 cm -1 and 1955 cm~ )
Prolonged heating under these conditions results in nickel being
plated out.
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the second alternative - "unfruitful" complex formation - may be a more
suitable description of the observed behavior of norbornene and the
2+2 xtx dimer.

The homblog of NBD, [2,2,2] bicycloocta-2,5-diene (dihydrobarrelene),
shown in Figure 28, was synthesized and reacted as an isopentane solution
with dinitrosyldicarbonyliron(0), Fe(CO)a(NO)z, using photochemical ac-
tivation. Three other dimerization reactions using thermal activation
were also attemped with benzene solutions of dihydrobarrelene and the
following promoters: Fe(CO)Z(NO)Z, Ni(CO)A, and 5% rhodium on carbon.

The choice of promoters used was made as follows. The NBD 2+2 xtx dimey
is the most frequently encountered NBD dimer, considering all the pro-
moters which have been used for dimerization. Dinitrosyldicarbonyliron
is the most active of the promoters reported for producing the 2+2 xtx
NBD dimer, when used either photochemically or thermally.l7a’37 The use
of Ni(CO)LP was prompted by its ability to form the 2+2 xtn and ntn NBD

17a

Rhodium on carbon is known to thermally dimerize

50

dimers thermally.

NBD to give 2+2+2 xcn and ncn dimers. Thus, although a large number

Figure 28

Dihydrobarrelene




to form NBD trimer
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of promoters were investigated to provide a wide range of dimer skeletal

types, none of the reactions produced dimer aé shown by gas chromato-

graphic and/or NMR analysis: It was noted, however, that in the cases

of Ni(CO)l1L and Fe(CO)a(NO)z, color changes (colorless to yellow and red

to dark fed, respectively) occurred, suggesting an "unfruitful' complex

may have been formed here as suggested in the norbornene and 2+2 xtx
dimer reactions with Ni(CO)Z(P¢3)2 (vide supra). |

It was felt the reactivity of NBD in transition metal promoted cyclo-
dimerization reactions could be interpreted as a function of the inter-
action of its two double bonds. The lack of reactivity of the mono-
olefin, norbornene, would be in accord with this hypothesis. It was hy-
pothesized that interaction of a norbornene~type olefinic bond with the
edge of an exo bonded cyclobutane might resuit in sufficient activation
of the double bond to proﬁote dimerization. The 2+2 xtx NBD dimer is

an exanmple of just such a s&stem and its known co-dimerization with NBD

17a was encouraging. |

' Pgrt of the rationale for possibly expecting the cy-

_ clobutane to.aétivate the olefin was based on an anal~-
ogy with the cyclopropane analogs. It is known that
norbornene derivatives such as LVII51 and LV11152 will
dimerize with 5% rhodium on carbon although in much -

lower yields, considerably higher temperatures and

with longer reaction times.than those used for NBD.




LVIT LVIII

130°C 185°C
48 hours 42 hours
15% yield of dimer 5% yield of dimer

The dimeric products are suggested to have the 2+2
xtx skeleton. It is also interesting to note that in
the case of 5% rhodium on carbon, norbornene was
found to be inactive alone or in crosscoupling ex-
periments with NBD.52
As noted, it was found that, in fact, the 2+2 xtx dimer is inactive
towards cycloaddition in the absence of NBD, and that dihydrobarrelene

is also inactive. These results, in light of the above proposed hypoth-
eses, suggest a re-evaluation of the degree of olefin activation to be
expected in these (and similar) cases is necessary. Equally important

to consider is the influence of such activation on metal-promoted cyclo-
dimerization reactionse.

To aid in this re-evaluation, extensive use shall be made of the
results from photoelectron spectroscopy, a technique which has been shown
to yield valuable information about the nature of electronic interactions
in molecules. Photoelectron spectroscopy shows there is an interaction

between the exo cyclopropane and the olefin bond in LVII, resulting in

a lowering of the energy of the olefin by about .05 eV (interaction
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parameter # 0.3 eV) relative to the olefin in norbornene. By comparison,
the energy of the highest occupied olefin orbital in NBD is 0.25 eV
higher than that in norbornene (interaction parameter » 0.4 eV), and .20

eV higher than the olefin in LVII.53

It is suggested that the cyclo-
butane moiety would be less effective in raising the energy of the high-
est filled m orbital than would a cyclopropane or another olefin.* Thus
an exo cyclobutane such as is present in the xtx dimer may provide suf-
ficient activation of a neighboring olefin to allow it to react with a
complexed NBD (producing trimer), but may be insufficient to activate two
dimers to form tetramer.

It may be noted that photoelectron spectroscopy shows the highest
occupied T orbital of dihydrobarrelene to be 0.18 eV below that of NBD

or about equal to that of the exo cyclopropano-norbornene, LVII.55

Note also that there appears to be a significantly

* Support for this argument comes from the photoelectron spectroscop-
ically obtained values for the energy of the highest occupied T orbit-
als in the following molecules.”

/ /

-9,05 eV -9,00 eV -8.80 eV

N,

Energy of Highest Occupied m Orbital
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more severe steric demand in the 2+2 dihydrobarrelene

dimer with the xtx skeleton compared to the same NBD

dimer skeleton.

Since Fe(CO)Z(NO)2 promotes the formation of the 2+2
xtx NBDddimer,l7a’37 it might be expected, on steric
grounds, to be less effective here than with NBD.
Nickel tetracarbonyl favors the production of 2+2 endo
bonded NBD dimers, but since it shows low activity as
a promoter for NBD dimerizad:ion,17a it may not be ef-
fective with dihydrobarrelene. As noted earlier,
rhodium on carbon will dimerize the less reactive exo
cyclopropano-norbornenes, LVIT and LVIII, but only
under much harsher conditions than were used in the
experiments run with dihydrobarrelene.

As a result of the photoelectron spectral data given above for the various

olefins the following sequence can be given.




62

[ »Eb’x £&>ﬁw»£b
: |

Degree of Perturbation on the Olefinic Bond

The influence of the activation of olefins by neighboring moieties
in metal promoted cyclodimerizations might best be discussed in terms of
the "fruitful" versus the "unfruitful" complex. It is known that both
NBD and norbornene are capable of bonding to metals on the exo side of
the olefin. In cases where this behavior has been observed (Ag olefin,
Cu olefin, 7KC5H5)Mn(CO)2(olefin)), the complexing olefins (norbornene
and NBD included) act principally as electron donors, withf -back dona-
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tion being minimal. The double bond in these cases is weakened only

slightly as shown by the small shift in L P LA in the infrared spectra.
Complexes of this sort do not generally lead to dimeric product (un-
fruitful complexation).*

In order to have an olefin complex lead to dimeric product, it is

suggested that a significant weakening of the olefin bond must occur.

* Note: Photolysis of the AgNO, complex of norbornene and NBD does not
produce dimers.”! The N(CrHB)Hn(CO)zNBD complex is fgrmed by photoly-
sis of M(C_H )Mn(CO)zNBD witg no dimér being formed.”® The photolysis
of the Cu15cgmplexes of norbornene, producing norbornene dimer, and NBD,
producing quadricyclane,59 may well follow a path very much different
from that operating with complexes which are known to promote NBD
dimerization.
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The most probable way this could be achieved would be by 7T-back donation
of electron density into the anti-bonding orbital of the olefin. This
can occur only if an approximate energy and symmetry match exists between
filled metal d orbitals and olefin anti-bonding orbitals. Based on the
photoelectron spectra and molecular orbital assignments for NBD, the

following correlation diagram can be drawn.

e ZJi:7 /
_T 8.69 eV SA
m Lo )
-9 s o
8.97 ~“.~~ .

eV oV /i 9.55 eV SS

-10-

Figure 29

Correlation Diagram for Norbornene-Norbornadiene

Thus the interaction of two '"nmorbornene-type" olefins results in a
raising in energy of the highest occupied T orbital, providing activa-
tion of the olefin. But, the important effect here is twofold and best

illustrated in the diagram given by Hoffmann.6o
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Norbornadiene Orbital Interaction Diagram after Hoffmann

Not only is the highest occupied T orbital raised, but the lowest anti-

bonding T

orbital is lowered by the interaction process. Lowering the

energy of the anti-bonding T orbital would most likely be conducive to

a better energy match between it and a filled metal d orbital.

Thé approximate atomic orbitals for nickel are given
by T Ls Brown61 as 3d,-10.5 eV; 4s5,-9.8 eV; and bp,
-9.0 eV, The assignment of 7 * orbitals based on ultra-
violet spectra of NBD has evoked some controversy in
light of the apparent partial mixing of 0 and m orbitals
in NBD. However, based on the analysis of VanCatledge62
and the ultraviolet spectra of NBD and norbornene,63

it appears that norbornene 7 * orbitals are considerably

more energetic than are the T * orbitals associated with NBD.




65
Backbonding should, therefore, be considerably more significant with NBD
than with norbornene, and ''fruitful' complexation, i.e. comple%ation
leading to weakening of the olefinic bond, ought to be favored with NBD.
Thus, a relationship between perturbations on an olefin by another moiety
in the molecule and successful metal-mediated cyclodimerization of the
perturbed olefins can be given.
Perturbations on olefins which cause an increase in
the energy of the highest occupied 7 orbitals at the
expense of the energy of the lowest unoccupied T* or-
bitals will favor transition metal cycloaddition
reactions of the perturbed olefins.
This proposal can be valid énly if approximate metal-olefin energy and
symmeéry matches exist, and no dramatic new steric demands are intro-
duced by the perturbing moiety.
The sequence given for the degree of perturbation of the olefinic
bond, paée 61, provides a series of predicted readtivities in transition
. metal promoted éyclodimerization reactions; Thus, it is predicted that
if dihydrobarrelene were subjected to the harsh conditions successful
for dimerization oflexo cyclopropano-norbornenes LVIT and‘LVIII9 it too
would dimerize., It is further predicted that the molecule [2,2,2bicyclo-
octatriene (beaerelene),6L+ in which olefinic interaction raises the
highest occupied T orbital to -8.23% eV (cf. dihydrobarrelene T

highest

-8.,87 eV and NBD 7 -8.69 eV), ought to dimerize. The dimer will

highest
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probably not dimerize to tetramer unless the fused cyclobutane activates
the remaining two olefins considerably above those in dihydrobarrelene and
this is not expected.54 It may also be noted the steric requirements

imposed by dihydrobarrelene between the bridge hydrogens and the incipient

Figure 31

Oligomerization of Barrelene

cyclobutane (vide ante) are absent with barrelene, but are imposed by the

dimer, a fact which also disfavors tetramer formation.

Kinetic Considerations

It has been implicitly and explicitly noted throughout the preceding
discussion that electronic considerations are very important factors gov-
erning the behavior of substrate olefins. As noted at the onset of this
discussion, this is also valid for coordinated ligands which are not
directly involved in the cyclodimerization'reaction. Thus, one is faced
with a number of considerations pertinent to these indirectly involved
ligands. Which ligands are lost and to what extent...temporarily or

permanently? What relation do any remaining ligands have to the




67

électronic or stereochemical demands of the reaction? What role could
ligands play in directing 7 or o bonding between the metal and substrate
olefin molecules?

It was with these questions in mind that an effort was initiated
to probe some of these ligand related factors. A number of reactions
were run with NBD, and Ni(GO)Z(P¢3)2 as promoter. Bis(triphenylphosphine)
dicarbonylnickei'was chosen for a number of reasons. As mentioned
before, it is an alr stable solid thus allowing for ease of experimental
manipulation. Thermally, it promotes the formation of two major dimers,
2+2 xtx and 2+2 xtn, and one minor dimer, 2+2 ntn. Its reaction with
7-methylNBD was investigated. This work provided some insight into the
course of the reaction as well as suggesting areas which required further
inves’éigation°

With reference to éoordination, Ni(GO)a(P¢3)2 is either a disub-
stituted nickel tetracarbonyl derivative or a disubstituted tetrakistri-
phenylphosphine niékel derivative. The thermal reaction of nickel tetra-

carbonyl has been investigated by _Voecksl7a

, and it has been shown to
lead to 242 xtn (major) and 2+2 ntn (minor) dimefso The hypothesis
could be made that if a dicarbonyl nickel specie such as Ni(CO)a(NBD)2
was responsible for the formg?ion of xtn (and ntn) dimer in the N:'L(CO)Lr
case, then the same sort of specie could arise from Ni(CO)Z(P¢3)2 by the
loss of two Pﬁs ligands and the addition of two NBD molecules, T$ cafry
the hypothesis further, it could be suggested that a Ni(P¢3)2(NBD)2

specie formed by the loss of two carbon monoxides is responsible for
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the formation of the xtx dimer and it would be predicted then, that

Ni(P¢3)4 would lead to only xtx dimer. Thus, two different active com-

plexes could be responsible for the products obtained from NiSCO)z(P¢3)20

Exploratory experiments served to demonstrate some of the essential

characteristics of the reaction of NBD with Ni(CO)Z(P¢

a)

302°
The reaction is very temperature sensitive; prolonged heat-

ing at 75°C produces virtually no dimer, while refluxing at

an initial temperature of 85°C allows a facile reaction.

. This is generally observed with metal carbonyls and has

been interpreted as the minimum temperatﬁre for ligand ex-

pulsione

b) Using neat NBD, the reaction temperature increases from 85°C "~

c)

to ca. 100°C during the reaction. The rate of reflux is
decreased considerably as the pot temperature increases and
the viscosity of the solution appears %o increase. ‘This
behavior is attributed to the formation of dimer which be-
coﬁes an increasingly important component in the refluxing
mediume.

The reaction is very sensitive to refluxing. At a temper-
ature just below reflux, ca. 81°C, very little dimerization -
occurs. However, if nitrogen is bubbled through the solu-
tion, reaction occurs quite readily. This suggests that

"liberated" CO probably inhibits reaction by recombination.
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d) The substitution of carbon monoxide for nitrogen as a
sweeping gas inhibits the reaction virtually completely.

e) Monitoring the formation of dime?s as the reaction progresses
shows that after an induction period, two major 2+2 dimers
(xtx and xtn) are formed at a constant rate. A third 2+2
dimer, ntn, is also produced, but only in small émou.nts°

f) The xtn:xtx ratio varies with time. Very early in the re-
action, during the inductiqn period, this ratio is greater
than one. This value decreases to about .25 to .50, depend-
ing on the temperature at which the reaetion is run, and
remains constant after the induction period. One explanation
of this result is-the process by which xtn is froduced is
perhaps less energetic than thét for the production of Xth*

As a result of these preliminary runs, a procedure was established
for examining some of the kinetic parameters of the therﬁélly induced
cycloaddition reaction.l The desired amount of Ni(CO)a(P¢3)2 dissolved

in warm NBD was injected into a flask containing NBD which was already in

equilibrium with a constant temperature bath. Prior to addition of the

Ni(CO)a(P¢3)2 solution, a stream of nitrogen was established in the reac-

tion flask by use of a glass tube fitted with a frit. The flow of

* Such an explanation does not distinguish between factors which influ-
ence the duration of the induction period and factors which govern
dimer formation when the rate of dimer production becomes constant
(cf. page 80).
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nitrogen was monitored with a soap bubble flowmeter. The flask was fit-
ted with a long glass packed condenser to prevent loss of substrate by
evaporation.
Samples were withdrawn from the reaction and analysed by gas chrom-
_ *
atography using an internal standard. A plot of the concentration of
dimer versus time was made which provided a graph with the characteristics

given below, while data from the various experiments is given in Table 1.

A
linear
dimer portion
concentration it adot ok
period
ey
time
Figure 32

Generalized Concentration versus Time Plot

* For the derivation of the equation relating the standard and the dimer
gas chromatographic data, sece Appendix II.
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Table 1 |

Tabulation of Kinetic Data .

Temperature Promoter Least squares slope | Abscissa intercepta
oG (initial of linear portion
concentration) . of graph -
x10° %1077
xtx xtn xtx xtn
9l ,20 Ni(CO)é(P¢3)2 25857 248k 1ho746 | 9,724
L0112 M ” '
81.2° Ni(co)2<P¢3)2 12,165 2.896 5,266 5,354
0112 M ‘
85,1° Ni(CO)a(P¢3)2 16.827 4,969 2,634 | 2.135
20112 M ,
81.2° Ni(co)z(P¢3)2 5.378 1.439 L hs L ,051.
0112 M
o+
added P¢3
.00128 M
81.2° Ni(PF,)), 1.955 05696 | ~6.926 |-2.953
Ca. 0112 M

a calculated from equation of least squares line

It is estimated this data is accurate to about fifteen to twenty~
five percent; depending on the partiéular data., Thus, at best, the re-
éults should be treated as trends, not as absolute values. From the data

for Ni(CO)z(P¢3)2 at the three temperatures, one can obtain an estimate
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of the energy of activation @Ift) for the formation of the 2+2 xtx and

xtn dimers. The shape of the plots is given below.

L
1n g e au¥
slope i e
1/T (°K)
Figure 33

Plot of 1ln Slope vs 1/T

A least squares analysis of the data yields values of AH*xtx= 79.96
kcal/mole andA H*th= 70.24 kcal/mole. It may be noted that during the
latter part of the reaction run at 85°C, it appeared that nickel was
being plated out. This may imply the actual catalytic nickel specie may
have been thermally decomposing, which would account for the non-
linearity of the AHF plot.

Two important points concerning these reactions should be noted:

a) The reaction has an unusually high energy of activation
(vide infra).

b) The implication that AH*X is greater than AH*xtn is prob-

tac
ably real. For example, if the data from the reaction at
85.2°C is neglected, the two remaining data points yield

A * = b2 * = « - .
H A€ 102.3 kcal/mole and AH o 82.6 kcal/mole
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One can also examine the ratio of the amount of xtn to xtx -
produced versus temperature., Comparison can be made for
reactions run at 8l.é°C and 74,2°C, as well as for other
preliminary experiments run under the same conditions ex—
cept at lower temperatures. This comparison shows that for-
mation of xtn iﬁcreases in importance at lower temperatures
implying its formation is a less energetic process.
As noted, the experimentally determined AH¢.is unuvsually high. How-
ever, extreme sensitivity to temperature is not unprecedented for fe—
actions promoted by carbonyl containing nickel species. Meriwether and
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co-workers ~ studied the reaction of Ni(CO)Z(P¢3)2 with acetylenes lead-
ing to linear and aromatic oligomers. They reported:

"These reactions are very sensitive to temperature

and degree of agitation in the solution. No poly~-

merization was observed in wmstirred solutions of

l-heptyne and catalyst in cyclohexane or acetonitrile

between 25 and 75°C. However, if the solution was

brought to the boiling point (about 81°) or if the

solution at 75° was agitated, complete reaction oc-

curred after a short induction period.'
They alsco found that sweeping the solution with nitrogen or with carhon
dioxide greatly facilitated reaction, whereas sweeping the solution with
carbon monoxide had a strong inhibitory effect. They noted, "These
results suggest that the reversible dissociation of carbon monoxide from
Ni(CO)Z(P¢3)2 is an essential step in the formation of the 'active!

catalyst. Agitation simply promotes the release of carbon monoxide gas

from the carbon monoxide supersaturated solutions." Their proposed
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mechanism includes an initial equilibrium step whereby carbon monoxide is
reversibly displaced by the acetylene. The acetylene coordinated complex
is proposed as the active catalytic specie and thus the large inhibitory
effect of carbon monoxide on the rate of reaction can be readily appreci-
ated.

Ellgen also found the expulsion of carbon monoxide from a nickel
carbonyl specie to be very temperature sensitive.66 The reaction in-
volved the substitution of carbon monoxide by alkynes in di-u-carbonyl-

bis(cyclopentadienyl)dinickel, (Nl (co) (05H5)2)

oC
I/\ CO RC\CR'

F
G — o

Figure 34

Reaction of Alkynes with N12(CO)2(05H5)2

Ellgen implies the loss of a carbon monoxide may be the first step in
the reaction. It»was further noted that the substitution reaction takes
place at a convenient rate only at temperatures which are sufficiently
high that the decomposition of Ni2(00)2(05H5)2 is difficult to avoid.
A compromise temperature of 80°C was chosen.

As will be seen later, these examples are used as models only to

the extent they apparently provide instances where:
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a) Difficult initial cleavage of the metal-carbonyl bonds

occurs, and/or

b) Great reluctance for the "liberated" carbon monoxide to be

completely lost from the system is observed (recombination.

is very likely).

Other information concerning the nature of the dimerization is provi-

ded by examining various slope ratios based on the data in Table 1.

81.2°C "slope

xtn

= 238 It is suggested either
no added P¢3 slope xtx  ° :
. one of two explana-~
ey - .
81.2°C 4 slope xtn _ 268 | .
added I¢3 ‘ slope xtx tions may account for

crease in xtn/xtx ratio. Either

added P¢3, or b) relatively less

the observed in-
a) relatively more xtn is produced with

xtx is produced with added'PQfB° IHowever,_

slope xtx (added PF_) _ Lo N
for the same two slope xtx - T :
reactions as given
above slope xtn (added PF,) = 408
slope xtn =2

- These two ratios provide evidence that the production of xtx is impeded

more then is the production of xtn by the addition of P¢3. ‘

An examination of the data (Table 1) for Ni(P¢3)4 and comparison

with the data for Ni(00),(B,), is also informative.

‘ Ni(P¢3) 4
cfe ‘
Ni(co)Z(szf3)2

slope xtn

slope xtx 0292
slope xtn = 238

slope xtx
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Thus it would appear that carbon monoxide ligands‘ére not necessary for
the production of either 2+2 xtx or xtn dimers. |

It is also informative to note the dependence of the rate on the
concentration of P¢3° It is not unreasonable to expect that the promoter
Ni(CO)E(Pﬁz)ziloses‘either one or more ligands to form a true catalytic
specie which is responsible for the dimerization reaction. Thus a
seduence similar to the following may pertain.

Xty = 2

1) M(C0),(Ff,), __151__; Ni(Pg,), , (CO), .+ xPHy + 3OO

e
2) Ni(2p,),  (C0), . + 2ED = Ni(Pgy), ,(C0), (NED),

3) Ni(E¢5)2_X(CO)2_y(NBD)2 ks Ni(P¢3)2_X(CO)2_y + dimer

It is suggested that step 3 is irreversible since the NBD dimers show

no apparent tendency to revert to NBD. The revergibility of the first

two steps is advocated based on the reported67 lability of nickel (as

well as other metal—olefin complexés) and the fact that Ni(CO)a(PSZB)2 is
known to undergo ligand exchange.68 Further, it is suggested the com-
plexation of NBD (step 2) and the formation of dimer from the NBD-nickel
complex (step.j) are not intrinsically highly énergetic processes.
Support for %his.proposal comes from two sources:
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a) Skell and co-workers ~ have found that nickel vapor may be
condensed at low temperature in the presence of NBD to yleld

a product. This product, on warming to room temperature,
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yields the 2+2 xtx NBD dimer.,

b) In our own laboratory it has been shown that divalent
nickel can be electrochemically reduced in the presence
of NBD at room témperature to yield both xtx and xtn 2+2
NBD dimers. ’
One can write the following éeneral relationships, assuning a steady state

for Ni(Pg),  (CO), o ar.1d Ni(Pg5), ,(NED),.

key e o] Ni.(C0) ,(B9,) )] fim)
k_y Ge_p+ k) BO]Y B9, ™ + e e 2

rate of formation _
of dimer -

thus,
' 1

e.] " o]’

Let us denote the concentration of P¢3 when no extra P¢3 is added as

rate of dimer formation ©

&ﬁsé] and in the experiment where 1.28 x 1077 mole/liter of P¢3 is added .
. . * _ *

. let this concetration range from 1.28 x 10 2 4 [?¢3ﬂ to 1.28 x 10 oy

"From the ratios noted before:

xtx rate with added sz Fygf]x ”

xtx rate without added PF [P, + 1.28 x 107 %

X=1ore2

* Triphenylphosphine does not substitute for carbon monoxide in Ni(CO)
(»g )2 even with heating at 210°C in a melt of P¢3 for 15 minutes.
Howsver, it is possible that NBD might substitute”for carbon monoxide
and PJ, substitute for NBD. Thus, a reasonable estimate of the lower
limit éf the PZ, concentration is taken to be 1/100t of the added P,
concentration. 3 . 2




" in the same range (ca. 2.5 x 1072 to 5.7 x 10
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1[P¢°] 101x103to566x106

X =2 E’%"] 2.54 x 107 to 8.5 x 1070

for x

Thus, with these limits on the concentration of P¢ from Ni(CO)a(HZB)a,

one can estimate the concentrations of‘Ni(CO) (P¢ )

-6

2-X species to be
M). Since the ratio of
the rates without and with added P¢3 is similar for the formation of the
xtn dimer, the proposed concentration would hold for ény Ni(co)z-y(P¢3)2—x
species leading to this dimer as well, -

Since the initial promoter concentration is Ni(CO)Z(P¢3)2 = l.12 x
1072 M, the concentration of the active catalyst(s), Ni(co)a-y(ma)z-x
where x = 0,1 or 2 and y = O, 1 or 2, may be about 2.5 x 107t
5x lO'J+ times this value. The concentration of the complex suggested
as leading directly to dimer, Ni(CO)Z_y(P¢3)2_x(NBD)2, is probably lower
than this. Assuming the three step sequence, one may write the following,
relationshipse. |

rate of dimer formation = kg [Ni(co)a_y(P;JB)a_X(NBD)Z]

Iif Ni(CO)'a__y(P;ZB)E_X(NBD)Z is subject to the steady state approximation,

_d]complej ~.O; the slopes of the curves of dimer concentration versus

3t

“time ave Iy [N1(CO),_ (P,),  (NBD)] .

Transition state theory gives the equation 1n k = In(kh) + In T
it o ; . \
M*¥/RT + ASF/R. One can insert 1\:3[Nl(CO)Z_y(PSZfB)z_X(NBD)E] for k, add
1n[Nl(CO)a_y(P¢3)2~X(NBD)2] to the right side of the equation, put ex-

perimental values in for AH*, and solve for AST.
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xtx  ASF = 10.539 1log Ni(00),_ (Pg,),  (NED), 1+ 147,03

xtn A gt

1l

10.53%9 lod Ni(CO)a__y(PQ' )

5o (MBD), ]+ 11602

. If one assumes a reasonable & 5¥ value is in the range of -20 to +20
cal/deg.mole, then.[Ni(CO)a_y(P¢3)2_ (NBD)é] = 8.9 x lo"le/l to

~10 n/1

1.k x 10'16m/1 for xtx and [ Ni(CO),_ (P¢3)2 _(MBD) ] = 7.4 x 10
to l.2 x lO~13m/l for tho* Although these concentratlons are quite
small they are not unreasonable as steady state concentrations of cata-
lytic species. One factor which may contribute to low concentrations of
species containing coordinatea NBD is the presence in the sgolution of
dimers which may competitively complex with any coordinatively unsaturated
nickel species. At the poinf where the [ﬁimeﬁ] versus time curves start
to be linear, the dimer concentration is at least 3.14 x lO“2 M. This
is approximately three times the initial concentration of promoter. It
is ca. 12 to 5,000 times fhe‘suggestea, vide supra, limits on Ni(CO)Z_y‘
$P¢3)2_x‘coqcentrations,

It is suggested the formation of dimef—containing complexes may ef-

fectively serve to lower the concentration of NBD-containing complexes.

Iﬁ'iight of the lack of ability of dimers to themselves dimerize as well

* Monitoring the infrared spectrum during the reaction supports the pro-
posal that only a portion of the Ni(CO) (P¢ ) is converted to other
species during the reaction. The carbonyl ébsorptlon peaks at 1940 cm
and 1995 cm~l decrease in intensity during the initiation period of
the reaction, but become quite nearly constant for the remainder of the
reaction.

-1
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as the relatively low yield of trimeric species in the dimerization re-
actions, dimers could be visualized as inhibitory ligands. In fact, the
inhibitory nature of the dimers can be expressed as an alternative reaction
path for the active complex Ni(CO)Z—y(ng)er’ giving an additional step
(4) in the proposed mec%?nism.

' S

1) Ni(co), (), vk—l- ‘Nl(co)2__‘3,(353)2_X + xPf, + yCO
- k

2) N1(00),_ (Pd,), . + 2NBD v—g——i—% Ni(C0),  (Pd),  (NED),

3) Ni(CO)Z_y(ngl})a_X(NBb)a B Ni(Bg,),  (00), -+ dimer

k
k) Ni(3,), ,(00),_  + aimer _éki_*T;NjL(mB)Z_x(co)z_y(dmer)

This changes the rate expression to: -

o e 2 - e
a[aimer] Kok EN‘:L(CO.)E(.PQB)Z:' EBD] "+ kokk ) [VBO) T Ni(RFL), | (CO),  (imer)]

ab k_l(k_2+ k) cdl ¥ [ey ; X k ke [VBD) 2 . (e _p+ )y, [d;meﬂ

Only four steps are given here, while in fact many other reactions occur.

For example, the addition of NBD to Ni(CO)a_y(P¢3)2_x almost certainly

" ocecurs in_two steps; |

a) the‘addition of one NBD molecule to give a saturated complex
(see equation i where x+y=l). So many potential ligands exist
in the reaction that the loss of two ligands to give a complex
in which tﬁo coordinatign sifes are empty is, in reality, im-'

probable.
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-(i) Ni(C0), (B, , + NBD === Ni(C0),  (Bf,),  (NBD)

b) The loss of a CO or P¢3 ligand from this resulting complex to
give a cpqrg}natively unsaturated complex (equation ii) which
must céptﬁ}é another NBD molecule to give the complex

Nl(CO)z_y(PQ'B)z_x(NBD)E, equation iii.

(1i) Ni(CO)a__y(PQ' ), _, (NBD) Ni(CO), (Fg,),  (NBD)

3
(x+y=1) ~C0 or (x+y=2)
. P¢3

(11i) Ni(C0),_ (PF,),  (NBD) —HB__}?_—*_Ni(co)Z_y(PQfB)E_X(NBD)a
(x+y=2) (x+y=2)

The assumption of the simultaneous loss of two liéands in step 1
(page 80), followed by the addition of two NBD molecules in step 2,
serves as a simplification for developing the rate equation. Unfortunately,
an understanding of the degree of complexity of the equilibria leading
to productive complexes Ni(CO)Z_y(P¢3)2_X(NBb)2, X+y=2, is th?reby made
less obvious. The important point is that the number of productive
(dimer producing) ﬁathwa&s relgtive to the number of probable reactions \
oécurring is small. The induction period of the reaction involves -the
establishment of‘equilibrium‘among all the reaction steps, and any process
which would leéa to the relatively. easy production of coordinatively‘
unsaturated species ought tp shorteﬁ this period (ngg_éggﬁﬁ. The linear
portion of the dimer concentration versus time pléts corresponds to a

constant rate of production of dimer oncelthe equilibria have been
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established, d fimer}/dt = k3 ﬁi(CO)Z_y(Pﬁs)a_x(NBD)ZJ= a constant. Since
a number of equilibria do exist involving the complex Ni(CO)E—y(P¢3)2-x
(NBD)Z, x+y=2, which lead to dimer, the slopes of the [d] vs t plots*
contain a large number of concentration and rate constant terms. In'turn,
the use of the slopes of [d1VS t plots for the determination of auF
values necessarily implies that a ARF value so obtained represents the
total AHF for a rather large number of reactions, élthough it is referred
to as the enthalpy o6f activation for the dimerigzation of NBD to give a

séecific dimer. Thus, values ofAH:I:x n = 70.24 keal/mole and.AH*th =

t
79.96 kcal/mole should each be treated as composite JN:c valﬁes for the
various equilibria.involving.intermediates which lead to each of the two
dimers. |

The observed influence of the ligands (P;ZJ'3 and CO) on reaction
rates may now be corrélated to the mechanistic picture of the dimeriza-
tion reaction. The ﬁroduction of xtx and xtn are both iﬁhibited by the
presence of P¢3, which vies for vacant coordination sites on nickel., A4s
-noted in the introduction as well és earlier in the discussion; the
following scheme can be proposed. To form the 2+2 xtn dimer, one starts
with a bidentate endo,endo NBD nickel specie which then goes to a monb—

dentate endo NBD nickel specie and finally to an exo NBD, endo NBD .

nickel specie, leading to xtn dimer.

#*['d] vs t = dimer concentration versus time
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Entropy Effects in Complexes Leading to the 2+2 xtn NBD Dimer

Further, in the case of the 2+2 xtx dimer, the following intermediate

(LX) has been proposed.l7a’25

2+2 xtx
/ IiL < :
=i
X o ‘ + NBD

Figure 36

Entropy Effects in Complexes Leading to the 242 xtx NBD Dimer
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Relative to entropy considerations, it is expected that if the mono-
endo bonded NBD nickel specie temporarily complexes with a P¢3 molecule,
the nickel atom will be likely to recomplex with the endo side of the
same NBD, since it is still bonded to the remaining endo side (Figure 35).
However, if an exo,exo-bis(NBD)nickel specie temporarily forms a P¢3
bonded complex, it is much less likely to reform an intermediate capable
of leading to dimer (Figure 36). Thus, it would be expected that in-
creases in the [P¢3] would result in more significant changes in the rate
of xtx production than in the rate of xtn production.*

The possibility of two mechanisms for the production of the 2+2 xtn
dimer should also be considered. One mechanism would involve the for-
mation of a dicarbonyl endo,endo-NBD nickel catalyst which could be an-

178

alogous to the proposed nickel tetracarbonyl derived specie.

Ni(CO), %
NBD 2+2
> > xtn
i 2 e \
Ni(CO)Z(P¢3)2 NBD

\

CO CO

Figure 37

Common Pathway to the 2+2 xtn NBD Dimer

* While it is possible a PZ., could substitute for a NBD (either exo or
endo bonded) in the endo-KBD, exo-NBD nickel complex (LIX), it is more
likely substitution of the exo-NBD by the remaining uncoordinated endo
side of the mono-endo coordinated NBD will occure
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In the absence of carbonyl ligands (and to a lesser extent even in their
presence), a less efficient path to dimer might be operative involving

endo,endo-NBD nickel catalysts.

or

K
I}\l j(\
(dimer)y (P¢3)x
Figure 38

Non-carbonyl Containing Complexes Leading to the 2+2 xtn NBD Dimer

It is not completely clear why a dicarbonyl-endo,endo-NBD-nickel
specie should be particularly efficient for the production of the 2+2
xtn dimer. However, a reasonable explanation involves the nature of the
interaction between the endo side of NBD and the nickel dicarbonyl moiety.

It has been noted70

that valence bond theory predicts that in tetra-
hedral nickel(0) complexes only two orbitals will be available for 7-
back-bonding. Thus, in nickel tetracarbonyl, two of the four carbonyls

are readily removed, while strong m-back-bonding to the remaining two

carbonyls prevents their easy displacement. Accordingly, a relatively
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stable but labile compiex could be envisioned for a NBD-dicarbonylnickel
system. The 7-back-bonding capability of nickel could be readily satis-
fied with two carbonyls, leaving two sites available for ligands having
principally donor properties. Schréuzer7l has advocated,; based on épec—
tral data for endo, endo-NBD duroquinone nickel, that the endo sid§vof
NBD acts principally as an electron donor. This is supported by the

lability of NBD duroquinone nickel towards trimethyl phosphite.68

72

Based on photoelectron spectra’ it is clear the double bonds in

' NBD interact in a through—space manner. Thus, in a qualitative way, one

could develop the following'picture for the prbitals in NBD. In addition
to the "normal" interaction between the four p atomic orbitals - produc-
ing two 7 bonding'and two 7 antibonding molecular prbitals - account
should be made for interaction between the endo lobes of transannular p
orbitélso This interaction may be thought of as a form of partial

sigma bond formation. Thus; the situation can be pictured as given be-
low, where y and m* notation refers to molecular orbitals in which p-r

bonding is'stressed, while o and o* notation refers to molecular orbitals

in which p45 bonding is stressed.
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Qualitative Picture of p Orbital Interactions in NBD
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In light of the much greater strain energyAfor guadricyclane
(78,7 kcal/mole) versus two norbornene molecules (2x17.6 = 35.2 kcal/mole)
(NBD strain energy = 25.6 kcal/mole)73, it is possible that energy dif-
fefences will precliude extensive mixing between the 7 and GSS stétes.

SS

ey T 0% 3, ;
AS™AS and an~an states, however, probably do mix, the degree

once'again depending on the relative energy levels. It is suggested that

The T*

one result of such mixing would be to increase the eléctron density on
the endo side of i\IBD° The lowest antibonding orbital would also be
altered by mixing. Thus, to the extent mixing obtains, the region of
maximum antibonding orbital probability would lie on the'exo gide of NBD,
at the expense of a decrease on the endo side.

This picture,; if correct, would_explaih‘ﬁhe preference of a di-
carbonyl nickel moietylto be bonded to the en@é side since the two éar—
bonyls would act as excellent 1 -back-bond acceptors, while the endo

éide of NBD would serve principally as a donor. The proposed model

could also be invoked to explain why a Ni(P¢3)2 could preferentially bond

to the exo side of two NBD molecules and thus lead to the 2+2 xtx dimer.

:Triphenylphdsphine is generally conceded to be a rather poor T -back-bond

etc:c<ép’cor,7br while nickel has been suggested to Be perhaps the most basic
metal f6r7r~back donation to olefin?T* orbitals,75‘ Thus, in the absence
of carbonyljligands to act as T-back donation acceptors, olefins (e.g.
the exo sides of two NBD molecules) could serve as acceptor ligands.

Note that in the above discussion any N:‘L(L)2 entity in which L is
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principally a o donor (poor ﬂ—back—boﬁd acceptor), e.g. a dimer molecule,
would be predicted to lead to the 242 xtx dimer.

One final point should be made concerning the data from the kinetics
experiments: duration of the induction period. IFrom the abscissa inter-
cepts in Table 1, page 71, it can be seen that the treﬁd is as expected;
the higher the temperature the shorter the induction period, correspond-
ing to an increased production of unsaturated species (cf. page 80 ff.). In
general, the induction period for the ;+2 xtn dimer is shorter than that
for the 2+2 xtx dimer. This is consistent with a less energetic proéess
for xtn than for xtx formation, H*th<: H*th, provided fhe factors
effecting the establishment.of the equilibrium among the varioﬁs ligaﬁds
and complexes mirror the factors effecfing the maintéinange of that same
equilibrium.

Since it is known that tetrakis(triphenylphosphine)nickel dissoci-
ates in solution at room temperatufe to tris(triphenylphésphine)nickel

7l

and triphenylphosphinz, a coordinatively unsaturated specile can be
readily formed and thus, it is not surprising to see thé induction period
virtually disappear. Further, the absence of the strongly bound carbon
monoxide ligand in the promoter, cf. Ni(CO)Z(P¢3)2, should also contribute

to a shortening of the time required to form an intermediate capable of

leading to dimer.

<
Conclusions

At this point it is felt a review of the proposed mechanism for the
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dimerization of NBD by ﬁickel promoters is appropriate. This review will
be presented in light of the combined_résulfs from both the structural
modifications and kinetic data reported in this portion of the thesis.
In conjunction with these results the work of other investigators will
be included (or referred to) as support for the proposed theories. The
object of this section will therefore be to describe the author's
conception of the mechanistic picture.

First, the formation'of both tﬁe 232 xtx and 242 xtn dimers from

NBD and Ni(CO)E(P¢ involves the coordination of two NBD molecules in

32
a stereo-specific manner. Second, these coordinated NBD molecgles join
to form dimer.

The proposed mechanistic rouﬁes for the formation of each of the two
2+2 dimers will now be presented. This will be followed by some comments
concerning the production of 2+2+2 dimers. . |
2+2 xtx: Two molecules of NBD are coordinated to nickelion their exo

sides. This exo,exo-bis(NBD)nickel di-ligand complex would be
favored by ligands which were not good T -back-bonders, e.g.

BY.» dimers’® and 1,5-cyclooctadiecne. 77

However, the presence of an excess qf strong odonors will re-
éult in the effective inhibition of xtx formation, since once
an exo,exo-bis(NBD)nickel. di-ligand specie is converted to a
mono-exo~NBD tri-ligand moiety (e.g. 1X) by replacement of oﬁe

NBD by a ligand, there are no favorable entropy considerations
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present to aid in the reformation of the exo,exo-bis(NBD)nickel

di-ligand specie (cf. Figure 36).

From the data presented in this thesis it is not possible to
distinguish between a conccr%ed or a non-concerted path for the
production of the 2+2 xtx dimer from an exo,exo-bis(NBD)nickel
di-ligand specie. However, it has been suggested the presence

of good 0 donors ought to favor 7 to © transformations.21’22

N L
Py /Q

v

But as noted above, the presence of excess good 0 donors al o
ought to inhibit the formation of the exo,exo-bis(NBD)nickel
di-ligand precursor to the di-o-bonded complex. Thus, one is
faced with a dilemma and both factors must be considered in
determining the likelihood of any proposed mechanism.
Initially a complex involving an endo,endo-NBD di-ligand com-

plex must be formed.

This is favored by ligands capable of functioning as strong m-
back-bond acceptors such as carbonyls or activated olefins

(e.ge. acrylonitrile and l,l-—biphenylene—Z,2—dicyanoethylene)25
which could satisfy the propensity of nickel for T-back-bonding.

The endo side of NBD is proposed to be principally a o donor
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and a poor T-back-bond acceptor. The presence of added strong
o donors, €.ge P¢3, ought to affect a complex of this type less
than exo,exo-bis(NBD)nickel di-ligand complexes because of the

favorable entropy factor to reform the complex (cf. Figure 35).

Once the endo,endo-NBD-nickel di-ligand complex is formed it

may lead by the dissociation of one endo bond and recomplexation
with the exo side of a second NBD molecule to the immediate
precursor to the 242 xtn dimer - an exo-NBD, endo-NBD-nickel

di-ligand complex (LIX).

Figure 4O

Proposed Intermediates in the Formation of the 2+2 xtn NBD Dimer

Based on the data from the dimerization of 7-methylNBD, it is
proposed that to account for the formation of the statistical
distribution of methyl groups in the endo-bonded fragment -
in both the NBD 2+2 xtn and ntn dimers - a concerted path is
most probable. Thus, it is proposed that the xtn dimer and

the ntn dimer (by analogy) are produced by the concerted pathway
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particularly in cases where carbonyl ligands (Ni(CO)q aﬁd-
,Ni(CO)Z(Eﬁs)z) are évailablé° In the case of Ni(P¢3)4, the
formation of the 2+2 xtn dimer is accounted for by suggesting
a specie such as complex LIX, where L is an exo-bonded NBb

&
molecule, or less likely, P¢3q dimers, or similar wmolecules.

It is suggested in.these cases,; the forﬁation of 2+2 xtn dimef
via complex LIX is in strong competition with the loss of the
endo bonded NBD molecule. For tetrahedral nickel complexes, the
presence of any less than two strong w—back donation acceptors

78

will promote the loss of o donors.

In the case of the Ni(P¢3)4 promoted dimerization, the best
T-back-bond acceptor ligands available are the exo sides on NBD'
molecules. Since these exo sides are only moderately good M-
back-bond accepﬁors, the loss of ligands including the endo

bonded NBD becomes more likely.

It has been proposed in the stereoéhemicai modification portion

6f:this discussion that the formation of 2+2+2 7-methylNBD

dimers (using Ni(CO)a(P¢3)2) follows a non-concerted pathway.

It is.further proposed that if, for stereochemical (or possibly

* As was noted earlier; Ni(II) has been electrochemically reduced in the
presence of NBD to yield the 242 xtn and 2+2 xtx dimers. These reac-
tions were run in pyridine and acetonitrile, solvents which may serve
as -donor ligands.




Note that whereas Katz
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electronic) reasons, the complex IXIT, Figure 42, cannot feadily
result in 2+2 xtn dimer, it-is poséible a carbon monoxide may
be lost to yield complex IXIIT which would yield the five co-
ordinate di-o-bonded complex; ILXVITI, This would feductivély

eliminate the dimer.

Other routes to complex IXIIT could be suggested and may be
even more probable. Initial complexation of NBD on the exo
side could give complex IXIV. The loss of carbon monoxide,
prompted by the acceptor properties of the exo side of NBD,
followed by complexation of a NBD molecule, this time on the
endo side, would give IXVI. Loss of P¢3 from LXVI wPuld yield
IXIII. The complex IXIV could lose P¢3 instead, giving LXV,
This would be promoted by steric comsiderations of the more
hindered 7-methleBD molecule, The'coordinativel§lunéaturatéd

complex LXV could bind with the endo side of a second 7-methyl-

~ NBD molecule to give IXIT and as noted, loss of a carbonyl from

LXIT would yield LXIIT.

27

proposed that a rhodium complex
(IXVIII) is responsiﬁle for the 2+2+2 exo-cis~endo NBD dimer,
it is proposed here, based on stereochemical considerations,
that a nickel complex (IXIX) is responsible in the éase of

7-methylNBD and Ni(CO)Z(P;a'B)a,
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Proposed lechanistic Routes to the
2+2+2 xcn 7-llethyllNBD Dimer
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Figure 42
Alternative Pathways for the Non-concerted Production
of the 2+2 xtn Dimer Skeleton
It is also worth-while to note that in the case of nickel tetra-
carbonyl, the two 2+2+2 dimers (XV and XVI) are formed, and
their formation might well be explained by a concerted mech-
anism noting the presence of carbonyl ligands does not favor

an oxidative addition (non-concerted) mechanism.

/ e / Ni
l

CcO
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A concerted ‘pathway for the dimerization promoted by Ni(Cqu
would be favored from a stereochemical point of view too, siﬁce
carbon monoxide is sterically quite small. Notg that it would
be predicted the non-concerted (oxidative addition) mechanism
would be favored by the presence of P¢3 (vide supra).

The work reported and discussed in this portion of the thesis has
been concerned with the cycloaddition reaction of NBD promoted byi-‘
Ni(CO)é(P¢5)2 and to a lesser extent Ni(CO)qa The metal is the same for
both promotors and the number of ligand types initially in solution are
reasonable small (PZ,, CO and NBD). However, as has been noted; the
number of factors to be discussed is already quite large. It can well be
imagined that the number of factors which must be considered is very
large‘when: the substrate is changed from NBD; the promoter metal is
changed from nickel; the formal oxidation state of the metal is mno longer
zero and the number of ligand types is increased to include trihalophos-
phines, phosphites, arsines, stibines, nitrosyls and halide ions. The
problem can quickly Becomé‘virtually'insolVable. kThus, despite the
limited area of examination which is .reported here, it is felt the ev-:
idence and propos;ls pregented should aid in sqggesting experiments for

more detailed studies of metal promoted cycloadditions as a whole.




SUMMARY

Thé work reported in this theéis is the result of a bifunctiénal
approach to the problem of metal mediated cycloaddition reactions of
olefins. The first aspect of this approach was to explore the scope of
the reaction and the second was to come to a better understanding of the
mechanism(s) operating in such reactions; Norbornadiene (NBD) presents
some particular advantages trom both aspects. Thus this molecule and its
derivatives were used as the principal substrates in the work presentedv
here.

The first general area of study was structural modifications. This
area was subdivided into two sections. In.the first, emphasis was placed
on substrate stereochemical considerations, wﬁile the second section
stressed substrate electronic considerations. The second general area
involved a kinetic study, with emphasis being placed.on cénsideration bf‘
metal-ligand related phenomena. -

& number of substituted NBD derivatives were tried as sﬁbstrates
‘using bis(triphenylphosphine)dicarbonylnickel as a prdmoter (promoter
beiné used to describe the initial metal complex which leads to the ac-
tive catalytic specie during the reaction). The compound 7-methylNBD
was found to dimefize using Ni(CO)Z(PQ'B)2 and activation by 1ight or heat.
The thermally obtained product mixture was subjected to an extensive
separation sche@e using silver nitrate and silver perchlorate impregnated

silica gel column chromatography in conjunction with preparative gas
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chromatography. It was shown there are seven products, six of which were
identified. The photochemically obtained product consisted of four major
dimers. These were related to thermally produced products by using Ag+
ion impregnated silica gel thin layer plates and gas chromatography; The
product structures are given below. Relative amounts are only internally
consistent since amounts of thermally derived products were not compared

to amounts of photochemically derived products.

h AT hv
2+2 xtn He
?oth isomers Lo L
in equal
amounts
Me
2+2 xtx 10 75
le
Me
2+2+2 xcn / e 7 3
Me
24+2+2 nen 5
M
e
2+2 ntn / 2

Me relative yields
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A study of substrate electronic considerations was also made.
It was assumed that substrate olefin-metal interactions constitute the
major substrate electronic factors in metal promoted cycloaddition re-
actions of olefins. Thus, three olefins having ‘'"perturbed" olefin.bonds
(relative to NBD) were chosen.
Norbornene - only one double bond
The 2+2 xtx NBD dimer - one double Eond interacting with a trans-
annular exo bonded cyclobutane.
@,2,%]bicycloocta—Z,E—diene (dihydrobarrelene) ; a methylene homo-
log of [ 2,2,1] bicyclohepta-2,5-diene (NBD), -
However, norbornene, the 2+2 NBD xtx dimer, andlza,z,ﬁ'bicycloocta~2,5—
diene were all found to be inactive toward dimerization. An explanation
was offered, based_on reported and projected energy levels, for the lack
of reactiﬁity in these systems as compared to NBD. The fundamental
tenet of the proposal is>that both a relativgly high~enéergy filled 7
olefin orbital and a relatively low-energy wunfilleds * orbital are

necessary in the substrate. In NBD this situation is provided by the

interaction.of the two olefin bonds. It is proposed other similar mole-

cules where such interaction can occur will also be active towards dimer-

ization; Thus, based on photoelectron spectra, it is suggested that
[?,2,@‘bicycloocta—2,5,7~triené (barrelene) will dimerize, but the dimer

being similar to dihydrobarrelene, may be inactive.
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The kinetics study, as noted, was directed towards an understanding
of metal-ligand interactions. The thermal reaction of NBD with Ni(CO)z—
(P¢3)2 and Ni(P¢3)u was studied and the following information gathered.

a) The reaction proceeds in two phases - an induction period, fol-

lowed by the principal reaction where dimers are produced at a
constant rate.

b) The reaction is extremely dependent upon three factors.

i) Temperature

ii) The rate at which carbon monoxide can escape from the re-
action

iii) The concentration of triphenylphosphine in solution

¢) From the data it was found:

i)A HF values were obtained for the 2+2 xtx and xtn dimers.

A H¥ 4 = 7996 keal/mole

xt.

A H¥ o = 70,2k keal/mole

xt

ii) Sweeping the reaction solution with N2 greatly facilitated
reaction, while sweeping the reaction with CO caused
nearly total inhibitione.

iii) P¢j strongly inhibits the reaction, the production of xtx

being inhibited somewhat more than the production of xtn.
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@)‘Using Ni(P¢3)4 instead of Ni(CO)a(P¢3)2 as promoter:
i) Virtually eliminates the induction period;
ii) Decreases the rates of xtx production (1/6) and xtn pro-
duction (1/5) for reactions run under the same conditons.
Several inferences were made based on the kihetics data. These were
coordinated with the results of the structural modification data as well
172, and other investigators on similar sys-
tems. ‘It is proposed the followiné picture for the Ni(0) promoted cyclo-
addition reaction of NBD emerges.
A) ligands (both CO and P¢3) are lost to produce coordinatively un-
saturated nickel species, some of which may be described as
"active catalysts'". These ligands, as well as NBD and NBD dimers
are in constant competition for sites on nickel, thus reducing
the concentration of Mactive catalysts! to very low values.
The establishment of an equilibrium between the promoter, the
.ligands and the various modified nickel species,-including'
"active catalysts" constitutes a mechahistic description.of the
induction period obgerved in these metal promoted cyclodimeri-
zations.
B) Once this equilibrium is established, the rate of dimer produc-
_tién is constants. IBécause'of the very low concentrations of
~ Mactive catalysts" paused by the efficient comwetition of inhib-

itory ligands (e.g. CO, P¢3, and NBD dimers) for coordination

sites on nickel, the enthalpy of activation for dimer formation
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may appear to be very large. What, in fact, is being measured
is the composite of enthalpy values for the many equilibrium
processes invblving the "active catalysts".
NBD molecules stereospecificélly disposed on nickel act as pre-
cursors to dimer. Which specific precursors are formed in any
particular promoter substrate system depends on the nature of the
ligands initially on the metal as well as any ligand in solution.
This situvation also holds for the fate of these precursor mole-
cules with respect to the routes théy follow in forming dimer

(see Figure 43).

However, some generalizations can be made based on the available
data and the proposal that the endo side of NBD is principally a
¢ donor, while the exo side of NBD is a good T-back-bond acceptor.

and L, being good

i) Formation of complex LXXX is favored by L, N

o donors, e.g.‘P¢3°
ii) A non-concerted path from complex IXXX to the 2+2 xtx dimer
is favored by goodfi QOnors in solution,.but these ligands
ﬁoﬁld”éiéo ﬁ;éﬁéte thé aééctivéti;n ;f cbmﬁiexﬂLXkX by vying
with NBD for coordination sites on nickele. o
iii) The formation of complex IXXXI would be favéred by L3 and L4
being strong 7 -back-bond acceptors, e.g. carbonyls.

iv) The formation of 2+2 xtn and 2+2 ntn dimer proceeds via a

concerted pathway.
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v) The formation of 2+2+2 dimer can occur either by a non-
concerted route (2+2+2 xcn and 2+2+2 ncn) or by a con-
certed route (2+2+2 xcn and 2+2+é xtn). The non-concerted
path is favored by steric inhibition to 2;2 xtn‘formation
and the presence of P¢3° The concerted path is favored by
the absence of o donors and the presence of T -back-bond
acceptors. It is expected to be operative in the very ener-
getic process of photochemical activation of complex LXXXT

(forming complex IXXXII) when L. and L, are CO, -

3
D) Trimer formation is expected to be favored when dimers can effec-
tively serve as ligands.
i) Then their concentration is relatively large.
ii) When there are the minimal number of other effective o donors.

For example, the use of 1,5-bis(cyclooctadiene)nickel pro-

. . A2
motes extensive trimer formation.

To further explore the above proposals, somé experiments can be suggested,
1) To §tudy the dissociation of carbon monoxide from Ni(CO)E(P¢3)2,
the experiment can be fun in reverse. That is, measure the en-
thalpy change for the reaction :

Ni(PQ'B)Z(.L) + 2C0 -—:Ni(P{ZB)Z(CO)Z + L, where L is H_C=CH

2 2
or :N=N: .
2) By using the substituted NBD, LXXXIV,‘it may well be possible to

obtain the endo,endo-bis(7,7-polymethyleneNBD)nickel dicarbonyl
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complex, since with all modes of exo bonding blocked, its rate

of dimerization ought to be very slow. Infrared, NMR and UV

i) CH.)
n o n
n=0or2
/ Ni(CO)h J
or '
LXXXIV Ni(l‘-§43)2(00)2

h
iy

Co CO

spectra of such a complex could aid in detecting the unsubsti-
tuted counterpart.

3) By running the reaction of NBD with a specie such as Ni(P¢3)2N2*
at low temperature under vacuum, one may be able to obtain evi-
dence for NBD—Ni(P¢3)2 species.

L) To explore attack by nickel on the exo side of NBD, 7-disubsti-

tuted methylenephosphinatoNBD'Wacould be used as substrates.

(CHz)E‘P(R) 5 CHZ)E-P(R) o

/ Ni(L), Ni(L),

v
I~

* It has not been possible to exchange norbornene for ethylene in the
complex (P¢5) Ni(CH CHP).SO However, with the dinitrogen complex
(P¢3)2N1N2, NBD exc%ange may prove possible.
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5) Finally, to investigate the possibility of non-concerted inter-
mediates in the formation of 2+2 xtn and 2+2+2 xcn, as well as
the possible interconversion of such intermediates, the follow-

ing sequences are suggested.

NA(L), M
Ni(L)
N ,,7
L)3

X = halogen

In these cases, N:i.(L)L+ could be Ni(CO)q, Ni(P¢3)q, Ni(CO)a(P¢3)2,
bis(1l,5-cyclooctadiene)nickel or electrochemically obtained low
valent Ni species. In light of the success obtained in the use
of the dipyridyl ligand for stabilizing low valent bis- 0 -alkyl
nickel complexes,81 it may prove to be a suitable ligand for

these reactionse.




EXPERIMENTAL

Instruments and Egquipment

Gas chromatographic analyses were run on a Varian Model 1740 Gas
Chromatograph using 1/8 inch six or twenty foot columns of 5% SE 30 on
lOO—lZOAmesh Gas Chrom Z. Preparative gas chromatogréphy for /-methyl-
norbornadiene dimers were run on an Aerograph Model A-700 Autoprep Gas '
Chromatograph, using a 3/8 inch twenty foot column of 30% SE 30 on 80-
100 mesh Chromosorb W at a column temperature of 225°C and helium flow of
200 ml/min.

Nuclear Magnetic Resonance spectra were obtained om a Varian A-60
Proton NMR

The light source for photochemical reactions was a Hanovia Type A
450 watt high pressure mercury arc. A pyrex filter was used for the
Ni(CO)a(P¢3)2.promoted reactions, while a uranyl glass filﬁer was used

for the reaction of dinitrosyldicarbonyliron and 2,5-E2,2,2]—bicyclooctam

" diene.

Reagents

Norbornadiene was purchased from Frinton Laboratories and was
purified by distillation under nitrogen on a Todd Model A Precise Frac-
tionation Assembly complete with automatic reflux ratio and fractionat;on
still head. The column was four feet in‘length and packed Qith glass he-

lices. The first one~third or more was discarded due to the amount of
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impurities still present and approximately ome-half of the remaining
solution was pure by gas chromatographic analysis on a six foot column of
5% SE 30 on 100-120 mesh Gas Chrom Z.

Seven-t-butoxy-norbornadiene was purchased ffom Frinton Iaboratories
and was purified by column chromatography using Alfa Inorganics Alumina
CAMAG NEUTRAL 507-C-1 as an absorbant and n-hexane as an elutant.

Triphenylphosphine (Alpha Inorganics) was sublimed pfiof to use.

'Bis(triphenylphosphine)dicarbonylnickel was prepared by the methqd

reported in Organometallic Synthesis edited by Eisch and Kingo82

Dicarbonyldinitrosyliron(0) was a gift of G. Voecks.

The 2+2 norbornadiene exo-trans~exo dimer was doubly sublimed from
a dimer mixture and was free of impurities by gaé chromatographic analysis.

Dodecane; used as a standard for the gas chromatographic analysis of
dimers in kinetics experiments was purchased from the Eastman Kodak Co.
It showed one peak uﬁder the conditions of analysis: 20 foot column
(vide supra), linear temparature program of 6~10°C per minute, starting
at 50°C. |

Purification of di-n-amyl ether used in the preparation of 7-methyl
norbornadiene was accomplished by running the ether through an activated
alumina column followed by simple distillation under nit¥ogen.

Seven-hydroxy-norbornadiene was pfepared b& an established litgr—

83

ature procedure via a benzoyl norbornadiene intermediate.




110

Hexafluoro~2-butyne was purchased.from Peninsﬁlar ChemResearch and
was used without further purification for the pfeparation of
2,3-bis(trifluoromethyl)norbornadiene.

Nickel carbonyl (Matheson) was used without purification for the
preparation of Ni(CO)Z(P¢3)2

Carbon monoxide (Matheson C.P.), used to sweep the NBD-Ni(CO)a(P¢3)2
reaction, was deoxygenated by the use of BSTS catalyst (BASF Colors and
Chemicals, Inc.).

Nitrogen (Airco, Dry-High Purity) was used for distillations, re-
fluxings, sweeping, and in all other cases was deoxygenated by use of

BSTS catalyst.

Preparations

2,3-bis(trifluoromethyl)norbornadiene. Eight ml (.137 moles) of

freshly distilled 1,3-cyclopentadiene was placed at 0°C in a bomb re-
actor. The bomb was sealed and cooled to —7850° Hexafluoro-2~butyne
(22.2 g, 137 moles) was introducedhvia an inlet valve. Gradually, the
mixture was allowed to come to-réom temperature. The product was pur-
ified by distiilation at 120 mm, bp 68.5-69,0°C. Its nuclear magnetic

- resonance as a neat sample, with tetramethyl silane added aé a standard,

showed:
Triplet 2H 6.8%3 olefin

Multiplet 2H 3.85 ‘bridgeheads

Multiplet 2H 2,125 bridge
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Note the bridge and bridgehead protons appear to show extensive splitting

19

presumably due to ~’F coupling.

7-Methyl-norbornadiene. The prepafation of P. R. Storygl1L was mod-

ified in the following mazmer » Methyl iodide (92 g, .65 moles) in 200 ml
of di(n-amyl)ether was added dropwise to 158 g (.65 moles) of magnesium
turnings, maintaining the temperature at 35-45°C. Thﬁs a di(n-amyl)ether
solution of methyl Grignard was prepared. Fifty graﬁs (305 moles) of 7-
t-butoxy-norbornadiene was added and the solution heated (refluxing en-
sues) to 140°C for 15 minutes. It was then cooled to 120°C and the 7-
methyl-norbornadiene was removed by vacuum distillation through a 30 cm
glass~packed column at 100 mm. The product was collected in a -87°C
(ethyl acetate slush) trap. The distillation was continued until the di-
(n-amyl)ether began to distill and provided a 25.17 g (77.8% yield) of
nearly pure 7-methyl-norbornadiene. The bp is consistent with Story's
value and the NMR spectrum identical. This method of préparation is not
only an improvement over Story's method based on yield,_77°8% Vs 57.6%,
but also based on convenience - Story's.prpcedure requires several days
while the procedure reported here takes sixteen hours.

f2,2,2]cycloocta—2,5—dieneo The most facile route to this diene

involved a modification of the electrochemical reduction of [2,2,2]bicyclo—

oct-2~ene-5,6-dicarboxylic acid.85 The acid was prepared by the base

~ hydrolysis of the corresponding anhydride, followed by careful acidifica-

tion. Care must be exercised in acidification since the diacid readily
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reconverts to the anhydridé; The anhydfide was synthesized from cyclo-
hexa-1l,3~diene and maleic anhydridé986 The reaction was run as a 10%
water-90% pyridine solution with a smalllamOUnt of tri-ethylamine added
to aid in carboxylate formetion. Because of the low conductivity‘of the
reaction medium, a considerable amount of heat is evolved. Thus, in
light of the extreme volatility of the produc’c,gl7 some provision had to
be made to effectively disperse this heat from the reaction mixture.
Using a thin-walled steel reaction Qessel, a mechanical stirrer, é cold
bath and two concentric platinum eiectrodes, the reaction coﬁld be con-
veﬁiently carried out on a reasonably large scale with the minimal super-
vision. Work-up consists of adding water to the reaction mixtufe, ex-~
tracting with isopentane and careful distillation to remove the solvent.
Thus, one can convert 5.88 g (.03 moles) of [2,2,2]bicyclooc%—2—ene—5,6—
dicarboxylic acid to 1.1l g-l.27 g of product (35—40% yield). The yields
are compatible with reported results for reactions run on one-sixth the
scales ‘

Tetrakistriphenylbhosphinenickel(O). All procedures'were carried out

under a protective atmosphere of nitrogen. A solution of sodium benzo-
phenone ketyl was prepared by combining benzophenone (1.83 g, .0l moles)
and sodium (.23 g, .0l moles) in 10 ml of anhydrous ether. The ketyl

solution was added dropwise to a vigorously stirred solution of bis

(pentan—2,4fdione)ni6kel(II) (1.0 gy .00389 moles) and triphenylphosphine -

(4.2 g, 016 moles) in 20 ml of anhydrous ether until the dark blue color

of the ketyl just persisted. The mixture was centrifuged and the
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red—bfown.precipitate washed with anhydroﬁs ether, and the mixture centri-
fuged again. This operation was repeated two more times. The product
was finally dried under a slow stream of nitrogen to yield 3.45 g (80%)

Ni(P¢3)4°

Dimerigzation Reactions

These rgactions can be pﬁt into two general classes, thermal and
photochemical. The general procedure for each is as follows.

Thermal. Thé reactions were run with or withéut solvent under
nitrogen at‘a specific temperature or at reflux. Gas chromatog;aphic an-
alysis of an aliquot sample was carried out using either a six foot or
twenty foot 1/8 inch 5% SE 30 column. Nuclear magnetic resonance and ir
spectra were also used to confirm gas chromatographic data.

Photochemical. These reactions were normally run in evacuated

pyrex tubes. Tﬁe appropriate amount of substrate was either added to the
tube or transferred into the tube by a trap to trap distillation on a
vacuum line. The promoter was either directly added, Ni(CO)Z(P¢3)2, or
transferred into the tube on a vacuum line. The charged tubes were sub-
jected to several freeze-thaw cycles on a vacuum line, then sealed with
a torch. The.fubes were placed in a merry-go-round for irradiation with
a high pressure mércury arc. Samples from the reaction mixtures were an-
alyzed as iﬁ the thermal reactions.

In Table 2 below, a compilation of several specific experiments is

given.




Compilation of Attempted Dimerization Reactions with

Table 2

Norbornene, 2+2 xtx NBD dimer, and [2,2,2]bicyc100cta—2,5—diene

Activation Mode

isopentane~benzene

Substrate Promoter Method(s) of Analysis Result of Analysis
' photochemical, hv GC (gas chromatography)| and/or any other
thermal, (temp.) NMR (nulear magnetic comments concern-
Activation time resonance spectra)| ing experiment
Solvent (if any) :
2,3-bis(tri~ hv, 166 hours .
fluoromethyl)-{ Ni(C0O),(Pg.) benzene GC no dimer

. 27732

norbornadiene
. 7-t-butoxy- Ni(CO)a(P¢3)2' hv, 135 hours
norbornadiene benzene GC no dimer
- 7-hydroxy- Ni(CO) (Pd,) hv, 140 hours '

. 2 32 .
norbornadiene 7 benzene no dimer
norbornene Ni(CO).(PF.) .| A(90°C), 3 days no dimer, solution

27732 -
) neat became yellowish
242 xtx _ : reflux, 6 days no tetramer,
norbornadiene |Ni(CO),(PZ.) hexane solution became
: 27732 s ahé
dimexr o yellowish
[2,2,2]bicyclof A, 3 hours Go no dimer, solution
octa~2,5~diene |Fe{C0),(NO) isopéntane turns from red to
? 2 2 1 _ dark red
{Fe(CO) . (NO) hv, 5 hours GC no dimer, solution
X 2 2 ,
‘ benzene ‘ 7 turns from red to
5% Ru/G  |reflux, 27 hours ac dark red
benzene NMR no dimer
Ni(CO)4 4, 71°C(reflux) GC no dimer, solution
7 hours NMR turns from colorless

to yellow

L@ heatihg Xtz + Ni(CO)z(PQ'B)2 results in apparentrcomplex formation. See

page 56=‘

HTT
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7—Methy1—norbornadieng. This molecule was dimerized in the presence

of Ni(CO)a(P¢5)2 by thermal and photochemical activation. |
Thermal. Nine ml of 7-methyl-norbornadiene was distilled on

a vacuwm line and transferred on the line into a flask containing .20 g
(.31 moles) of Ni(CO)é(P¢3)2o The reaction was run under nitrogen at
reflux for 36 hours. .The pot temperature rose from an initial 92°C to a
final temperatuie of 105°C. After'cooling, the unreacted 7-methyl-nor-
bornédiene was removed unéer aspirator vacuum at 0-5°C. The resultant
dimer mixture was subjected to the separation scheme diagrammed on page
36, Preparative column chromatography was performed on a 3/8 inch ZOAfootA
30% SE 30 column. Silvér nitrate impregnated silica gel was prepared by
adding a concenérated aqueous sqlution containing 10 g of silver nitrate
to 90 g of silica gel in a 500 ml round'botﬁom_flasko The water was
slowly'removed under aspirator vacuum in the dark. In a similar fashioﬁ,
a twenty weiéh% percent silver4perchlorate impregnated silica gel was
prepared, . |

Two dimers (XLV—A/and XLVIi) were retained by silver nitrate impreg-
nated silica gel. The column was eluted with hexane, hexane-benzene, and
finally benzene alone. Silver perchlorate impreénaﬁed siliéa gel retained
‘five dimers. Hexane, hexane-benzene, benzene was the elution segquence,
although a hexane, hexané—ethanolisequence could also be uéed. The five
dimerg in increasing order of retention tenacity were:

| XLIX ~ XLV-B < XLVITI < XLVI-< X1V,

See Appendix I for structure assignments of the isolated dimers
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based on their NMR spectra. -

Photochemical. Five ml of 7-methyl-norbornadiene were trans-

-

ferred on a vacuum line into a pyrex tube containing 064 g (1 x 10
moles) of Ni(CO)Z(PQ'3)2° This was irradiated in a merry;go—round with a
high pressure mercury arc using_a pyrex filter for 8 days, 18 hours and
30 minutes. The excess 7—methy;—norbornadiene was removed under aspir-
ator vacuum at 0-5°C. Comparison of dimeric products was made by gas
chromatographic analysis using a 1/8 inch 20 foot 5% SE 30 column and by
use of silver nitrate énd silver perchlorate impregnated silica gel thin
layer plates. These plates were prepared by dipping pre-cut Baker-flex
Silica Gel 1B thin layer plates into a saturated methanol solution of
the appropriate siiver salt. The degree of impregnation is-detefmined
by thé concentration of the solution and the duration of submersion of
the plates. The elutedl(hexane or hexane-ethanol) plates were developed

by spraying with a potassium permangsnate solution.

Kinetics Experiments

| The reaction vessel was a 50 ml 14/20 8 three neck flask. The mid-
dle neck was fitted with a water cooled condenser which was packed (45.cm)4
with short lemgths of 3 mm glass tubing to prevent losses by evaporationo
One of the exterior necks was stopped with a septum cap while the other
was fitted by means of tygon tubing with a glags tube having a medium )
pofosity frit. This system allowed sweeping of the reaction by nitrogen

-or carbon monoxide gas. Gas flow was monitored by a soap bubble flowmeter.
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The flow rate was kept at 13.5-14.5 ﬁl/mihute during all reactions. The
temperature was maintained to * 0.3°C by a large constant temperafure bath .
All reactions were run at a promofer concentration of 1l.12 x ZLO"2 M. The
promoter (.2148 g Ni(CO)a(P¢3)2 or .3 g Ni(P¢3)4) was dissolved in 7 ml
of norbornadieéne which had been warmed to about 60°C. The solution was
quickly injected through the septum cap into the reaction flask, which
contained 23 ml of norbornadiene (and any added ligends) already in
thermal equilibrium with the’constant-temperaturé bath. Prior to the
aéd;tion of the Ni(CO)Z(P¢3>2 solution, a stream of the sweeping gas had
been established in the reaction flask. Samples (ca. .2 ml each) were
withdrawn from the reaction and quickly cooled. The samples were pre-
pared for analysis by adding the appropriate amount of a benzene solution
of dodecane (standard). The standard solution and diluted reaction sam-
ple solutions were prepared so as to produce gas chromatographic pesks of
similar intensity for the standard and principal dimer at a given atteﬁ—
uation setting on the gas cﬁromatographo Bach prepared sample was
analyzed at least three timgso

The analyses were ?arried out using a 1/8 inch 20 foot 5% SE 30 column

with a linear temperature program of 6°-10°C/minute starting at-50°C.
Thé data was obtained as integrated areas under peaks and was treated as
described in Appendix IT to give concentrations of dimer., Dimer concen-
tration vs time values were subjected to least squares analyses. . The.

slopes and abscissa intercepts of the least squares lines are recorded

in Table 1 on page 71,




PART IT

ELECTRO~ORGANOMETALLIC CATALYSTS




INTRODUCTION

Transition Metal Organometallié Reagents and
the Application of Electrochemistry to Their in situ Generation

A large proportion of the organic reactions used to form carbon-
carbon bonds can be thought of as involying organometallic reagents.
This includes such well-known cases as the Reformatsky and Grignard re-
actions as well as the less obvious base-catéiysed condensations involving
alkali metal salts of stabilized carbanions such as enolates. There also
exists within this large group, a“body of classical coupling reactions in
which the réagent is usually generated EE:EEEE; Under this heading the
following reactions may be noted.
1) Wurtz reaction: R{ + RX —— R-R
a) Primary halides. work best. -
b) Metallic sodium is used except for ring'closure‘ofa.,w
polymethyléne dihalides, where Zn is favored.
c) Cross coupling reactions generally give poor yields.
.}ﬁ) Only ethers, of the common functional groups can survive re-
action conditions. :
2) Wurtz-Fittig reaction; RX + ArX — R-Ar
a) This reaction-works well for bromides with sodium as a
coupling agent. |
b) Most functional groups interfere with the reaction.
3) Ullman reaction: ArX + Ar'X > Ar-Ar!

a) Supplants Fittig reaction By substituting copper for sodium,
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b) High temperature is required (150°~22+O°_C)u
c) Functional groups with hydrogens attached to oxygen or ni-
trogen inhibit reaction.
a) Coupling of like substrates generally gives reasonable yields,
e) Crossjcoupling yields rarely exceed 50% and are usﬁally lower,
The general impression one gains upon eXamination of these reactions
is the prevalence of harsh conditions. As a result of the demand in’
modern synthesis for the formation of carbon—carbon bonds under mild con~
ditioné, efforts have been made to avoid theée classical reactiohs, and
a search made for new approaches."The‘majority of success in the area of
reactions applicable to laboratory synthesis has come from two areas: the
chemistry of organo-copper reagents and organo-nickel reagents. These re-
agenté and their reaétioné shall now be discussed from the viewpoint of
their scope and limitations. Other pertinent reactions shall also be
mentioned.

Organo~-copper Reagents

1,2

Two reviews have recently appeared covering organo-copper reagents -

and these will be heavily relied upon in this portion of the introduction.

The chemistry of organo-copper reagents could be divided into three areas

2

it is only the more readily available and versatile lithium disubstituted

based on reagent types: RCu, RCu-ligand and LiCuR,. However, in practice,

cuprates (LiCuRz), which have found generaltuse émong chemists. Thus,

this is tﬁe only reagent type to be discussed heré.
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These reagents are most often prepared in tetrahydrofuran from an
organolithium and a cuprous halide in situ. In some cases it was found
advantageoug to add a ligand such as bipyridyl or triphenylphosphine
during the preparation of the reagent. It is useful to classify reac-
tions using LiCuR2 as coupling and addition reactions. Representative
examples of reactions in each of these categories are given below yo pro-
vide an insight into the scope of'these reagents.

Coupling reactions:

I LiCuR, _oxidizing agent . R, + Cu(II)

ego 02, Cu(II) or
Ao,

R = Alkyl, vinyl, aryl

II X + LiCuRé~———ﬁ>R—R'

1° alkyl chloride, bromide, iodide or tosylate
2° alkyl bromide (if R!' = aryl)

= & ~bromoketone or o -bromocarboxylic ester.

a) R

R' = alkyl or aryl

An oxidizing agent, eg. 02 or ¢N02)is necessary to effect
coupling. ’
b) RX = aryl or vinyl bromides or iodides

R! alkyl, aryl, vinyl

1l

c) RX

It

allyl or propargyl bromides
R' = alkyl, aryl

a) RX Arg—Cl or 38-01

1l

Rt

alkyl, aryl or vinyl
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Addition reactions:

I “\ ,” +L10uR'—>[ or l[R'

R
¥l
R = carbonyl group, C-R", L»O—R”
R' = alkyl,aryl, vinyl

11 ] + LiCuR, —> Q

T

OAc R = alkyl, aryl

I i
III a) alkyl—%i?Ha + LiCuMe, —> alkyl—SﬁCHa—Me

Me
b) /\W + LiCu(Me), —> \-—\\_\
OH

In the majority of the above cases it has been found a stoichiometry

of greater than one mole of organo-copper reagent to one mole of substrate
is optimum. Although it is not stated in the literature for each specific

case, it appears that generally one obtains RCu molecules as relatively
unreactive by-products in the above reactions. These two points can mean
a considerable amount of organo-cuprate is not effectively used. If the
organic moiety in the cuprate is difficult to obtain, this can be a
severe limitation. If there is excess organo-lithium (or Grignard) re-
agent in a reaction to regenerate the disubstituted cuprate anion, only a
catalytic amount of cuprous salt is necessary. However, this "catalytic"
route, due to side reactions, is often less efficient for the production

of the desired molecule.

Sl
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One further limitation on the use of organo-copper reagents concerﬁs
the protection of functional groups. The reaction of LiCuR2 with car- -
bonyl groups is slow and thus carbonyls in thé substrate do not need to
be protected when such a reagent is used. However, one must protec£ car-
" bonyl groups in the substrate if the above, simpler "catalytic" procedure
is used since a very active organometallic is always present. Nor can
one incorporate unprotected carbonyl functions in the'cuprate since its
preparation involves the use.of active organometallics. This is probably
also true for other carbonyl-type functional groups, ege. nitriles and im-
ines. |

The presence of other functional groups also alters organo-copper
reagents; amines tend to act as ligands, thereby altering the stereo-
chemical course of-reaétions, while active hydrogen groups, eg. -OH and
: —qH, oxidize the reagent. Thus, while organo-copper reagents are very
useful synthetic tools, there are several restrictions on their applica-~
tiono. | |

Organo—nibkel Reagents

The most highly developed area of nickel reagenf chemistry is that

involving W—éliylic nickel compounds, either as discrete reagents or as

transient intermediates. This area has also recently been reviewedB’ in

detail and the following discussion relies extensively on these reviews,

although reference will be made to other reports concerning related areas

when appropriate..
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Two types of M-allylic nickel reagents exist: bis(m-allylic)nickel

species, I, and m-allylic nickel halides, II.

Both types of reagents are air sensitive and involve inconvenient prepar-

ations, as shown below.

gBr

+ NlBr2

"5\\dﬁ:

cop® + Ni*tt 4 Al(Et)3

e Y A

>
Cal

& COD = 1,5-cyclooctadiene

Figure 1

Ni(CO)L+ very toxic
or
Ni(COD),

Preparations of Allyl Nickel Reagents
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The reaction of an allylic Grignard with nickel bromide to give the bis
(m-allylic)nickel complex would appear to be the most facile approach,
but it is not well documented. Semmelhack states the Grignard‘route to
bis(m-allylic)nickel complexes is less convenient than the routé via
allyl nickel halides. However, this lattef path involves the use of
either the very toxic nickel tetracarbonyl or bis(1l,5-cyclooctadiene)
nickel, Ni(COD)Z, which itself must be synthesiéed. The bis(7-allylic)
nickel complexes are generally thermally upstable, very volatile (the
parent bis(m-allyl)nickel co—distills.with ether) often making purification
difficult. In general, synthetically, bis(ﬂ;allylic)nickel specles offer
no particular advantages over T-allylic nickel halide_comple%es. The
one‘significgnt exception is_in the case of the oligomerization reactions
of butédiene to give various products (eg. l,2-divinylcyclobutane, 4-
vinyleyclohexene, 1,5-cyclooctadiene or 1,5,9-cyclododecatriene) dependiné
on the conditions used. In this case, as well as in the crossed oligomer-
ization of 1l,3-butadiene and ethylenes, bis(T-allylic)nickel species
appear aé‘trgnsient intermediates.

" Whether generéted as discréte reagents or as transient intermediates,
the chemistry of W;allylic nickel halides can be divided into three re-
action types; carbonyl insertion, coupling and addition. |

Carbonjl insertion reactions are most often carried out by the in
Bitu generation of active nickel species from nickel tetrécarbonylo‘ The

reaction can be diagrammed as follows:
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RX + Ni(co)L+ > R-Ni(CO) X
X
R—@—OR' < ROH R—g—Ni(CO) X
X~1
9 /
R-C-X

B
RX = —f)\\f ¥, A Br, Ar(Ior Br), alkyl-I. Often, a strong

base, eg. NaOle or Ca(OH)Zs, is required for these substrates.

At least with allylic halides, it is not easy to predict whether carbonyl
insertion or coupling will occur for a given structure. However, compli-
mentary carbonylation reactions are available using sodium tetracarbonyl-
ferrate(II)6 or the olefin/palladium chloride/do systemo7

Coupling reactions with T-allylic nickel halides or the in situ
generation of such species from allylic halides and nickel, offers a

general route for the addition of an allyl group. Thus, in the sequence

<:\ j:z + R ——— R~\+/)§§§,. + NiX2

R can be allyl, benzyl, alkyl, vinyl or aryl. X is usually Br or I,
although in the allyl case the following relative reaction rate sequences
have been established: I >Br >Cl and TsO >0OAc. In general, bromides or
iodides (2° alkyl, aryl) are used and the reaction is run in polar sol-
vents (eg. dimethylformamide, dimethylsulfoxide, N-methylpyrrolidone

or hexamethylphosphoramide). Yields are usuvally quite good, 70-90%.
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However, this reaction is stoichiometric in the nickel reagent.

Other organic halogen compounds can be coupled by the action of

Ni(co)L+ or Ni(COD)z.

: X
)8 ¢_8_01 Ni(CO), g-g-ﬁi(co)n ROH ¢-8-0R

THF

oLy

Ni(co),+
gBc1

(0]
w0 odg
g-C=C-¢
p)?

Eg—agjw%a%jﬁ

-Br + Ni(CO)u-——-
DI~ “ ”
o )

¢-CH2-g-CH2—¢

?
¢-C-CH,,

o) -Cii,-Br + N4(00),

¢~CH2~8—OEt

¢-CH,-CH,-#  + ¢-CH2—8—CH2—¢
33% 67%

2ArX + Ni(COD)2 ___j%iE__> Ar-Ar + NiX_. + COD

1l
d) 5
X =1, Bry, Cl. TsO is inactive
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e)12 =
. & \ .
—"-’\C{Z +Nl(COD)2 I S e NiX,
b 6= B R 0 i L
% e . .4 g
£) ¢-CH,-X + Nl(cop)a--——song-cnz-0112~¢ + NiX,
8)13

Z
Y,_}-x + Ni(COD)Z———-> Yj/——\\Y

L= Brior CL

Y and Z are often carbonyl functionalities, although fair to
good yields can be obtained when they are H, alkyl or
aryl groups.

A number of addition reactions involving a Ni(O) complex, butadiene
and an organic carbonyl compound have been developed by Wilke.3 Cassar14
has found Ni(CO)q, an allylic compound, acetylene and carbon monoxide can
be added to give 2,5-dienoic acids. While these reactions are useful,
they have not found widespread use among chemists and will not be dis-
cussed here.,

However, it has been found that in polar solvents at 50-60°C, 7-
allylic nickel halides can add across ketone carbonyls to give B-y
unsaturated alcohois. Similarly, epoxides can be opened. It is inter-
esting that acrolein undergoes 1,2 addition of an allyl group to the
carbonyl function while methyl acrylate affords the 1,4 addition producte.
In general, these additions may find special synthetic applications, but
they do not offer any particular advantage over magnesium or lithium

reagents.
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Although organo-cuprates and organo-nickel species are the most
versatile transition metal organometallics, there exists a considerable
body of data on reactions promoted by other transition metal organo-
metallic reagents. Sodium tetracarbonyl ferrate and the olefin~PdCla—
CO system have already been noted. The fixation of nitrogen by low

valent titanium compounds has also been realized.

15 L : N9 By
a) (C5H5)2 TlCl2 + Pii FreseuTE ¢NH2
16 ; i N, (1 atm)
&0 2
b) (05H5)2 TlClZ + CH39H2 g CHZCH3 - >

(CH,CH.)

oCH,) [CHNE,, + ECH CH )ch]ZNH

it
N, (1 atm) S goN

c)16 (C5H5)2 TiCl, + ¢-8-01 + Mg

aC5H5 = cyclopentadienyl

Using bis(cyclooctatetmene)iron, (COT)zFe, it has been possible to

effect Diels-Alder type reactions.

a)l7 g

Fe(COT)
x R )




130

R
[:(:] B ﬁ Fe(COT),, R q [;;:>
R

R!

cfs

Often, the active catalytic species are not isolated or even identified

For example, Kochi has reportecfZO the following useful reactions which

have been distilled from a large body of daﬁa?l

soluble Ag catalyst
(prepared from RMgX
+ AgNOB)

a) RMgX + R-X > R-R + MgX,

b) RMgX + Br” N\ _F€ls | AN+ MeXEr

I
¢) RMgX + R'Br L > R-R' + MgXBr

The last reaction can be recognized as probably involving an organo-
cuprate reagent. In fact, reactions of this type havé served as, and
will continue to be, a source of inspiration and motivation for detailed
investigations of transition metal based catalytic systems.

One underlying similarity between the various organometallic reagents
which have been discussed here is the preponderance of stoichiometric re-
actions. Thus, in most cases, unless the reactions are run in the pres-

ence of a strong reducing reagent (eg., an organo-lithium or Grignard re-

agent) to regenerate the catalyst, a relatively large amount of 'catalyst"

is needed. As noted in this discussion, the catalysts often are not
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readily available for large scale use, and the presence of strong re-
duciﬁg agents can limit synthetic scope and certainly encumber it.

Thus, it would be desirable to have a reduction method available
that allows the production of ”catalyt;c” séecies,'but which does not
cause unwanted side reactions. In light of the reductiSn potential
range of transifion metal cations and their compounds (relatively low)
and the polar nature of the solvents in‘which‘many.of'the above discussed
"eatalytic! reactions are run, electrochemistry suggests itself aé a reduc-
tion mode. This method of producing active metal species shall now ﬁe
discussed to provide background as well as én understanéing of the prin-
qipies upon\yhich this portion of this thesis is based.

The electfochemical generation of o?ganometallic compounds can be
divided into two general areas, non~transition metal organometallics and
transition metal organometallics. ' The former area has received the
greatest attention and organic derivatives of the following elements have
been prepared electrochemically: Zn, Cd, Hg, B, Al, Ga, In, T1l, Si, Ge,
Sn,-Pb, As, Sb, and Bi. In most cases one of two techniques was usedozz’z3a

' l;'Reduction of an organic halide at a cathode of the appropriate
.elgment; or | |
| 20 Reaction of an alkyl metal compound, A1R3’ RMgX or their
alkali metal derivatives, eg. NaAqu; with an anodically generated cation
of the appropriate element. |
Undoubtedly, the interest shown in electrochemically produced non-

transition organometallics is motivated by possible industrial applications.
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In fact, a large portion of the tetfaalkyl lead comfounds produced are
prepared electrochemically.

The electrochemical generation of transition metal compounds has
been much more limited in scope. Exemplary of the work which has been.
done is that of Lehmkuhl and workers, who have prepared Ni, Co and Ti
containing organometallics by the electrochemical reduction of Ni(acac)z
Co(acac)2 and TiClq in the presence of organic ligands. In this manner
they have prepared, for example, bis(l,5-cycldoctadiene)nickel(O)a%,
ﬂ—cyclooctepyl—i,5—cyclooctadienecobalt(1)25 and cyclooctatetraene
titaniumchloride pyridinate .26 |

The area of'intentional in situ genération of very reaétive metallic
: ér organometallic reagents has been even more limited. Some represen-
tative examples are givén below.

1. The generation of a metal in an oxidation state suitable for

reaction as a'catalyst or'reagent.

as Reduction of aromatics Qith Li® from L:i_Cl.,Z'7
b. Oxidation of aromatics with Mn, Co or Ag in high oxidation
states to give aldehydes.zsb
Co Hydréxylation of aromatics with molecular‘oXygen and
electrochemically generated Culo23b )

d. Formation of “univalent magnesium' (benzophenone to benzo-

pinacol) and "univalent aluminum" (nitrosobenzene to

* acac refers to the mono anion of acetylacetone (pentan-2,4-dione). .
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sym-diphenyl hydrazine),zzb

e. Blectrochemical generation of Ni28 and 0029 catalysts for
conversion of butadiene to L-vinyl cyclohexene and 1,5-

cyclooctadiene,

2. Preparation of amalgams for hydrodimerizations of activated
ZNeN
olefins:,23b ego (RqN)(Hg) S NC N~ CN
* 100%

. . . . . 23¢
3. Generation of reactive radical anions suitable as reagents 3 3

ege - \ .
) ¢4pb —£ 5 ¢4pb" ___:g_,> ¢3Pb_ (de)Fe(CO)?X

X o+ ¢3Pb~~Fe(de)(CO)2 Cpd = cyclopentadienyl

Although these examples are not exhaustive they do show the trend
of in situ generation of reéctive metal containing species and imply
the potential for further inve;tigatiqn.

With a background of the sort of systems to wﬁich the electro—_
chemical technique has been applied, it is now appropfiate to discuss

. the basis fqr application of the technique to couplihg and insertion
'rgactions 6£Jorganiq substrates. As noted in the first portion of this-
introdgct.ion,. freduently one encouﬁters reéctions in which the cbupling
.of two orgenic substrate molecules is promoted by the presence of a
transition metal in a low oxidation state. In addition to the coupled
organic product, one obtains the oxidized transition metal. If the

oxidized transition metal is electrochemically reduced, it is possible

to pfovide the system with an electrochemically regenerated "catalyst!. -
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The situation for a divalent metal can be diagrammed as follows, where
RX refers to the substrate to be coupled.

reduction

2

II+2 &8 : > 1Mo (L)

P L = COD, FR,, CO o 0
R-C-X
reductive

R-R elimination
reductive
elimination RX
oxidative 8
addition R~ —%(L)n
acyl
complex
transmigratory
insertion
L = CO
MX
+ e i
disprovortionation
RZM(L)n ] St R-M(L)
R-1(L) v S0
n
X

Figure 2

Schematic for Electro-organometallic Catalysis
Note, that included in the sequence is the alternative route in-
volving carbonyl insertion.
The initial step is reduction of the transition metal in the presence
of a number of possible ligands to yield the active transition metal

complex. This reduction should be carried out at a potential low enough
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to avoid reduction of the common functional groups. This, in fact, is
possible for the majority of common functional groups, although cléser
regulation of pofentials is required when transition metals on the left~

hand side of the periodic table are used than when metals from the VII-B

*
and VIII groups are used. The oxidative addition step is strongly in-

fluenced by the nature of the metal and the coordinated ligands, L.

31,32 .

Collman, in two reviews, has pointed out fhat le complexes undergo

23

oxidative addition more easily than do d8 complexes. He has also noted
that oxidative additions are promoted by the presence of strong electron

ddnors, egs R P, and the absence of sfrong?T—back-bond acceptors, ego. CO,

3

The complex, RMX(L)n,'which is formed in the oxidative addition reaction,

" may be either 7~ or 0-bonded. As hotéd in part I of this thesis, page 15, -

the presence of strong 0-donor ligands favor m — O reactions. This
complex may foll&w either of two routes depending on the nature of the
ligands, L. If at least some of the ligands are carbonyls, then trans-
m%gratory insertion can Qcéur to give an acyl complex. The nature oflthe
R group, the metal and any remaining coordinated ligaﬁdé c%n_dégegﬁine
.the probébility éf this route, If excess CO is present, the resﬁltént
acyl complex can reductively eliminate to give a carbonylated organic

product and the active catalyst. Thus, this cycle can be catalytice.

¥ To aid in the determination of the appropriate reduction potentials
and the feasibility of any given reaction, reference 8an be made to
" the extensive lists of polarographic data aVailableo3
can be supplimented by small-scale contral potential electrolyses.

This, of course,
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M(CO)X(L)y‘+vRX ———>RMX(CO)X(L)y~——9 R-CO—MX(CO)X_l(L)y €0, r-co-x

+
M(CO)X(L)y

Two‘molecules of the RMX(L)n complex can also undergo digproportionation :
to give a RZM(L)n complex and MX2° Thus, one M is returned to be reducéd
again while the other reductively eliminates to give product and a M°
speciese.

35

If oxidative addition is promoted by O ~donors”” and if o ~donors also
stabilize resultant. o-bonded organometallics (alkyl, aryl or acyl complexes),34.
it is probable that replacement of a 0 -bonded ligand by a strong W—Backw
bond acceptor'will promote the reverse pfocess of reductive élimination,
One is tﬁerefore faced‘with a dilemma, and the best compromise may be to
use ligands éuch és triaryl phosphiﬁes, which can act as_acceptarS'to at
least some extent.

The net result of such a.cycle is the use of catalytic amounts of
metal and associated ligands , and the flow of two faradays of charge for
each mole of coupled product produced.

Finally, one may consider some of the electroéhemical variabies which
influence these "catalytic! coupling readtions. Although there are a
very large number of.variables éssociated with‘any electrochemical re-
action only three of these shall be distinguished as beiﬁg cléafly impor-
tant here. These are electrode potentigl, electrode material and solvent,
As will be seen, the first two of these variagbles §fe perhaps best

treated together. It may be argued that the careful control of the
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electrode potential is critical to any electrochemical reaction and the
importance of such control cannot be denied. The manner in which the
potential is controlled, however,lcan vary widely. In the case‘of the
proposed "catalytic" coupling reactions there are two types of reduction

potentials to be considered; the metal reduction potential and the sub-

‘strate reduction potential. Since most common functional groups have

more negative reduction potentials than do transition metal ions; it is
generally.possible to reduce the metal without reducing the substrate.

Furthermore, in light of the cyclic nature of the coupling reactions

+n - RX +n

M + ne > Mo > > M + R-R), the concentration of metal ions

reaéhes aﬁ equilibrium value. The following points may be made:

a) the metal ions are present in concentfations which are only a
fraction of the substrate concentration(although'they are, speak-
ing from a classical electrochemical point of view, quite high).

b) the coupling reactions occur quite readily and hence

c) the concentration of metallic "catalyst" species is probably
quite low.

Thus, the concentration of the metal ions doesn't changé very much until
the substréte is nearly completely rea.ctedo‘,k Thus, monitoring the applied

potential provides a reasoconable check on the cathode potential.

* Note that the relation between emf and concentration is given by the
Nernst equation as E = E° + 0,0591 log [Xl . Thus to change the
n e
value of E by 0.1 volt for a two electron reduction, one must change the
ratio [x]/[red] by 2400 which is a very large change for this system. -
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In order for an electrochemical reduction to occur, there must be
an electrochemical oxidation as well. There are several ways to avoid
difficulties with concurrent oxidation processes. The conceptually
easiest route, and experimentally most inconvenient route is to use a
divided cell. An alternative which is experimentally advantageous is
to allow an innocuous oxidatioﬂ to occur in an undivided cell. One of
the most facile approaches is to use a sacrificial anode. This route
was chosen in the electrochemical preparation of Ni(COD)2 by Lemkuhl24
who used two aluminum electrodes in a pyridine electrolyte. The two half

2C0D

t o e s Nio —E2 Ni(COD),,

reactions can be written: Ni*
Ale — Z¢” + ALTHY

The anodically generated aluminum ions were probably quite readily complexed
by pyridine. It can be noted also that a cell composed of these two
half reactions would result in a spontaneous reaction (act as a battery)
if it were not for the internal resistance of the cell. "In fact, an
applied voltage of about 18 volts is required for significant reaction.

_One could also use ;n.anode—made of the same metal as is used for the
“eatalyst'. The concentfation of metal ions in solution would thus stead-
ily increase as the reaction proceeded. But, since the half cell reactions -
are identical, theré is only one solution,; and barring concentration gra-
dients, only one concentration of metal ions, the cell potential would
remain zero. The only significant change would be in the ionic strength
of'thelsolution, which initially is quite high in light of supporting

electrolyte concentration and concentration of metal ion originally in
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the cell.

As noted in the first part of this introduction, many of the
coupling reactions have been found to work best in highly polar soivents

13

and it has beén suggested by Semmelhack that this may be due to their
role as vefy labile ligands. In particular, the aprotic, water soluble,
high dielectric constant solvent N,N—dimethylformamiae ﬁas been found to
be very useful, although, other similar solvents such.as dimethylsulfoxide
and hexamethylphosphoric triamide have found some use. The presence of
P¢3 of othe? good O-donor ligands would allow the use of acetonitrile as
well. All of the above solvents dissolve organics, inorganics and
organometallics readily. Dimethylformamide offers.the additional advan-
tage of low reactivity towards anion radicals, |

In light of the introduction presented here it ought to be evident
that the application of the electrochemical reduction technique to

transition metal organometallic promoted reactions ought to be quite

fruitful.




DISCUSSION

Coupling Reactions

- Several coupling reactions of organic halogen compounds have been
run in our laboratory. The reactions were conducted under a nitroéen
atmosphere in glass, single compartment cells. Two general electyode
systems were used: two aluminum electrodes or a copper cathode and
nickel anode. Nickel ion was introduceé as Ni(acac)a; while tetraethyl
 ammonium bromide was the supporting electrolyte. The solvent was N,N-
dimethylformamide in all cases. Unless otherwise noted, the producté
were indentified by infrared spectra (ir) comparisons and mixed melting
point determinations with known samples.

Chronologically the first, as well as the most thoroughly investi-
gated reaction, was the coupling of benzyl halide with low valent nickel
- species. The applied potential was such that in the absence of Nit* no
appreciable current would flow, ile. no reaction would occur, while in
the presence of Ni++, appreciable reaction would result. The results

can be tabulated as follows, where COD = cyclooctadienes

: Table 1
Benzyl Halide Coupling Reactions
Substrate  Added Ligand Electrodes Tsolated
‘ (cathode/anode) Yields
gCH,C1 P4, AL/A1 6%
@CHC1 COD Cu/Ni 56%
gCH._C177 20 Cu/Ni 87
2 35 2 ' -
goB B 0 Cu/Ni 852
¢GH2135 B, Gu/Ni —
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These results can be examined from the viewpoint of four closely interrelated

variables: electrode material, added ligands, the halogen (X), and the

app@érance of side reactions.

Using Al electrodes, P;sz as an added ligand and ¢CH.C1 as the
éubstfate, a 69% isolated yield of bibenzyl .could be realizedo‘ During
the course of the workfup, it was noticed there appeared to be a very
fragrant by-product. Thin layer chromatography (TLC) of the crude pro-
duct showed the presence‘of a. more polar component, while an infrared

spectrum showed a carbonyl peak at ca. 1705 cm—l° Based on this ir

spectrum and a comparison of TIC R_ values with those of a known sample,

f
this compound was identified as phenylacetaldehyde.

By changing to a nickel anode and a copper cathéde and using the
same substrate and added ligand (P¢3)§ the elimination of this side-
product could be achieved. The yield of bibenzyl rose to 37%.

The yield of coupled product would be predicted to decrease, cf. page
134 of the Introduction, with the substitution of_P;Z3 (a good g-donor)
by cycloocta-1,5-diene (a poorer O—doﬁor) and this is ofserved (56%
vs 87% yields) o

When the substitution of benzyl bromide far benzyl chloride is made
keeping the concentration of s&bstrate, P¢3, Ni'(acac)2 and supporting
electrolyte constant, and using a Cu/Ni electrode system, very little
difference is observed in the course of the.rgaction.' Thus fhe applied

potential for a current of 50 mA remainS'constant_during reaction and is

the same value for both ¢CH201 and ¢CH2Br, The yields of coupled
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product afe also similar (¢CH201 = 87%, ¢CH2Br ; 85%) o
That the poteﬁtials'are nearly identical suggests the same specie
is being reduced in both cases. While if is conceivable this could be

30

an organic substrate, it is ﬁery unlikely based on published” reduc-
tion potentials of the wvarious possible species.

¢CH2Br -1l.22 vg SCE in DMF
~-1.324 vs Ag/AgCl in methanol

+ - :
¢CH2P¢3C1 -1.826 vs Ag/AgCl in methanol

A+

Ni ~-0.855 vs SCE in DMF

-0.917 vs Ag/AgCl in methaﬁol
Since the reduction potential of RCI;>RB£, it can be
assumed from the above data, that Nyt would reduce
at a léss negative potential than QCHZCIa
Furthermore, as noted earlier, in fhe absence of Nitt very little cufrent
(K5mh) flows at a potential suffiéiént to caﬁse a 50 mA current in the
++ ‘

presence of Ni ",

When @CH.I Was'used as a subsfrate, the liberation of iodine appeared

2
to occur at the anode and the reaction did not run cleanly.

To explore the scope of the application of this electrochemical
technique to coupling reactions, bromobenzene was chosen és an‘example
of an aryl halide. It could be coupled using Ni(acac)2 and either COD
or P¢3 as an added ligand. The goal of the preliminary investigation

using an Al/AL electrode system and COD as an added 1igahd was simply to

establish the feasibility of the reaction. When the reaction was -
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run* using P¢3, a nickel anode and a copper cathode, a 65% yield of
biphenyl was isolated._ No effort was made to optimize the yield of this
reactione. |
Ixploratory coupling reactions were also run with benzoyl chloride

and Ni(acac)a. With a Cu cathode and a nickel anode, and COD as an added
ligand, the major product was the l,2-diketone, benzil. TUsing P¢5 as an
added ligand and two aluminum electrodes, the benzoate ester of the cor-
 responding ketol, benzoin, was formed. This product was identified by
comparison of ir spectra, melting point and a mixed ﬁelting point with

a sample of benzoin benzoate prepared by the feaction of benzoyl chloride
and benzoin*f It is reasonable té propose that the dibenzoate of ben-
zoin (esterification of.both the ketone and the alcohol) is actually
produced in this latter reaction. This would be in accord with the re-
ported‘8 result of coupling acyl halides using Ni(CO)uo However, in the
work-up proceduré employed by Kiely, acidic water (ca. 2M HC1) is used

to facilitate. the break-up of emulsions. . These conditions would probably
result‘in hydrolysis of the enol ester functioﬁ, giving .the observed
-aéketobenzoété. T
. From the coupling ofcxrbromoacetéphenone with Ni(acac)z, P¢3, aﬁd

:using a copper cathode and a nickel anode, brystals of 1,2-dibenzoylethane

could be readily isolated. The identification of this compound was made

* This reaction was run by Mr. Dennis Miller, Montana State University.
##% This electrolysis and the subsequent product identification were
carried out by Mr., John Kiely, Montana -State University.
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by comparison with the_;eporfed ir spectrum and melting point.

As noted earlier, when benzyl chloride is coupled in an Al/Al electrode
system, a by-product suggested to be phenylacetaldehyde is formed. Al-
though AL and C1” ions are formed in this reaction, dilution of‘the
electrolyte with water results in an essentiaily neutral so‘].ut:'l.on,f When
a nickel anode and copper cathode.are used instead, no phenylaéetaldehyde
is produced° This situation was enigmatiq until it was found that a DMF
solution of AlClB, when dilu£ed with water, also produced an essent;ally
neutral solution. It has been found that DMF forms a strong complex
with AlCl5 and evidenée.has been presented for complexation occurring

through the carbonyl oxygen.37 It is suggested such complexation would

result in an activetion of the carbonyl carbon.

0~-A1C1 0-A1C1
| > {3

1N e oy
ﬁe ’ Mé\Me

It would be expected such an activated carbonyl could react with an
organometallic specie, R»Ni(L)n(X), such as would be produced by the ox-

- idative addition of RX to Ni(L)no

Q-AlCL; RNA(T)_X > QAl0L

H—g—N(Me> 5

| U+ NA() X

H~(|J—N(Me)2

/ :

‘i :

Ni(L) X7 + :N(Me), + ALCL, + H-C-R szo
o |

Ni(L)nX+ + H—N(Me)a + A101, + a-8.p + on”
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Thus, either with or without the addition of water, one could visualize
the formation of an aldehyde and an essentially neutral solution.
., To gain the maximum synthetic utility from such a reaction, several
features would be helpful.
a) Coupling of RX molecules by the métal prémoter M(L)n should
_be minimized; a non-transition mefal might be‘more suitable.
b) The reactivity of the complex RMX(L)n, resulting from éx»
idative addition, would increase if the R-M bond were made
_ more ionicj; a non-transition metal complex would be expecfed
to have a more ilonic R-M bond than would a tranéition metal
complex. |
c) However, to achievé substitution of the halide in RX by a
formyl group,lR—g—H, without subsequent reaction of the
- aldehyde, the complex RMX(L)n should not be too reactive.
Moderéted activity would also help to obviate the problem
of the protection of other reactive functional_grouﬁs which
might be present in a substréteo |
d) The electroché@ical generation of the low valent metal
specie M(L)n‘and its ease of subsequent reaction with RX to
give the RMX(L)n complei shoﬁld also be compatible with the
above points.

Zinc was chosen as the most suitable metal to meet these requirements. '

Its reduction potential and reactivity toward oxidative addition is a

good compromise in light of the moderately ionic character of the R-Zn
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bond. However, the reactivity of organo—éinc,compounds toward common
38 |

functional groups is quite low. Turther, organo-zinc compounds do not

couple readily and dimethylformamide has been recommended as a solvent
for their preparation from zinc dust and alkyl halide5039a’b

It was found that electrolysis of a DMF éolution of n~hexylbromide _
and ZnI2 resulted in the formation of a L4O% yield of heptaldéhyde, isolated
as the 2,4dinitrophenylhydrazone deriVativeo. It was felt this yield

could be improved. One factor limiting the yield could be the stoichiometry

of the reaction. -

5™t 4+ 66" > 37n° —2% s 3R7NX
210 % 5 g™ 4 anrx, —E0 2 pur-a1x,]
but, ZRZnX + 2[@MF«A1X£]-—9»2R—§-H + 2Me N + 2A1X + 27nx*.
+ RZnX

It can, therefore, be seen that for the flow of six faradays of charge,
three moles of RZn¥ are formed and two moles of DMF°A1X3, activated
DMF complex, are formed. If the reaction of one mole of RZnX with one
mole of DMFeAlX, results in the effective neutralization of the mole of

3

AJJ{3 then only two=thirds of the RZnX would form product (RCHO).

One way to approach this stoicheometry problem would be to add the
“"deficient" amount of AlCl3 to the DMF prior to eleétrolysis. However,

it was found that under these conditions (a high concentration of DMFe -

AlCl3 complex), the reaction did not run cleanly and little aldehyde was

formed.
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This problem could also be approached by changing from an aluminum
anode to_an anode méde of a metal which preferentially oxidizes to a
divalent cation showing reasonable Lewis acidity. It is'now felt that
this would be the most successful solution to the stoichiometry
problem.

* The approach which was, in fact, used involved the substitution of
zinc by a trivalent metal, pro#iding a. balanced redox system. Thus
Fe(acac)3 was used with a copper cathode, an aluminum anode and n-hexyl-
bromide as a substrate. A gas chromatographic analysié of the product
showed that the formation of heptaldehyde had not occurred to any major
extent, It was éstablished by sample admixture that the ma jor product
was n-dodecane. | |

- As noted in the Introduction, coupling méthods are often limited by
the reactivity of precursor organometallics. This has been especially
true for the coupling of alkyl halides and thus the discovery of a new
mild coupling method would be advantageous. The reaction has nof been

extensively studied but it does show promise.

Carbonyl Insertion

Some success was also achieved with carbonyl insertion using the
electro-organometallic technique. A DMF solution of ¢CH2C1 and Ni(acac)2
was reduced between two Al electrodes in the presence of a carbon monox- |

ide atmosphere. Thin layer chromatography of the crude product showed

the presence of unreacted ¢CH201, ¢CHZCH2¢ and two other more polar
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components, one of which appeared to be ¢CH20HO; The crude product was
chromatographed on silica gel and the remaining unidentified component
isolated. This compound's infrared spectrum was identical with that of
dibenzylketone, while its NMR spectrum was also consistent with this
assignmeﬁtu It is suggested . the formétioﬁ and reaction of N:'L(CO)L1L may
have occurred in the system, thus providing a route to the inserti&n
product. Since the insertion product was obtained in low yield by the
initial technique of exposure to a carbon monoxide atmosphere, some
reactions were carried out in which a stream of CO was swept through the
system at a pressure of about 1.2 atm. However, this did not impfove
the yield of insertion product. It did result in rem&val of nickel from
the reaction vessel, presumably as Ni(éo)h, since nickel could be readily
detected as nickelbis(dimethylglyoximate) in a trap placed in the
efferent CO stream, It is suggested a clesed pressure electrolysis cell

would be required to exploit this reaction.

Suggestions for further Work in this Area

At this point a number of sugges%ions will be made for further ex-—
:ploration.of'the use- of the electro—organomeiallic technique in organic.
.chemistry. It is probable that not all the suggested reactions will
behavé as anticipated. However, it is hoped all wili provide stimulation

for further‘develbpment and exploitation of this techniques

Organic Coupling Reactions. While crosscoupling experiments were not

investigated, the ability to perform this sort of reaction would increase
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‘the scope of the reaction. Since the reduction potential of alkyl tos-

30

ylates is well above that of mést transition metals and since they
appear to have relatively low reaqtivify towards oxidative additien, it is
suggested that crosscoupling may best be éarried out using the RMX +
R'0Ts —> R-R' system. A likely possibility for a metal (M) would be
copper.

By using nickel as a metal, bipyridyl as a slabilizing ligand and a

small amount of tetracyanoethylene to promote coupling,qg it may be

possible to impreve the coupling of two alkyl groupse.

Formylation by Bimetallic Activation. (The Halide/Formyl Substitution

Reaction). It is suggested the stoichiometry problem (ATe/81"F and
Zn++/Zn°) may best be met using a magnesium anode sinc.e'M'gX2 would be
formed, and it is a good Lewis acid allowing activation of the DMF. It
is also suggested that other amides may brove to be reactive in this
system enlarging the scope of the reaction, .

Insertion Reactions. As noted, the vse of z closed pressure eleg-

trolysis cell would probably increase the production cf‘carhamyl insertion
products It is also possible othe? metals,; especially irom and cobalt,
could be used to imsert carbon monoxide into carbon-carbom or carbon-
halogen Wonds. Other groups such_as SQé‘and NO might alse be ing&rpor—

- ated. Im particular the in situ generation of a tri- or tetwanitrasyl
substituted alkyl chromium species from’Cr(adam)Eﬁ RX amnd NO or NOCL

could be suggested.




SUMMARY

It has been found that using electrochemically generated low valent
nickel species, the following substrates'may be coupled to give the

specified products.

POB. X > gOHCH, @

@Br > ¢-¢

geoc > ¢_@_'_.¢ or ng-g—g—o-"—;zf
¢

@ICOCH Br > ¢—8—CH20H2-8~¢

In these reactions it was found P¢3 was a sultable added ligand. It
probably acts a) by stabiliziné transient low valent nickel species, pre-
venting the plating out of nickel on the cathode, and b) as a good ¢ donor,

The use of an aluminum anode, generating A1Y™ jons which can éomplex
with the dimethylformamide solvent, prombtes aﬂhalide—formyl substitution
reaction. |

0
RMX + Al1X,oDMF ———3> R-C-H

5
'-Zinc is suggested.to be the best choice for a metal in RMX. However,
because zinc favors a +2 oxidation state while aluminum favors a +3
state, problems with the stoichiometry of the reaction occur.

It was also found that n—hexylbromidé would couple in the presence
of an Fe/P¢3 Ycatalyst! to give dodecane.

Carbonyl insertion was also observed, uzing the electro-organo-

metallic technigue. Thus, benzyl chloride could be converted to
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dibenzyl ketone in low yield.

It is felt the success of this preliminary work in the area of
electro—organometaliic catalysis provides a reasonable basis fof expecting
the technique to have wide application.to orgénic synthesis. Further,
based oﬁ preliminary experiments, some of which are referred to in part
I of this thesis, page 77, it is expected at least two more areas of
application egista

The first of these irvolves the application/of the'electrochemicél
technique to the synthesis of new organometallic compounds. The cheﬁistry
of transition metal organometallics ﬁot having carbonyl or cyclopenta-
dilenyl ligands is very 1imitéd, but potentially very useful. Thus, the
ability to synthesize such compounds would be advantageous and it is
suggested the seleétivity of the electrochemical reduction technique
would be particularly helpful. It may also be noted the electrochemical
technique may prove valuable in the synthesis of rare earth and actinide
organometallics. Another area would be the selective generation of |
. ligand.stabilized metals in high or unusual oxidation states. In addition
‘to-the ihtfiﬁsic value of synthesizing exotic gompounds of this sort,
they.may ﬁrove to be useful as synthetic reagents themselves. For |
-example,‘the availability of an organic sélvent soluble form of the cér-
ic ion would provide organic chemists with a potentially very useful
oxidizing agent.

The second area involves the integration of eiectro—brganométallic

synthesis and electro-organometallic catalysis, ie. a study of the
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mechanisms of coupling‘or insertion reactions. Unlike many other methods
of generating highly reactive organometallic catalytic species, eg.
the thermal or photochemical activation of relatively stable complexes,
the electrochemical technique, because of its éelectivity should allow
the low energy generation of reactive organpmetallic species. The‘
approaqh would be to build up the reactive species from reactive pre-
cursors under mild conditions, rather than tearing stabilizing ligands
off a stable complex to produce this same reactive species. It may
also be noted that specific ligand combinations which'wérevotherwise
~difficult t; produce might become available for investigation by the

electrochemical technique.




EXPERIMENTAL

Instruments and equipment

Gas chromatographic analyses were run on a Varian Model 1740 Gas
Chromatograph using 1/8 inch, six or'tWenty foot columns:of 5% SE 30 on
100-120 mesh Gas Chrom Z.

Nuclear Magneiic Resonance spectra were obtained on a Variap A-60
Proton NMR,

Electrolyses were carried out with regulated voltage power supplies
equipped with current limiters. Several power supplies were used, the
only requirement being the ability to deliver from O to ca. 20 volts at

currents at least up to ca. 250 mA.

Reagents
All of the organic substrates and the ligand 1,5-cyclooctadiene,
were distilled under nitrogen prior to use,

Triphenylphosphine was sublimed under vacuum.

Carbqn mohoxide_(ﬁatheson, C.P.) used for carbonyl insertion re-
_acfibns, was deoxygenated by the use of BSTS catalyst (BASFiColors and
Chemicalé, Inc.)o

Nitrogen (Airco, Dry High Purity) used for distillation and as a
protective atmosphere ;‘.‘or electrochemical read:tions, was deoxygenated by

the use of BSTS catalyst.
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Solvent
The solvent for all electrolyses was N,N-dimethylformamide., It was

dried over Linde 4-A molecular sieves and distilled under a N2 atni’osphereo

Preparations

Ni(acac)ao This was prepared by a variation of the procedure of
Watson. An ammoniécal solution of Ni012 was prepared by the addition of
just enough water to effect the solption of a mixture of NiCl, (3.4 g,
0.25 moles) and 150 ml of concentrated ammonia solution, This solution
was, added with vigorous stirring to an ammoniacal solution prepared by
the addition of just enough water to effect the soiution of a mixture of
acetylacetone (55 ml, .535 moles) and concentrated ammonia (40 ml, .60
moles). The resulting thick blue mixture was vigorously stirred for
one-half hour, filtered; and air dried to give the di-ammine derivative
of Ni(acac)ak To obtain ammonia free Ni(acac)a, the di—émmine derivative

waz boiled in toluene, or more quickly in xylene, to give a dark green

solution of Ni(acac)ao The solution was concentrated ahd hexane added

' to precipitate the light green Ni(acac).. After washing the precipitate
) 2

several times with hexane, it was filtered, vacuum dried and stored in a
desiccator.

Fe(acac)3° Th;s was prepared from a stoichiometric amount of FeCl3
and sodium acetylacetonate (1:3) in an aqueous solution. The dark red
vroduct was extracted with chloroﬁorm, washed with water and the chloro-

form was removed. The red Fe(acac)3 was recrystallized from ethanol-

water and air dried.
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Tetraethylammonium Bromide. This was prepared from equal molar

quantities of triethylamine and ethyl bromide by refluxing overnight in

a toluene solution., The precipitate was washed with toluene and filtered.

It was recrystallizaed from a benzene-ethanol mixture, dried under vacuum

at .80°C and stored in a desiccator.

Electrochemical Cells and Electrode Assembly

The cells were pyrex cylinders of various diameters closed at one

end.

The electrode assemblies were of four types.

A)

B)

c)

D)

Two parallel rectangular aluminum plates,

Two parallel wires, one made of copper (cathode) and the other
(anode) made of either aluminum or é ﬂeavilj nickel plated copper
wire. This assembly was used primcipally for small scale (;005
moles) reactions or about one-tenth of the scale of the reactions
with other assemblies and cells, |

Two concentric cylindrical.electrodes,.the outer cathode made

of copper screen and the inner anode made of nickel foil wrapped

around a long glass tube which had been closed off.

Two - concentric cylindrical electrodes, the outer cathode made
of copper screen and the inner anode a short cylinder of aluminum
attached by means of septum caps to a long glass tube which was

fitted with a frit. This electrode assembly was used for carbonyl

insertion réactions so the electrolyte could be swept with carbon monoxide.
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Stirring could be effected by a teflon covered magnetic stir bar.

Anode of Electrode Assembly D

electrical glass
g, R
connection ————————p tube
to anode
™1 ]
septum Al
P
caps anode

Irit

Procedures for Electrolysis Reactions

General Considerations. The cell was charged with the appropriate

metal salt (cao. 0.1 M Ni(acac)z, Fe(acac)3 or ZnIZ), the supporting
electrolyte (ca. 0.1M) and the added ligand (P¢3 or COD). The cell was
flushed with nitrogen, and under a protective atmosphere of N2 gas, the
substrate and solvent added. The appropriate electrode assembly was then

inserted in the electrolyte. The system was maintained under N, during

2
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the electrolyses, except in the carbony} insertion reactions where either
a carbon monoxide atmosphere or sweeping of the system by carbon monoxide
was used. The electrolysis was usually carried out at constaﬁt current
(ca. 50 mA, fixed by the current limiter) and both potential and current
were monitored frequently during the reaction. In cases where an aluminum
anode was used, a short period of electrode activatioﬁ was observed.
During this period, usually about an hour, the voltage dropped when the
current was held constant. This pefiod of activationliS‘not obgerved
when a nickel anode is used. It is probably attributéble to the oxide
coating on éluminum and can probably be eliminated by pre-electrolysis
prior to the addifion of the substrate. To obviate the activation period,
it‘has been found advantageous to increase the voltagé'to a high value
(ca. 10-15 V, corresponding to a current value of ca. 1 amp) for a very
‘short (30 seconds) time, and returning it to the normal (ca. 1.0 V)

range to maintain a current of about 50 mA. The electrolyses were run for
about 5% more time than that required by Faraday's laws. Work-up con-

~ sisted of addition of the electrolyte to water* followed by repeated ex-
traction of the organics‘by'ethero The combined ether extracts wére washed
with water several times, washed with a saturated salt solution and dried
over magnesium sulphate.

In the following portion of the experimental, the treatment of the

* In some cases the acidification of the water was found to be helpful
in eliminating emulsions.
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dried ether extracts from the various reactions will be described, The
reactions were frequently carried out more than once in different cells
with different electrode assemblies. Further, some of the reactions were
not carried out by the author, although he supervised their ruunning.
Thus, in the following section of the experimental, only the electrode
assembly types (designated as A,B,C or D), the approximate ratio (1:1:5,
1:2:6, etc.) of metal (ca. 0.1 M) to added ligand, to substrate, the nature.
of the metal and ligand, the temperature of the reaction (if not room
temperature), and the product isolation procedure shall be given.

As noted, the approximate concentration of metal salt and supporting
electrolyte was O.1 M. Since the applied potential for any electrolysis
is dependent on électrode assembly comstruction and ﬁany electrode
assemblies were used, only guideline values for applied potentials will
be given. TFor the electrode assemblies A,C énd D an applied voltage in
the range of ca. «8-1l.5 volts was sufficient to_maintain-a current of
50 mA. TFor electrode assembly B, an applied potential of 3~k volts
_was required to maintain a current of 50 mA. Since it Qas felt this
potential would be apt to produce side reactions, an applied voltage of
1.5 to 2.2 volts, corresponding to a current of between 20 and 40 mA was

used,




Substrate -

Table 3

Tabulation of Experimental Data from Electrochemical Reactions

_ Eiectrode Assembly Metalb/Ligand/Substrate,s
(Reaction Temperature) type (cathode/anode)

Work—upc

¢CH201 (rT)? A (A1/A1) Ni(l)/PﬁB(.4)/S(ll) solvent removed from
) ether extract,® re-
Q'CHzcl (RT) ¢ (Cu/Ni) Ni(1)/CoD(1.4)/S(7.45)  crystallized from 95%
ethanol
¢CHZCl (RT) ¢ (Cu/Ni)® Ni/P¢3/Se - solvent removed from
' a o ether extract under
¢CH ,Br (RT) C (Cu/Ni) Ni/P¢3/s, : aspirator at 0°C,
7 ] residue sublimed
@CH,T (RT) B (Cu/Ni) Ni/PQ'B/Se ether extract sub-
] . Jjected to gas chrom-
_ ' . atographic analysis
@Br (50-60°C) Cc (Cu/Ni) Ni/P(JB/Si solvent removed from
ether extract, re-
@Br- (50-60°C) A (A1/A1) Ni(l-)/P¢3(1)/S(8.2,) ‘ crystallized from
- : : : , 95% ethanol -
%8-&1 (RT) C (Cu/Ni) Ni(1)/CoD(.7)/S(7.4) solvent removed from
g ' ' g ether extract,
gC-c1 (RT) A (A1/A1) Ni/Pg./8 residue sublimed
_%@—CHZBr (RT) B (Cu/Ni) Ni(l)/PﬁB(l)/S(8,2) solvent removed from

ether extract, re-
crystallized from
methanol

66T




Substrate Blectrode Assembly Metal/Ligand/Substrate,s

(Reaction Temperature) type (cathode/anode)

O o

0| H O

Work-vp

(caPbonyl insertion)

CH_(CH ) CH,Br (95°C) A (A1/A1) Zn{ca.«184) /S(ca..3M) ether extract was added
3 2'hT2 : ' dropwise to hot acetic
(Br/formyl acid, kept on steam bath
substitution) % hour, solvent re-

moved. Recrystalligzed
, : from ethanol-water.
n-hexyl Br (33°C) B (Cu/Al) Fe(l)/PﬁB(lQBE)/S(ZeB)‘ ether extract sub-
(coupling) jected to gas chroma-
tographic analysis
@CH.CL (RT) A (AL4A1) Ni(1)/Co atm./S(12) ether extract evapor-

ated and residue chrom-
atographed on silica

gel. Use hexane to

elute non-polar com- =
ponents and use 15 vol% ©
@H/85 vol% hexane to

get ¢CH2000H2¢ product.

¢CH2-'C’1'(RT) - D(Cu/AL) o st(x}‘eam_
. of CO at
Ni(1) %60_77% s(12)

pressure

ether extract concen-=
trated and analyzed by
thin layer chromato-
graphy.

RT = room temperature

concentratlon of metal eguals ca. .l molar unless otherwise noted

for origin of ether extract see general work-up procedure in General Procedure (prev1ous)

section

the same electrode assembly and cell were used for these two reactions

these reactions were run by Mr. Gary Hass
This reaction was run by Mr. Dennis Miller
This reaction was run by Mr. John Kiely
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APPENDIX I

Nuclear Magnetic Spectral Data of Dimers Obtained from Ni(CO)Z(P¢ )., an
7-MethylNBD with Thermal Excitation and Their Structural A5515nmén%s

d
Prior to assigning structural features responsible for resonances

found in the spectra some assumptions and their bases should be noted.
Assumption A: H
H When R group anti to olefin, olefinic
protons are a ''clean" triplet.
H
R H
H
H -

When R group syn to olefin, olefinic
protons are a perturbed triplet,
usually a septet.

Basis:

1) NMR assignments of the two cogﬁfunds shown; structures are
based on oxymercuration studies.

olefin protons clean triplet olefin protons perturbed triplet

2) Integration of these assignments and those ger a number of
7-substituted norbornenes and norbornadienes.“

Assumption B: Bridge protons syn to an "exo'" bonded cyclobutane ring
resonate at relatively low field compared to protons syn to an endo"
bonded cyclobutane.

H low field H high field
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Basis:

1) Comparison with assignments for dimers from NBD itself and
the corresponding saturated dimers.76iii

SHJ.695 gn 1:0216
8

8

EH1956 1. Hi 511125156

2) Assignments for resonances of protons ov%f (low field) and
edgewise (high field) to cyclobutane rings.

Based on these assumptions, and the assignments (vide infra) from refer-
ence 76iii for norbornadiene and norbornene dimers, preliminary assign-

ments may be made.

Chemical Shifts (8) in Norbornene Derivatives

1.32 1.06
2.00 H H B 1,18
' H 1.53 H 1.41
H 0.95 H 1.18
H B 6.7 4 H

3.55 5.96 2.83 2,22




1.23 1.69

2.0
H 1.32 H
H 6.20
0 H H H 2.80

5.97 2062 5.82 2054 H 1.13

bridge protons not assigned

exo trans exo exo trans endo
Xtx xtn

endo trans endo

+
nin

1.25-1.50
B H

|

1.13 1.95 z
a1 " H151+H

(=]
-

H
1.93

a = mean value for both fragments

#9T
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Preliminary Structural Assignménts of Selected 7-MethylNBD Dimers

T = triplet

‘Assignment for Dimer XLIV:

a) One kind of olefin

to olefin.

b) One kind of methyl at .846 D

c¢) One kind of cyclobutane at 1.436 M

Sample Olefin(s) | Methyl(s) |Cyclobutane(s) |Bridgeheads |Bridges
in CDC1 :
3
XLIV 5.84 dSept| - .84 D L.43 M 2.38 M 2035 Q
integration L 6 by 6
XIV-A 6.22 T .69 D 1.21 M 2051 M, 2.3% M
5673 dSept .87 D 2el2-My, 2,00 M
integration 2 3 2 8
2 3
XLVL 6,02 dSept | .85 D 1.17 M, 2.54 M, 2,30 M, 2.08 M,
5.66 dSept L84 M
integration 2 6 2 3 2
2 1
}CLVII 6034 T 053 D 2041 M ,1094 'Mg 1067 M
6.19 dSept .80 D
integration 2 3 - 6
2 3
dSept = dirty septet D = doublet M = multiplet @ = quartet

at 5084§ dSept, therefore methyl group syn

Therefore, highly symﬁetric dimer either xtx or ntn skeleton; the

chemical shift for the olefin supports an assignment of xtx. NBD

Aimer xtx 5.97, ntn 6.35.
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Me ,H

H Me

Note the similarity between chemical shift of methyl group here (.84)
and in 7-methyl NBD (.87).

Assignment for Dimer XILV-A:
a) Two kinds of olefins

i) Triplet 6.22 8
ii) Septet 5.73 6

b) Two kinds of methyl

i) Doublet .69 8
ii) Doublet .87 6

¢) Two kinds of cyclobutane
d) Unsymmetrical; suggests xtn skeleton, cf. NBD xtn

olefins - exo fragment 5.82 &
endo fragment 6.20 6§

e) Assign 6.22 to endo fragment, and 5.73% to exo fragment

£) Since 6.22 is a triplet, Me -H

and since 5.73 is a septet, MeEE]H

.87 69 Me _H
g) Thus assignment is: Me N H
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Methyl groups are assigned as shown based on:
i) exo methyl would be closest to methyl in 7-methyl (.87)
ii) the methyl on the endo portion ought to feel influence of the
edge of the cyclobutane ring, therefore it ought to be shifted

upfield and it is (.69).

Assignment for Dimer XILVI:

a) Two kinds of olefins

b) i) Dirty septet 6.02 so both fragments have methyl

ii) Dirty septet 5.66 8% 0 the vlelin

b) Although in DCCl3 only one methyl appears to be present, in D6
benzene two kinds of methyl are present(.97 D, and .92 D),
c) Two types of cyclobutanes

d) Probably xtn skeleton; cf. NBD xtn olefins - exo 6.20, endo 5.82

H Me
Me H

Since neither methyl feels direct influence of cyclobutane ring,

both would be similar (.85) to 7-methyl NBD (.87)

Assignment for Dimer XLVII:

a) Two kinds of olefins
i) Triplet 6.34 6

ii) Septet 6,19 6
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b) Two kinds of methyl
1) 58
ii) «80 s
c¢) Cyclobutane protons uncertain but no resonances at higher field
than 1.5% ; also note assignments for XLIV, XLV-A and XLVI where it
appears the cyclobutane protons at an exo norbornene cyclobutane

fusion resonate at a higher field than 1.56.

Me

1 R
This is also true in NBD dimers. Likewise in NBD dimers, protons
at the fusion of an endo norbornene-cyclobutane are at lower field

than 1.5086,

d) Thus in light of these considerations and the chemical shifts for
the olefins, an endo-trans-endo skeleton is suggested.

e) Comparing the olefin chemical shifts:
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Me
H 6:22

H 6.20
5.73 H 5.82 H A

Me
Me H 6.02

H 6.35

XLVII 6.19, 6.34

The most reasonable possibility is an ntn skeleton with one methyl

syn and one anti to the olefins.

080 Me

6.19 H
H 6.34
.53 Me

One methyl is quite close to the 7-methyl NBD value (.87 ) while the
other is shifted upfield considerably (edge effect of cyclobutane).
The olefins may also be assigned since the 6.34 resonance is a
triplet (a methyl is anti to it) and likewise the 6.19 resonance
should be a septet. Notice that when a methyl is anti to an olefin
its resonance is about that of the NBD dimer, while the presence of

a syn methyl group shifts the resonance to a higher field. Thus,
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Dimer NBD (olefin) | 7-methylNBD (olefin)
xtx 5.97 - syn,syn dimethyl xtx 5.84

exo 5.82 syn,anti dimethyl xtn exo 5.73 (syn)
ctn endo 6.20 | endo  6.22 (anti)
syn,syn dimethyl xtn  exo 5.66 (syn)

endo 6.02 (syn)

ntn 6.35 syn,anti dimethyl ntn 6.19 (syn)
: 6.3 (anti)

* Methyl syn and anti relative to olefin bond of that fragment '

This can also be seen in the pafent 7-methyiNBD vs NED.

7-methylNBD 6e
. 6 *
NBD 6o

715  triplet (methyl anti)

Ly septet (methyl syn)
7 septet

The structures for two dimers remain to be assigned. The NMR data is

_ given below.

XIV-B 5.98 dSept | .83 D | :80 D | 3.30 Q| 2.38 M | a series of res-
onances at 2.25-
10.75
integration 2 3 3 L 2 9
XLIX 5.7 dSept | «84 D | 75 D | 2.5 M |a series of reson- |.39 D
ances at 2.3-0.,7 M
integration 2 3 3 4 6 | 2

Based on the relative integration values for methyls and olefins (6:2),

it appears there is only one olefin bond in these dimers, suggesting

2+2+2 dimers. This tends to be cqnfirmed by the presence of high field

(less than 1.0) resonances expected from the cyclopropane moiety which

is found in 2+2+4+2 dimers.
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The following assignments have been made for 2+2+2 dimers of NBD

1,10, 1+80%%72  .q1.%1
1.1k
6.072,55 A
221.8b 1.80

2457
.88

2 1.76

o33
.02

1.2k

1.17
C D

Assignment for Dimer XILV-B:
a) Olefin 5.98 septet, methyl syn to olefin
b) A quartet (one proton) appears at low field (3.308). The coupling
constant for this quartet matches the coupling constants for the
methyl groups.
c) In only one dimer, A, does the norbornene hydrogen, anti to the
olefin, appear at an unusually low field. Since the published

spectra of the NBD 2+2+2 dimers show no resonances which could
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reasonably correspond in multiplicity to the quartet at 3.30 6
in XLV-B, this quartet must be the result of a methyl group

splitting a bridge hydrogen. Thus the structure is assigned as:

Me H

Me

Assignment for Dimer XLIX:
a) Olefin septet at 5.74 8, so methyl syn to olefin.
b) Two cyclopropyl hydrogens at unusually high field (0.39%).,
c) Only one 2+2+2 NBD dimer (D) has such high field cyclopropyl protons.
Furthermore, D shows a relatively high field olefin resonance
(5.888) which would be shifted to higher field by the presence of

a syn methyl group. Thus the structure is assigned as:

Me
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It may also be noted these assignments are consistent with behavior
of the dimers on silver ion impregnated silica gel plates: XIV-A and
- XIVII retained with silver nitrate; XLIV, XLV-B, XIVI and XLIX not retain-
ed with silver nitrate.

Decreasing order of retention with silver perchlorate:

XLIV >>XILVI >>XLV-B &= XLIX
It is most likely that dimers with the exo side of the olefin free from
the shielding of a methyl group ought to be bonded the strongest; XLV-A
and XLVIT are retained on silver nitrate while the others are not.

It is also probable that any complexing that the remaining dimers
show is due to endo side bonding of the dimer to the rawer silver ion of
silver perchlorate. Further, to account for the given order of retention
it is suggested an exo bonded cyclobutane either decreases the steric
hinderance to endo bonding or the edge of the cyclobutane actually pro-

vides some electron density to aid complexation.

Thus dimer XLIV has two sites for this type of bonding to occur while
dimer XLVI has only one (an endo bonded cyclobutane only provides steric

hinderance) .




174

i )

Dimers XLV-B and XLIX do not have any available double bonds to complex

with and are not retained even with silver perchlorate.




APPENDIX . -II

Derivation of Equation Relating Gas Chromatographic Data

All experimental data was reduced to ratios, relating the dimer
concentrations of all samples to the concentratioﬁ‘of the 2+2 xtx dimer
in one particular experimental sample (base sample) containing béth the
2+2 xtx and 2+2 xtn dimers. The 2+2 xtn values were related first to the
2+2 xtn value in the base sample. They were then related to the xtx
value in the base sample by the ratio of xtn to xtx in the base.sampleo
It was assumed xtx and xtn would analyze similarly using a flame ionization
detector. This assumption is supported by noting the heat of combustion
of the two isomers differs only by 204%.76 It is also supported by the
fact that a comparison of the ratios from a gas chromatographic analysis
agrees with integration data of the olefin NMR peak spectra for the two
dimers. The'hblar concentration of the 2+2 xtx dimer in the base sample
was determiﬁed by use of a calibration curve prepared using known amounts
of pure 2+2 xtx dimer,
The following symbols will be used in the derivation of the equation.
[2]
[+

concentration of 2+2 xtx dimer in base sample

concenfration of 242 xtx dimer in base sample after it

is diluted with a benzene solution of standard (dodecane)
Thus A° .refers to data for base sample before dilution and Al refers to
data for base sample'after dilution.
E%ﬂ = conﬁentration of 2+2 xtx dimer in any other experimental

sample




Thus B®°

whereas Bl refers to data for that sample after dilution.

OBS CNTS

OBS CNTS

OBS CNTS

OBS CNTS

OBS CNTS

B -
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concentration of 2+2 xtx dimer in this sample after it

is diluted with a benzene solution of standard (dodecane)

S refers to standard (dodecane) related data

X refers to 2+2 xtx related data

refers to data for any other particular sample prlor to dilution,

CNTS (counts) refers to the integrated area (in arbitrary unlts)
under a particular gas chromatographic peake.

OBS refers to an observed variation

ATT refers to an attenuation setting on the gas chromatograph

INJ = injected sample

of S in
of § in
of X in

of X in

of S in

ata [5,7] (m
Bly [551] " (m1
ata £, (m
Bl (1] (m

Bl

OBS CNTS

ml of BT

of 8§ in

INJ _ (OBS CNTS of § in B Y [s,1] care, Al for 8)

ml of Al

A

1

E&éj(ml

of At INJ) (ATT.,
of BT INJ) (ATT,
of AT INJ) (AT,

of BL ING)(aTT.

of BT INJ) (ATT,

1

A” for

Bl for
Al for

Bl for

Bl for-

s)
s)
X)

X)

8)

] (2

of AT INJ)(ATT.

Al for

S)

ING  (OBS ONTS of § in AT) E% 1] (ATT. BT for 8)

(1)

Thus the sizes of injected samples can be related to the size of the in-

jected sample of diluted base sample.

Similarly:
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1 for X) 1

Xzl _ (OBS CNTS of X in Bh) (AT, A (2)
X,1  (OBS ONIS of X in Ab @arr, B for X)fml of BX INT
ml of AT ING
Substitution of equation 1 into équa’cion 2, and assuming:
ATT, AT for § = ATT, AT for X
AP, B for § = ATT. BY for X
Gives:
¥,1] _ OBS ONIS of X in B/ OBS CNTS of § in B Epﬂ 5
X, 1|  OBS CNTS of X in AT/ OBS CNTS of § in AT E‘AH

Thus the XBl/XAl ratio is independent of ATT. values so long as they are
consistent for any given run (ie. ATT. S, = ATT. Xi). |

We want E(.B;] s not ECB}-J s Tthat is, the ac‘cuaj~ concgntration of X in the
undiluted experimental sample.

In making up the diluted samples:

X2

(ml of X,, added) P{A;]

A
ml. of XA" added + ml of standard solution added to XA°

ECBJJ _ (ml of Xpo added) ECB-?]

ml of XB° added + ml of standard solution added to XZB°

Let m%ﬂ\d = ml of X,, added
mLSA = ml of standard solution added to XA°

mli(.B° = ml of X5, added
mLSB = ml of standard solution added to XB°-
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Ed ) Fod] _ (i) ]
XA° + mlSA : XB° mlS:B

From these two relationships one can write:

Ped (), ) Pl
E&ﬁﬂ s ' ()
14 Mgy ECA:H ' '
mly

Substituting equation 3 into equation 4:
" 1
[] l'_‘_mlSB OBS CNTS of X in B [Sl]
XB° _ leB OBS CNTS of S in B
X' (]
[A:l 1 mlSA OBS CNTS of X in A )[S ]E]

* Ml o/ \0BS CNTS of § in at

In an exactly analogous fashion, an equation relating xtn concentrations
in gereral samples to the xtn concentration in the base sample can be
. written. As noted, xtn data can be related to xtx data by the ratio of

xtn to xtx in the base sample.
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